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ABSTRACT. A closed subgroup G C, Uf\} is called easy when its associated Tannakian
category Cr; = Hom(u®F u®!) appears from a category of partitions, C' = span(D)
with D = (Dy,;) C P, via the standard implementation of partitions as linear maps. The
examples abound, and the main known subgroups G C U]J\; are either easy, or not far
from being easy. We discuss here the basic theory, examples and known classification
results for the easy quantum groups G C U]‘V", as well as various generalizations of the
formalism, known as super-easiness theories, and the unification problem for them.



Preface

One problem in quantum mechanics is that the particles there are of “slippery” nature,
having no clear positions and speeds. The trick, going back to Heisenberg, Schrodinger
and others, is to relax, and look at this with a mix of algebraic and probabilistic thoughts.
Following Heisenberg, the point is that of accepting that, at that tiny scales, our usual
R? might get replaced by something more complicated, of “matrix” type, where functions
do not necessarily commute, fg # gf. Also, following Schrédinger, what about lowering
our ambitions too, and instead of looking for exact positions and speeds, rather look for
the probability of finding the particle here or there, and with this or that speed.

The two points of view, of Heisenberg and Schrodinger, are in fact equivalent, and
the credit for the unification, establishing quantum mechanics as a sort of peculiar mix of
matrix type algebra and probability, goes to Dirac. Later on Feynman and others came
with something even better, quantum electrodynamics (QED), but the badge “mixture
of bizarre algebra plus probability” still remained attached to the theory.

To us, mathematical physicists, this suggests to get involved into building abstract
theories based on noncommutativity, fg # ¢f, and with some probabilistic ideas in mind.
With a bit of luck, maybe one day such a theory will prove to be useful in physics, helping
in substantially improving what Feynman and others are saying.

The quantum groups come from this philosophy. To be more precise, a quantum
group G is something similar to a group, except for the fact that the functions on it do
not necessarily commute, fg # gf. Here “function” can mean many things, such as usual
complex function f : G — C, or function taking values in an arbitrary field f : G — F,
or even function defined infinitesimally around the origin, f : g — F, or why not element
of the enveloping Lie algebra f € Ug, and so on. In short, many choices here, but you
get the point, up to some algebra, nocommutativity somewhere, fg # gf.

What are then the simplest, the “easiest” quantum groups?

This is a tricky question, whose answer depends on your knowledge of mathematics,
and perhaps on your physics background too. At the white belt level, meaning decent
knowledge of group theory, and skipped physics classes when in school, many interesting
theories can be developed. At a more advanced level, however, you will learn that no
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4 PREFACE

matter what you want to do with your quantum group G, be that algebra, geometry,
analysis, probability or physics, your favorite pastime will be that of using the Tannakian
category of GG, which is the collection C' = {C};} of linear spaces given by:

Cr = Hom(u®* u®")

Here w is a fundamental representation of GG, and the simplest way of having such a
fundamental representation is by assuming that G appears as a closed subgroup of the
free unitary group, G C, Uy;. That is, G must be a “compact quantum Lie group”. But
with this picture in mind, easiness of GG should mean that C' is as easy as possible, and
this technically means that C' must appear from a category of partitions D = (Dy,;) C P,
via the standard implementation of partitions as linear maps, as follows:

C = span(D)

Thanks to theorems of Brauer and others, the examples of easy quantum groups
abound, and in fact all the main known subgroups G C Uy, are either easy, or not far
from being easy. Which is something remarkable, and technically, very useful.

The present book is about this, introduction and basic theory, examples and clas-
sification results for the easy quantum groups G C Uy, and various generalizations of
the formalism, known as super-easiness theories. The book is organized in 4 parts, with
Part I discussing the basics of easiness, Parts II and III getting more in detail into the
continuous case, and the discrete case, and Part IV dealing with super-easiness.

This is my third quantum group book, coming as a continuation of [2], general in-
troduction to quantum groups, and [3], technical book on quantum permutations. There
will be a fourth and final book as well, discussing arithmetic aspects.

It is a pleasure to thank everyone, young or old, involved in the theory discussed
below. Starting of course with Hermann Weyl. Many thanks go as well to my cats. They
say that electrons at rest purr too, but this remains to be mathematically confirmed.

Cergy, August 202/
Teo Banica
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Part 1

Easy quantum groups



Love s a stranger
In an open car
To tempt you in
And drive you far away



CHAPTER 1

Brauer theorems

la. Abelian groups

Welcome to easiness. As the name tends to indicate, this is something rather algebraic,
of yoga nature. And think here for instance, for a vague comparison, to algebraic geometry
a la Grothendieck, isn’t that something easy too, perhaps even trivial.

However, there are no reasons to be scared about this. The idea indeed is that, once
you are at a reasonably advanced level in representation theory, easiness is something
truly simple, deserving its name, and that you should perfectly master, and build your
theories upon. Our goal in this first chapter will be to reach to the “reasonably advanced
level” that is needed, in order to talk about easiness. On the menu, compact Lie groups
G C Uy, with lots of computations for them, then Brauer theorems and easiness.

For simplicity, let us first restrict the attention to the real case, G C Op. Normally
the first thing to be done with such a beast is to consider its Lie algebra g = T1G.
Indeed, this Lie algebra g is a vector space, so what we have here is a potentially fruitful
“linearization” idea. However, and here comes our point, the construction G — g is not
the only possible linearization of GG. As a rival construction, we have:

DEFINITION 1.1. Associated to any closed subgroup G C Oy are the vector spaces
Cha = {T € LIH®*, H¥Y|Tg® = 45T vg € G}
where H = CN. We call Tannakian category of G the collection of spaces C = (Cyy).

Observe that, due to g € G C Oy C L(H), we have g®* € L(H®*) for any k, so the
equality T'¢®* = ¢®'T makes indeed sense, as an equality of maps as follows:
Tg®k,g®lT c ﬁ(H®k, H®l>

It is also clear by definition that each CY; is a complex vector space. Moreover, it is
also clear by definition that C' = (C};) is indeed a category, in the sense that:

TeCy, SeCy, = ST € Cypy,

Quite remarkably, the closed subgroup G C Oy can be reconstructed from its Tan-
nakian category C' = (Cy;), and in a very simple way. More precisely, we have:
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12 1. BRAUER THEOREMS

CrLAM 1.2. Given a closed subgroup G C Oy, we have
G = {g € On|Tg® = g"'T, vk, 1.VT € i }

where C' = (Cy;) is the associated Tannakian category.

Summarizing, we have some sort of idea here, and the question that you surely have
in mind is probably, okay, but why not formulating our claim as a theorem, then proving
our theorem, like mathematicians do, and then going ahead, saying what we have to say.
Good point, but the problem is that, what we have to say is precisely this claim.

In short, and please don’t misunderstand me, but Claim 1.2 is something extremely
deep, and in any case far deeper than what you can possibly imagine. So, we will first
attempt to understand what Claim 1.2 really says, with some illustrations, examples, and
so on. And then, once we’ll reach to the point where we are stunned by the beauty of
this claim, and eager of looking for applications, and developing whole theories based on
it, we will get of course motivated, do the math, and pull out a proof.

Let us begin with some simple observations. We first have:

PROPOSITION 1.3. Given a closed subgroup G C Oy, set as before
Ch = {T € L(H®*, H@l))Tg,@k _ ¢®IT Vg € G}
where H = CV, and then set as in Claim 1.2:
G = {g c ON‘Tg@“ — ¢®IT Wk, IVT € CM}
Then G is closed subgroup of Oy, and we have inclusions G C GcC Oy.
PROOF. Let us first prove that Gisa group. Assuming g,h € é, we have gh € é,
due to the following computation, valid for any k,[ and any T" € Cy;:
T(gh>®k — Tg®kh®k
— g®lTh®k
— g®lh®lT
(gh)*'T
Also, we have 1 € é, trivially. Finally, assuming g € é, we have:
T(gH)®* = (¢ H¥ e T](g~")*"*
= (¢ )¥Tg™ (g7
= (¢ )T
Thus we have g:l €q , and so Gisa group, as claimed. Finally, the fact that we have
an inclusion G C G, and that G C Oy is closed, are both clear from definitions. O
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Getting back now to Claim 1.2, what is going on there is that given a closed subgroup
G C Oy, we can associated to it a sort of “completion” G, which is an intermediate
subgroup G C G C Oy. And we want to prove that G C G is an equality.

This certainly looks a bit technical, but at least we are now into some familiar ground,
that of abstract mathematics, so based on our knowledge here, we can start thinking
about a strategy for proving our claim. And here, things are quite clear. Indeed, the
relations T¢g%* = ¢®!T can be thought of as being some sort of “commutation relations”,
with the remark that at k = [ they are indeed usual commutation relations, namely:

[T,9%"] =0

Thus, what our claim basically says is that “the commutant of the commutant must be
the group itself”. Which leads right away, assuming some knowledge of pure mathematics,
either advanced algebra, or some functional analysis, to the following thought:

THOUGHT 1.4. Our Claim 1.2 is some sort of bicommutant theorem for groups, and
it 1s based on this that we should look for both its proof, and beauty and applications.

We will see later that this thought is indeed correct, with one proof of Claim 1.2 coming
from the bicommutant theorem of von Neumann, and with its beauty and applications
coming in relation with the operator algebras introduced by the same von Neumann.
Which is something very nice, for the story, John von Neumann being one of the last
serious mathematicians, knowing well both math and physics, as we should all do.

This being said, what we have so far as theory, namely Definition 1.1, Claim 1.2,
Proposition 1.3 and Thought 1.4, still remains something quite abstract. So, let us work
out some examples. The orthogonal diagonal matrices form a subgroup ZY C Oy, and
for the various subgroups G C ZY our theory is quite exciting, and we have:

THEOREM 1.5. For the abelian groups of diagonal matrices, G C ZY , we have
Cu = {T € L(H® H®*) 39 € G, g, .. Gin F iy - 95 = Tjy joinin = 0}
with the notation g = diag(gy, . ..,gn), and Claim 1.2 holds when |G| = 1,2,2N71 2V,

ProOF. We have several things to be proved, the idea being as follows:

(1) Case G = {1}. Here we obviously have, for any two integers k, [, the following
formula, which confirms the general formula in the statement:

Okl — ,C(H®k,H®l)

Regarding now Claim 1.2, consider the intermediate subgroup G C G C Oy, con-
structed in Proposition 1.3, that we must prove to be equal to G itself. Since any element
g € G must commute with the algebra C}; = My(C), we must have:

g==1
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But from the relation 7" = g7, which must hold for any T" € Cy; = H, we conclude
that we must have g = 1, so we obtain G = {1}, as desired.

(2) Case G = Zy, with this meaning G = {1, —1}. This is something just a bit more
complicated. Let us look at the relations defining Cy;, namely:

Tg®k — g®lT

These relations are automatic for ¢ = 1. As for the other group element, namely
g = —1, here the relations hold either when k + [ is even, or when T = 0. Thus, we have
the following formula, which confirms again the general formula in the statement:

o JEHSHE) (ke l e 2N)
S F )Y (k+1¢ 2N)

As for Claim 1.2 for our group, this follows from the computation done in (1) above,
the point being that g € G commutes with C1; = My (C) precisely when g = +1.

(3) General case G C ZY. Let us look at the relations defining Cj;. We have:

TeCy +—= T¢**"=¢%"TVged
= (Tg*");i = (9°'T);i, Vi, j,¥Yg € G
< T jiinGis-ix = G - 93 Do josinins V05, Vg € G
= (G- — i - 95) Disin.ins Vi, 53, V9 € G

Thus, we are led to the formula in the statement, namely:
Cr = {T € LH® H*)|3g € G,gi, - gi, # Gir - 95 = Thrjrinin = 0}

(4) Case G = ZY. Here the formula from (3) can be turned into something better,
because due to the fact that the entries ¢, ..., gy € {—1,1} of a group element g € G can
take all possible values, we have the following equivalence, with the symbol { }5 standing
for set with repetitions, with the pairs of elements of type {x,z} removed:

gil .. glk = g]l <. gjwvg € G — {ila o 7ik}2 - {jl; ... 7jl}2
Thus, in this case we obtain the following formula, with { }, being as above:
Cu = {T € L(H®F, H®l)‘{i17 ikt F G dite = TG, = 0}

Regarding now Claim 1.2, the idea is that, a bit as for G = Z,, we can get away with
the commutation with C};. Indeed, according to the above formulae, we have:

Oy = {Te MN((C)‘Z' £ = Ty :o}
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Thus we have C1; = A, with A C My(C) being the algebra of diagonal matrices.
Now if we construct G C G C Oy as before, we have, as desired:
geG@ = geCl,=AN=A
= geANON=G
(5) Before getting into more examples, let us go back to the case where G C ZY is

arbitrary, and have a look at Claim 1.2 in this case. We know that we have {1} C G C ZY,
and by functoriality, at the level of the associated C'; spaces, we have:

A C 011 C MN(C)
Now construct the intermediate group G C G C Oy as before. For g e G we have:
geCi,NOy CA'NOy=AN0Oy =7ZY

Thus, we have G C GcC ZY . This looks encouraging, because our Claim 1.2 becomes
now something regarding the abelian groups, that can be normally solved with group
theory. However, as we will soon discover, the combinatorics can be quite complicated.

(6) General case |G| = 2. This is the same as saying that G ~ Z,, or equivalently,
that G = {1, g} with g € Zy, g # 1. By permuting the basis of RY we can assume that
our non-trivial group element g € G is as follows, for a certain integer M < N:

(1m 0
I7N0 —In-u
By using the general formula found in (3), we obtain the following formula:

an{TeMN(C)T,-jzowhenz'gM,j>Mom'>M,j§M}

But this means that, in this case, the algebra C; is block-diagonal, as follows:
A 0
Cy = 0 B ‘AEMM(C),BGMN_M(C)

Now since any element h € G must commute with this algebra, we must have:

s {(5 92 (o)

Summarizing, well done, but we are still not there. In order to finish we must use, as
in (1), the relations T = hT with T" € Cp;. In order to do so, by using again the general
formula from (3), this time with £ = 0,/ = 1, we obtain the following formula:

001:{TECN‘j>M — T, =0}
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But this formula tells us that the space Cy; appears as follows:

o (e’

Now since any element h € G must satisty T' = LT, for any T" € Cp, this rules out
half of the 4 solutions found above, and we end up with G = {1, g}, as desired.

(7) A next step would be to investigate the case |G| = 4. Here we have G = {1, g, h, gh}
with g, h € Z* — {1} distinct, and by permuting the basis, we can assume that:

However, the computations as in the proof of (6) become quite complicated, and
in addition we won’t get away in this case with C41,Cy; only, so all this becomes too
technically involved, and we will stop here, in the lack of a better idea.

(8) Case |G| = 2¥~1. This is the last situation, announced in the statement, still
having a reasonably simple direct proof, and we will discuss this now. At the level of
examples, given a non-empty subset [ C {1,..., N}, we have an example, as follows:

Gr= {gGZéV‘Hgizl}

iel
Indeed, this set G; C ZY is clearly a group, and since it is obtained by using one
binary relation, namely [[, g; = £1 being assumed to be 1, the number of elements is:
252

2 2

Our claim now is that all the index 2 subgroups G' C Z4 appear in this way. Indeed,
by taking duals these subgroups correspond to the order 2 subgroups H C ZY, and since
we must have H = {1, g} with g # 1, we have 2V — 1 choices for such subgroups. But
this equals the number of choices for a non-empty subset I C {1,..., N}, as desired.

|G| =

(9) Case |G| = 2V~L, continuation. We know from the above that we have G = G, for
a certain non-empty subset I C {1,..., N}, and we must prove Claim 1.2 for this group.
In order to do so, let us go back to the formula of Cy; found in (4) for the group Z%. In
the case of the subgroup G; C ZY', which appears via the relation [, g; = 1, that formula
adapts as follows, with the symbol { }5; standing for set with repetitions, with the pairs
of elements of type {x,z} removed, and with the subsets equal to I being removed too:

Cr = {T € LH®* HN v, .. intor # (oo oditor = Thyjriniy = 0}
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In order to prove now Claim 1.2 for our group, we already know from (5) that we have

G C ZY. Tt is also clear that, given h € G when using T = AT with T € Cyy, or more
generally T = h®'T with T € C’oz at small values of [ € N, we won’t obtain anything new.
However, at | = |I| we do obtain a constraint, and since this constaint must cut the target

group Z% by at least half, we end up with G = é, as desired. O

The proof of Theorem 1.5 contains many interesting computations, that are useful in
everyday life, and among the many things that can be highlighted, we have:

FAcT 1.6. The diagonal part of C = (Cy), formed by the algebras
Crr = {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 [56].
But, we are not allowed to do this, at least in general. More on this later.

What we have so far is quite interesting, and suggests further working on our problem.
Unfortunately, at the other end, where G C Oy is big, things become fairly complicated,
and the only result that we can state and prove with bare hands is:

PRrROPOSITION 1.7. Our Claim 1.2 holds for G = Oy itself, trivially.

PROOF. For the orthogonal group G = Oy itself we have indeed G = G, due to
the inclusions G C G C Op. Observe however that some mystery remains for this group
G = Oy, because the spaces C}; do not look easy to compute. We will be back to this. [

As a conclusion now, we are definitely into interesting mathematics, and Claim 1.2 is
definitely worth some attention, and a proof. So, time for a theorem about it:

THEOREM 1.8. Given a closed subgroup G C Oy, we have
G = {g e ON‘Tg@”“ — ¢®IT, Wk, IVT € Ckl}
where C' = (Cy;) is the associated Tannakian category.

ProoOF. We already know that this is something non-trivial. However, this can be
proved by using either Peter-Weyl theory, or Tannakian duality, as follows:

(1) Consider, as before in Proposition 1.3 and afterwards, the following set:

G = {g e ON‘Tg@“ — O Vk, IVT € CM}
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We know that G C Oy is a closed subgroup, and that G C G. Thus, we have an
intermediate subgroup as follows, that we want to prove to be equal to G itself:

GcGcCOy

(2) In order to prove this, consider the Tannakian category of G , namely:
Cr = {T € LIH®*, H¥Y|Tg® = 45T, vg € é}

By functoriality, from G C~CNJ 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:

Cc=C

(3) 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> - @ﬂelrr(é)Mdimﬂ-(C) ’ C(G) - @I/GITT(G)MdimV<C)

Now observe that each unitary representation 7 : G: — Uk restricts into a certain rep-

resentation 7’ : G — Ug. Since the quotient map C(G) — C(G) is not an isomorphism,
we conclude that there is at least one representation 7 satisfying:

relrm(@) , «¢Irr(Q)
(4) 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:

&k k

TEU , e u'®

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(Ciy,) = dim(End(u®)) < dim(End(u'®*)) = dim(Cy)
But this contradicts the equality C' = C found in (2), which finishes the proof.

(5) Alternatively, we can use Tannakian duality. This duality states that any com-
pact group G appears as the group of endomorphisms of the canonical inclusion functor
Rep(G) C H, where Rep(G) is the category of final dimensional continuous unitary rep-
resentations of G, and H is the category of finite dimensional Hilbert spaces.
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(6) Now in the case of a closed subgroup G C, Oy, we know from Peter-Weyl theory
that any r € Rep(G) appears as a subrepresentation r € u®*. In categorical terms, this
means that, with suitable definitions, Rep(G) appears as a “completion” of the category
C' = (Ck). Thus C uniquely determines G, and we obtain the result. g

All the above was of course quite brief, but we will be back to this topic, and to
Tannakian duality in general, on numerous occasions, in what follows.

1b. Reflection groups

What we have so far is quite interesting, and a first way of extending our knowledge
is by looking at the unitary case. We have the following extension of Definition 1.1:

DEFINITION 1.9. Associated to any closed subgroup G C Uy are the vector spaces
Ch = {T € LH®, HOY|T¢®" = 45T, vg ¢ G}
where H = CV, and with k,l = o eeo ... being colored integers, with the conventions
9 =g , 9" =7 , ¢"=1
and multiplicativity. We call Tannakian category of G the collection of spaces C' = (Cy).

As before in the real case, any compact Lie group G C Uy can be reconstructed from
its Tannakian category C' = (Cf), in a very simple way, as follows:

THEOREM 1.10. Given a closed subgroup G C Uy, we have
G = {g c UN‘Tg@)’“ — ¢®IT Wk, IVT € O,d}
where C' = (Cy) is the associated Tannakian category.

Proor. This follows indeed as in the real case, by using either Peter-Weyl theory, or
Tannakian duality, as explained in the proof of Theorem 1.8. U

Regarding the basic examples, we have here the following result:

PROPOSITION 1.11. For the abelian groups of diagonal matrices, G C TV, we have
Cu = {T € L(H®" H®M|3g € G, gfll . .gf: #+ gﬁ . géz = T}, virin = O}
where r = |k|, s = |l|, and with g = diag(g1,...,gn). Also, Claim 1.2 holds.

PROOF. The formula in the statement is something that we know from Theorem 1.5
in the real case, and the proof in the complex case is similar. As for the last assertion, this
is something that we know to hold, from Theorem 1.10, but some explicit computations
for special subgroups G C TV, along the lines of those from the proof of Theorem 1.5,
can be quite instructive, and we will leave this as an interesting exercise. U
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The question is now, can we get beyond this, with some further explicit verifications
of Claim 1.2, in the orthogonal case, or in the general unitary case. And the problem
is that this is something quite tricky, because as already mentioned, for G = Oy itself,
and in fact for G = Uy itself too, the computation of the spaces C}; is something quite
complicated, which cannot be done with bare hands, and we will leave this for later.

Fortunately the symmetric group Sy C Oy comes to the rescue, and we have:
THEOREM 1.12. For the symmetric group Sy C On we have the formula
Cr = span < w|\m e P(k, l))

with P(k,l) being the set of partitions of k upper points, and | lower points, and where

Tﬂ(eh@“.@eik):Zéﬂ_(Z’l /L.k)€j1®...®€jl

Jo-- N

where §, € {0,1} is 1 when the indices fit, and is 0 otherwise. Also, Claim 1.2 holds.

PRroOOF. This is something nice and elementary, and, importantly for us, fundamental
for what is to follow in this book, the idea being as follows:

(1) First, at the level of notations, we denote as mentioned by P(k,[) the set of
partitions of k£ upper points, and [ lower points, and with these partitions being represented
as pictures, with the blocks being represented by strings. As an example, here is a partition
in P(3,3), with two blocks, represented by strings, in the obvious way:

(0]

O O )

N
@) @) @)
(2) Now given m € P(k,l) and multi-indices i = (iy,...,i) and j = (J1,..., i), W
can put ¢, j on the legs of 7, in the obvious way. Then, if the “indices fit”, meaning that
all the strings of 7 join equal indices of i, j, we set d, (]) = 1. Otherwise, we set 0, (]) =0.

As an example, for the above partition n € P(3,3), we have the following formula:

a b ¢
(577 (d e f) = 5abef50d

(3) In order to prove now the result, let us first work out the case k = 0, that we
will regularly need in what follows. It is traditional here, and convenient, to change a bit
notations. So, let us associate to any m € P(k) a vector, as follows:

Z O ( ke ® ... Qe

7,1 lk
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With this notation, we must prove that we have the following equality:
Cor = span ({W € P(k:))
(4) Let us first prove that we have D. Given ¢ € Sy, we have indeed:

o = Y Gelin.inolen) @ @ oles,)

= Z (57r<i1 ce ik)ea(il) K...® €o(ir)

(5) In order to prove now C, consider an arbitrary vector of C, as follows:
5 = Z )\’il...ikeil ®...8 eik:
i1k
Given o € Sy, by reasoning as before, we have the following formula:
0’®k€ = Z )\071(1-1)__071(1-16)61'1 ®X...Q €iy,
i1k
Thus the condition o®¥¢ = ¢ for any o € Sy is equivalent to:
iy = Ao(iy)olin) > V6,0
But this latter condition is equivalent to the following condition:
kert =kerj =— \; = )\j

Thus, we are led to the conclusion that A : {1,..., N}* — C must come from a
function ¢ : P(k) — C, via a formula of type \; = p(keri), and it follows that the
inclusion D that we established in (4) is indeed an equality, as desired.

(6) Summarizing, and getting back now to our theorem as stated, we have proved the
formula of C}; there, in the case k = 0. In order to pass now to the general case, two
methods are available. We can either fine-tune the above computation, and we will leave
this as an instructive exercise, or we can argue that the result at £ = 0 gives the result in
general, via Frobenius duality, and we will leave this as an instructive exercise too.

(7) Regarding now Claim 1.2, that we definitely know to hold from Theorem 1.8, but
that we would like to prove now explicitely, consider the intermediate subgroup Sy C



22 1. BRAUER THEOREMS

gN C Oy, constructed as in Proposition 1.3, that we must prove to be equal to Sy. In
order to prove this equality, we use the following one-block “fork” partition:

@) @)
o S
Hoo= ‘
(]
The linear map associated to p is then given by the following formula:
Tu(e: @ ;) = dije
We therefore have the following formula, valid for any g € Op:

(Tug®2)i,jk = Z(Tu)i,lm<g®2)lm,jk = GijGik

Im

On the other hand, we have as well the following formula:
(91} = Zgil(Tu)l,jk = 0jkYij
!

Thus, we have the following equivalence, valid for any g € Ox:

T g®2

w9 =91, <= 99k = 010i;, V1,7, k

Now by assuming g € S ~n, the formula on the left holds, so the formula on the right
must hold too. But this shows that we must have g;; € {0,1}, with exactly one 1 entry
on each of the rows of g. Thus we must have g € Sy, which finishes the proof. O

The above result is quite encouraging, and suggests looking into other reflection
groups. For Hy, which is the group of symmetries of the unit cube in RY, we have:

THEOREM 1.13. For the hyperoctadedral group Hy = Zs ! Sy C On we have
7 € Paaen(k.1))

where P,y., means partitions all whose blocks have even size. Also, Claim 1.2 holds.

Ch = span (T,r

PRroor. This follows a bit as for Sy. Consider indeed a vector of CV, as follows:
§= Z Niyin€iy @ ... R e,
110k
Then the condition g®*¢ = ¢ for any g = 0™ € Hy is equivalent to:
iy, = Wiy - . -wz’k/\a(il)...a(ik) , Vi,o

But this latter condition is equivalent to the following condition, along with the fact
that we must have w;, ... w;, = 1, which amounts in saying that keri € F,p:

kert = kerj — )\1:)\]
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Thus, we are led to the conclusion in the statement. Finally, regarding the explicit
verification of Claim 1.2, this follows again as for Sy, by using the following partition:

@) @)
o
X =
N
@) @)
And we will leave the verifications here, which are elementary, as an exercice. O

Quite remarkably, the results for Sy, Hy can be generalized as follows:
THEOREM 1.14. For the complex reflection group H3 = Zs 1 Sy C Un we have

Cri = span (T7T m € P(k, l))

where P*(k,1) is the set of partitions of k upper points and | lower points, satisfying
o =#e(s)
as a weighted equality, in each block. Also, Claim 1.2 holds.

Proor. This follows a bit as for Sy, Hy. Consider indeed a vector, as follows:

§= Z Aiyin€in @ ... @ e,

i i
Then the condition g®*¢ = £ for any g = 0% € Hy is equivalent to:
Aioipg = Wiy -+ Wi Ag(iy).oo(iy) » V5O

But this latter condition is equivalent to the following condition, along with the fact
that we must have w;, ...w;, = 1, which amounts in saying that keri € P*(k):

keri = kerj — A\, = )‘j
Thus, we are led to the conclusion in the statement. Il
Finally, let us record the s = oo particular case of Theorem 1.14, as follows:

THEOREM 1.15. For the full complex reflection group Ky = T 1Sy C Un we have
7 € Penen (k1))

where Peyen(k, 1) is the set of partitions of k upper points and | lower points, satisfying

Ho = fhe
as a weighted equality, in each block. Also, Claim 1.2 holds.

Cl = span <T7r

PRroOF. This appears indeed as the s = oo particular case of Theorem 1.14. U
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1c. Rotation groups

We have so far a beginning of theory based on Claim 1.2 and its philosophy, with the
main examples being the reflection groups G = Z4 1! Sy. We would like now to look into
the continuous groups G C Uy. Let us start with a basic investigation of the simplest
such group, namely Oy C Uy. We can say the following, about this group:

PROPOSITION 1.16. For the orthogonal group On we have inclusions as follows,
re Pg(k,l)> C Cp C span (Tﬂ we Pk, z))

span( "
where Py(k,l) is the set of pairings of k upper points, and | lower points.
PROOF. Since we have Sy C Oy, by functoriality and Theorem 1.12 we have:

Ch C span ( e P(k,l))

For the other inclusion, the one on the left, let us first work out, as usual, the case
k =0, and with the Change k <> . For a pairing m € P»(k) we set, as before:

E Or(iy .. lk)e, ® ... ® ey,

01...0%

We must prove &, € Coyi. For this purpose, let us pick g € Oy, and write:
(e:) = gjie;
J
We have then the following computation:

g®k§7r = Z Or (i1 .. 1K) e, ® ... R ge;,

11...0%
= E E (5 g]lll e 95 €1 XR...Q €ir
118k J1---Jk

As an illustration now, let us see what happens for a simple pairing, such as 7 = Nn.
Here the above computation can be continued as follows:

g®k€ﬂﬂ = Z Z 5ﬂﬁ 7/1 24 9]111 .. 'gj4i4€j1 ® o ® €j4

11...14 J1...J4

= Z Z 9j1a952a953b95abCj1 @ - - - & €5,

ab ji...ja

= E : J1J2 J3346J1 @ ey,
J1.--Ja

= fmm

The same computation works in general, and by using gg* = 1, we obtain ¢®*¢, = &,
for any m € Py(k). Thus, we have indeed inclusions as in the statement.
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The above result, perhaps coupled with a few more computations, that you can do by
yourself, in order to evaluate the situation, suggests that we should have:

Cy = span <T7T T € Py(k, l))

However, this is hard to prove with bare hands, and we will have to trick. Our trick will
be something quite natural, the idea being first to prove that the above spaces span(T})
“qualify” for what is expected from a Tannakian category, and then, conclude that we
have equality, because span(Ty) can only correspond to Oy. Let us start with:

DEFINITION 1.17. A tensor category over H = CV is a collection C' = (Cy;) of linear

spaces Cyy C L(H®, H®Y) satisfying the following conditions:

(1) S, T € C implies SRT € 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) Cor with k = ce, eo contain the operator R:1 — > . e; @ e;.

(6) Crik with k,l = o, e contain the flip operator ¥ :a®b— b® a.

Here, as usual, the tensor powers H®* which are Hilbert spaces depending on a colored
integer k = oceeo ..., are defined by the following formulae, and multiplicativity:

H®—-C , H*®=H , H*=H~H

We have already met such categories, when dealing with the Tannakian categories of
the closed subgroups G C Uy, and our knowledge can be summarized as follows:

PROPOSITION 1.18. Given a closed subgroup G C Uy, its Tannakian category

Ch = {T € LIH®*, HEY|Tg® = 4%, vg e G}

is a tensor category over H = CN. Conversely, given a tensor category C over C¥,
G = {g c UN’Tg®k — ¢®IT kLT € c,d}
15 a closed subgroup of Uy .

PRroOF. This is something that we basically know, the idea being as follows:

(1) Regarding the first assertion, we have to check here the axioms (1-6) in Definition
1.17. The axioms (1-4) being all clear from definitions, let us establish (5). But this
follows from the fact that each element g € G is a unitary, which can be reformulated as
follows, with R: 1 — ). e; ® e; being the map in Definition 1.17:

Re Hom(l,g®g) , Re Hom(l,g® g)

Regarding now the condition in Definition 1.17 (6), this comes from the fact that the
matrix coefficients g — g;; and their conjugates g — g;; commute with each other.



26 1. BRAUER THEOREMS
(2) Finally, the last assertion is clear from definitions, with the verifications being
almost identical to those in the proof of Proposition 1.3. O

Summarizing, we have so far precise axioms for the tensor categories C' = (Cy;), given
in Definition 1.17, as well as correspondences as follows:

G—)CG s C—>GC

We will prove in what follows that these correspondences are inverse to each other. In
order to get started, we first have the following technical result:

PrOPOSITION 1.19. Consider the following conditions:

(1) C = Cg,., for any tensor category C'.
(2) G = Gey, for any closed subgroup G C Uy.
We have then (1) = (2). Also, C C Cg,. is automatic.

PROOF. Given G C Uy, we have G C G¢,,. On the other hand, by using (1) we have
Cq = C’GCG. Thus, we have an inclusion of closed subgroups of Uy, which becomes an
isomorphism at the level of the associated Tannakian categories, so G = G¢,. Finally,
the fact that we have an inclusion C' C Cg,, is clear from definitions. O

In order to establish Tannakian duality, we will need some abstract constructions.
Following Malacarne [62], let us start with the following elementary fact:

PROPOSITION 1.20. Given a tensor category C' = (Cy;) over a Hilbert space H,

Ec =@ Cuc @ BH H*)C B (@ H®’“)

k,l k,l k

is a closed x-subalgebra. Also, inside this algebra,

ES = @ Cuc P BH* Y =8B (P H

NS Ikl Jl<s Ikl <s
is a finite dimensional x-subalgebra.
PRroOF. This is clear indeed from the categorical axioms from Definition 1.17. O
By using now the bicommutant theorem of von Neumann, we have:

PROPOSITION 1.21. Given a Tannakian category C, the following are equivalent:
(1) C = Cq,.-
(2) Ec = Ec,..

(3) Eg) = Eg;c, for any s € N.
(4) Eg) = Eggc, for any s € N.

In addition, the inclusions C, C, C, D are automatically satisfied.
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PROOF. The equivalences are clear from definitions, and from the bicommutant the-
orem. As for the last assertion, we have C' C Cg,, which shows that we have as well:

Eo C ECGC
We therefore obtain by truncating E(Cf ) Egc);c, and by taking the commutants, this
gives Eéf )5 Eéf;c Thus, we are led to the conclusion in the statement. O

Summarizing, we would like to prove that we have Eg)/ C ng)ilc But this can be
done by doing some algebra, and we are led to the following conclusion:

THEOREM 1.22. The Tannakian duality constructions
C— GC , G — CG
are inverse to each other.

Proor. This follows by doing some algebra, in order to prove that we have indeed

Eéf)/ C Eé‘g , as mentioned above, and we refer here to the paper of Malacarne [62].

Alternatively, this can be proved via standard Tannakian methods, and we refer here to
the paper of Woronowicz [99]. For more on all this, you have as well my book [2]. O

With this piece of general theory in hand, let us go back now to the orthogonal
group Oy, and to partitions and pairings, as in Proposition 1.16. In order to construct a
Tannakian category out of the pairings, via the operation m — T, we will need:

PROPOSITION 1.23. The assignement m — T is calegorical, in the sense that
T T, =Tiwo » Tul, =N"To | Ti=Tn
where c(m,a) are certain integers, coming from the erased components in the middle.
Proor. This is something elementary, the computations being as follows:

(1) The concatenation axiom follows from the following computation:

(T @T,)(€, Q.. 06, ey, ®...R ex,)

B oL ki ...k
— 225”<j1 i)&(h ZS)ej1®...®ejq®eh®...®els

J1edg lyols

B oy ko R |

— Z 25[7“’1<j1 R A ls)eﬂ®...®ejq®ell®...®els
J1--Jg li..ds

ﬂwa](eil ®---®eip®€kl ®®€kr)
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(2) The composition axiom follows from the following computation:

Tﬂ—To(eil ®...Q0 eip)

B i o g
Tt D Ta(l o Beeon

j1~-~jq kl‘..kr
— Z NC(W’U)(s[g (]il Ce ]ng) €k, R...Q e,
ot 1 .- -

= NI To(e;, ®...®e;)
(3) Finally, the involution axiom follows from the following computation:
Ti(e;, ®...®e¢j,)
= ) <Tie; ®...@€5),6, ... 06, >6,®...0¢,

i1...ip

_ Zéw(z-l Z_P)ei1®...®€z‘p
— Juo--o Jg

i1
= Tr(e, ®...®ej,)

Summarizing, our correspondence is indeed categorical.

Good news, we can now prove the Brauer theorem for Oy, as follows:

THEOREM 1.24. For the orthogonal group On we have

Cr = span <T,r T € Py(k, l))

where Py(k, 1) is the set of pairings of k upper points, and [ lower points.

Proor. We know from Proposition 1.16 that we have inclusions as follows:

Ch D span (T7r

Te P2(k,l)>

On the other hand, Proposition 1.23 shows that the spaces on the right form a Tan-
nakian category, in the sense of Definition 1.17. Thus the Tannakian duality result from
Theorem 1.22 applies, and provides us with a certain subgroup G C Uy, such that:

G:{gEUN

ng®k — g®lTﬂ,7\V’k" l7\V/7T S PQ(k7l)}

Moreover, by functoriality of Tannakian duality, we have On C G. But the relation
g®*TH = T, with g € Uy implies g € Oy, as explained in the proof of Proposition 1.18,

so we have as well G C Op. Thus, we have G = Oy, which gives the result.

For the unitary group Uy now, the result is similar, as follows:
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THEOREM 1.25. For the unitary group Uy we have

Cui = span (T7r m € Po(k, l))

where Py(k, 1) is the set of matching pairings of k upper points, and | lower points.

PROOF. The proof here is very similar to the proof for Oy, and in fact, even a bit sim-
pler, after a close examination, and with the convention, in the statement, that matching
means joining o — o or @ — @ on the horizontal, and o — e on the vertical. U

As a comment here, the above proofs might seem quite wizarding, and you may
wonder where the computations, which are usually needed for proving such things, have
dissapeared. In answer, we have used Theorem 1.22, and Proposition 1.23 as well.

1d. Easy groups

We have now a substantial number of results based on Claim 1.2 and its philosophy,
so time for some axiomatics. We can formulate a key definition, as follows:

DEFINITION 1.26. A closed subgroup G C Uy is called easy when

Ci = span (T,r T e D(k,l))

with D(k,l) C P(k,l) being certain sets of partitions.

We already know, from our various computations performed above, that many inter-
esting closed subgroups G C Uy are easy. In fact, at the level of examples, we have the
following result, which summarizes our main results so far, in this book:

THEOREM 1.27. The following closed subgroups G C Uy are easy,
(1) Uy itself, coming from D = Ps,
(2) On, coming from D = P,
(3) Hy, coming from D = P,
with the last result covering Sy, Hy, Ky, which appear from D = P, Poyen, Peven -
PRrROOF. This is indeed a reformulation of our main results so far:
— The results regarding Oy, Uy are reformulations of Theorems 1.24 and 1.25.
— The result regarding H} = Z4 ! Sy is a reformulation of Theorem 1.14.
— At s =1 we have Hy, = Sy, and P! = P, and we recover Theorem 1.12.
— At s = 2 we have H? = Hy, and P? = P.,.,, and we recover Theorem 1.13.

— At s = 0o we have HyY = Ky, and P> = P,yen, and we recover Theorem 1.15. [

We can further improve our formalism, with the following definition:
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DEFINITION 1.28. A category of partitions is a collection of sets D = | |, D(k,1),
with D(k,l) C P(k,l), having the following properties:

Stability under vertical concatenation (m,0) — [2], with matching middle symbols.

)
)
) Stability under the upside-down turning %, with switching of colors, o < e.
) Each set P(k,k) contains the identity partition ||...||.

) The sets P((), 0e) and P((), o) both contain the semicircle M.

) The sets P(k,k) with |k| = 2 contain the crossing partition .

Observe that all the sets of partitions that we used so far in this book, and notably
those appearing in Theorem 1.27, are categories of partitions. There are many other
examples of such categories, and we will explore this later in this book. Now back to
theory, we have the following result, improving our easiness formalism:

THEOREM 1.29. Any category of partitions D C P produces a series of easy groups
G = (Gy), with Gy C Uy for any N € N, via the formula

Cr = span (Tw

x e D(k, z))
for any k,l, and Tannakian duality. Any easy group appears in this way.

Proor. This follows indeed from Tannakian duality. To be more precise:

(1) In what regards the first assertion, once we fix an integer N € N, the various
axioms in Definition 1.28 show that the following spaces form a Tannakian category:

span (TTr

Te D(k:,l))

Thus, Tannakian duality applies, and provides us with a closed subgroup Gy C Uy
such that the following equalities are satisfied, for any colored integers k, [:

Cr = span (T7r

€ D(k, z))
But this closed subgroup G C Uy is easy by definition, and we get the result.

(2) Conversely now, consider an easy quantum group G C Uy, in the sense of Def-
inition 1.26, with this meaning that the corresponding Tannakian category appears as
follows, with D(k,l) C P(k,l) being certain sets of partitions:

Cy = span (T7r

e D(k;,l))

We can then “saturate” the collection of sets D = D(k, 1), by setting:

Dk, 1) = {7? e P(k, 1)

T, € Ckl}
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To be more precise, with this definition made, we have inclusions as follows, with the
collection D formed by the sets on the right being a category of partitions:

D(k,1) C D(k,1)
Also, it follows from definitions that we have equalities as follows:

Crl = span (T7r T E lN)(k:,l))

Thus, G appears from a category of partitions, namely 15, as desired. O

In relation with the above results, which seem to close axiomatic discussions, observe
however that the correspondence D <+ G coming from the above theorem and its proof
is not exactly bijective, for instance because at N = 1 the group G = {1}, which is easy,
appears from any D. This is a subtle issue, and we will be back to this.

As already mentioned, at the practical level the question of fully classifying the cate-
gories of partitions, and the easy groups, appears. We will be back to this, later.

Finally, at the level of main examples, let us record the following result:

THEOREM 1.30. The following groups, with Hy = Zo ! Sy and Ky = T 1 Sy,

Ky Un
Hy On
are all easy, the corresponding categories of partitions being as follows,
Peven P2
Peven P2

with 2 standing for pairings, and “even” standing for partitions with even blocks.
Proor. This is indeed something that we know from Theorem 1.27. U

And good news, that is all. As mentioned in the beginning of this chapter, our aim
here was to get a bit familiar with Brauer theorems and easiness, and job done, I hope.
As for the deeper understanding of all this, we have chapter 2 below, where we will review
all this, from a quantum group perspective, and then the rest of the book too.
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le. Exercises

What we did in this chapter was basically Brauer theorems for the closed subgroups
G C Uy, assuming some familiarity with these, and before getting to exercises about this,
we can only recommend getting more familiar with the subgroups G C Uy, via:

EXERCISE 1.31. Get more familiar with the subgroups G C Uy, by learning some:
(1) Finite group theory: abelian groups, permutation groups, reflection groups.
(2) Compact group theory: Haar integration and Peter-Weyl theory for them.

(3) Compact Lie group theory: Lie theory and Tannakian duality for them.

In relation now with what we did in this chapter, there have been many computations
in relation with the direct verification of Claim 1.2, and doing some more computations
here is the best exercise that we can recommend, for better understanding all this:

EXERCISE 1.32. Prove directly Claim 1.2 for the following groups:
(1) Subgroups G C Z : cases |G| = 4, |G| = 2N72.
(2) Subgroups G C TV : cases |G| small, and [TV /G| small.
(3) Complex reflection groups G = Zs ! Sy, with full details.
(4) The basic continuous groups, namely Oy and Uy.

At the theoretical level, passed what can be done with bare hands, our main tool was
Tannakian duality, so coming as a continuation of Exercise 1.31, we have:

EXERCISE 1.33. Learn more about Tannakian duality, and various proofs of it, and
more about Brauer theorems as well, and various proofs of them too.

In relation now with easiness, we have the following exercise:

EXERCISE 1.34. Prove that the real and complex bistochastic groups, By C Oy and
Cn C Uy, consisting of matrices having sum 1 on each row and column, are easy.

Finally, getting back again to theory, we have a key exercise, as follows:

EXERCISE 1.35. You might know from Peter-Weyl theory that for G C Uy we have

dim(Cox) Z/Xk

G
where x(g) = Tr(g). Can we reformulate what we did in this chapter, in analytic terms?

Some of the above exercises might be quite difficult. But do not worry, we will come
back to most of them, later in this book.



CHAPTER 2

Quantum groups

2a. Operator algebras

Welcome to easiness, take two. What we learned in the previous chapter was in fact
just half of the story, and the other half, involving quantum analogues of the compact
groups G C Uy that we considered, is to be discussed here. Among others, the square
formed by the main examples of easy groups will evolve into a cube, as follows:

Ky Ux

Ky Un

d /7

Hy On

In order to get started, we need to know what a “quantum space” is, and for quantum
groups we will see afterwards. However, this is not an easy question, and as the term
“quantum” tends to indicate, we are a bit into physics here. So, we must either know
some quantum physics, or trust mathematical physicists, and their findings. We will opt
for this latter way. Following, as usual, John von Neumann, we have:

Fact 2.1. A quantum space is the dual of an operator algebra.

So, our plan will be that of explaining what an operator algebra is, then what a
quantum space is, and then what a quantum group is. Afterwards, we will axiomatize
the easy quantum groups, and work out some basic examples, including those appearing
in the above cube. Getting started now, what we need is the following definition:

DEFINITION 2.2. A Hilbert space is a complex vector space H given with a scalar
product < x,y >, satisfying the following conditions:
(1) < x,y > is linear in x, and antilinear in y.
(2) <z,y>=<vy,x >, foranyx V.
(3) <x,x >>0, for any x # 0.
(4) H is complete with respect to the norm ||z|| = /< x, 2 >.
33
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Here the fact that ||.|| is indeed a norm comes from the Cauchy-Schwarz inequality,
which states that if the conditions (1,2,3) above are satisfied, then we have:

| <ay> [ <[] [lyll

Indeed, this inequality comes from the fact that the following degree 2 polynomial,
with t € R and w € T, being positive, its discriminant must be negative:

f(£) =l + twyl?

At the level of basic examples, we first have the Hilbert space H = CV, with its usual
scalar product, taken by definition linear at left, namely:

N
<3y >=Y il
=1

More generally, given an index set I, we can form the Hilbert space H = [%(I) of the
square-summable sequences (x;);cs, with similar scalar product, namely:

<@y >= Y 1
iel
Even more generally, given a measured space X, we can form the space H = L*(X)
of square-summable functions f : X — C, with similar scalar product, namely:

< fg>= /Xf(w)mdx

Quite remarkably, this latter extension is, at least at the level of the very abstract
theory, not really needed, and this due to the following result:

THEOREM 2.3. Each Hilbert space H has a basis, meaning a set {e;};c; which spans
a dense subspace of H, whose vectors are pairwise orthogonal, and of norm one:

< €, e >= (52']‘
Moreover, the cardinality of the indexing set |I| = dim H is uniquely determined by H,

and we have an isomorphism H ~ ().

PROOF. Here the first assertion follows from Gram-Schmidt, the idea being that any
algebraic basis {f;}ic; can be turned into an orthonormal basis {e;};c7, by using a recur-
rence method. As for the second assertion, this is clear from the first one. O

The above is something quite tricky. For instance with H = L?(RR), or even better,
with H = L?(R3), which is the space of wave functions of the electron, by the Weierstrass
theorem I can be taken countable, so we obtain an isomorphism as follows:

L*(R?) ~ I*(N)

However, this isomorphism is not very explicit, and struggling with it is a main occu-
pation when doing basic quantum mechanics, such as solving the hydrogen atom.
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Speaking physics, observe that in Definition 2.2 our scalar products are linear at left.
This is the so-called mathematicians’ convention, as opposed to Dirac’s convention, but
the point is that in recent times many fine theoretical physicists, genuinely interested in
physics, and not knowing much mathematics, including of course myself and my collabo-
rators, have opted for this mathematicians’ convention, for various technical reasons.

Getting now to operators and operator algebras, we first have:

PROPOSITION 2.4. For a linear operator T : H — H, the following are equivalent:

(1) T is continuous.

(2) T is continuous at 0.

(3) T maps the unit ball of H into something bounded.

(4) T is bounded, in the sense that ||T'|| = sup), = [|T|| is finite.

PROOF. Here the equivalences (1) <= (2) <= (3) <= (4) all follow from
definitions, by using the linearity of 7', and performing various rescalings, and with the
number ||T'|| needed in (4) being the bound coming from (3). O

With the above result in hand, we can now formulate:
THEOREM 2.5. The bounded operators T : H — H form an algebra B(H), on which
IT]| = sup [|T|]

||l |=1
1s a norm, and which s complete with respect to this norm. In the case where the Hilbert
space H comes with a basis {e;};cr, we have an embedding
B(H) C M;(C)
which is My(C) C My(C) for H= C~, but which is not an isomorphism in general.

PROOF. Again, all this is standard, with the algebra property of B(H) being clear,
with the norm property of ||.|| being clear too, and with the norm closedness of B(H)
coming by constructing the limit of a Cauchy sequence {7, } as follows:

Tr=lim T, , VreH

n—o0

Finally, in what regards the embedding B(H) C M;(C), this can be constructed by
using the same formula as in usual linear algebra, namely:

,I‘ij =< Tej, €; >

As for the fact that this embedding is not an isomorphism, when dim H = oo, the
point here is that with I = N the infinite matrix 7" = diag(0, 1,2,3,...) does not come
from a bounded operator, providing us with the desired counterexample. U



36 2. QUANTUM GROUPS

Summarizing, the correct infinite analogue of the algebra My (C) is not the infinite
matrix algebra M;(C), which is actually not even an algebra, when |I| = oo, but rather
the algebra B(H) of bounded linear operators T : H — H on a Hilbert space H.

With this understood, we can go now into truly intreresting material. Everything
advanced that you know about My (C), be that projections, rotations, other special ma-
trices, or spectral theorem and so on, uses adjoint matrices. So, let us talk first about
adjoint operators, in our framework. The result here is as follows:

PROPOSITION 2.6. Any bounded operator T € B(H) has an adjoint T* € B(H), given
by the following formula, valid for any two vectors x,y € H:

<Trx,y>=<ux,Ty >
The operation T — T* is then an isometric involution of B(H), and we have:
ITT*|| = ||T|?
When H comes with an orthonormal basis {e;}icr, we have (T*);; = Tji.

PROOF. As before, all this is standard material. Given an operator T' € B(H), let us
pick a vector y € H, and consider the following linear form:

r—<Tr,y>

This linear form must then come from a scalar product with a vector Ty, as in the
statement, and we obtain in this way a definition for 7™, namely y — T™y. It is then
routine to check that we have indeed 7% € B(H), with this coming from:

T[] = ||

The fact that T — T is then an involution of B(H) is routine too. Regarding now
the formula ||TT*|| = ||T||?, in one sense we have the following estimate:

17T < [|T]] - 177 = |T°]?

In the other sense, we have the following estimate:

TP = HSI‘TI_)1| <Tx,Tx > |

= sup | <z, T'Tx > |
[|z]|=1

< [l

Now by replacing in this formula 7" — T* we obtain ||T|[* < [|TT*||, as desired,
Finally, (7%);; = T'j; is clear from the formula T;; =< Te;, e; >, applied to T', T™. O

Good news, we can now talk about operator algebras, as follows:
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DEFINITION 2.7. An operator algebra is an algebra of bounded operators A C B(H)
which contains the unit, is closed under taking adjoints,

TeA —= T"cA
and is closed as well under the norm.

This definition is in fact one of the many possible ones, with the choice here being
a matter of knowledge of mathematics, and physics, and taste. But more on this later.
Getting now to where we wanted to get, with this, we can formulate some tough results,
inspired by the usual linear algebra, that of the algebra My (C), as follows:

THEOREM 2.8. The following happen:
(1) Any self-adjoint operator, T = T*, is diagonalizable.
(2) More generally, any normal operator, TT* = T*T, is diagonalizable.
(3) In fact, any family {T;} of commuting normal operators is diagonalizable.

Thus, any commutative operator algebra is of the form A = C(X), with X compact space.

PROOF. This is certainly a tough theorem, with (1,2,3) coming by generalizing the
Spectral Theorem, in its various incarnations, for the usual matrices M € My(C). As
for the final conclusion, this follows from (3), because if we write A = span(T;), then
the family {7} consists of commuting normal operators, and this leads to the conclusion
A = C(X), with X being a certain compact space associated to the family {7;}. O

In relation with the above result, there are some good news and some bad news. The
good news first, we can, eventually, talk about quantum spaces, as follows:

DEFINITION 2.9. We can think of any operator algebra A C B(H) as being of the form
A=C(X)
with X compact quantum space. When A is commutative, X is a usual compact space.

As for the bad news, all this is based on Theorem 2.8, which remains something
terribly complicated, and that we would rather like to avoid, when building foundations.
Also, there is a problem with functoriality, because a morphism a quantum spaces X — Y
should normally come from a morphism of algebras C'(Y) — C(X), but shall we ask or
not something in relation with the embeddings C'(X) C B(H) and C(Y) C B(K). And
finally, we have a philosophical problem too, the Hilbert spaces are certainly nice objects,
but do we really need them for talking about basic things like quantum spaces.

But above everything, we have the following dumb argument:

CriITICISM 2.10. Needing a Hilbert space for talking about the circle is ridiculous.
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To be more precise, the circle T is the simplest compact space that we know, and
this since childhood. However, in order to view it as a compact quantum space, as in
Definition 2.9, we need something of type C(T) C B(L*(T)), which is ridiculous.

Summarizing, Definition 2.7, Theorem 2.8 and Definition 2.9 are not good, and we
must invent something else. And here is the magic trick, due to Gelfand:

DEFINITION 2.11. An abstract operator algebra, or C*-algebra, is a complex algebra
A having a norm ||.|| and an involution x, subject to the following conditions:

(1) A is closed with respect to the norm.
(2) We have ||aa*|| = ||al|?, for any a € A.

In other words, what we did here is to axiomatize the abstract properties of the
operator algebras A C B(H), without any reference to the Hilbert space H. We will see
in a moment that our axiomatization is indeed complete, in the sense that any C*-algebra
appears as an operator algebra, A C B(H). Thus, getting back now to our quantum space
questions, we will be able to recycle Defintion 2.9, simply by replacing there “operator
algebra” by C*-algebra, and everything, or almost, will be fine. In particular, no one in
this world will ever be able to come with something like Criticism 2.10.

Getting to work now, let us develop the theory of C*-algebras. We first have:

PROPOSITION 2.12. Given an element a € A of a C*-algebra, define its spectrum as:
o(a) = {)\ c C(a Wy A*l}

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) = ||all.
In addition, assuming a € A C B, the spectra of a with respect to A and to B coincide.

PROOF. 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.
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(3) By using 1/(1 —b) = 1+b+b*+ ... for ||b|]| < 1 we obtain that a — X is invertible
for |A| > |]al|, and so o(a) C Dy(||al|). It is also clear that o(a) is closed, so what we
have is a compact set. Finally, assuming o(a) = () the function f(\) = ¢((a — X)) is
well-defined, for any ¢ € A*, and by Liouville we get f = 0, contradiction.

(4) Assuming v* = 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(Do(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 ¢ € R.

(5) It is routine to check, by integrating quantities of type 2"/(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 oa(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—opb)|-pteB- 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

With these ingredients, we can now a prove a key result, as follows:

THEOREM 2.13 (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:

Al =sup|f()] . f*(z)=f(z)
reX
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 ()" = [I£]]*
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)
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(3) We first prove that ev is involutive. We use the following formula, which is similar
to the z = Re(z) + iIlm(z) decomposition formula for usual complex numbers:

a—i—a*+_ a—a*
p— Z.
2 21

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 2.12, because ev,(x) = x(a) is an element of o(a), contained in R.

a

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

|leval| = pla) = ||al|

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

The above result is something truly remarkable, and we can now formulate:
DEFINITION 2.14. Given an arbitrary C*-algebra A, we write it as
A=C(X)
with X compact quantum space. When A is commutative, X is a usual compact space.

Observe the similarity with Definition 2.9, which is now to be forgotten. Indeed, our
theory based on C*-algebras is much better, not using Hilbert spaces, and free as a bird,
and all issues mentioned after Definition 2.9, including Criticism 2.10, now dissapear.

Of course, what we have is still just a beginning of something, and we will soon see,
once we will be more advanced, that there are in fact some bugs with Definition 2.14
too. To be more precise, there are certain natural quantum spaces X, such as the duals
X =T of the non-amenable groups I', corresponding to several C*-algebras A. Thus, the
correspondence A — X from Definition 2.14 is not bijective, and needs a fix.

But more on this later, for the moment let us enjoy what we have. A quick comparison
between Theorem 2.8 and Theorem 2.13 suggests that operator algebra and C*-algebra
might be actually the same thing. And this is indeed the case, the result being:

THEOREM 2.15. 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.

PRroOF. This result, called GNS representation theorem after Gelfand-Naimark-Segal,
comes as a continuation of the Gelfand theorem, the idea being as follows:
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(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) C 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:

ACB(LXA)) , a—[b— ab]

(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). U

All this is very nice, and getting back to our original motivations, we have now a
beautiful notion of compact quantum space, coming from Definition 2.11, Theorem 2.13
and Definition 2.14. Also, as a bonus, we have as well some spectral theory tools for the
study of such spaces, coming from Proposition 2.12, and even a theorem allowing us to
pull out of a hat a Hilbert space, in case we ever get lost, namely Theorem 2.15.

2b. Quantum groups

We can now go ahead and develop our quantum group, and general easiness program.
As a starting point, we have the following key definition, due to Woronowicz [98]:

DEFINITION 2.16. A Woronowicz algebra is a C*-algebra A, given with a unitary
matriz u € My(A) whose coefficients generate A, such that the formulae

Afuj) = Zuzk Qug; 5 e(uy) =065 , Sluy)=uj
k
define morphisms of C*-algebras A : A - A® A, e¢: A — C, S: A — AP called
comultiplication, counit and antipode.

In this definition ® can be any C*-algebraic completion of the usual algebraic tensor
product ®,4, and the symbol A°? denotes the opposite algebra. More on this later.

We say that A is cocommutative when YA = A, where ¥(a ® b) = b ® a is the flip.
We have the following result, which justifies the terminology and axioms:

PROPOSITION 2.17. The following are Woronowicz algebras:
(1) C(G), with G C Uy compact Lie group. Here the structural maps are:

A(e) = [(g.h) = 9(gh)] . e(p) =) , Slp)=[g =g
(2) C*(I"), with Fy — T finitely generated group. Here the structural maps are:

Alg)=g®g , elgg=1 ., Slg=g"

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

ui(g) ... win(g)
9= : :
uni(g) ... unn(g)
As for the second assertion, we can use here the diagonal matrix formed by generators:
g1 0
U= .
0 gnN

Finally, the last assertion follows from the Gelfand theorem, in the commutative case.
In the cocommutative case this follows from the Peter-Weyl theory, explained below. [J

In view of Proposition 2.17, we can formulate the following definition:

DEFINITION 2.18. Given a Woronowicz algebra A, we formally write
A=C(G)=CcI)
and call G compact quantum group, and I' discrete quantum group.

When A is both commutative and cocommutative, G is a compact abelian group, I
is a discrete abelian group, and these groups are dual to each other:

G= , T=G

In general, we still agree to write the formulae G = f, I'= é, but in a formal sense.
Finally, let us make as well the following key convention:

DEFINITION 2.19. We identify two Woronowicz algebras (A,u) and (B,v), as well as
the corresponding quantum groups, when we have an isomorphism of x-algebras

< Ujj >=2< v >
mapping standard coordinates to standard coordinates.

This convention is here for avoiding amenability issues, as for any quantum group to
correspond to a unique Woronowicz algebra, and more on this later. Moving ahead now,
we need tools, for the study of our quantum groups. In the classical case, the main tool
for the study of the groups G are the group axioms, namely:

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 )6 = 1
Here 6(g) = (g,9). The point now is that all these formulae hold as well for our
quantum groups, in algebra formulation of course, the result being as follows:
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PRrROPOSITION 2.20. The maps A, ¢, S satisfy the Hopf algebra azioms, namely:
(A ®id)A = (id @ A)A
(e®id)A = (id®e)A =id
m(S ®id)A = m(id ® S)A =e(.)1
In addition, the square of the antipode is the identity, S* = id.

PROOF. As a first observation, the result holds in the commutative case, A = C(G)
with G C Uy. Indeed, here we know from Proposition 2.17 that we have:

A=mt | e=u" |, S=1¢

Thus, in this case, the various conditions in the statement on A, e, S simply come by
transposition from the group axioms satisfied by m,u,¢. In general now, we have:

(A @id)Auy) = (id © A)Auy;) =Y ug ® g O wy
Kl
As for the other axioms, their verification is similar, with the technical remark that
the first two formulae hold on A, while the third formula only holds on < wu;; >. O

All this is very nice. In order to reach now to more advanced results, following again
Woronowicz [98], let us call corepresentation of A any unitary matrix v € M, (.A), where
A =< u;; >, satisfying the same conditions as those satisfied by u, namely:

A(vi;) = Zvik Qugj 5 e(vy)=6by , Suy)= U;i
k

We have the following key result, due to Woronowicz [98]:

THEOREM 2.21. Any Woronowicz algebra has a unique Haar integration functional,

(/G@”d) A= (id®/&,> A= fon

which can be constructed by starting with any faithful positive form ¢ € A*, and setting
/ = lim 1 igp*k
el n—oo M 1

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

(ias [ Jo=r

where P is the orthogonal projection onto Fix(v) = {£ € C*"|v§ = &}
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PRroOF. Following [98], this can be done in 3 steps, as follows:

(1) Given ¢ € A*, our claim is that the following limit converges, for any a € A:

1 n
a=lim — Y ¢*(a)

Indeed, by linearity we can assume that a € A is the coefficient of certain corepresen-
tation, @ = (7 ® id)v. But in this case, an elementary computation gives the following
formula, with P, being the orthogonal projection onto the l-eigenspace of (id @ ¢)v:

(id@/w)v:Pw

(2) Since v€ = ¢ implies [(id ® @)v]¢ = &, we have P, > P, where P is the orthogonal
projection onto the fixed point space in the statement, namely:

ve =€}

The point now is that when ¢ € A* is faithful, by using a standard positivity trick,
we can prove that we have P, = P, exactly as in the classical case.

Fiz(v) = {5 ecCr

(3) With the above formula in hand, the left and right invariance of [, = [ is clear
on coefficients, and so in general, and this gives all the assertions. See [98]. g

We can now develop, again following [98], the Peter-Weyl theory for the corepresen-
tations of A. Consider the dense subalgebra A C A generated by the coefficients of the
fundamental corepresentation u, and endow it with the following scalar product:

<a,b >—/ab*
G

With this convention, we have the following result, from [98]:

THEOREM 2.22. We have the following Peter-Weyl type results, with the various op-
erations on corepresentations being defined in a straightforward way:

(1) Any corepresentation decomposes as a sum of irreducible corepresentations.
(2) Each irreducible corepresentation appears inside a certain u®r.

(3) A= D,crrr(a) Maim(w)(C), the summands being pairwise orthogonal.

(4) The characters of irreducible corepresentations form an orthonormal system.

PrOOF. All these results are from [98], the idea being as follows:

(1) For a corepresentation v € M, (A), the algebra End(v) = {T € M,(C)|Tv = vT}
is a finite dimensional C*-algebra, and so decomposes as End(v) = M, (C)&...®M,, (C).
But this gives a decomposition of type v = v1 + ... + v, as desired.
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(2) Consider the Peter-Weyl corepresentations, u®* with k being a colored integer,

defined by u® = 1, u® = u, u® = @ and multiplicativity. The coefficients of these
corepresentations span the dense algebra 4, and by using (1), this gives the result.

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

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

As a first consequence of the above result, we can now clarify the structure of the
cocommutative Woronowicz algebras, closing a discussion started in Proposition 2.17:

PROPOSITION 2.23. For a Woronowicz algebra A, the following are equivalent:
(1) A is cocommutative, SA = A.

(2) The irreducible corepresentations of A are all 1-dimensional.
(3) A=C*(I), for some group I' =< g1,...,gn >, up to equivalence.

Proor. This follows from the Peter-Weyl theory, as follows:

(1) = (2) The assumption XA = A tells us that the inclusion Acepirar =< X0 >C A
is an isomorphism, and by using Peter-Weyl theory we conclude that any irreducible
corepresentation of A must be equal to its character, and so must be 1-dimensional.

(2) = (3) This follows once again from Peter-Weyl, because if we denote by I' the
group formed by the 1-dimensional corepresentations, then we have A = C[I'], and so
A = C*(T") up to the standard equivalence relation for Woronowicz algebras.

(3) = (1) This is something trivial, that we know from Proposition 2.17. d

Still in relation with the discrete groups, but at a more advanced level, following as
before Woronowicz [98], we have the following result:

THEOREM 2.24. Let Apyy be the enveloping C*-algebra of A, and A,cq be the quotient
of A by the null ideal of the Haar integration. The following are then equivalent:

) The Haar functional of Ay is faithful.

(1

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

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

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

If this 1s the case, we say that the underlying discrete quantum group I' is amenable.

PROOF. This is well-known in the group dual case, A = C*(I"), with I" being a usual
discrete group. In general, the result follows by adapting the group dual case proof:
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(1) <= (2) This simply follows from the fact that the GNS construction for the
algebra Ay,; with respect to the Haar functional produces the algebra A, 4.

(2) <= (3) Here — is trivial, and conversely, a counit ¢ : A,.q — C produces an
isomorphism ® : A,.q — Ay, by slicing the map A : Areqg = 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 [98]. O

2c. Diagrams, easiness

In order to reach now to a theory of easiness for the compact quantum groups, we
need several extra ingredients. First, we need free analogues of the orthogonal and unitary
groups. The constructions here, due to Wang [88], are as follows:

THEOREM 2.25. The following universal algebras are Woronowicz algebras,
cof)=c" ((Uij)z‘,j:L...,N‘u = U,u’ = u_1>

CUy)=c" ((Uij)i,jzl,...,N‘u* =yt = a‘1>
so the underlying quantum spaces O;{,, U; are compact quantum groups.

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

(u®)ij = Zuzk Quy, , (W)y=308; , (W)= Ui
k

Thus, we can indeed define morphisms A, e, S as in Definition 2.16, by using the
universal properties of C(OF), C(Uy), and this gives the result. O

Next, we need to talk about Tannakian duality. The result here, which is very similar
to the Tannakian duality result from chapter 1, is as follows:

THEOREM 2.26. The following operations are inverse to each other:

(1) The construction G — C, which associates to a closed subgroup G C, Uy, the
tensor category formed by the intertwiner spaces Cyy = Hom(u®*, u®).

(2) The construction C — G, associating to a tensor category C' the closed subgroup
G C, Uy coming from the relations T € Hom(u®* u®'), with T € Cyy.

PRrROOF. The idea is that we have indeed a construction G — C¢, producing a sub-
category of the tensor C*-category of finite dimensional Hilbert spaces, as follows:

(Co)m = Hom(u®k, u®l)

We have as well a construction C' — G¢, obtained by setting:

C(Go) = C(UR)/ (T € Hom(u™,u®) |k, LVT € Cy)
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Regarding now the bijection claim, some elementary algebra shows that C' = Cg,
implies G = G¢,,, and that C' C Cg,, is automatic. Thus we are left with proving:

CGCCC

But this latter inclusion can be proved indeed, by doing some algebra, and using von
Neumann’s bicommutant theorem, in finite dimensions. See Malacarne [62]. U

Following the material from chapter 1, we can now talk about easiness. Let us first
recall from chapter 1 that the partitions produce linear maps, as follows:

DEFINITION 2.27. Associated to any partition m € P(k,l) between an upper row of k
points and a lower row of | points is the linear map T, : (CNV)®* — (CM)® given by

Tﬂ(ei1®"'®eik): Z(Sw(l-l Z.k)ej1®...®€jl

Juo-o 0

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

To be more precise, we agree to put the two multi-indices on the two rows of points, in
the obvious way. The Kronecker symbols are then defined by d, = 1 when all the strings
of 7 join equal indices, and by ¢, = 0 otherwise. This construction is motivated by:

PROPOSITION 2.28. The assignement m — T}, is categorical, in the sense that we have

T @ T, =Thro , Tilo =Ny Tp =T

™

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

ProoF. This is something that we know well from chapter 1, coming from some
elementary computations for the above compositions, explained there. O

Let us axiomatize now the categories of partitions. The definition here, from [22],
[79], which is very similar to the one from the classical case, is as follows:

DEFINITION 2.29. A collection of sets D = | |, D(k,l) with D(k,l) C P(k,l) is called
a category of partitions when it has the following properties:

(1) Stability under the horizontal concatenation, (w, o) — [mo].

(2) Stability under vertical concatenation (w, 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,0e) and P((), ®0) both contain the semicircle N.

Generally speaking, the axioms in Definition 2.29 can be thought of as being a “de-
linearized version” of the categorical conditions which are verified by the Tannakian cat-
egories. We have in fact the following result, going back to [22]:
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THEOREM 2.30. Fach category of partitions D = (D(k,l)) produces a family of com-
pact quantum groups G = (Gy), one for each N € N, via the formula

Hom(u®* u®) = span (T7r T E D(k,l))

which produces a Tannakian category, and therefore a closed subgroup Gy C Uy. The
quantum groups which appear in this way are called easy.

Proor. This follows indeed from Woronowicz’s Tannakian duality, in its “soft” form
from [62], as explained in Theorem 2.26. Indeed, let us set:

Cr = span <T7r

= D(k,l))

By using the axioms in Definition 2.29, and the various categorical properties of the
operation m — T, from Proposition 2.28, we deduce that C' = (Cy;) is a Tannakian
category. Thus the Tannakian duality result applies, and gives the result. U

As a first application, we can formulate a general Brauer theorem, as follows:
THEOREM 2.31. The basic classical and quantum rotation groups are all easy,

o}, Ul NG, NC,

On

Un P,

P
with the quantum groups on the left corresponding to the categories on the right.

PRrooOF. This is something that we already know for Oy, Uy, but since these results
follow easily from those for O, Uy, let us just prove everything, as follows:
(1) The quantum group Uy is defined via the following relations:

1 t

v=ult , u=ut

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 T= ey o

? oce 7 @O

Thus the associated Tannakian category is C' = span(T,|r € D), with:
D =< Q. , :l >= NCQ
(2) The quantum group OF, C U;; is defined by imposing the following relations:
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Thus, the following operators must be in the associated Tannakian category C"
. , m={,!
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,ui) =0, [wij, t) =0
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:
Oy =04 NUy

Indeed, at the categorical level, this formula tells us that the associated Tannakian
category is given by C' = span(Ty|m € D), with:

D =< NCy, Py >= P,

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

2d. The standard cube

Our purpose now is to unify and extend the squares from chapter 1 and from Theorem
2.31, consisting respectively of Hy, Ky,On, Uy and of Oy, Uy, Ok, Uy, as to reach to
the nice cube pictured at the beginning of the present chapter, namely:

Ky Uy

/7 /!

Hy O

Ky Un

d /7

On

Thus, we need to talk about Hj, Ky, with this meaning both their definition, and
easiness property. But for this, we first need to talk about the quantum permutation
group Sy, again both definition, and easiness property. This will be something which is
quite tricky, and will take some time. Following Wang [89], let us start with:

Hy
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THEOREM 2.32. The following universal C*-algebra, with magic meaning formed by
projections (p* = p* = p), summing up to 1 on each row and each column,

c(sy) =c" ((Uij)i,jzl,...,N)u = magic)
1s a Woronowicz algebra, with comultiplication, counit and antipode given by:
Alui) =Y i @urg ,  eluy) =0y, Sluy) = uy
k
Thus S is a compact quantum group, called quantum permutation group, and the classical
version of this quantum group is the usual permutation group Sy.

PROOF. We have several assertions here, the idea being as follows:

(1) As a first observation, the universal C*-algebra in the statement is indeed well-
defined, because the conditions p? = p* = p satisfied by the coordinates give:

gl <1

In order to prove now that we have a Woronowicz algebra, we must construct maps
A e, S given by the formulae in the statement. Consider the following matrices:

Aoy e _ 5. S _ .,
k

Our claim is that, since v is magic, so are these three matrices. Indeed, regarding u?,
its entries are idempotents, as shown by the following computation:

(UiAj)Q = Z Uik Uil @ UpUy = Z OriUix @ Oy = uiAj
kl kl
These elements are self-adjoint as well, as shown by the following computation:
(u)" =D ui @ uiy = 3 uan ® wg = g
k k

A

The row and column sums for the matrix u= can be computed as follows:

Zugzzuik(@wg’:zuik@l:l
J jk k
Zuﬁzzuikééukj:Zl@ukj:l
i ik k

Thus, u® is magic. Regarding now u°, u®, these matrices are magic too, and this for
obvious reasons. Thus, all our three matrices u®, u°, u® are magic, so we can define A, ¢, S
by the formulae in the statement, by using the universality property of C(Sy).
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(2) Regarding the last assertion, consider the symmetric group Sy, viewed as permu-
tation group of the N coordinate axes of RY. The action of Sy on the standard basis
e1,...,exn € RY being given by o : e; — €s(j), the coordinate functions on Sy are:

Uij = X (0 € G’O‘(j) = z)

Observe also that the matrix u = (u;;) that these functions form is magic, in the sense
that its entries are projections, summing up to 1 on each row and each column. Our claim
now, which will prove the last assertion, is that we have the following formula:

O(Sy) =C: ((W)i,jzl,,.,w‘u _ magic)

Indeed, the algebra A on the right being commutative, by the Gelfand theorem it must
be of the form A = C(X), with X being a certain compact space. Now since we have
coordinates u;; : X — R, we have an embedding X C My(R). Also, since we know that
these coordinates form a magic matrix, the elements g € X must be 0-1 matrices, having
exactly one 1 entry on each row and each column. Thus X = Sy, as desired. U

Still following Wang [89], we have the following surprising result:
THEOREM 2.33. We have an embedding Sy C Sy, given at the algebra level by:

Ujj — X <O' S SN’O'(]) = Z>
This is an isomorphism at N < 3, but not at N > 4, where S, is not classical, nor finite.

ProOF. The fact that we have an embedding as above follows from Theorem 2.32.
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 C(Sy) is commutative, and
so equals its biggest commutative quotient, which is C'(S,). Thus, Sy = Ss.
Case N = 3. By using the same argument as in the N = 2 case, and the symmetries
of the problem, it is enough to check that w1, ugs commute. But this follows from:
Uptgy = UpUge(Ury + Uiz 4 ur3)
U1 U2UT1 + U1 U2U13
= upUgouyr + uri (1 — ugy — us3)uss

= U11U22U11

Indeed, by applying the involution to this formula, we obtain that we have as well
UgolU 1 = Up1UgeUi1. Thus, we obtain uiiugsy = usouqq, as desired.
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Case N = 4. Consider the following matrix, with p, ¢ being projections:

P 1—-p O 0
1—p p 0 0

0 0 q 1—¢q

0 0 1—g¢q q

U:

This matrix is magic, and we can choose p,q € B(H) as for the algebra < p,q > to be
noncommutative and infinite dimensional. We conclude that C(S}) is noncommutative
and infinite dimensional as well, and so S} is non-classical and infinite, as claimed.

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

_ U 0
“ 0 In—4

Indeed, with this in hand, the fact that S is a non-classical, infinite compact quantum
group implies that Sj; with N > 5 has these two properties as well. Il

The above result might seem quite puzzling, but hey, we are doing quantum here,
so take it easy. As a matter of doublechecking our findings, we are not wrong with our
formalism, because as explained once again in [89], we have as well:

THEOREM 2.34. The quantum permutation group S]J{, acts on the set X = {1,..., N},
the corresponding coaction map ® : C(X) — C(X) @ C(S%) being given by:

(I)(GZ) = Z €; (%9 Ujs
J

In fact, S¥ is the biggest compact quantum group acting on X, by leaving the counting
measure invariant, in the sense that (tr ® id)® = tr(.)1, where tr(e;) = +, Vi.

PROOF. Let us first determine when @ is multiplicative. We have:
D(e;)P(ex) = Z ejer & Uzl = Z €5 & UjiUjp
gl J

D(eer) = opd(es) = 0 »_ej ® uyy
J
Thus, the multiplicativity of ® is equivalent to the following conditions:

Ujiuge = OikUji Vi, J K
The other conditions to be satisfied by ® can be processed in a similar way, and we
reach to the conclusion that v must be magic, which gives the result. See [89]. O

Getting now into easiness, we have the following result, which provides a more rea-
sonable explanation for the liberation operation Sy — Sy, and its mysteries:
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THEOREM 2.35. The following hold:

(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.

Proor. We already know the result for Sy, so we just need to prove the result for
S%. In order to do so, recall that the subgroup S}, C OF appears as follows:

C(S%) = C(O;{,)/<u = magic>
In order to interpret the magic condition, consider the fork partition:
we P(2,1)

Given a corepresentation u, we have the following formulae:

(Tu®)ige = D (T)iim (W= i, = iy

Im
(WT)ign = ua(T)ugn = Oyt
We conclude that we have the followilng equivalence:
T, € Hom(u®*,u) <= wjjug = djuij, Vi, j, k
The condition on the right being equivalent to the magic condition, we obtain:
C(S%) = C(0%) / <TM € Hom(u®?, u)>
Thus S} is indeed easy, the corresponding category of partitions being:
D =<pu>=NC

Finally, observe that this proves the result for Sy too, because from the formula
Sy = S¥:NOy 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, and reach our
main objective for this chapter, namely having a nice cube. Let us start with:

THEOREM 2.36. We have quantum groups Hj;, K3, constructed as follows,

C(Hy)=C" ((uz‘j)z‘,jzl,...,N

Uij = Uy, (U?J) = magic)

C(Ky)=C" ((Uz‘j)z‘,jzl,...,N’[uz‘ja ui;] =0, (uiyui;) = magic)

which are liberations of Hy, K. Also, we have Hy = Zy l Sy, Ky = T W Sy
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PROOF. There is a long story with this result, following [5], [9] and related papers. In
the above form, which is something simplified, that we will need in what follows, the first
assertion follows in the usual way, namely from the observation that if a matrix u = (u;;)
satisfies the relations in the statement, then so do the following matrices:

(u™)y = Zuzk Qur; , (W) =05 , (u)y=u
k

As for the second assertion, the formulae there, with 1, being a so-called free wreath
product, are similar to the formulae Hy = Zy ! Sy, Ky = T ! Sy from the classical case,
and their proof is routine. For more on this, we refer to [5], [9]. O

Good news, we can now complete our cube, as follows:

THEOREM 2.37. We have quantum rotation and reflection groups, as follows,

%O/
%

which are all easy, the corresponding categories of partitions being as follows,

Ky Ux
N UN

HY
Hy

NCeien NC,y
e /
NCeyen N,
Peven P
e /
Peven Py

with on top, the symbol NC' standing everywhere for noncrossing partitions.

ProoF. This is something that we know for all quantum groups under consideration,
except for Hj;, K}, and for these two quantum groups, the proof goes as follows:

(1) We know that Hy C O appears via the cubic relations, namely:

Ui Ui, = Uji Uk = 0, Vi#k
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Our claim now is that, in Tannakian terms, these relations reformulate as follows, with
X € P(2,2) being the 1-block partition, joining all 4 points:
T\ € End(u®?)
In order to prove our claim, observe first that we have, by definition of T):
T\ (e; ®ej) = dije; Qe

With this formula in hand, we have the following computation:

Tu(e;0e; 1) = Ty <Z €ai @ €p; @ Uaz‘“bj> (e;®e; ®1)
abij
= T, Z €y X €y & UgiUpj
ab

= § e ®€q & UqiUqs

a

On the other hand, we have as well the following computation:

W (e;®e;®1) = 6;u(e; ®e; ®1)

= 0 (Z Cai @ €p; @ uaiubj> (ei®e;®1)

abij
0ij Z €q & €p & UqgiUpi
ab

We conclude that T, u®? = u®?T, means that u is cubic, as desired. Thus, our claim

is proved. But this shows that Hj; is easy, coming from the following category:
D =< X >= NCoeven

(2) Regarding now K73, the proof here is similar, leading this time to the category

NC.pen of noncrossing matching partitions. For details, we refer here to [5]. O

All the above is very nice. Perhaps not as satisfying as solving a Rubik’s cube, or
doing some Lego stuff, as a kid, but not bad. Further dealing with the above cube, with
all sorts of enhancements, will keep us busy, for the rest of this book.

2e. Exercises

As usual with our exercises in this book, these will be for the most a mixture of more
things to learn, and finishing computations not fully done in the above. To start with,
since we are now into quantum, the following exercice is mandatory:

EXERCISE 2.38. Learn some quantum mechanics, from a true physicist, meaning from
a book which is clearly advertised, on the front or back cover, not to be rigorous.
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This piece of advice is serious. First because doing quantum groups, or mathematics
in general, without any physics motivations will lead you nowhere, with the number of
talented young people having tried this, and who ended up in depression, alcoholism,
suicide or worse (remember Hell) being hard to count. And second, because quantum
mechanics is non-trivial, to the point that even Einstein himself did not understand it, so
take it easy there, just throw to trash excessive rigor, and use Love instead. Along the
same lines now, but talking mathematics, here is a second exercise, equally important:

EXERCISE 2.39. Learn more about operator algebras and quantum spaces:

(1) Operator algebras: more about C*-algebras, and von Neumann algebras too.
(2) Quantum spaces: have a look at free probability, and at K-theory too.
(3) Quantum groups: read in detail the papers of Woronowicz [98], [99].

At a more concrete level now, for truly learning quantum groups, nothing better than
spending some time on Sy, which is the most exciting object around:

EXERCISE 2.40. Futher advance in your understanding of Sy — Sy, as follows:

1) Prove that S§ = Ss, by using a new clever method, of your choice.

2) Prove that Si # Si, again by using a new method, of your choice.

3) Prove that Sy is coamenable, while S& is not coamenable.

4) Can we talk about quantum permutations of finite quantum spaces?

5) If yes, can you prove that for My, given by C(Msy) = My(C), we get SO3?
(6) Based on this, can we say that Sy should be a kind of twist of SO3?

Finally, in direct relation with easiness, besides completing of course the few proofs
that were not given in the above with full details, we have:
EXERCISE 2.41. Ezxtend the easiness theory that we have so far:
(1) Towards bistochastic quantum groups, that you will have to define.
(2) By looking for an intermediate liberation O%, that you will have to find.

As usual, in what regards the last exercises, some of them might be quite difficult, but
in case you do not find, no worries, we will be back to this, later in this book.



CHAPTER 3

Algebraic theory

3a. Basic operations

Wecome to easiness, again. Now that we learned the basics, time to make a to-do
list, for the remainder of this book. There are many ways of proceeding here, with the
presentation, and we have divided what is to be said in three parts, as follows:

(1) There is some general theory, of both algebraic and analytic nature, to be developed
for the easy quantum groups G C U, starting from the axioms. We will do this in this
chapter and in the next one, first with some algebra, in the present chapter, and then
with some analytic results, mostly of probabilistic nature, in the next chapter.

(2) There are also many further examples to be studied, and classification results that
can be obtained for them, and importantly, there is also some further general theory, that
does not follow straight from the axioms, and requires verification on a case-by-case basis,
by using the classification results. We will discuss this in Parts IT and III.

(3) Finally, there are many closed subgroups G C Uy which are not easy, but are
not far from being easy either, with an illustrating example here being the symplectic
group Spy C Uy, with N € 2N. We will discuss all this, “super-easiness” theories, with
super-easy meaning more general, and so harder than easy, in Part IV.

Getting started now, we will be first interested in the various operations that can be
performed on the closed subgroups G C Uy, and how these behave in the easy case.
Following Wang [88], the most basic operations on quantum groups are as follows:

PROPOSITION 3.1. The class of Woronowicz algebras is stable under taking:

(1) Tensor products, A = A" ®@ A", with w = u' + u". At the quantum group level we
obtain usual products, G = G' x G" and ' =1" x T

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

PRrOOF. Everything here is clear from definitions. In addition to this, let us mention as
well that we have [, odr = Jo® [y and [, . = [, * [, Also, the corepresentations
of the above products can be explicitly computed. See Wang [88]. U

57
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In relation with easiness, we cannot expect much going on here, although an interesting
question is the axiomatization of the class of products of easy quantum groups. Moving
ahead now, here are some further basic operations, once again from Wang [88]:

PROPOSITION 3.2. The class of Woronowicz algebras is stable under taking:

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

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

PROOF. Once again, everything is clear, and we have as well some straightforward
supplementary results, regarding integration and corepresentations. See [88]. U

As before with the product operations, all this is a bit too general, for a systematic
easiness study. Here are now some further operations, which in contrast to the previous
ones, will lead to some interesting theory in relation with easiness:

THEOREM 3.3. The closed subgroups of Uy, are subject to operations as follows:

(1) Intersection: G N H 1is the biggest quantum subgroup of G, H.
(2) Generation: < G, H > is the smallest quantum group containing G, H.

Proor. We must prove that the universal quantum groups in the statement exist
indeed. For this purpose, let us pick writings as follows, with I, .J being Hopf ideals:

C(G)=CUx)/T , CH)=CUy)/J
We can then construct our two universal quantum groups, as follows:
C(GNH)=CUN <I,J>
C(<G,H>)=CUH/(INJ)

To be more precise, since I,.J are Hopf ideals, so are < I,J > and I N J, so have
indeed quantum groups, which have the needed universal properties, as desired. U

In practice now, what we have in Theorem 3.3 is quite theoretical, and in what concerns
the operation N, this can be usually computed by using:

PROPOSITION 3.4. Given subgroups G, H C K, appearing at the algebra level as fol-
lows, with R, P being certain sets of polynomial x-relations between the coordinates w;;,

C(G)=C(K)/R , C(H)=C(K)/P
the intersection H N K is given by the formula C(GN H) = C(K)/{R,P}.

Proor. This follows from Theorem 3.3, or rather from its proof, and from the follow-
ing trivial fact, regarding relations and ideals:

[=<R>J=<P> = <<I,J>>=<R,P>

Thus, we are led to the conclusion in the statement. U
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In order to discuss now <, >, let us call Hopf image of a representation C(K) — A
the smallest Hopf algebra quotient C'(L) producing a factorization as follows:

C(K)—C(L)— A

Here the fact that this quotient exists indeed is routine, by dividing by a suitable ideal.
More generally, we can talk in the same way about the joint Hopf image of a family of
representations C'(K) — A;, and with this notion in hand, we have:

PROPOSITION 3.5. Assuming G, H C K, the quantum group < G, H > is such that
C(K)— C(<G,H>)— C(G),C(H)
is the joint Hopf image of the quotient maps C(K) — C(G),C(H).

PROOF. In the particular case from the statement, the joint Hopf image appears as
the smallest Hopf algebra quotient C'(L) producing factorizations as follows:

C(K)— C(L)— C(G),C(H)
We conclude from this that we have L =< G, H >, as desired. U

In order to reformulate the above operations in the easy setting, in terms of the associ-
ated categories of partitions, we first need a Tannakian reformulation of the constructions
in Theorem 3.3. In the Tannakian setting, we have the following result:

THEOREM 3.6. The intersection and generation operations N and <,> can be con-
structed via the Tannakian correspondence G — Cg, as follows:

(1) Intersection: defined via Cony =< Cq,Cy >.
(2) Generation: defined via C<g pgs = Ca N Cy.

Proor. We know from Tannakian duality for quantum groups, in its soft form ex-
plained in chapter 2, that our two quantum groups G, H C Uy appear as follows:

OG) = C(Uf\;)/ <T c Hom(u‘g’k,u@l)‘Vk, IVT € (C’G)M>

C(H) = O(Uj\;)/ <T c Hom(u®k,u®l)’Vk:, VT € (OH)M>

Now if we denote by I,.J the Hopf ideals on the right, and perform the operations
from Theorem 3.3, we obtain quantum groups as follows:

C(GNH) = O(U;)/ <T e Hom(u®k,u®l)‘Vk, VT €< Cg, Oy >kl>

C(< G, H>) = C’(Uj\?)/ <T € Hom(u@’k,u@l))Vk:, YT € (Con CH)M>

Thus, once again by using the Tannakian duality for quantum groups, in its soft form
explained in chapter 2, we are led to the conclusion in the statement. O

In relation now with our easiness questions, we first have the following result:
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PROPOSITION 3.7. Assuming that G, H are easy, so is G H, and we have
Dgnr =< Dg, Dy >
at the level of the corresponding categories of partitions.

Proor. We have indeed the following computation, with “span” standing for the
corresponding span of linear maps, via the operation m — T;:

Cona = <Cq,Cqx >
= < span(Dg), span(Dg) >
= span(< Dg, Dy >)
Thus, by Tannakian duality we obtain the result. O

Regarding the generation operation, the situation here is more complicated, as follows:

PROPOSITION 3.8. Assuming that G, H are easy, we have an inclusion
<G,H>C{G,H}
coming from an inclusion of Tannakian categories as follows,
Ce N Cqx D span(Dg N Dy)
where {G, H} is the easy quantum group having as category of partitions Dg N Dy.

Proor. This follows from the following computation, with as before “span” standing
for the corresponding span of linear maps, via the operation 7 — T

Ccgn> = CeNChy
= span(Dg) N span(Dy)
D span(Dg N Dy)
Indeed, by Tannakian duality we obtain from this all the assertions. U

The problem now is that it is not clear if the inclusions in Proposition 3.8 are isomor-
phisms or not, and this not even under a supplementary N >> 0 assumption. Thus, we
have some problems here, and we must proceed as follows:

THEOREM 3.9. The intersection and easy generation operations N and {,} can be
constructed via the Tannakian correspondence G — D¢, as follows:

(1) Intersection: defined via Dgny =< Dg, Dy >.
(2) Easy generation: defined via Dig uy = Dg N Dy.

PROOF. Here the situation is as follows:
(1) This is a true result, coming from Proposition 3.7.

(2) This is more of an empty statement, coming from Proposition 3.8. U
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With the above notions in hand, we can now formulate a nice result, which improves
our main result so far, the one from the end of chapter 2, as follows:

THEOREM 3.10. The basic quantum unitary and reflection groups, namely
Ky

Hy On

are all easy, and form an intersection/easy generation diagram, in the sense that any

subsquare P C Q, R C S of this diagram satisfies Q N R =P, {Q,R} =S.

Uy
Un

Proor. We know from chapter 2 that the above quantum unitary and reflection
groups are all easy, the corresponding categories of partitions being as follows:

Nceven NCQ

NC /—)—NC/
7 P/

Peven

Peven

Now since these categories form an intersection and generation diagram, the quantum
groups form an intersection and easy generation diagram, as claimed. O

It is possible to further improve the above result, by proving that the diagram there is
actually a plain generation diagram. However, this is something quite technical, requiring
advanced quantum group techniques, and we will comment on this later.

By looking at the cube in Theorem 3.10, a natural idea in order to construct new
quantum groups would be that of “cutting it in half”, using N. Indeed, assume that we
managed to find an intermediate easy quantum group G, for one of the 3 edges ending at
Uy. Then, we can intersect all the vertices of the cube with G, and in practice this will
produce 4 new easy quantum groups, including G itself, cutting the cube in half.

This was for the method, and there are many things that can be said here, and all this
will be slowly explored, later in this book. However, as a matter of having an illustration
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for this, and a useful class of new quantum groups, that can be used as examples or
counterexamples for many things, let us work out the simplest instance of this method,
by using an intermediate quantum group Uy C G C Uy,. We can use here:

THEOREM 3.11. We have an intermediate easy quantum group Uy C Uj C Uy, given
by the following formula, and called half-classical unitary group,

C(Ux) = C’(U;\;)/ <abc = cba’Va, b, c € {uy,uj; >

corresponding to the category of matching pairings P; having the property that when re-
labelling clockwise the legs o @ o e ..., the formula #o = #e holds in each block.

ProOF. 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:

¥ € 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 f 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 ), of course as for strings to join o — o or e — 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 holds 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 written as 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 C D
But this shows that we have D = P, which proves the last assertion. Il

Now with the above construction in hand, we can perform our “cutting the cube”
operation, and we are led to the following statement, improving what we have so far:
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THEOREM 3.12. We have easy quantum groups as follows, obtained via the commuta-
tion relations abc = cba, applied to the standard coordinates and their adjoints,

Ky Uy
Ox

Hy
which fit horizontally, in the middle, into the diagram of basic easy quantum groups,

Jr
UN
N

with the enlarged diagram being an intersection/easy generation diagram.

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 Proposition 3.7 and Theorem 3.11.

(2) Once again by using Proposition 3.7 and Theorem 3.11, we conclude as well that
the categories of partitions for our new quantum groups are as follows:

P P;

even

P: / p;/

even

(3) The point now is that, when inserting this square diagram into the standard cube
of categories of partitions, from the proof of Theorem 3.10, on the horizontal, in the
middle, we obtain an intersection and generation diagram. Thus, the diagram formed by
quantum groups is an intersection/easy generation diagram, as stated.

(4) This was for the idea, and we will be back to this, with full details, in chapter 7
below, which will be dedicated to the half-liberation operation. O

As a conclusion to all this, the class of easy quantum groups behaves well with re-
spect to N, and there is some interesting theory as well in relation with <, >. Some
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further interesting operations include various complexification operations, to be discussed
in chapter 11, and the projective version operation, to be discussed in chapter 16.
3b. Envelopes, tori

The easy quantum groups appear as intermediate subgroups Sy C G C Uy, and
regarding these latter quantum groups, we can say something about them, as follows:

THEOREM 3.13. The closed subgroups G C Uy, which are homogeneous, in the sense
that they contain the symmetric group Sy, and so appear as intermediate subgroups

Sy CGcCUy
are exacty those having as Tannakian category a collection C' = (Cyy) with
span (T7T € NCy(k, l)) C Cy C span (T,r

satisfying the general axioms for Tannakian categories. Moreover, G is easy precisely
when Cyy = span(D(k,1)), for a certain category of partitions D = (D(k,l)) C P.

Te P(k,l))

PRrROOF. The inclusions in the statement are clear from the functoriality of the opera-
tion G — C, and from our easiness results for Sy, Uy;. As for the rest, the converse comes
from Tannakian duality, and the last assertion is clear from definitions. Il

The above result is something quite abstract, and ultimately rather trivial, but can
be useful for many purposes. In order to further build on it, let us start with:

PROPOSITION 3.14. Given a homogeneous quantum group Sy C G C Uy, with asso-
ciated Tannakian category C' = (Cy), the sets

D(k,1) = {7? e P(k,1)

T, € Ckl}
form a category of partitions D C P.
ProOOF. We use the basic properties of the correspondence m — T, namely:
Tho) =1 0T, , Ty ~T1T, , T =T,

Together with the fact that C is a tensor category, we deduce from these formulae
that we have the following implications:

noeD = T,,1T,cC = T,1T,€C = T, €C = [no]€D
noeD = 1,7, C = TI,T,cC = TyeC = [J]eD
reD = T,¢eC = T'eC = T,»eC = €D

Thus D is indeed a category of partitions, as claimed. U

We can further refine the above observation, in the following way:
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PROPOSITION 3.15. Given a quantum group Sy C G C Uy, construct D C P as
above, and let Sy C G C Uy be the easy quantum group associated to D. Then:

(1) We have G C G, as subgroups of Uy;.
(2) G is the smallest easy quantum group containing G.
(3) G is easy precisely when G C G is an isomorphism.

PRrROOF. All the assertions are elementary, their proofs being as follows:

(1) We know that the Tannakian category of G is given by:

C = span (T,r

Te D(k,z))

Thus we have C' C C, and so G C G, as subgroups of Uy:.

(2) Assuming that we have G C G', with G’ easy, coming from a Tannakian category
C" = span(D"), we must have C' C C, and so D' C D. Thus, G C G, as desired.

(3) This is a trivial consequence of (2). O
As an application, we can now introduce a notion of “easy envelope”, as follows:

DEFINITION 3.16. The easy envelope of a homogeneous quantum group Sy C G C Ux
is the easy quantum group Sy C G C Uy associated to the category of partitions

D(k,1) = {7? e P(k,1)

T, € Ckl}
where C' = (Cy;) is the Tannakian category of G.

At the level of examples, most of the known quantum groups Sy C G C Uy, are in
fact easy. However, there are many non-easy examples as well, and we will be back to
this later. Moving ahead now, we can fine-tune all this, by using an arbitrary parameter
p € N, which can be thought of as being an “easiness level”, and we are led to:

THEOREM 3.17. Given a quantum group Sy C G C Uy, consider the linear spaces
B = {ale + o 4T, € Ok D)oy €Com € P(k,l)}
let C? be the smallest tensor category containing the family EP = (EY)), and let
Sy C GP C Uy
be the quantum group corresponding to this category CP. We have then:

GC..cGFcGFcG =G , G=(G

peN

We say that G has easiness level p when G = GP, with p € N chosen minimal.
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Proor. This is something quite self-explanatory, the idea being as follows:

(1) As a first observation, at p = 1 we have C' = E' = span(D), where D is the
category of partitions constructed in Proposition 3.14. Thus the quantum group G*
constructed above coincides with the easy envelope of G, from Definition 3.16.

(2) In the general case, p € N, the family E? = (E7,) constructed above is not
necessarily a tensor category, but we can consider the tensor category C? generated by it,
as indicated. By definition of EY,, and by using Proposition 3.15, these linear spaces E},
form an increasing filtration of C};. The same remains true when completing into tensor
categories, so we have an increasing filtration, as follows:

c=Jcr
peN

(3) At the quantum group level now, we obtain the decreasing intersection in the
statement. Finally, the last statement is a definition, coming from all this. O

All this is quite abstract, and we will be back to it later, when having more examples of
homogeneous quantum groups. Changing topics now, as a last purely algebraic question
that we would like to discuss here, and which is of crucial importance, we have:

QUESTION 3.18. What are the group dual subgroups T' C G of an easy quantum group
G, and how can these be used in order to get information about G?

To be more precise, recall from the classical Lie group theory that many things about
a compact Lie group G C Uy can be said once knowing its maximal torus 7' C G. So,
what we are asking here for is a “maximal torus theory” for the closed subgroups G C Uy},
and more specifically for the easy ones, that we are interested in.

Getting started now, following [24], we have the following definition:

PROPOSITION 3.19. Given a closed subgroup G C U}, consider its “diagonal torus”,
which s the closed subgroup T C G constructed as follows:

O(T) = C(G)/ <uj — o‘w £ j>

This torus s then a group dual, T = /A\, where N =< ¢1,...,gn > 1is the discrete group
generated by the elements g; = u;;, which are unitaries inside C(T).

PROOF. This is something going back to [24], which is elementary. The idea indeed
is that since u is unitary, its diagonal entries g; = u;; are unitaries inside C'(7"). Moreover,
from A(u;j) = ), wir ® ug; we obtain, when passing inside the quotient:

A(gi) = 9: ® gi

It follows that we have C'(T") = C*(A), modulo identifying as usual the C*-completions

of the various group algebras, and so that we have T = K, as claimed. U
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In the general easy case, the diagonal torus can be computed as follows:

THEOREM 3.20. For an easy quantum group G C Uy, coming from a category of
partitions D C P, the associated diagonal torus is T =1, with:

F:FN/<gi1"‘gik:g .95 |Vi, 3, k1, 37 € D(k,1), 0 ()%0>

Moreover, we can just use partitions ™ which generate the category D.

PRrOOF. Let ¢g; = u; be the standard coordinates on the diagonal torus 7', and set
g =diag(g1,-..,9n). We have then the following computation:

o) = [C(UJ\*,)/ <T7r c Hom(um,u@l)‘VW e Dﬂ /<uj - o’w £ j>
[C’(Uf\;)/ <uij = 0|Vi # ]>] /<T7r € Hom(u‘@k,u@l)’Vﬂ € D>
= C’*(FN)/ <T7r € Hom(g®k,g®l)“v’7r € D>

The associated discrete group, I' = f, is therefore given by:
r— FN/ <T7r c Hom(g®k,g®l)“v’7r € D>

Now observe that, with g = diag(g1, ..., gn) as above, we have:
1
e o) = X (Jen e s s
i N
(e, @ ... @ey) = Z 57r( )6]1 Q...0¢€5; gjp---9
Ji--Ji

We conclude that the relation Ty € Hom(g®*, g*') reformulates as follows:

25(>691 . ®e€j Gy Gi Zé()eﬂ @€, Giy -G

J1---01 J1---01

Thus, we obtain the formula in the statement. Finally, the last assertion follows from
Tannakian duality, because we can replace everywhere D by a generating subset. U

More generally now, we have the following result, generalizing Proposition 3.19:

PROPOSITION 3.21. Given a closed subgroup G C Uy and a matriz Q € Uy, we let
Ty C G be the diagonal torus of G, with fundamental representation spinned by Q:

C(T) = C(@) [ {(QuQ)y; = 0[vi # j)

This torus is then a group dual, Ty = /A\Q, where Ag =< g1, ...,gn > 18 the discrete group
generated by the elements g; = (QuQ™*);i, which are unitaries inside C(1g).
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Proor. This follows from Proposition 3.19, because, as said in the statement, Ty, is
by definition a diagonal torus. Equivalently, since v = QuQ)* is a unitary corepresentation,
its diagonal entries g; = v;;, when regarded inside C'(Ty), are unitaries, and satisfy:

A(gi) = i ® g
Thus C(Tg) is a group algebra, and more specifically we have C'(T) = C*(Ag), where
Ag =< g1,...,gn > is the group in the statement, and this gives the result. O
The interest in the above construction comes from:

PROPOSITION 3.22. Any torus T C G appears as follows, for a certain Q) € Uy:
T'cToCcG

In other words, any torus appears inside a spinned diagonal torus.

PROOF. Given a torus T' C G, we have T C G C U;.. On the other hand, we know
that each torus T C Uy has a fundamental corepresentation as follows, with @ € Uy:

g1
u=Q 0"
9N
But this shows that we have T' C T, and this gives the result. U

Getting back now to our motivations, namely “maximal torus theory” for the compact
quantum groups, things here exist, but are rather conjectural. We first have:

THEOREM 3.23. The following results hold, both for the compact Lie groups, and for
the duals of the finitely generated discrete groups:

(1) Generation: any closed quantum subgroup G C Uy, has the generation property
G =<Ty|Q € Uy >. In other words, G is generated by its tori.

(2) Characters: if G is connected, for any nonzero P € C(Q)centrar there ezists Q €
Un such that P becomes nonzero, when mapped into C(Tg).

(3) Amenability: a closed subgroup G C Uy, is coamenable if and only if each of the
tort Ty 1s coamenable, in the usual discrete group sense.

(4) Growth: assuming G C Uy, the discrete quantum group G has polynomial growth

if and only if each the discrete groups Tg has polynomial growth.

PRrOOF. For group duals everything is trivial, and for classical groups, G C Uy, all
this comes from standard facts from linear algebra and Lie theory, as follows:

(1) Generation. We use the following formula, established above:
To =GNQTVQ
Since any group element U € G is diagonalizable, U = Q*DQ with Q € Uy, D € TV,
we have U € Ty for this value of () € Uy, and this gives the result.
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(2) Characters. We can take here Q € Uy to be such that QT'Q* C TV, where T' C Uy
is a maximal torus for G, and this gives the result.

(3) Amenability. This conjecture holds trivially in the classical case, G C Uy, due to
the fact that these latter quantum groups are all coamenable.

(4) Growth. This is something non-trivial, well-known from the theory of compact Lie
groups, and we refer here for instance to [41]. O

The above statements are conjectured to hold for any compact quantum group, and
for a number of verifications, we refer to [20] and subsequent papers. In the easy case,
it is possible to formulate a straightforward analogue of Theorem 3.20, in the spinned
diagonal torus setting, and with this in hand, it is conjectured that the relevant standard
tori of G, in relation with such conjectures, are the Fourier ones. See [2], [20].

3c. Gram determinants

Let us discuss now a key algebraic problem, that we already met in the context of
Proposition 3.8, namely the linear independence of the vectors &,. We first have:

DEFINITION 3.24. Let P(k) be the set of partitions of {1,...,k}, and 7,0 € P(k).

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

Also, we denote by |.| the number of blocks of the partitions m € P (k).
As an illustration here, at k = 2 we have P(2) = {||,M}, and we have:
l<r
Also, at k = 3 we have P(3) = {|[|,M], 1, |T1,T1}, and the order relation is as follows:
<l m < m
In relation with our linear independence questions, the idea will be that of using:
PROPOSITION 3.25. The Gram matrixz of the vectors &, is given by the formula
< &r, &y >= NVl
where V is the superposition operation, and |.| is the number of blocks.
PROOF. According to the formula of the vectors &,, we have:

<& > = Y balin, ... ik)0, (i, k)

i1k

— Z 6ﬂvU(i1,...,ik)

i1
_ N|7|’V0’|

Thus, we have obtained the formula in the statement. U
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In order to study the Gram matrix Gy (7, o) = N!™°! and more specifically to compute
its determinant, we will use several standard facts about partitions. We have:

DEFINITION 3.26. The Mobius function of any lattice, and so of P, is given by

1 itr=o0
(o) =< =3 o um7) ifm<o
0 if mrLo

with the construction being performed by recurrence.
As an illustration here, for P(2) = {||,M}, we have by definition:
p(ll 1) = p(m,m) =1
Also, || < M, with no intermediate partition in between, so we obtain:
u(ll,1) = —p(l 1)) = -1
Finally, we have M £ ||, and so we have as well the following formula:
u(m,[]) =0

Back to the general case now, the main interest in the Mébius function comes from
the Mobius inversion formula, which states that the following happens:

flo)=) g(m) = glo) =) p(mo)f(r)

<o <o

In linear algebra terms, the statement and proof of this formula are as follows:

THEOREM 3.27. The inverse of the adjacency matriz of P(k), given by

1 fn<o

Ax(m, o) = {O ifrLo

is the Mébius matriz of P, given by My(m, o) = p(m, o).

PRrooOF. This is well-known, coming for instance from the fact that A; is upper trian-
gular. Indeed, when inverting, we are led into the recurrence from Definition 3.26. U

As an illustration, for P(2) the formula M, = A" appears as follows:

-6

Now back to our Gram matrix considerations, we have the following key result:
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PROPOSITION 3.28. The Gram matriz of the vectors &, with m € P(k),
Gmr — N|7rV0'|
decomposes as a product of upper/lower triangular matrices, Gy, = Ay Ly, where

Li(m.0) = NN—-1)...(N—=|n|+1) ifo<nm
R 0 otherwise

and where Ay, is the adjacency matriz of P(k).

ProoF. We have the following computation, based on Proposition 3.25:
Gr(m,o) = Nlmvel
- #{zlzk e {1,...,N}‘keri27r\/a}
- ¥ #{il,...,ike {1,...,N}‘keri=r}

T>7mNV o

= ) N(N-1)...(N—|r|+1)

T>1m\Vo
According now to the definition of Ay, Lj, this formula reads:

Gi(m,o) = Z Ly(7,0)

= ZAk(ﬂ',T)Lk(T, o)
= (ApLk)(m,0)

Thus, we are led to the formula in the statement. Il

As an illustration for the above result, at k = 2 we have P(2) = {||,M}, and the above
decomposition Gy = Ay Ly appears as follows:

N2 N\ (1 1\ (N*-N 0
N NJ) \0 1 N N
We are led in this way to the following formula, due to Lindstom [59]:

THEOREM 3.29. The determinant of the Gram matriz Gy is given by

NI
det(Gr) = ] RsE

weP (k)

with the convention that in the case N < k we obtain 0.
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ProoF. If we order P(k) as usual, with respect to the number of blocks, and then
lexicographically, Ay is upper triangular, and Ly is lower triangular. Thus, we have:

det(Gg) = det(A)det(Ly)

= HLk(TF,ﬂ')

= [[NWNV=1) ... (N = x| +1)

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

The above computation can be thought of as corresponding to the group Sy, but we
can do such things for any easy quantum group. As a first illustration, let us discuss the
case of the orthogonal group Opy. Here the combinatorics is that of the Young diagrams.
We denote by |.| the number of boxes, and we use quantity f*, which gives the number
of standard Young tableaux of shape A\. We have then the following result:

THEOREM 3.30. The determinant of the Gram matriz of Oy is given by
det(Gry) = [ (V)™
I\|=k/2
where the quantities on the right are fy(\) = H(i,j)e)\<N +2j—i—1).
PRroOOF. For the group Oy the Gram matrix is diagonalizable, as follows:
Gin = Z fN()‘)PZA
I\|=k/2

Here 1 = ) P, is the standard partition of unity associated to the Young diagrams
having k/2 boxes, and the coefficients fy(A) are those in the statement. Now since we
have Tr(Pyy) = £, this gives the formula in the statement. For details here, see [14]. [

In order to deal now with OF, S¥;, we will need the following well-known fact:

PROPOSITION 3.31. We have a bijection NC(k) ~ NC5(2k), as follows:

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

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

PROOF. The fact that the above two operations are indeed inverse to each other is
clear, by drawing pictures, and computing the corresponding compositions. Il

At the level of the associated Gram matrices, the result is as follows:
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PROPOSITION 3.32. The Gram matrices of NCy(2k) ~ NC(k) are related by
Gan(m, 0) = 0 (AL G2 AL (T, o)
where ™ — 7' is the shrinking operation, and Ay, is the diagonal of Gy, .
PROOF. In the context of the bijection from Proposition 3.31, we have:
|TVo|=k+27'Vd|—||—|o
We therefore have the following formula, valid for any n € N:
nlmvel — pk+2lr'vo'|=|x'|—o’|
Thus, we are led to the formula in the statement. U

Now back to OF, S¥, let us begin with some examples. We first have:

PROPOSITION 3.33. The first Gram matrices and determinants for OF, are

2
det <]X[ jVV2> = N?*(N? - 1)

N® N2 N2 N2 N
N2 N* N N N?
det |[ N2 N N3 N N?| =N°(N?*-1)*N?-2)
N> N N N3 N?
N N? N2 N2 N?

with the matrices being written by using the lexicographic order on NCy(2k).

PRrROOF. The formula at k = 2, where NCy(4) = {11, (A}, is clear from definitions.
At k = 3 however, things are tricky. The partitions here are as follows:

NC@) = (Il I, )
The Gram matrix and its determinant are, according to Theorem 3.29:
N3 N? N2 N2 N
N2 N> N N N
det | N2> N N? N N|=N(N-DYN-2)
N2 N N N? N
N N N N N

By using now Proposition 3.32, this gives the formula in the statement. U

In general, such tricks won't work, because NC(k) is strictly smaller than P(k) at
k > 4. However, following Di Francesco [44], we have the following result:
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THEOREM 3.34. The determinant of the Gram matriz for OF; is given by

[k/2]
det(Gry) = [ [ Bo(N)%r2r
r=1

where P, are the Chebycheff polynomials, given by
=1, P=X , P,1=XP.—P_,
and dg, = frr — frr+1, with f,. being the following numbers, depending on k,r € Z,

(% 2%
S k—r—1
with the convention f,. =0 for k ¢ 7Z.

Proor. This is something quite technical, obtained by using a decomposition as fol-
lows of the Gram matrix Gy, with the matrix Tjy being lower triangular:

Gen = TinThy
Thus, a bit as in the proof of the Lindstom formula, we obtain the result, but the

problem lies however in the construction of Ty, which is non-trivial. See [44]. O

We refer to [14] for further details regarding the above result, including a short proof,
based on the bipartite graph planar algebra combinatorics developed by Jones in [57].
Moving ahead now, regarding Sy, we have here the following formula, which is quite
similar, obtained via shrinking, also from Di Francesco [44]:

THEOREM 3.35. The determinant of the Gram matriz for S5, is given by

k

det(Gyn) = (VN)™ H P (VN)%r

r=1

where P, are the Chebycheff polynomials, given by
P=1, =X , Po1=XP.—P_,
and diy = frr — fort1, with fi, being the following numbers, depending on k,r € Z,
2k 2k
Jor = (k—?“) a (k—r—l)
with the convention fi, =0 for k ¢ Z, and where ar, =3 pq, (2|7| — k).
Proor. This follows indeed from Theorem 3.34, by using Proposition 3.32. U

There are many more things that can be said about the Gram determinants of the
easy quantum groups, some being open problems, and we refer here to [14].
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3d. Representation theory

Let us discuss now the representation theory of the easy quantum groups G C Uy,.
In the classical case, G C Uy, things are quite tricky, and this even for simple groups
like Sy, Oy, and we had a taste of this in the previous section, when talking about Gram
determinants. So, we will basically restrict the attention here to the free case:

DEFINITION 3.36. An easy quantum group Sy C G C Uy, coming from a category
NCy C D C P, is called free when the following equivalent conditions are satisfied:

(1) G appears as an intermediate quantum group Sy C G C Uy.
(2) D appears as an intermediate category of partitions NCo C D C NC.

Equivalently, via fattening, G must appear from a category of Temperley-Lieb diagrams.

Getting now to the representation theory problem, generally speaking, following the
modern approach from [49], the idea is to use the following formula:

End(u®*) = span (Tw € D(k, k:))

Indeed, assuming as above that we are in the free case, D(k,k) C NC(k,k), the
partitions m € D(k, k) which are symmetric, 7 = 7*, will produce linear maps 7, which
are projections, up to a scalar. Thus, with a bit of care, we will be able to write a formula
as follows, with the sum being over certain symmetric partitions D(k, k) C NC(k, k), and
with 77 being projections, appearing as certain modifications of the linear maps T5:

1=) T,

But this formula, once properly formulated, is exactly what we need, allowing us to
decompose each Peter-Weyl representation u®* into a sum of irreducibles.

In practice now, all this is quite complicated, and besides assuming that we are in the
free case, we must fatten the partitions, in order to simplify a bit the computations in
[49], in connection with the middle components which appear when concatenating. So, it
is tempting to go instead to the original proofs, from papers written in the 90s and 00s,
doing everything in an elementary way, with a cheap Frobenius trick. We will need:

THEOREM 3.37. The irreducible representations of SUy can be labeled by positive in-
tegers, ri with k € N, and the fusion rules for these representations are:

Tk @71 = Tket] + Vjit2 + o+ Th
The dimensions of these representations are dimr, = k + 1.

PROOF. Our claim is that we can construct, by recurrence on k € N, a sequence r; of
irreducible, self-adjoint and distinct representations of SUs, satisfying:

ro=1 , m=u , 7T_1Qr =rpo+T1
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Indeed, assume that rg,...,r;_; are constructed, and let us construct rp. We have:
Th—2 @ T1 = Tp—3 + T'k—1
Thus ry_1 C rg_o ® 71, and since ry_s is irreducible, by Frobenius we have:
Tp—2 C Tp—1 @1
We conclude there exists a certain representation r; such that:
Th—1 @11 = Tp—2 + 7%

By recurrence, ry is self-adjoint. Now observe that according to our recurrence formula,
we can split u®* as a sum of the following type, with positive coefficients:

k
u® = CxTk + Cp—2Tk—2 + Ch—aTh—g + ...

We conclude by Peter-Weyl that we have an inequality as follows, with equality pre-
cisely when 7y is irreducible, and non-equivalent to the other summands r;:

> < dim(Bnd) = [
- SUs
Now recall that we have a well-known isomorphism SU; ~ S3, coming from:
B T4y ozt ‘ 9 9 9 4o
SUQ—{(_ZJﬂ.t x_iy)ery +z +t—1}

In this picture the moments of the main character Yy = 2z can be computed via
spherical coordinates and some calculus, and follow to be the Catalan numbers:

/ X2k = C}
SU,

On the other hand, some straightforward combinatorics, based on the fusion rules,
shows that we have Y. ¢ = C) as well. Thus, the estimate found above reads:

Cy = Z ¢? < dim(End(u®*)) = /SU2 =y,

We conclude that we have equality in our estimate, so our representation ry is ir-
reducible, and non-equivalent to 7_o,7r_4,... Moreover, this representation r; is not
equivalent to ry_y,7_3, ... either, with this coming from r, C u®?, and from:

dim(Fix(u@SH)) — / X2s+1 =0
SU
Thus, we proved our claim. Now since each irreducible representation of SU, must
appear in some tensor power u®*, and we know how to decompose each u®* into sums of
representations r, these representations r; are all the irreducible representations of SUs,
and we are done. As for the dimension formula, this is clear by recurrence. O
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Quite remarkably, a similar result holds for OF;, as follows:

THEOREM 3.38. The irreducible representations of OF; with N > 2 can be labeled by
positive integers, T with k € N, the fusion rules for these representations are

T QT = k-1 +T|k—l|+2 + . e
and the dimensions are dimry, = (¢** — ¢ * 1) /(¢ — q71), withq+q ' = N.
PROOF. The idea is to skilfully recycle the proof of Theorem 3.37. As before, our claim

is that we can construct, by recurrence on k£ € N, a sequence rg, 1,79, ... of irreducible,
self-adjoint and distinct representations of OF, satisfying:

ro=1 , m=u , 7r_1Qr =rgo+T1;

In order to do so, we can use as before r,_o ® r1 = rp_3 + rr_1 and Frobenius, and we
conclude there exists a certain representation r, such that:

Th—1 @11 = Tkp_2 + T

As a first observation, ry is self-adjoint, because its character is a certain polynomial
with integer coefficients in y, which is self-adjoint. In order to prove now that ry is
irreducible, and non-equivalent to r, ..., ry_1, let us split as before u®*, as follows:

k
u® = CxTk + Cp—2Tk—2 + Cl—aTh—g + ...

The point now is that we have the following equalities and inequalities:

Cr =Y _ ¢ < dim(End(u®™)) < [NCy(k, k)| = C;

Indeed, the equality at left is clear as before, then comes a standard inequality, then
an inequality coming from easiness, then a standard equality. Thus, we have equality,
so 1y is irreducible, and non-equivalent to ry_s, rx_4, ... Moreover, r; is not equivalent to
Tk_1,Tk_3,- - . either, by using the same argument as for SUs,, and the end of the proof is
exactly as for SU,. As for dimensions, by recurrence we obtain, with ¢ + ¢! = N:

dimry =¢"+ ¢+ ... +q¢ "2+ ¢
But this gives the dimension formula in the statement, and we are done. U

It is possible to use similar methods for the other free quantum groups, or follow the
modern approach from [49], as explained above, and we first obtain in this way:

THEOREM 3.39. The irreducible representations of the quantum group Uy with N > 2
can be indexed by N x N, with fusion rules as follows,

TE QT = E Tzz

k=xy,l=yz

and the corresponding dimensions dimry can be computed by recurrence.
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Proor. This follows indeed by using the same arguments as in the proof of The-
orem 3.38, via recurrence and a Frobenius trick, and for details here, we refer to [2].
Alternatively, we have a proof based on Theorem 3.38 itself, going as follows:

(1) Given a Woronowicz algebra (A,v), we can construct its free complexification
A, ) as follows, with the fact that we get indeed a Woronowicz algebra being clear:
g g g

A=< 205 >COM)*xA |, ©=zv

At the quantum group level we obtain in this way free complexifications of the corre-
sponding compact and discrete quantum groups G and I', denoted G and I

(2) Now observe that we have embeddings as follows, with the first one coming by
using the counit, and the second one coming from the universality property of Uy

0% c 05 C Ut

Our claim is that the embedding on the right is an isomorphism, so that we have an
isomorphism of compact quantum groups, as follows:

U = 0%
(3) In order to prove this claim, which will afterwards lead to our theorem, let us

denote by v, zv, u the fundamental representations of the 3 quantum groups from (2). At
the level of the associated Hom spaces we obtain reverse inclusions, as follows:

Hom(v®*,v®") > Hom((2v)®*, (20)®") D Hom(u®*, u®")

But the spaces on the left and on the right are known from chapter 2, the easiness
result there stating that these spaces are as follows:

T € NC’g(k;,l)) D span <

T, € NCa(k, z))

Regarding the spaces in the middle, these are obtained from those on the left by
coloring, and we obtain the same spaces as those on the right. Thus, by Tannakian duality,

span ( "

our embedding O3, C U}, is an isomorphism, modulo the usual equivalence relation.

(4) The point now is that the fusion rules for U} = 5;{, can be computed by using
those of O}, from Theorem 3.38, and we end up with a certain “free complexification” of
the Clebsch-Gordan rules, corresponding to the formulae in the statement. Il

Regarding now quantum reflections, let us start with something very basic, namely:

THEOREM 3.40. The irreducible representations of SOz can be labeled by positive in-
tegers, ri. with k € N, and the fusion rules for these representations are:

T QT =Tkt + k=41 + - + Tkpi

The dimensions of these representations are dimr, = 2k + 1.
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PROOF. As before with SUs,, this is something very classical, and there are many
possible proofs. Along the lines of our proof of Theorem 3.37, we can argue that, by using
the double cover map SU; — SO3, we are led to the following formula:

/ ' =Gy
S04

But this is what we need for concluding, by reasoning as before, for SUs. O
Quite remarkably, a similar result holds for Sy, as follows:

THEOREM 3.41. The irreducible representations of Sy, with N > 4 can be labeled by
positive integers, v with k € N, the fusion rules for these representations are

Tk @11 = Tlk—t] T Tlk—t]+1 T -« + Thpi
and the dimensions are dimry = (¢"' — ¢ %) /(¢ — 1), withq+q¢ ' =N — 2.

PROOF. Same story here as for the passage SU; — OF, the idea being to skilfully
recycle the proof of Theorem 3.40. We refer to [2] for details on all this. O

Regarding now the general quantum reflections, the result here is as follows:

THEOREM 3.42. The irreducible representations of the quantum group H3' can be
labeled r, with x €< Zs >, with the fusion rules being as follows,

Ty & Ty = Z Tow T Tvaw
T=02,Yy=2zWw
where the fusion product is given by (iy...4) - (J1-..71) =1 ik—1(ix + J1)J2 - - - Ji-

PROOF. Again, this is something of Clebsch-Gordan type, that we know from Theorem
3.41 to hold at s = 1, and whose proof in general is similar. See [23]. O

As a philosophical consequence of all this, regarding the main examples of free quan-
tum groups, we have the following result, coming from the above theorems:

THEOREM 3.43. The irreducible representations of the main free quantum groups,
namely the free rotation and reflection groups

Ky Uy

Hy Oy

can be classified by using easiness, and their fusion rules are given by simple formulae,
which are simpler than those for the corresponding classical counterparts.
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PRrOOF. This is something rather philosophical, which follows from our various results
above, and from the comparison of these with the known results for Oy, Uy, Hy, Ky. O

We refer to [2] for more details on all this. Let us also mention that it is possible to
further build on the above, for instance with the computation of the growth exponents of
the above quantum groups, and again we refer here to [2] and the literature.

Finally, getting back to Theorems 3.37 and 3.38, the following question appears:

QUESTION 3.44. Is it possible to unify the representation theory results for SU,y and
for Ok with N > 2, in an extended easiness framework?

This is an interesting question, but we will leave it for later, towards the end of the
present book. We will see there that SU, is “super-easy”, coming exactly as Oy from the
category of pairings P, but via a different implementation of the = — T}, operation.

3e. Exercises

We are now into quite specialized quantum group theory, and most of the things that
we have seen in this chapter have open problems right around the corner, so our exercises
here will be of the same type, rather difficult, of research flavor. We first have:

EXERCISE 3.45. Axiomatize the easiness-type property of the products of easy quantum
groups. Can you do the same with the dual free products of easy quantum groups?

As a second exercise, that I don’t know how to solve myself, we have:
EXERCISE 3.46. Try fizing the formula D.g p~> = Dg N Dy, with a N >> 0 idea.
As a third exercise, which is certainly more reasonable, we have:

EXERCISE 3.47. Check all the details for the intersection/easy generation property of
the standard cube, and for half-liberations too. What about plain generation?

If you like combinatorics, here is an exercise for you:

EXERCISE 3.48. Compute the Gram determinants and the fusion rules for irreducible
representations for all the easy quantum groups that we have, so far.

And if you like group theory, here is an exercise for you:

EXERCISE 3.49. Compute the easy envelopes of all compact Lie groups that you know,
finite or continuous.

Finally, at a more advanced level, the questions mentioned in the middle of this chap-
ter, regarding the maximal tori, are for the most open, and are all very interesting.



CHAPTER 4

Probabilistic aspects

4a. Laws of characters

We have seen so far a lot of interesting mathematics, mostly of algebraic type, regard-
ing the easy quantum groups G C Uy, with everything usually coming from the following
formula, where D C P is the category of partitions associated to G

Fiz(u®*) = span (&T

e D(k))

Time to do now some analysis, along the same lines. We will do this slowly, as a
continuation of our algebraic work. The point indeed is that a quick look at what we did
so far in this book, namely algebra, leads to the following conclusion:

FACT 4.1. For most questions regarding G C Uy, the knowledge of the numbers
My, = dim (Fiz(u®"))
is enough. When G is easy, coming from a category of partitions D C P, we have
M;, = dim (Spcm <§7T e D(/{:)))

and in the N >> 0 regime, and more specifically when N > k, we have My = |D(k)].

Here the first claim comes for instance from our representation theory computations
from chapter 3, with the Frobenius tricks there being based on the knowledge of the
numbers M. As for the second claim, this comes from the Lindstom determinant formula
for Syy. The point now is that we have an analytic approach to this, coming from:

PROPOSITION 4.2. Given a closed subgroup G C Uy, we have

/ x" = dim (Fiz(u®"))
G
where x =Y. w;; is the main character. In the easy case we have

lim [ x*=|D(k)|

N—oo G

where D C P is the associated category of partitions.

81
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PROOF. Here the first assertion comes from Peter-Weyl theory, which gives:

/G X' = /G Xuor = dim (Fiz(u®"))

As for the second assertion, this comes from easiness, as explained in Fact 4.1. Il

Now let us look more in detail at Fact 4.1 and Proposition 4.2, taken altogether. These
tell us to try to compute the law of the main character x = ). u;;, because the moments
M, of this law are what we need, in relation with most algebraic questions. So, we are
led to the following question, in general, and then in the easy case:

QUESTION 4.3. Given a closed subgroup G C Uy, what is the law of the character
X = Z WUij
with respect to Haar integration? Also, in the easy case, what is the asymptotic law
lim law(y)
say regarded as a formal measure, having as moments the numbers |D(k)|?

All this looks quite interesting, taking us away from the usual algebraic paths, that
we have been following so far in this book. But, shall we really get into this, which looks
quite scary? This is not an easy question, and so time to ask the cat. And cat says:

CAT 4.4. Advanced algebra exists, and is called analysis.

Which sounds interesting, so time to upgrade our mathematical knowledge and wis-
dom, in the hope that one day we’ll be able to survive in the wild, like cats do. The
simplest easy group that we know is the permutation group Sy, and here we have the
following beautiful result, adding substantial support for the analytic philosophy:

THEOREM 4.5. 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(Sn) becomes with N — oo the Poisson law
P = %Zk O/ k!, with respect to the counting measure.

Proor. This is something very classical, the proof being as follows:

(1) We have indeed the following computation, which gives the result:

x(o) = Zun<0) = 250(7;),- =# {z‘a(z) = z}
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(2) We use the inclusion-exclusion principle. Consider the following sets:

vaz{aeSN‘ ()—2}

The probability that we are interested in is then given by:

1<J i<j<k

(—1)’“ > (N7

11 <...<lp

o

=l

MZ ||M2

( l)r

rl

I
MZ =~

r=0
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:

lim P(x =k) = !

N—o0 ]{7'6
Thus, we obtain in the limit a Poisson law of parameter 1, as stated.

83

g

The above result is very beautiful, but we can in fact do even better. Indeed, you

THEOREM 4.6. For the symmetric group Sy C Oy, the truncated character
[tN]

Xt = Z Uis
i=1

with t € [0,1] follows with N — oo the Poisson law p; = e~ ', 6,t* /k!.

might remember from probability that the Poisson law p; is part of a 1-parameter family
{pt}+>0. And, good news, we have the following generalization of Theorem 4.5:

ProOOF. This follows by suitably modifying the proof of Theorem 4.5. Indeed, accord-

ing to our definition of x;, we first have the following formula:

w(o) = #{ie {1, [tNoli) = i}

Then, the inclusion-exclusion principle gives the following formula:

tk
lim P(x, =k) =

N—oo ]{j'et

Thus, we obtain in the limit a Poisson law of parameter ¢, as stated.
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Summarizing, we have some interesting theory going on here, and this is probably just
the tip of the iceberg. So, let us update Question 4.3, as follows:

QUESTION 4.7. Given G C Uy, what is the law of the truncated character

[tN]
Xt = Z U
i=1
with respect to Haar integration? Also, in the easy case, what is the asymptotic law
5
w, o)
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.

4b. Weingarten formula

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 4.8. Assuming that a closed subgroup G C Uy, is easy, coming from a
category of partitions D C P, we have the Weingarten formula

€1
/ ugl LUt = E 5 (1) Win (T, 0)
G m,o€D(k

where § € {0,1} are the usual Kronecker type symbols, and where the Weingarten matrix
Win = Ggﬁ, is the inverse of the Gram matriz Gyy(w,0) = NI™vel,

ProoF. We know from chapter 2 that the integrals in the statement form altogether
the orthogonal projection P* onto the following space:

Fiz(u®*) = span <§7T e D(k))
In order to prove the result, consider the following linear map:

E(z)= Y <26 >

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 Wj.y, and this gives the result. U

Observe that there is a bit of confusion in Theorem 4.8, because the partitions in
D(k) are known to be linearly independent only at N > k, and so their Gram matrix is
invertible only when adding such a N > k assumption. In what follows we will only use
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Theorem 4.8 in the N >> 0 regime, where the above formulation will do. In general, the
point is that Wy should be taken to be the quasi-inverse of Gyy. See [39].

In relation now with truncated characters, we have the following formula:

PROPOSITION 4.9. The moments of truncated characters are given by the formula
/(un o g = Tr(WinGhs)
G

where Gy and Win = G,j, are the associated Gram and Weingarten matrices.

Proor. We have indeed the following computation:

/G(un—l—...—l—uss)k = ZZ/u““ulklk

=1 Q=1

= Y Win(mo) > .. > 6x(i)6, (i)
m,0€D(k) i1=1 =1
— Z Win (7, 0)Gys(o, )

m,0eD(k)

= Tr(WinGhs)
Thus, we have obtained the formula in the statement. Il

All this is very good, and normally we have here what is needed in order to answer
Question 4.7, in the easy case. In practice, however, before doing so, we will need some
training in probability theory. Imagine for instance that we are trying to solve the simplest
question around, namely computing the asymptotic law of x; for the simplest easy group,
namely Sy. Here not even need for the Weingarten formula and Proposition 4.9, because
we know from easiness that the moments in question are the Bell numbers:

By, = [P (k)|

But how on Earth, without knowing any advanced probability, can we find the measure
having as moments the Bell numbers? Mission impossible, hope you agree with me.

So, let us do this, learn some probability, and we will come back to quantum groups
later. Obviously, we are in need of “quantum probability”, so let us start with:

DEFINITION 4.10. 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 u: P — tr(P(a)).
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Here k = oeeo. .. is by definition a colored integer, and the corresponding powers a”
are defined by the following formulae, and multiplicativity:
=1, a®=a , a" =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) = Z)\ka = u(P) = Z)\kMk(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:

PROPOSITION 4.11. 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 tr 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 [83], let us introduce the following two notions of independence:

DEFINITION 4.12. 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(aibjagby...) =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, from [83], which clarifies things:
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PROPOSITION 4.13. 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 [83]. U

In relation with groups and algebra, we have the following result:

PROPOSITION 4.14. 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).

Proor. This follows from the general results in Proposition 4.13, along with the
following two isomorphisms, which are both standard:

CT x A) = C*(A) @ C*(T) , C*(%A)=C*(A)*CH(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 4.15. The convolution is linearized by the log of the Fourier transform,
Fy(x) = E(e™)
and the free convolution is linearized by the R-transform, which is given by

du(t 1
G,u(g) = / ,U( ) = Gu (RM(Q + _) =¢
rE—1 3
and so is the inverse of the Cauchy transform, up to a €1 factor.

PRrROOF. For the first assertion, if f, g are independent, we have indeed:

Frofa) = [ e dus =)

- / ey () (1
= Fy(a)F,(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'« A), from Proposition 4.14. In addition to this fact, and to what
happens in the group algebra case, the following things happen:
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(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* 4 g(T'), where S,T € C*(N*N)
are the shifts corresponding to the generators of N % N, are free, and their sum has the
same law as S* + (f + ¢)(5). 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 [83]. O

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 [83]:

THEOREM 4.16 (CLT). Given self-adjoint variables x1, xs, T3, . .. which are i.i.d. /f.i.d.,
centered, with variance t > 0, we have, with n — 00, in moments,

1 n
ﬁ ; Ti ~ gi/Ve
where the limiting laws g,/ are the following measures,

1 2 1
_ —z?/2t — AP 2
g = e de , v = 4t? — x?dx
Vant 27t

called normal, or Gaussian, and Wigner semicircle law of parameter t.

PRrROOF. This is routine, by using the linearization properties of the Fourier transform
and the R-transform from Theorem 4.15, and for details here, we refer to any classical
probability book for the classical result, and to [86] for the free result. O

Next, we have the following complex version of the CLT:

THEOREM 4.17 (CCLT). Given 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
_ZSL’@ ~ Gt/Ft
ﬁi:l

where Gy /Ty are the complex normal and Voiculescu circular law of parameter t, given by:

Gy = law (%(a + ib)) . Ty =law (%(a + zﬂ))

where a,b/a, B are independent/free, each following the law g;/7:.

Proor. 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 I';, which is quite subtle, we refer again to [86]. U
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We denote by H the free convolution of real probability measures, given by the fact
that pgrs = po B pp, when a,b are free. With this convention, we have the following
discrete version of the CLT, called Poisson Limit Theorem (PLT):

THEOREM 4.18 (PLT). The following Poisson limits converge, for any t > 0,

*n Hn
t t t t
Py = lim ((1 — —) (50 + —51) , Ty = lim ((1 — —) 50 + —(51)
n—00 n n n—00 n n

the limiting measures being the Poisson law py, and the Marchenko-Pastur law m,

1 <= th§ At —(x—1—1)2
E a k—'k s Wt:max(l—t,0)50+ \/ <27TJ,‘ ) dx

with at t = 1, the Marchenko-Pastur law being m = %\/ 4r—1 — 1dx.

Pt =

PRrROOF. This is again routine, by using the Fourier and R-transform, and as before
we refer here to any classical probability book, and to [86]. O

Finally, we have the following “compound” generalization of the PLT:

THEOREM 4.19 (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 , T, = lim (1—£>50+—p
n—00 n n n—o00 n n

and if we write p =Y"7_| ¢;0,, with ¢; >0 and z; € R we have the formula

Pp/ T, = law (Z zZaZ)
i=1

where the variables a; 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 [86]. 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 4.19:

DEFINITION 4.20. The Bessel and free Bessel laws, depending on parameters s €
NU {oco} and t > 0, are the following compound Poisson and free Poisson laws,
bf = Dtee »  Bf = Te,
with €, 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 [5], [9], 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 4.21. 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.

Proor. We know from chapters 1-2 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 general formula, from Proposition 4.2:
lim [ x"=[D(k)]
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 4.9, namely:

/(un + ..+ 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:

li k= Il
dm o 2
weD(k)
But this gives the laws in the statement, via some standard calculus. U
Summarizing, we have solved the questions raised in the beginning of this chapter.

All this was of course quite quick, assuming a bit of familiarity with probability theory.
But we will be back to this on several occasions, and notably, in what comes next.

4c. Cumulant theory

What we have so far, analytically, is quite exciting, but remains quite wizarding, with
the statement of Theorem 4.21 being something quite advanced, and with the proof being
something quite advanced too, based on way too many things. So, time to further clarify
all this. As a basic question that we would like to solve, we have:

QUESTION 4.22. Given a liberation of easy groups, Gx — G, can we say, in a simple
way, that at the level of asymptotic laws of truncated characters

[tN]
Xt = Z U
i=1
the laws for G appear as “liberations” of the laws for Gy ?

As a first idea in order to answer the above question, let us focus on the asymptotic
moment formula from the end of the proof of Theorem 4.21, namely:

lim XF = Z Il
N=eoJay reD(k)

This is something very nice, purely combinatorial, and we are led in this way to:
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ANSWER 4.23. Yes, we can say that according to the Weingarten formula we have
; k _ ||
s 2
and since Gy — G corresponds to D — DN NC' at the level of partitions, we have
Z ALIEN Z ¢l
weD(k) T€(DNNC) (k)

at the level of moments, and we can declare this to mean “liberation”, probabilistically.

This is not bad as an answer, because gone in this way all the limiting theorems,
classical and free, no need anymore to learn all that material. However, as an obvious
downside, what we say at the end does not look very clean, and suggests:

QUESTION 4.24. Sure yes, but how do probability measures liberate in general, with no
reference to moment formulae as above, which look very special?

To summarize now, we have an idea, but we must do some more probability, classical
and free, in relation with combinatorics and partitions, before formulating our idea. Let
us start with the classical case. We have here the following well-known definition:

DEFINITION 4.25. Associated to any real probability measure = iy is the following
modification of the logarithm of the Fourier transform F,(€) = E(e®/),

K,(€) = log E(e*)

called cumulant-generating function. The Taylor coefficients k,,(u) of this series, given by

Kul€) = Y hali) &

are called cumulants of the measure . We also use the notations kg, Ky for these cumu-
lants and their generating series, where f is a variable following the law .

In other words, the cumulants are more or less the coefficients of the logarithm of
the Fourier transform log F),, up to some normalizations. To be more precise, we have
K, (&) = log F,,(—i&), so the formula relating log F), to the cumulants k,, (p) is:

. - En
log Fu(—i¢) = _ kn(n) .
n=1
Equivalently, the formula relating log F}, to the cumulants k,,(x) is:

08 Ful€) = Y halp) 5

The interest in the cumulants comes from the following result:
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THEOREM 4.26. The cumulants have the following properties:

(1) knlcf) = cka(f).
(2) k1(f +d) = ki(f) +d, and k. (f +d) = k,(f) forn > 1.
(3) kn(f +9) = ku(f) + kn(g), if f,g are independent.

PROOF. Here (1) and (2) are both clear from definitions, because we have the following
computation, valid for any ¢,d € R, which gives the results:

Kepa(§) = log (eI
= log[et? - E(e*)]
= {d+ Ky(cf)

As for (3), this follows from the fact that the Fourier transform Fy(£) = E(e%/) satisfies
the following formula, whenever f, g are independent random variables:

Frig(§) = Fr(§)Fy(E)
Indeed, by applying the logarithm, we obtain the following formula:
log Fy4(§) = log F(¢§) + log Fy (&)
With the change of variables & — —i£, we obtain the following formula:
Kf+g(€) = Kf(g) + Kg(£)
Thus, at the level of coefficients, we obtain k,(f + g) = kn(f) + k.(g), as claimed. O
At the level of examples, we have the following result:

PROPOSITION 4.27. The sequence of cumulants ki, ko, ks, ... is as follows:

(1) For u =9, the cumulants are ¢,0,0, ...

(2) For u = g; the cumulants are 0,t,0,0,. ..

(3) For u = p; the cumulants are t,t,t, . ..

4) For y = b; the cumulants are 0,t,0,t, ...
1

Also, for the compound Poisson laws the cumulants are k,(p,) = M,(v).
Proor. We have 5 computations to be done, the idea being as follows:
(1) For . = 6. we have the following computation:

K, (§) = log E(e**) = log () = c£

But the plain coefficients of this series are the numbers ¢, 0,0, ..., and so the Taylor
coefficients of this series are these same numbers ¢, 0,0, ..., as claimed.

(2) For i = g; we have the following computation:
Ku(g) = lOgFM(_ig)
= logexp [—t(—i€)*/2]

= )2
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But the plain coefficients of this series are the numbers 0,¢/2,0,0,..., and so the
Taylor coefficients of this series are the numbers 0,¢,0,0, ..., as claimed.

(3) For i = p; we have the following computation:

Ku(§) = log Fy(—ig)
= logexp [(ei(_’f) —1)t]

(ef — 1)t
But the plain coefficients of this series are the numbers ¢/n!, and so the Taylor coeffi-
cients of this series are the numbers ¢,t,t,..., as claimed.

(4) For p = b; we have the following computation:

Ku(§) = log Fl(—if)

3 —£
= logexp {(% — 1) t}
€4 ot
2

But the plain coefficients of this series are the numbers (1+ (—1)")¢/n!, so the Taylor
coefficients of this series are the numbers 0,¢,0,1,..., as claimed.

(5) We can assume, by using a continuity argument, that our measure v is discrete,
as follows, with ¢; > 0 and z; € R, and with the sum being finite:

By using now the well-known Fourier transform formula for p,, we obtain:

Ky, (§) = log Fp, (—i€)

= logexp [Z ti(es — 1)]
_ Zti Z (f;z‘)

i n>1

=

n>1 7

= > % M, (v)

n>1

Thus, we are led to the conclusion in the statement. U
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All the above is quite nice and elementary, and we can see here emerging some sort of
relationship with what we say in Answer 4.23. But in order to really get to that, we still
have to introduce partitions, in our discussion. So, let us introduce:

DEFINITION 4.28. We define quantities M, (f), k-(f), depending on partitions
7 € P(k)
by starting with M, (f), k.(f), and using multiplicativity over the blocks.

To be more precise, the convention here is that for the one-block partition 1, € P(n),
the corresponding moment and cumulant are the usual ones, namely:

Mln(f) = Mn(f) ) kln(f) = kn(f)

Then, for an arbitrary partition = € P(k), we decompose this partition into blocks,
having sizes by, ..., bs, and we set, by multiplicativity over blocks:

M(f) = My, (f) - My, () Fx(f) = Kou () - Fon, ()

With this convention, following Rota and others, we can now formulate a key result,
fully clarifying the relation between moments and cumulants, as follows:

THEOREM 4.29. We have the moment-cumulant formulae

= D> k() . k()= D 1) M(f)

veP TL) IJEP(H)

or, equivalently, we have the moment-cumulant formulae

= k() o k()= ulv,m)M,(f

v<m v<m

where p is the Mobius function of P(n).

PROOF. By using the Mobius inversion formula explained in chapter 3, the four for-
mulae in the statement are equivalent so it is enough to prove the first one, namely:

Zk

veP(n

In order to do this, we can use the very deﬁmtlon of the cumulants, namely:

log E(e8) Zk‘

By exponentiating, we obtain from this the followmg formula:

E(egf) = exp (Z ks(f) g)

But this leads, via some standard calculus, to the above formula for M, (f). U
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Time now to go back to groups, and answer our questions. We will restrict the
attention to the orthogonal easy groups that we know, namely Sy, Hy, Oy. We will need
the following observation regarding these groups, from [22]:

PROPOSITION 4.30. The orthogonal easy groups G C Oy that we know, namely
Sy C Hy C Oy
come respectively from the following categories of partitions D C P,
PD>Pw DB
which in turn come from certain subsets L C N, as follows,
N D 2N D {2}
with D consisting of the partitions m € P whose blocks have lengths belonging to L C N.
Proor. This is something quite trivial, as stated, but which is conceptual as well,
having behind it some interesting mathematics, the idea being as follows:

(1) We already know that the first assertion, regarding the easiness correspondence
G < D, holds for our 3 groups. As for the second assertion, regarding the correspondence
D < L, for our 3 categories of partitions, this is clear from definitions. Thus, everything
proved, and with the result itself looking like something quite anecdotical.

(2) However, we will see later, in chapter 6 below, that the easy groups G having
the property that their categories of partitions D are stable under removing blocks, and
so appear from sets L C N are in the statement, which are called “uniform”, are very
interesting objects, and that a lot of general theory can be developed for them. U

In relation now with cumulants, we have the following result, also from [22]:

THEOREM 4.31. The cumulants of the asymptotic truncated characters for the groups
Sn, Hy,On are given by the formula

Fn(Xt) = toner
with L C N being the associated subset, and at the level of asymptotic moments this gives
Mi(xz) = Z £
weD(k)
with D C P being the associated category of partitions.
Proor. This is clear indeed from Proposition 4.30, by performing a case-by-case

analysis, with the cases G = S, H, O under consideration corresponding to the cumulant
computations for the measures py, by, g; from Proposition 4.27. See [22]. O

All this is very nice, answering our philosophical questions in the classical case. Now
that we killed the problem in the classical case, let us do the same in the free case.
Following Speicher [76] and subsequent work, we have the following definition:
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DEFINITION 4.32. The free cumulants k,(a) of a variable a € A are defined by:

Ry(§) = Z ’{n(a)gn_l

That is, the free cumulants are the coefficients of the R-transform.

As before in the classical case, there are many interesting things that can be said
about free cumulants. At the level of basic general results, we first have:

THEOREM 4.33. The free cumulants have the following properties:
(1) kn(Aa) = A"kp(a).
(2) kn(a+b) = kp(a) + kn(b), if a,b are free.

PROOF. In what regards (1), we have here the following computation:

Grn(§) = /RdgA_af)

1 / dpia(s)

T A e&h—s
1 §

= — Ga —
1 (3)

But, according to the definition of the R-transform, this gives the following formula:
1 1 1
a )\ a >\ - = T Ugq a A e =
Gra (MO + 7 ) = 5.Go (P09 + 3¢ ) =€

Thus Rya(§) = AR, (AE), which gives (1). As for (2), this follows from the fact, that
we know well, that the R-transform linearizes the free convolution operation. Il

Again in analogy with the classical case, at the level of examples, we have:

PROPOSITION 4.34. The sequence of free cumulants ki, ko, K3, ... 1S as follows:

(1) For u =4, the free cumulants are ¢,0,0,. ..
(2) For u = the free cumulants are 0,t,0,0, ...
(3) For u = m; the free cumulants are t,t,t, ...
(4) For u = f; the free cumulants are 0,t,0,t, ...

Also, for compound free Poisson laws the free cumulants are ky(m,) = M, (v).
PRroOOF. The proofs are analogous to those from the classical case, as follows:
(1) For 1 = 6. we have G,(§) =1/(£ —¢), and so R,,(§) = ¢, as desired.
(2) For 1 = y; we have, as computed before, R, (&) = t&, as desired.
(3) For 1 = m we have, also from before, R, (§) =t/(1 — &), as desired.



98 4. PROBABILISTIC ASPECTS

(4) For p = B, this follows from the formulae that we have, but the best is to prove
directly the last assertion, which generalizes (3,4). With v =) . ¢;0., we have:

Rl6) = Y

%

n>0

_ Zgn Z Cizin—H

n>0 i

= Y &y e

n>1 7

= Z fn_l M, (v)

n>1

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

Also as before in the classical case, we can define generalized free cumulants k. (a)
with m € P(k) by starting with the numeric free cumulants x,(a), as follows:

DEFINITION 4.35. We define free cumulants k.(a), depending on partitions
m € P(k)
by starting with k,(a), and using multiplicativity over the blocks.

To be more precise, the convention here is that for the one-block partition 1, € P(n),
the corresponding free cumulant is the usual one, namely:

r1, (@) = kn(a)

Then, for an arbitrary partition 7 € P(k), we decompose this partition into blocks,
having sizes by, ..., bs, and we set, by multiplicativity over blocks:

Kr(a) = Ky, (a) ... Ky, (a)

With this convention, we have the following result, due to Speicher [76]:

THEOREM 4.36. We have the moment-cumulant formulae
Mu@) = S mla) k)= Sl 1)M(a)
veNC(n) veNC(n)
or, equivalently, we have the moment-cumulant formulae

M(a) = Y kla) o hala) = 3 ulv )M (a)

v<m v<m

where u is the Mébius function of NC(n).
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Proor. This follows indeed by doing some combinatorics and calculus, in the spirit
of the combinatorics and calculus from the classical case. O

In relation now with easiness, we will need the following result, from [22]:
PROPOSITION 4.37. The free orthogonal easy groups G C OF, that we know,
Sy c HY, c Of
come respectively from the following categories of noncrossing partitions D C NC,
NC D NCeyen D NCy
which in turn come from certain subsets L C N, as follows,
N D 2N D {2}
with D consisting of the partitions m € NC whose blocks have lengths belonging to L C N.

PRrROOF. As before with Proposition 4.30, this is something quite trivial, which follows
from what we know about the quantum groups in the statement, but which hides behind
some interesting mathematics, to be further discussed later, in chapter 6 below. Il

In relation with cumulants, we have the following result, also from [22]:

THEOREM 4.38. The free cumulants of the asymptotic truncated characters for the
quantum groups Sy, Hy, Of; are given by the formula
Rn (Xt) = 2féneL
with L C N being the associated subset, and at the level of asymptotic moments this gives
My, (xe) = Z £
weD(k)
with D C NC' being the associated category of partitions.
ProoOF. This is clear indeed from Proposition 4.37, by performing a case-by-case anal-

ysis, with the cases G = ST, H", O under consideration corresponding to the cumulant
computations for the measures 7, 3;,y; from Proposition 4.34. See [22]. O

Summarizing, and getting back now to Theorem 4.21, we have reached to a perfect
understanding of what is going on there, via classical and free cumulants. And, as a
bonus, we can answer Question 4.22 as well, in a very conceptual way, as follows:

ANSWER 4.39. For the main examples of liberations of easy groups, Gy — GJ;, the
asymptotic laws of truncated characters

[tNV]
Xt = Z Ui
i=1

are in Bercovici-Pata bijection, in the sense that the classical cumulants of the laws for
Gy coincide with the free cumulants of the laws for G¥;.
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Here the bijection mentioned at the end, which is something purely probabilistic, and
very beautiful and conceptual, comes from the paper of Bercovici-Pata [20], and we refer
to that paper and the subsequent free probability literature for more on all this.

Finally, as already mentioned on several occasions, all the above is part of some general
theory regarding the “uniform” easy quantum groups, which remains to be developed. We
will be back to this, with full details, in chapter 6 below.

4d. Invariance questions

As a last topic for this chapter, following [17], let us discuss now probabilistic invari-
ance questions with respect to the basic orthogonal quantum groups. We first have:

DEFINITION 4.40. Given a closed subgroup G C O3, we denote by
a:C<ty,...,ty >>C<ty,...,ty >C(G)

t, — Z tj X Vs
J
the standard coaction of C(G) on the free complex algebra on N variables.

Observe that the map « constructed above is indeed a coaction, in the sense that it
satisfies the following standard coassociativity and counitality conditions:

(ld@A)a=(a®id)a , ([d®e)a=1id

With the above notion of coaction in hand, we can now talk about invariant sequences
of classical or noncommutative random variables, in the following way:

DEFINITION 4.41. Let (B,tr) be a C*-algebra with a trace, and x1,...,xy € B. We
say that x = (x1,...,xy) is invariant under G C OF; if the distribution functional

pr:C<ty,...;tn >=>C | P —tr(P(z1,...,2n))
15 tnvariant under the coaction «, in the sense that we have
(e @ id)a(P) = piz(P)
for any noncommuting polynomial P € C < ty,... ty >.

Observe that in the classical case, where G C Oy is a usual group, we recover in
this way the usual invariance notion from classical probability. We have the following
equivalent formulation of the above invariance condition:

PROPOSITION 4.42. Let (B,tr) be a C*-algebra with a trace, and z1,...,zn € B.
Then x = (x1,...,xy) is invariant under G C OF precisely when
t?”(l’il c. .fL',Lk) = Z t?"(l'jl . l'jk)vjm c o Ui
J1--Jk

as an equality in C(G), for any k € N, and any i1, ...,ix € {1,...,N}.
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PROOF. By linearity, in order for a sequence x = (z1,...,2y) to be G-invariant in
the sense of Definition 4.41, the formula there must be satisfied for any noncommuting
monomial P € C < ty,...,txy >. But, with P =1, ...¢,;,, we have:

(e ® id)a(P) = (ptp @id) Y tj, ...t @ vjyi, . Vs,
jl?"'hjk
= Z :LLx(tjl . 'tjk)vjlil - Ugigiy,
jl)""jk
= Z t’f’(Ijl . xjk)vjlil e Ujkik
Ji--Jk

On the other hand, by definition of the distribution pu,, we have:
pa(P) = pre(ts, - . 'tik) = tr(z;, .. $Zk)

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

We can now investigate invariance questions for the sequences of classical or noncom-
mutative random variables, with respect to the main examples of easy quantum groups.
We first have a reverse De Finetti theorem, from [17], as follows:

THEOREM 4.43. Let (x1,...,xy) be a sequence in A.

(1) Ifxy,...,xN are freely independent and identically distributed with amalgamation
over B, then the sequence is Sy -invariant.

(2) Ifxy,...,xN are freely independent and identically distributed with amalgamation
over B, and have centered semicircular distributions with respect to E, then the
sequence is Ok -invariant.

(3) If < B,xy,...,xN > is commutative and x1, ..., xy are conditionally independent
and identically distributed given B, then the sequence is Sy-invariant.
(4) If < x1,...,xn > is commutative and xq, ...,y are conditionally independent

and identically distributed given B, and have centered Gaussian distributions with
respect to E, then the sequence is Oy -invariant.

PROOF. Assume that the joint distribution of (z1,...,xy) satisfies one of the condi-
tions in the statement, and let D be the category of partitions associated to the corre-
sponding easy quantum group. We have then the following computation:

Z tr(le e 'xjk)vjlil Uiy = Z tT<E<xj1 e 'xjk))vjlil <o Uiy,

J1e--Jk J1e--Jk

= Z Z tr(fgr)(xh S 7x1))vj1i1 < Ujigiy,

J1---Jr m<ker j

= Z tr(é’g)(xl,...,xl)) Z Vjyiy - - Vjnip

neD(k) ker j>m
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Here £ denotes the free and classical cumulants in the cases (1,2) and (3,4) respectively.
On the other hand, it follows from a direct computation that if 7 € D(k) then we have
the following formula, in each of the 4 cases in the statement:

1 if m <kers
Z Ujriy - Ujpipy =

herwi
kor 7o 0 otherwise

By using this formula, we can finish our computation, in the following way:

Z t?”([)’}jl . -%‘k)vjlil P Ujkik = Z t?“( gr)(l'l, ce ,xl))57r§keri

J1---Jk meD(k)
= > (@)
nw<keri

= t’f‘(l‘il N l‘,k)
Thus, we are led to the conclusions in the statement. Il

Still following [17], as main result, we have the following converse to Theorem 4.43:

THEOREM 4.44. Let (x;);en be a G-invariant sequence of self-adjoint random variables
in (M, tr), and assume that M =< (x;);en >. Then there ezists a subalgebra B C M and
a trace-preserving conditional expectation E : M — B such that:

(1) If G = (Sn), then (x;)ien are conditionally independent and identically distributed
given B.

(2) If G = (S}), then (x;)ien are freely independent and identically distributed with
amalgamation over B.

(3) If G = (On), then (x;)ien are conditionally independent, and have Gaussian
distributions with mean zero and common variance, given B.

(4) If G = (O%), then (x;)ien form a B-valued free semicircular family with mean
zero and common variance.

Proor. This is something quite technical, heavily based on the Weingarten formula.
Let j1,...,Jr € Nand by, ...,b, € B. We have then the following computation:

E(bgl’jl .. I]kbk) = ]\}1_{1(1)0 EN(bO«rjl Ce ijkbk)
= lim S Winlm o) Y bowi, ... be
o<lkerj w w<keri
= A}lg(lxj Z ZMD(k)<7T, U)N_‘7r| Z boxi, . .. x;, by
o<kerj <o n<keri

By using this formula, and various cumulant computations, we have:

E(b(]le .. .Tjkbk) = ]\}51100 Z Z /fJD(k) (71'7 U)Eﬁ)(boxlbl, e ,l’lbk)

o<kerj m<o
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We therefore obtain the following formula:
E(b()l'jl e l’jkbk) == Z Z MD(k)(W, U)E(W)(boaﬁbl, e ,$1bk)
o<kerj <o
We can replace the sum of expectation functionals by cumulants, as to obtain:
E(bol’jl e ZL‘]kbk) = Z g(EU)(bolL‘lbl, c. ,ZL‘lbk)
o<kerj

Here and in what follows £ denotes as usual the relevant classical or free cumulants,
depending on the quantum group that we are dealing with, either classical or free. Now
since the classical or free cumulants are determined by the classical or free moment-
cumulant formulae, explained before, we conclude that we have the following formula:

ﬁg)(boiﬂlbh ...,x1b,) if 0 € D(k) and o < ker j
0 otherwise

(E?)(b[)lebla Ce 7xjkbk) = {

With this formula in hand, the result then follows from the characterizations of these
joint distributions in terms of cumulants, and we are done. U

All the above was of course quite brief, and for more on all this, including full proof,
and various versions of the above results, we refer to [17] and related papers.
4e. Exercises

We are now into advanced probability theory, and in order to fully understand what
has been said above, a lot of extra work is needed. Generally speaking, the best here would
be to carefully read a probability book, and then a free probability book. In relation now
with what we did in this chapter, as a first instructive exercise, we have:

EXERCISE 4.45. Recover the Poisson law results for Sy via the formula
—(Nfg\lf{f”“! if keri = ker j
Usy 5y - - Uipjr = ’ .
Sy 0 otherwise
that you will have to establish first.
Along the same lines, we have as well:

EXERCISE 4.46. Recover the Bessel law results for Hy, then for HY,, via inclusion-
exclusion, or via an explicit integration formula, as in the previous exercise.

Regarding Weingarten integration, which is the method that must be mastered, for
anything probabilistic in relation with groups and quantum groups, we have:

EXERCISE 4.47. Write down the Gram and Weingarten matrices of small order, for
all the easy groups and quantum groups that you know.
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At the theoretical level now, you cannot really escape from:

EXERCISE 4.48. Learn classical and free probability, as much as you can, and in any
case enough of them, as to declare the present chapter fully understood.

In relation with classical cumulants, we have the following instructive exercise:

EXERCISE 4.49. Establish the following formulae for the classical cumulants,
k1 = M,
ky = —M; + M,
ks = 2M; — 3M; My + Ms
ky = —6M; + 12M7F My — 3M3 — 4M; M3 + M,

then go on and prove the classical moment-cumulant formula.
Similarly, in relation with the free cumulants, we have:

EXERCISE 4.50. Establish the following formulae for the free cumulants,
K1 = M,
Ko = —M; + My
Ky = 2M; — 3My My + M
Ky = —HM} 4+ 10M:EMy — 2M3Z — AM, M3 + M,

then go on and prove the free moment-cumulant formula.

As a comment here, the above two exercises look quite similar, but doing only one of
them will not do, because they are in fact quite different. Just try a bit, and you will
understand. Finally, in relation with De Finetti, waiting for more here, from you.
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The continuous case



We belong to the light
We belong to the thunder
We belong to the sound of the words
Weve both fallen under



CHAPTER 5

Bistochastic groups

5a. Bistochastic groups

Welcome to advanced easiness. With the basics understood, we will go, in the present
Part 11, and in Part III as well, into the study of more advanced aspects. We will be inter-
ested, as usual, in constructing more examples of easy quantum groups, and in developing
some algebraic, geometric, analytic and probabilistic theory for them.

Needless to say, there has been a lot of work on the subject, all over the 2010s, and
the things to talk about, both further examples and further theory, abound. So obviously,
we need some sort of plan and strategy, for explaining this material. But the answer here
comes from the cube formed by the main examples of easy quantum groups, namely:

Ky

jLO/

Uy

Un

Indeed, this cube provides us with some sort of “3D orientation” into the whole
subject, with the 3 coordinate axes corresponding to the dualities real/complex, dis-
crete/continuous, and classical/free. So, speaking presentation, the question is now: shall
we talk first in detail about the real case, and deal with the complex case afterwards?
Or shall we first settle the questions regarding the discrete case, and then talk about the

continuous case? Or, why not vice versa, continuous first, and discrete after? Or, shall
we finish the work in the classical case, and discuss liberation afterwards?

Hy
Hy

These are not easy questions, and a look at the various papers written on the subject,
the serious ones I mean, does not provide any clue, with all options being on the table.
So, in the lack of any good idea here, we will ask the cat. And cat says:

Cat 5.1. Continuous comes first.

107
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This sounds reasonable, thanks cat. Actually my cat is named Felix, and thinking
well, he might be well a reincarnation of Felix Klein. Indeed, at the time of Klein there
was no abstract mathematics, and such boring things as abstract groups, fields of scalars,
and so on, and Klein was simply interested in the “continuous transformations” of the
world surrounding us. And so will be us, to start with: this is definitely reasonable.

In practice, this suggests focusing towards the right face of the cube, namely:

O% Uy

ON UN

For instance, we can say that any intermediate easy quantum group Oy C G C Uy,
is by definition “continuous”, and then try to understand the structure of such quantum
groups, with a classification result for them, and then with algebraic, geometric, analytic
and probabilistic results for the objects that we found. This certainly sounds reasonable,
and looks doable as well, because after all we will deal with pairings, the diagram of
categories of partitions for our quantum groups above being as follows:

NCy NC,

P P

However, this is a bit superficial, because there might be well interesting easy quantum
groups Sy C G C Uj; which definitely deserve the name “continuous”, and which are
excluded by our formalism, not containing Oy. So, let us look into this first. It is
probably safe here to assume that G is classical, at least to start with, because in the
classical case we perfectly know what “continuous” means. So, we are led to:

PROBLEM 5.2. Besides Oy, Uy, what are the simplest easy Lie groups?

This does not look as a trivial question, and normally we should ask the cat here, but
Felix is now away. As for the other cat, Sophus, who surely knows the answer too, he is
nowhere to be found, either. So, I guess this is a problem for me and you, reader.

In order to solve this question, let us relax, and looks towards applied linear algebra.
A very basic definition there, that you might already know, is as follows:
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DEFINITION 5.3. A square matrix M € My(C) is called bistochastic if each row and
each column sum up to the same number:

My ... My — A
M1 ... Myy — A
\ S
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 matrices having
entries in [0, 1], 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
entries in [0, 1], 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
5.3 are closely related to this vector &, due to the following simple fact:

PROPOSITION 5.4. Let M € My(C) be a square matriz.

(1) M is row stochastic, with sums X\, when ME& = XE.
(2) M is column stochastic, with sums \, when M'¢ = \E.
(3) M 1is bistochastic, with sums X\, when M& = M'¢ = XE.

PRrROOF. The first assertion is clear from definitions, because when multiplying a ma-
trix by &, we obtain the vector formed by the row sums:

My, ... My 1 My + ...+ My

MN1 MNN 1 MN1+-'-+MNN

As for the second, and then third assertion, these are both clear from this. O
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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 5.5. Let M € My(C) be a square matrix.

(1) M is row stochastic, with sums A, when MIy = M.
(2) M s column stochastic, with sums X, when IyM = M.
(3) M is bistochastic, with sums X\, when M1y =IyM = M.

Proor. This follows from Proposition 5.4, 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):

Mll MlN 1 ... 1 Sl Sl
MNI MNN 1 ... 1 SN SN
As for the second, and then third assertion, these are both clear from this. O

In what follows, we will be mainly interested in the bistochastic matrices which are
unitary, M € Uy. As the simplest example here, which is a familiar object in quantum
physics, we have the following matrix Ky € Oy, obtained by suitably modifying the flat
matrix [y, as to make the rows pairwise orthogonal, and of norm one:

2—-N 2 ... 2

1 2 . . :

N o
2 ... 2 2—N

As a first result regarding the unitary bistochastic matrices, we have:

THEOREM 5.6. For a unitary matriz U € Uy, the following conditions are equivalent:

(1) H is bistochastic, with sums A.
(2) H is row stochastic, with sums X\, and |\| = 1.
(3) H is column stochastic, with sums A, and |\| = 1.

PROOF. By using a symmetry argument we just need to prove (1) <= (2), and
both the implications are elementary, as follows:
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(1) = (2) If we denote by Uy,...,Uy € CV the rows of U, we have indeed:
1 = <U1,U1 >

= §:<UhM>
= ;;UUUU
= E:Uuzzmj
S0y

j

— XX
= AP

(2) = (1) Consider the all-one vector £ = (1); € CV. The fact that U is row-
stochastic with sums A reads:

Z Uij = )\,Vl < Z Uij{’j = )\fz, Vi
J J
— U&= X
Also, the fact that U is column-stochastic with sums \ reads:

Z Uij = /\,\V/] < Z UZ]& = /\é},V]
( J

= Ut =X

We must prove that the first condition implies the second one, provided that the row
sum \ satisfies |A| = 1. But this follows from the following computation:

Ut =\ = UUE=\U¢

= {=\U%¢
= (= \U%
= Ut =X
Thus, we have proved both the implications, and we are done. Il

Getting now to our questions regarding groups and quantum groups, we would like
to talk about the orthogonal and unitary groups of bistochastic matrices, and their free
analogues. However, there is a choice to be made here, in connection with what we know
from Theorem 5.6, namely shall we let the row and column sums to be arbitrary, A € T,
or shall we make the normalization A = 1. For various reasons that will become clear
later on, it is better to choose this latter way, so let us formulate:
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CONVENTION 5.7. From now on all our bistochastic matrices will be assumed to be
normalized, with the sum on all rows and columns being equal to X = 1.

To be more precise, this convention is here in order for the resulting groups of bis-
tochastic orthogonal and unitary matrices to be easy. But more on this later. For the
moment, let us introduce these groups. We have the following result:

THEOREM 5.8. We have closed subgroups 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.

ProoF. We know from Theorem 5.6 that the sets of bistochastic matrices By, Cy in
the statement appear as follows, with £ being the all-one vector:

By = {U e ON‘Ug - 5}

Oy = {U e UN’Ug - 5}

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 closed subgroups, as stated. O

As already mentioned, the bistochastic matrices and groups are important in statistics,
applied linear algebra, quantum physics, and many more. Following Idel-Wolf [52] and
related papers, we would like to discuss now, as an introduction to this, a non-trivial
result regarding the unitary bistochastic group Cy. Some advertisement first:

QUESTION 5.9. Is there anything in linear algebra having a one-line statement, that
everyone can understand, but a proof so complicated, that no one really understands?

We will see that the answer to this question is yes. Let us begin with some geometric
preliminaries. The complex projective space appears by definition as follows:

P =Y {0}/ <z =Xy >
Inside this projective space, we have the Clifford torus, constructed as follows:

)= ... = |zNy}

With these conventions, we have the following result, from [52]:

TV = {(zl,...,zN) € P!

PROPOSITION 5.10. For a unitary matrix U € Uy, the following are equivalent:

(1) There exist L, R € Ux diagonal such that U' = LUR ‘s bistochastic.
(2) The standard torus TN C CV satisfies TN N UTY # 0.
(3) The Clifford torus TN=* C PY¥~! satisfies TN "1 N UTN=! # ().
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PROOF. These equivalences are all elementary, as follows:

(1) = (2) Assuming that U’ = LUR is bistochastic, which in terms of the all-1
vector € means U'¢ = ¢, if we set f = RE € TV we have:

Uf =LU'Rf =LU¢=LEeTV
Thus we have Uf € TN N UTY, which gives the conclusion.
(2) = (1) Given g € TN NUTY, we can define R, L as follows:

9 ) (Ug)
R = . , L= ‘.
gn (Ug)n
With these values for L, R, we have then the following formulae:
RE¢=g , LE=Uyg
Thus the matrix U’ = LUR is bistochastic, because:
Ut =LURE=LUg=¢

(2) = (3) This is clear, because TN~! C PY~! appears as the projective image of
TN c CV, and so TN "' N UTYN! appears as the projective image of TV N UTY.

(3) = (2) We have indeed the following equivalence:
TV 'AUTN ' 40 <= INA0 ATV NUTY #0
But U € Uy implies |A| = 1, and this gives the result. O

The point now is that the condition (3) above is something familiar in symplectic
geometry, and known to hold for any U € Uy. Thus, following [52], we have:

THEOREM 5.11. Any unitary matrix U € Uy can be put in bistochastic form,
U =LUR
with L, R € Uy being both diagonal, via a certain non-explicit method.

PROOF. As already mentioned, the condition TN=! N UTN~! £ () in Proposition 5.10
(3) is something quite natural in symplectic geometry. To be more precise:

(1) The Clifford torus TV-1 C Pév ~! is a Lagrangian submanifold, and the map
TN=! — UTN~! is a Hamiltonian isotopy. For more on this, see Arnold [1].

(2) A non-trivial result of Biran-Entov-Polterovich [25] and Cho [37] states that TV !
cannot be displaced from itself via a Hamiltonian isotopy.

(3) Thus, the results in [25], [37] tells us that TV =1 N UTY~! # @ holds indeed, for
any U € Uy. We therefore obtain the result, via Proposition 5.10. See [52]. O
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There are many further things that can be said here. As explained in [52], the various
technical results from [25], [37] show that in the generic, “transverse” situation, there
are at least 2V~! ways of putting a unitary matrix U € Uy in bistochastic form, and this
modulo the obvious transformation U — zU, with |z| = 1. However, all this still does not
clarify things with Theorem 5.11, whose only known proof in general is the one above.

5b. Singletons and pairings

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 [22], we have the
following result, including as well our previous construction of By, Cy:

THEOREM 5.12. 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 ué = &, where £ is the all-one vector.

(4) CY C Uy, coming via ué = &, where £ is the all-one vector.

Also, we have inclusions By C B and Cx C CY, which are both liberations.
PROOF. There are several things to be proved, the idea being as follows:

(1) We already know from Theorem 5.8 that By,Cy are indeed groups, with this
coming from the following formulae, with £ being the all-one vector:

By = {U c ON‘Ug - g}

ch{UeUN

ve = ¢}

(2) In what regards now By, C¥, these appear by definition as follows:

C(BY) = C(O}) /(€ € Fia(u))
C(05) = CUR) /(€ € Fiau)

But since the relation § € Fixz(u) is categorical, we have indeed quantum groups.

(3) Finally, in what regards the last assertion, since we already know that Oy C Oy
and Uy C Uy are liberations, we must prove that we have isomorphisms as follows:

C(By) = C(Oy) / <§ € Fix(u)>
C(Cy) = C(Uy) / <g c Fia:(u)>

But these isomorphisms are both clear from the formulae of By, Cy in (1). O



5B. SINGLETONS AND PAIRINGS 115

The above might seem a bit puzzling, because you might have heard from Lie algebras
that 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, indeed, when talking from an abstract algebra perspec-
tive, meaning groups and quantum groups G taken up to isomorphism, and ignoring the
embeddings G C Uy, the bistochastic groups and quantum groups are not really “new”,
because, following Raum [70] and related papers, we have the following result:

THEOREM 5.13. We have isomorphisms as follows:
(1) BN ~ ONfl.
(2) By ~OF_;-
(3) CN ~ UN—l-
(4) CF ~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=—=¢

1 iy ,
Fy = (wl_])ij . ow= 627m/N

We have then the following computation, for any corepresentation wu:
ué =§¢ <= ulFey= Fey
< [MuFeg= ¢
— F'uF = diag(1,w)
Thus we have an isomorphism given by w;; — (F*uF);;, as desired. O

Summarizing, we are deviating here a bit from the standard viewpoint on groups and
quantum groups, coming from Lie theory, somehow by constructing brand new objects
out of the old ones, a bit like a magician pulls out a rabbit from a hat. This being said,
the bistochastic quantum groups By, Cy and By, Cy; will be fundamental objects for us,
and will appear on numerous occasions, in the remainder of this book.

More on this in a moment, in connection with easiness questions. As a main motiva-
tion, however, we have the fact that the bistochastic matrices, and especially the unitary
ones, U € Cy, are cult objects in advanced matrix analysis. So, Lie theory is not every-
thing, we all do mistakes, and ignoring interesting objects like By, Cy is one of the flaws
of Lie theory, and everything that will follow will be certainly worth developing.
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Getting now to the real thing, the point is that our newly constructed bistochastic
groups and quantum groups are all easy, and following [22], [80], we have:

THEOREM 5.14. 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, NCys

By P12

Cn ISP

where the symbol 12 stands for “category of singletons and pairings”.

PROOF. This comes from the fact that the all-one vector £ used in the constructions
in Theorem 5.12 is the vector associated to the singleton partition:

=T

Indeed, we obtain that By, Cy, B}, C% are inded easy, appearing from the categories
of partitions for Oy, Uy, O%, Uy, by adding singletons. Thus, we get the result. O

Now that we have easiness, we can do many things with it. Let us first discuss laws
of characters. In order to formulate our results, we will need:

DEFINITION 5.15. The shifted version of a measure i, depending on a parameter
t >0, is the law of the variable t + X, with X following the law p,. We denote by

’Yt—rt Ut—zt

g— Gy s —— 5
the shifted versions of the normal, complex normal, semicircle and circular laws.

With this definition in hand, we can now formulate our character result, as follows:



5B. SINGLETONS AND PAIRINGS 117

THEOREM 5.16. The asymptotic laws of truncated characters for the bistochastic quan-
tum groups are the shifted versions of the normal and semicircle laws:

B: ct 0%,

By Cy 5 ———— 5

Moreover, these laws form convolution semigroups, in Bercovici-Pata bijection.

PROOF. This can be done by following the proof for Oy, Uy, O%, Uy from chapter 4,
and performing modifications where needed, as follows:

(1) As before for Oy, Uy, Oy, U, for any of our quantum groups By, Cy, By, C; we
have the following formula, for the moments of the truncated characters:

/ (ull 4+ ...+ Uss)k = TT(WkNGkS)
GnN

(2) Also as before for Oy, Uy, O, Uy, for any of our quantum groups By, Cy, By, C,
we deduce from this that we have the following asymptotic formula:

lim XF = Il

(3) In order to finish now the computation, and prove the first assertion, in the
real case, assume that we have variables XY following the classical/free laws for the
groups/quantum groups Oy, By or OF, Bf;. By using the above formula, we obtain:

B = S {d"
_ Zk: (’;)trz{tm

r=0

— i <Iﬁ) t'E(XFT)

r=0

— E((t+ X))
Thus the law of Y is the same as the law of X shifted by ¢, as claimed.

7 € P(k) or NC(k), consisting of singletons and pairings}

m € P(k—r)or NC(k —r), consisting of pairings}

(4) In what regards now the semigroup assertion and the Bercovici-Pata bijection
assertion, these are best proved via cumulants. Indeed, if we denote by m, the asymptotic
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law of the variable y;, for the group By, we know from the above that we have:
Z 7l
m€ P12 (k)
But this shows that the classical cumulants of our measure m; are given by:

toifn=12
Fon(me) = {0 ifn >3

Similarly, if we denote by p; the asymptotic law of the variable y;, for the quantum
group Bj;, we know from the above that we have:

My () = Z ¢l
TeNCh2(k)

But this shows that the free cumulants of our measure y; are given by:

(1) t ifn=1,2
Rn = .
He 0 ifn>3

(5) Now since the classical and free cumulants computed above are linear in ¢, the
measures {m;} form a convolution semigroup, and the measures {y;} form a free convo-
lution semigroup. Moreover, since the classical cumulants of m; equal the free cumulants
of u;, these semigroups are in Bercovici-Pata bijection, as claimed.

(6) In the complex case, involving Uy, Cx and Uy, Cy, the computation is similar.
Finally, regarding the semigroup assertions and the Bercovici-Pata bijection, these follow
as well from the general moment formula above, via standard cumulant theory. O

Regarding now the Gram determinants, things here are more technical, and the most
convenient is to use Theorem 5.13. Let us just record here the results in the orthogonal
case, from [14]. For the bistochastic group By, the result is as follows:

THEOREM 5.17. For the bistochastic group By we have

det(GkN N H fN 2|/\\ f2

[AI<k/2
where a, = 3 py 2lT| = k), and fn(A) = TL; e (N +25 —i—2).

PRrROOF. We recall from chapter 3 that the Gram determinant for Oy is given by the
following formula, where fy(A) = [T jer(NV +2j —i—1):

det'(Grv) = [ )™

[Al=Fk/2
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On the other hand, by Theorem 5.13 we have an isomorphism By ~ Oy_1, given by
u = v + 1, where u, v are the fundamental representations of By, Oyx_1. But this gives:

k
Fiz(u®™) = Fiz (v +1)°") = Fiz (Z (k) )

r=0
Now if we denote by det’, f’ the objects computed for Oy, as above, we obtain:
. ()
det(Gyy) = N Hdet o) =N T fve )™
r=1 \ |Aj=r/2
Thus, we are led to the formula in the statement. U

The same method works for B}, the result here being as follows:

THEOREM 5.18. For the free bistochastic group B, we have

[k/2]
det(Gry) = N H P.( [k—/lz] (21)ir

where ay = 3 cp (2|7 — k), as before.

PROOF. We recall from chapter 3 that the Gram determinant for O}, is given by the
following formula, where P,(N) are the Chebycheff polynomials:

[k/2]
det(Grn) = HP N)%/2r

On the other hand, by Theorem 5.13 we have an isomorphism B}, ~ Of;_,, given by
u = v+ 1, where u,v are the fundamental representations of B}, O}, _,. But this gives:

Fiz(u®) = Fiz (v +1)®*) = Fiz (Ek: (i) U@«)

r=0

Now if we denote by det’ the determinant computed for Oy, as above, we obtain:

[k/2] [k/2] (21)
det(Gry) = N%* H det’(Ggl,N,l)(zz = N% H <HP - 1) d”)

=1 =1 r=1
Thus, we are led to the formula in the statement. Il
There are a number of further things that can be said about the bistochastic groups

and quantum groups, in relation with advanced representation theory, growth exponents,
De Finetti theorems, and more. As a main result here, we have:
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THEOREM 5.19. Let (x;)ien be a {Gy }-invariant sequence of self-adjoint random vari-
ables in a noncommutative probability space (A, ), which generates A. Then there is a
subalgebra C C A and a @-preserving conditional expectation E : A — C such that:

(1) If Gy = By, then (z;)ien are conditionally independent, and have Gaussian
distributions with common mean and variance, given C.

(2) If Gy = By, then (;)ien form a C-valued free semicircular family with common
mean and variance.

ProoOF. This is a result from [17], whose proof is very similar to the results for
Gy = Oy, O3 discussed in chapter 4, and for full details here, we refer to [17]. O

Finally, let us mention the following question, which is open:
QUESTION 5.20. What is the free analogue of the Idel-Wolf theorem?

To be more precise here, let us recall from Theorem 5.11 that any unitary matrix
U € Uy can be decomposed, at least in theory, as follows, with V' € Cy being a unitary
bistochastic matrix, and with L, R € TV being unitary diagonal matrices:

U=LVR

Generaly speaking, having a free analogue of such things looks quite complicated.
However, we can look for some weaker statements. For instance, the Idel-Wolf theorem
implies the following generation formula, for closed subgroups of Uy, which in fact is
something elementary, which can be proved as well starting from definitions:

<C N Ty >= Uy
In the quantum case now, as a first step towards stating and proving Idel-Wolf type
theorems, we have the following formula to be proved, for closed subgroups of Uy;:
< CY, T, >=Uy

As a first observation here, since the presence of either C; or T}, which are both free,
in the generation operation normally guarantees the freeness of the resulting quantum
group, we have as well two stronger versions of this formula, as follows:

<CH Ty >=Uy |, <Oy T} >=Uy

In any case, the discussion here is quite elementary, using the known generation results
for groups and quantum groups, and the next step is that of going beyond this, with
something closer to the Idel-Wolf theorem. Now in order to get started here, the first
observation is that the Idel-Wolf theorem tells us that the following map is surjective:

Ty x Cy x Ty = Uy, (L, V,R) = LVR

But with this in hand, we can transpose everything, and we are led to a functional
analytic formulation of the Idel-Wolf theorem, involving a map as follows:

C(Un) = C(Ty) ® C(Cn) ® C(Ty)



5C. THE CONTINUOUS CUBE 121

For quantum groups, however, things are quite tricky, due to noncommutativity, and
formulating something which looks plausible is not an easy task, requiring some good
imagination. We will be back to this in chapter 7 below, when talking half-liberation,
with the amount of noncommutativity there being substantially lower.

5c. The continuous cube

The results obtained so far in this chapter are quite interesting, and look rather funda-
mental, and job for us now to see how this material fits with the general theory developed
in chapters 1-4, and notably with the standard cube considered there, namely:

Ky
On

The first thought goes to an improved, 4D cube, obtained by adding a new dimension

to those that we already have, in relation with the notion of bistochasticity. However,

there is a problem with all this, which is actually a bit hard to explain and understand,

so let us start modestly. We first have the following result, dealing exclusively with the

continuous objects that we have, namely those on the right face of the above standard
cube, and the bistochastic quantum groups that we introduced in this chapter:

Uy
Un

HY
Hy

THEOREM 5.21. The basic orthogonal and unitary quantum groups and their bistochas-
tic versions are all easy, and they form a diagram as follows,

o

By —'— Oy

By On

which is an intersection and easy generation diagram, in the sense that any subsquare
P C Q,R C S of this diagram satisfies QN R = P, {Q,R} = S.

+
UN
N
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Proor. We know that the quantum groups in the statement are indeed easy, the
corresponding categories of partitions being as follows:

Nclg NCQ

N012 *~7 NCQ
P12 *~7 Py
Py
Now since both this diagram and the one the statement are intersection diagrams, the
quantum groups form an intersection and easy generation diagram, as stated. U

P12

The above result is quite nice, and here is a related one, of the same nature:

THEOREM 5.22. The basic orthogonal quantum groups are all easy, with

+
On
N

St /HN B /

being an intersection and easy generation diagram.

Proor. We know that the quantum groups in the statement are indeed easy, the
corresponding categories of partitions being as follows:

NClepen NCy
/
P

N NChs
P

s

P12
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Now since both this diagram and the one the statement are intersection diagrams, the

quantum groups form an intersection and easy generation diagram, as stated.

All this suggests merging everything into a nice 4D cube. Unfortunately, this is not

possible, with the problem coming from the following negative result:

PROPOSITION 5.23. The cube from Theorem 5.22, and its unitary analogue

Zp/
/Jf/

cannot be merged, without degeneration, into a 4-dimensional cubic diagram.

Uy
Uy

Sx
Sn

PrOOF. All this is a bit philosophical, with the problem coming from the “taking the
bistochastic version” operation, and more specifically, from the following equalities:

HNQCN:KNQCN:SN

Indeed, these equalities do hold, and so the 3D cube obtained by merging the classical

faces of the orthogonal and unitary cubes is something degenerate, as follows:

Ky

/ /

SN CN

Un

Hy On

7 /

Sn By

Thus, the 4D cube, having this 3D cube as one of its faces, is degenerate too.

Summarizing, when positioning ourselves at U, we have 4 natural directions to be
followed, namely taking the classical, discrete, real and bistochastic versions. And the
problem is that, while the first three operations are “good”, the fourth one is “bad”. This

is good to know, and we will come back to this, later in this book.
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5d. Further constructions

We would like to discuss now certain versions of the classical and free bistochastic
groups By, Cy, Bf, C;, which are quite interesting, for various reasons. First, it is pos-
sible to talk about groups and quantum groups B, C%, B]I\,Jr7 C']IV+ defined by using other
vectors & = &7, which are not easy in general, the result being as follows:

THEOREM 5.24. We have a closed subgroup Cy"™ C Uy, defined via the formula

C(CR) = CUR) [ (ugr = &)
with the vector &; being as follows, with I C {1,..., N} being a subset:

fI: ! (51'61)1'

NG

Moreover, we can talk about quantum groups BL,, CL. By too, in a similar way.
Proor. We must check Woronowicz’ axioms, and the proof goes as follows:
(1) Let us set U;; = >, uir ® ugj. We have then the following computation:

Utr)i =
(U¢) ﬁz

J€eI

= ﬁzzuzk@)um

jel  k

= Z Uik @ (u€p )
k
= Z Ui, @ (£1)k

= (ué)i®1
= (&)i®l
Thus we can define indeed a comultiplication map, by A(u;;) = Us;.

(2) In order to construct the counit map, e(u;;) = 6;;, we must prove that the identity
matrix 1 = (;;);; satisfies 1{; = &;. But this is clear.

(3) In order to construct the antipode, S(u;;) = u};, we must prove that the adjoint
matrix u* = (u};);; satisfies u*§y = ;. But this is clear from ué; = &;.

(4) Finally, we can talk about quantum groups B%,Cl BI+ in a similar way, with
these appearing as quantum subgroups of C]{,Jr. O
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Summarizing, for any index set I C {1,..., N}, we have a cube as follows:
Cn Uy

/7 S

I+
BN

O
L Uy
On
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 in
chapter 16 below, with a brief introduction to the affine homogeneous spaces.

By

As a final topic for this chapter, let us discuss the half-liberation operation. In con-
nection with the bistochastic groups, we have the following negative result:

PROPOSITION 5.25. The half-classical versions of B, C¥ are given by:
Bi;NOy=Byx , CinUy=Cy
In other words, the half-classical versions collapse to the classical versions.

Proor. This follows indeed from Tannakian duality, by using the fact that when
capping the half-classical crossing with 2 singletons, we obtain the classical crossing.
Equivalently, this follows as well from definitions, via some standard computations. [

However, it is possible to construct intermediate objects for By C B}, and Cy C Cy,,
by going beyond easiness. Let us recall from Theorem 5.13 that we have an isomorphism
as follows, whenever F' € Oy satisfies Feg = \/LNS , where ¢ is the all-one vector:

C(OX_1) = C(By) , wy — (Ful);

Here, and in what follows, we use indices 7,7 = 0,1,..., N — 1 for the N x N compact
quantum groups, and indices i,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:

PROPOSITION 5.26. Assuming that F' € Oy satisfies Fey = \/Lﬁé, we have inclusions
as follows, with the intermediate quantum group By being not easy,

By C By C Bf;

obtained by taking the image of the inclusions Oy_y C Ok_; C O%_,, via the above
isomorphism OF_, ~ B induced by F.
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PRroOF. The fact that we have inclusions as in the statement follows from the above
isomorphism, which produces a diagram as follows:

On-1

*
ON—l

+
ON—l

By B3 B}

To be more precise, the quantum group B}, from the bottom is by definition the image
of the quantum group O% _, from the top. Since we know that By C By is maximal in
the easy setting, this new quantum group BY is not easy, as claimed. U

Observe that the relations abc = cba do not hold for all the entries of the modified
fundamental corepresentation v = F*uF', due to the fact that we have vyy = 1, and that
the relations abl = 1ba corresponds to the commutativity. We have in fact:

PROPOSITION 5.27. The quantum group By C Bj; appears via the relations
R®TYR*®® € End(u®®)
where R = F'P, with R being the projection onto span(ey,...,en_1).
Proor. With F*uF = diag(1,w) as above, the relations defining B, are:
Ty € End(w®) <= P®Ty P € End((FuF)®?)
= (FP)PTY(FP)*™* € End(u®)
Thus, we obtain the formula in the statement. U

Now observe that, due to the conditions F' € Oy and Fey = \/1_N€ , the linear map

associated to R = F'P maps ¢y — 0 — 0 and e¢; — ¢; — f;, where {f1,..., fv_1} is a
certain orthonormal basis of £+. Thus R = FP must be a partial isometry eg — 4. In
view of this observation, we can further process the above result, as follows:

PROPOSITION 5.28. The quantum groups By C BX with F € Oy, Fey = \/Lﬁf all
coincide, and appear via the relations T € End(u®?), where

Tle,®e;®@er) = Qe —(rRe; Q8+, ®e; + ®e; ®e;)
@R+, +{0®e) -0t

with £ = %5, and with & being as usual the all-one vector.
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PROOF. The linear map R¥*TyR*®* from Proposition 5.27 acts as follows:

R®TyR*®(e; @ e; @ ;) = R® Z RiaRjpRie ec ® €y ® €q

abc

= ) RiuRjRicRpcRpRen €y @ ey @ e,

abepgr
= Z(RRt)ir(RRt)jq(RRt)kp ep & €q & e
par
On the other hand, since R = F'P must be a partial isometry ey — £+, we have:

1

We conclude that the map R®3*TyR*®* is given by:

1 1 1
€i®€j®€k—>2((5ﬂ—ﬁ) ((SJ —N> ((5kp—N) ep®eq®eT

pgr

Now by developing, we obtain the formula in the statement. U
An even better statement, which looks more conceptual, is as follows:

THEOREM 5.29. The quantum group B3, C By constructed above, which equals the

various quantum groups By, appears via the relations T € End(u®?), where
T=Ty— (T y+T y+T)+ (T +T +T,)-T-

with the convention that the various dots represent singletons.

Proor. This follows indeed from the formula in Proposition 5.28, because the 8 terms
there correspond to the 8 partitions in the statement. U

Observe that we can in fact write an even more compact formula for the linear map
T in the above result, in terms of the Mobius function of Pjs, as follows:

T = Z pu(m) Ty
<Y
We can perform a similar construction in the unitary case, as follows:

THEOREM 5.30. The image of Uj,_, via the isomorphism Uy, ~ C5; is an interme-
diate quantum group Cy C C3 C C};, which appears via the relations

T € End(u®*)

where T' is the linear map from Theorem 5.29, and where k € {coo,00e, ... eee} ranges
over all colored integers of length 3.
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Proor. This follows indeed by proceeding as before in the real case, and replacing
where needed the tensor powers u®? by the colored tensor powers u®*, as above. Il

We will back to this, with some further examples of bistochastic quantum groups, in
chapter 7 below, when systematically discussing the half-liberation operation.

5e. Exercises

Before anything, as already mentioned on several occasions, with bistochastic matrices,
groups and quantum groups, we are now into applied linear algebra, of quite exciting type.
As a first exercise, recommended, and that you can fully follow or not, we have:

EXERCISE 5.31. Read and fully understand the proof of the Idel-Wolf theorem, with
all the needed symplectic geometry preliminaries, Arnold and so on, and then:

(1) Either work a bit on quantum Idel-Wolf, which is an excellent research topic.
(2) Or ditch this book and stay with Idel-Wolf, which is first-class mathematics too.

As a second research question now, which is equally interesting, and that we struggled
a bit with, in the above, without clear conclusions, we have:

EXERCISE 5.32. Find a clever way of adding to the continuous cube

i U
/ /
By Oy
CN 4'— UN
/7 /7
By On

various reflection groups Hi, Hy' . Think about half-liberations too.

This is a very good question, because the further examples of easy quantum groups
will start to accumulate, in what comes next, and we will soon lose control of everything,
geometrically speaking, and the origins of this control losing are right here, in this chapter
5, in relation with the above question. As a more standard exercise now, we have:

EXERCISE 5.33. Work out laws of characters, Gram determinants and De Finetti
theorems for C, Cy;, in analogy with what we did in the above for By, B

Finally, the material at end of this chapter, going beyond easiness, with various tricky
constructions, can certainly lead to many interesting exercises, of research level, and you
can try some of these, after inventing them of course. But we will be back to this.



CHAPTER 6

The uniform case

6a. Uniform groups

We already have enough examples of easy quantum groups, and knowledge of the
subject, for starting some classification work. However, the general classification question
for the easy quantum groups is something quite difficult. In what follows we will cut a
bit from complexity, by adding some extra axioms, chosen as “natural” as possible. This
will lead to some useful classification results, and only after having these results, we will
think of relaxing some of our extra axioms, and see what we get.

So, this will be our plan, and for the philosophy, when dealing with difficult problems,
modesty is your main weapon. Getting to work now, a first natural axiom comes from:

THEOREM 6.1. For an easy quantum group G = (Gy), coming from a category of
partitions D C P, the following conditions are equivalent:

(1) Gy-1 =Gy NUN_,, via the embedding Uy, | C Uy given by u — diag(u, 1).
(2) Gno1 = Gy NUy_,, via the N possible diagonal embeddings Uy, | C Uy;.
(3) D is stable under the operation which consists in removing blocks.

PROOF. We use the general easiness theory from chapters 1-4:

(1) <= (2) This is something standard, coming from the inclusion Sy C G, which
makes everything Sy-invariant. The result follows as well from the proof of (1) <= (3)
below, which can be converted into a proof of (2) <= (3), in the obvious way.

(1) <= (3) Given a subgroup K C Uj;_,, with fundamental corepresentation u,
consider the N x N matrix v = diag(u, 1). Our claim is that for any 7 € P(k) we have:

& € Fiz(v®) «— & € Fiz(v®), Vo' € P(K),n' C =
In order to prove this, we must study the condition on the left. We have:
£7r € Fix<v®k) — (U®k§ﬂ)i1mik = (fﬂ)il--iMVi

= Z(U(gk)iu-ik,jlmjk <§7T)j1-~-jk = (5#)11% ) Vi

J
<~ Z(sﬂ(jl, . ,jk)viljl e Vi g = 57r(i1, c. 7Zk),VZ
J

129
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Now let us recall that our corepresentation has the special form v = diag(u,1). We
conclude from this that for any index a € {1,...,k}, we must have:

With this observation in hand, if we denote by ', j' the multi-indices obtained from
i,j obtained by erasing all the above i, = j, = N values, and by k¥’ < k the common
length of these new multi-indices, our condition becomes:

Z(S jl,...,jk ( )i/jlzéw(il,...,ik),\V/i

Here the index j is by definition obtained from j’ by filling with N values. In order
to finish now, we have two cases, depending on ¢, as follows:

Case 1. Assume that the index set {al|i, = N} corresponds to a certain subpartition
7' C 7. In this case, the N values will not matter, and our formula becomes:

25 (Grs e dh) @ Y = (8, i)

Case 2. Assume now the opposite, namely that the set {a|i, = N} does not correspond
to a subpartition «/ C 7. In this case the indices mix, and our formula reads:

0=0
Thus, we are led to & € F z'x(v‘@’“'), for any subpartition 7’ C 7, as claimed. Thus
our claim is proved, and with this in hand, the result follows from Tannakian duality. [J

Based on the above result, let us formulate the following definition:

DEFINITION 6.2. An easy quantum group G = (Gy), coming from a category of par-
titions D C P, is called uniform when we have, for any N € N:

Gno1=GnNUY_,
Equivalently, D must be stable under the operation which consists in removing blocks.

We will see later on in this chapter some further motivations for this notion, probabilis-
tic this time, the idea being that, in order for the computations for asymptotic truncated
characters to work well, we must assume uniformity. For instance we will show that,
in order for a liberation of easy quantum groups Gy — G}, to be compatible with the
Bercovici-Pata bijection, we must assume uniformity. But more on this later.

Let us also mention that the notion of uniformity plays as well a key role in noncom-
mutative geometry, the idea there being that, in order for the basic homogeneous spaces
over an easy group Gy to behave well, we must assume uniformity. We refer to [4] for
the story here, and we will be back to this, with a few details, in chapter 16 below.

At the level of the basic examples, the situation is as follows:
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THEOREM 6.3. The following happen:

(1) The easy groups On,Uy, By,Cn and H} are all uniform.
(2) Their free versions OX, U, Bx, CY and HY are uniform too.
(3) However, the various half-liberations are not uniform.

Proor. This follows by using either of the criteria from Definition 6.2, as follows:

(1) The fact that Oy, Uy, By, Cy are uniform follows either from Gy_1 = GyNUpy_1,
which is clearly satisfied in all cases, or from the fact that the corresponding categories of
partitions, namely P, Ps, P2, P12, are stable under removing blocks. As for the reflection
groups H73;, these once again satisty Gny_; = GyNUy_1, and the corresponding categories
of partitions P? are clearly stable under removing blocks, too.

(2) In the free case, we can prove that O, Uy, By, CY and Hy' are uniform via
Gy_1 = Gy NUy_,, with this requiring however some playing with the generators and
relations defining our quantum groups, and we will leave this as an instructive exercise,
or we can simply argue that the corresponding categories of partitions being those from
(1) intersected with NC, these categories are stable under removing blocks.

(3) Finally, in what regards half-liberations, here the result can be seen either with
categories of partitions, or with intersections, the point in the half-classical case being that
the relations abc = cba, when applied to the coefficients of a matrix of type v = diag(u, 1),
collapse with ¢ = 1 to the usual commutation relations ab = ba. Il

All this is quite nice, and before going forward let us mention that, contrary to what
Theorem 6.3 might suggest, the uniformity axiom is in fact something quite strong, which
kills of sorts of pathologies that might appear. But, the point is that we are still at the
beginning of this book, and we haven’t talked about pathologies yet.

And to end with a funny story, when I wrote [22] with Speicher we were mainly
interested at that time in probability, where uniformity brings results, and we briefly
thought of including uniformity in our easiness axioms. But, since we were quite excited
at that time by our discovery of half-liberation, we did not do it, and wrote [22] without
uniformity, matter of talking about half-liberation too. I once told this story to a young
researcher, having spent considerable time in his life in upgrading classification results
from uniform to non-uniform, as to be fine with [22], and he was not happy at all.

6b. Classification results

For classification purposes the uniformity axiom is something very natural and useful,
substantially cutting from complexity, and we have the following result, from [22]:



132 6. THE UNIFORM CASE

THEOREM 6.4. The classical and free uniform orthogonal easy quantum groups, with
inclusions between them, are as follows:

4'7 i
) % O

By
Moreover, this is an intersection/easy generation diagram, in the sense that for any of its

square subdiagrams P C Q, R C S we have P=Q N R and {Q,R} = S.

+ +
Hy Oy
N N

Sx
S

PROOF. There are several things to be proved, the idea being as follows:

(1) We know that the quantum groups in the statement are indeed easy and uniform,
the corresponding categories of partitions being as follows:

NCepen NCs
e /
NC NCis
Peven P
S /

Since this latter diagram is an intersection and generation diagram, we conclude that
we have an intersection and easy generation diagram of quantum groups, as stated.

(2) Regarding now the classification, consider first an easy group Sy C Gy C Oy.
This must come from a certain category P» C D C P, and if we assume G = (Gy) to be
uniform, then D is uniquely determined by the subset L C N consisting of the sizes of
the blocks of the partitions in D. Our claim is that the admissible sets are as follows:

— L = {2}, producing Oy.

— L ={1,2}, producing By.

- L ={2,4,6,...}, producing Hy.
- L =1{1,2,3,...}, producing Sy.
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(3) Indeed, in one sense, this follows from our easiness results for Oy, By, Hy, Sy. In
the other sense now, assume that L C N is such that the set P, consisting of partitions
whose sizes of the blocks belong to L is a category of partitions. We know from the axioms
of the categories of partitions that the semicircle N must be in the category, so we have
2 € L. We claim that the following conditions must be satisfied as well:

kilelL k>l = k—1l€elL
kel k>2 — 2k—2¢L

(4) Indeed, we will prove that both conditions follow from the axioms of the categories
of partitions. Let us denote by b, € P(0, k) the one-block partition:

o= JM T
ETY12 ..k

For k > [, we can write bx_; in the following way:

I
yo_ 12 LI+l ok
T Yw oo |

In other words, we have the following formula:
b1 = (0 ® |** )by

Since all the terms of this composition are in Pp, we have b,_; € Py, and this proves
our first claim. As for the second claim, this can be proved in a similar way, by capping
two adjacent k-blocks with a 2-block, in the middle.

(5) With these conditions in hand, we can conclude in the following way:
Case 1. Assume 1 € L. By using the first condition with [ = 1 we get:
kel = k—-1¢cL

This condition shows that we must have L = {1,2,...,m}, for a certain number
m € {1,2,...,00}. On the other hand, by using the second condition we get:

melL — 2m-—-2¢lL
— 2m—2<m
— me{l,2,00}

The case m = 1 being excluded by the condition 2 € L, we reach to one of the two
sets producing the groups Sy, By.

Case 2. Assume 1 ¢ L. By using the first condition with [ = 2 we get:
kel = k—-2¢c¢lL
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This condition shows that we must have L = {2,4,...,2p}, for a certain number
p € {1,2,...,00}. On the other hand, by using the second condition we get:

2pel — 4p—-2¢€L
— 4dp—-2<72p
— pE{l,OO}

Thus L must be one of the two sets producing Oy, Hy, and we are done.

(6) In the free case, S¥ C Gy C OF;, the situation is quite similar, the admissible sets
being once again the above ones, producing this time O, By, Hy;, S5 See [22]. O

When removing the uniformity axiom things become more complicated, and the clas-
sification result here, from [22], [73], [92], is as follows:

THEOREM 6.5. The classical and free orthogonal easy quantum groups are

Hy O
et A
S B
v e
Sy By
Hy On
7 7
Sy By
v A
SN By

with Sy = Sy X Zy, By = By X Zs, and with S, By being their liberations, where By
stands for the two possible such liberations, B3t C BYY.

PROOF. The idea here is that of jointly classifying the “classical” categories of parti-
tions P, C D C P, and the “free” ones NCy C D C NC'. The situation is as follows:

(1) At the classical level this leads, via a study which is quite similar to that from the
uniform case, to 2 more groups, namely the groups Sg,, BR.. See [22].

(2) At the free level we obtain 3 more quantum groups, S3', By, By', with the
inclusion B}t C BY", which is something a bit surprising, being best thought of as
coming from an inclusion B, C BY’, which is in fact an isomorphism. See [92].

(3) In short, all this is routine, except for some subtleties in the continuous case, that
we will explain now. The quantum groups concerned are as follows, with all being objects
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that we know, except for By", By ", whose definition will come in a moment:

B B Bt 0%
BN B?V ON

As for the corresponding categories of partitions, these are as follows, with again

o

objects that we know, except for NCT,, NC73, whose definition will come in a moment:

NCiy Nsz NCS NGy

Py P, Py

(4) Getting now to the core of the problem, we know that B} = By X Zs appears
from the category Py, of singletons and pairings, having an even total length, and with
this coming from the basics of the xZs operation. But this suggests to define NC7, as
follows, and say that B3 is the quantum group associated to this category:

(5) However, this is a beginner mistake, done in [22], and no wonder here, because
that paper was the beginning of general easiness. Later Weber came in [92] with the
correct solution. We have the following formulae for P;5, which are both clear:

P12:<><7|m>:<><7||>

The point now is that when liberating at the level of these formulae, that is, when
removing the crossing, we obtain two distinct categories, as follows:

NCy,=<|M> D NC};=<]||>

To be more precise, the category on the left NCY, is the one that we know from (4),
noncrossing singletons and pairings, having an even total length. As for the category on
the right NC75, this is defined as above, and is certainly a subcategory of NCY,, because
it consists of certain noncrossing singletons and pairings, having an even total length, and
there is even a direct, rock-solid proof of this inclusion, as follows:

I=Fle<In> + 7=[n , o=]|U
However, we do not have equality, due to the following somewhat bizarre fact:

[né<l|l>
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(6) So, this was for the story, we have two noncrossing versions of P, and so two
liberations of B, as constructed in (3) above. And for details, regarding all this, and
then the fix of the previous classification from [22], we refer to [92]. O

Let us discuss now the unitary case. Here things are considerably more complicated,
and even when imposing the uniformity condition, there are too many examples. So, in
order to get started, the best is to use uniformity, along with a second axiom.

In order to formulate our second axiom, which is something very natural too, and has
its own interest, consider the cube Ty = ZY', regarded as diagonal torus of Oy. We have
then the following result, which is something nice, providing us with our second axiom:

PROPOSITION 6.6. For an easy quantum group G = (Gy), coming from a category of
partitions D C P, the following conditions are equivalent:

(1) Ty C G
(2) Hy C Gy.
(3) D C P.yen-

If these conditions are satisfied, we say that Gy is twistable.

PROOF. We use the general easiness theory developed in chapters 1-4, and more specif-
ically, the easy envelope operation G — G introduced in chapter 3:

(1) <= (2) Here it is enough to check that the easy envelope Ty of the cube equals
the hyperoctahedral group Hy. But this follows from:

TN:<TN,SN>:I:IN:HN

(2) <= (3) This follows by functoriality, from the fact that Hy comes from the
category of partitions P.,.,, that we know from chapter 1. Il

The teminology in the above result comes from the fact that, assuming D C P,,.,, we
can indeed twist Gy, into a certain “quizzy” quantum group G’y, and vice versa:

[HNCGNCUN] — [HNCG&CU]I\J

We refer to chapter 13 for details regarding the operation Gy — G'y. In what follows
we will not need this twisting procedure, and we will just use Proposition 6.6 as it is, as
a statement providing us with a simple and natural condition to be imposed on Gy.

In practice now, imposing this second axiom leads to something nice, namely:
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PROPOSITION 6.7. Among the easy quantum groups that we know so far, from Theo-
rem 6.3 and its proof, those which are uniform and twistable are as follows,

Ky Ux
7
HY /
7
Hy Oy
Ky Un
A
Hy /
A
Hy On

where HYy = 7,1 Sy and Hy' = Zg 4 Sy, as usual, with s € {2,4,...,00}.
PROOF. There are two assertions here, the idea being as follows:

(1) We know from Theorem 6.3 that all the quantum groups in the statement are
uniform, and since all these quantum groups contain Hy, provided that we assume s €
{2,4,...,00} at the end, as indicated, these quantum groups are twistable too.

(2) In what concerns the uniqueness assertion, this is of course something informal,
and with this coming again from Theorem 6.3, which excludes the half-liberations, and
from the fact that By, Ci, By, C}; and the missing Hy,, Hy™ are clearly not twistable. [

All this classification business becomes a bit complicated, so time for a pause, and some
thinking. Looking at what we have in Proposition 6.7, in comparison with our previous
results, Theorem 6.4 and Theorem 6.5, suggests restricting the attention to the upper and
lower faces of the cube, with the aim of proving that we have there is everything.

However, a bit suprisingly, this is not all. Recall that the free complexification (é, w)

of a quantum group (G, ) is obtained by considering the subalgebra C'(G) C C(T)*C(G)
generated by the entries of & = zu, where z is the standard generator of C(T). With this
convention, we have the following intriguing extra example, from [80]:

PROPOSITION 6.8. The free complexification of the full quantum reflection group
K" = K§
is easy, and appears as an intermediate object, as follows,
Ky Cc Kyt cUy

with both inclusions being proper.
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PROOF. By composing the canonical inclusion C(Ky*) € C(T) * C(Kj;) with the
map ¢ * id, with ¢ being the counit, we obtain a morphism C(K};") — C(K};) mapping
U;; — U;j, so we have inclusions as in the statement. Now since the following elements
are projections, and are not equal, both these inclusions are proper:

Pij = Uijly; = 2Uu52"
Qi = Usjlliy = Ui
Regarding the easiness claim, this follows from the general theory of the representa-
tions of free complexifications [70]. To be more precise, as explained in [80], the associated
category NC_,., is that of the even noncrossing partitions which, when rotated on one
line, have alternating colors in each block. Observe that the inclusions in the statement
correspond then to the inclusions at the partition level, which are as follows:

NCepern DNC-... D NCs

even

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

Obviously, K3 is something quite annoying. However, in connection with our clas-
sification questions, the news are good, because we can now turn Proposition 6.7 into a
theorem. The result is as follows, where by “classical/twisted” and “free” we mean X € D
and D C NC,yepn, where D C P.,., is the associated category of partitions:

THEOREM 6.9. The classical and free uniform twistable quantum groups are

+ ++ +
Ky —Ky" — Uy

A
HF
v

HY O%
Ky [ Un
7
Hy /
A
Hy On

where Hy = 741 Sy, HY = Zg . S5y, with s € {2,4,...,00}, and Kt = ﬁ

Proor. This is a consequence of the classification results in [79], [80]. Consider
indeed a uniform category of partitions, as follows:

NCy C D C P.yep,
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We must prove that in the classical case, where X € D, the only solutions are the
following categories, corresponding to the lower face of the above cube:

D = P277)27Pes'uen

We must prove as well that in the free case, where D C NCy,.,, the only solutions
are the following categories, corresponding to the upper face of the above cube:

D = NCy,,NCy,NC,,.,,, NC:

even? even

We jointly investigate these two problems. Let B be the set of all possible labelled
blocks in D, having no upper legs. Observe that B is stable under the switching of colors
operation, o <> e. We have two possible situations, as follows:

(1) B consists of pairings only. Here the pairings in question can be either all labelled
pairings, namely o —o, o —e, @ — 0, @ — e, or just the matching ones, namely o —e, @ — o,
and we obtain here P,, P, in the classical case, and NCy, NCs in the free case.

(2) B has at least one block of size > 4. In this case we can let s € {2,4,...,00} to
be the length of the smallest o...o block, and we obtain in this way the category P?

even

in the classical case, and the categories NC_,,,, NC% ., in the free case. See [79]. O

even’ even

When removing the twistability and the uniformity assumptions, things become more
complicated, because we have to deal with both the phenomena appearing from Theorem
6.6 and Theorem 6.9. However, a full classification result in the classical and free cases is
available, and for full details on all this, we refer to [79], [80].

6¢c. Ground Zero

We further discuss now the general uniform and twistable case, Hy C Gy C Ujr. In
this case, we can imagine Gy as sitting inside the standard cube:

Ky

JTO/

Uy
Un
The point now is that, by using the operations Nand {, }, we can in principle “project”

Gy on the faces and edges of the cube, and then use some kind of 3D orientation coming
from this, in order to deduce structure and classification results. Let us start with:

Hy
Hy




140 6. THE UNIFORM CASE

DEFINITION 6.10. Associated to any twistable easy quantum group Hy C Gy C Uy
are its classical, discrete and real versions, given by the following formulae,

C=GyNUy , Gyw=GyNKf | Gy=GyNnOL
as well as its free, smooth and unitary versions, given by the following formulae,
Gf :{GNvH]—i\;} ) 7V:{GN70N} ) %:{GNaKN}
where N and {,} are respectively the intersection and easy generation operations.

Here the classical, real and unitary versions are something quite standard. Regarding
the discrete and smooth versions, in the classical case, Gy C Uy, our constructions
produce indeed discrete and smooth versions, and this is where our terminology comes
from. Of course, it would be nice to have more results on these operations.

Finally, regarding the free version, the various results that we have show that the
liberation operation Gy — G usually appears via the following formula:

G]—i\_f = {GN ) S ]—‘\_f }
But in the twistable setting, where we have Hy C G, this is the same as setting:
Gi ={Gn, HY}
All this is of course a bit theoretical, and this is why we use the symbol f for free
versions in the above sense, and keep + for well-known, established liberations.
In relation now with our questions, and our 3D plan, we can now formulate:

PROPOSITION 6.11. Given an intermediate quantum group Hy C Gy C Uy, we have
a diagram of closed subgroups of Uy, obtained by inserting

G K, Uy
- / e
P Hy 05,
thiv Gy Gy T >
7
Gy Ky U
Gﬁv HN ON

in the obvious way, with each G¥%, belonging to the main diagonal of each face.
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PROOF. The fact that we have indeed the diagram of inclusions on the left is clear from
the constructions of the quantum groups involved. Regarding the insertion procedure,
consider any of the faces of the cube, denoted as follows:

PcCcQRCS

Our claim is that the corresponding quantum group G = G%; can be inserted on the
corresponding main diagonal P C S, as follows:

/

G

/!

We have to check here a total of 6 x 2 = 12 inclusions. But, according to Definition
6.10, these inclusions that must be checked are as follows:

S

P R

(1) Hy C G5 C Uy, where G§, = Gy N Uy.

(2) Hy C G4 C Ky, where G4 = Gy N K},

(3) Hy C G C OF;, where G, = Gy N O%..

(4) H: ¢ G, c U}, where G4 = {Gy, H¥}.

(5) On C G5 C Uy, where G = {Gn,On}.

(6) Ky C G% C Uy, where G% = {Gn, Kn}.

All these statements being trivial from the definition of the intersection operation N

and of the easy generation operation {, }, and from our assumption Hy C Gy C Uy, our
insertion procedure works indeed, and we are done. U

In order now to complete the diagram, we have to project as well our quantum group
Gy on the edges of the cube. For this purpose we can basically assume, by replacing G
with each of its 6 projections on the faces, that GGy actually lies on one of the six faces.

The technical result that we will need here is as follows:
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PROPOSITION 6.12. Given an intersection and easy generation diagram P C Q, R C S
and an intermediate easy quantum group P C G C S, as follows,

G/S

/

P R
we can extend this diagram into a diagram as follows:
Q {G,Q} S
GNQ G {G, r}
P GNR R

In addition, G “slices the square”, in the sense that this is an intersection and easy

generation diagram, precisely when G = {GNQ,GN R} and G = {G,Q} N {G, R}.

PRroOF. This is clear from definitions, because the intersection and easy generation
conditions are automatic for the upper left and lower right squares, and so are half of the
intersection and easy generation conditions for the lower left and upper right squares. [J

Now back to 3 dimensions, and to the cube, we have the following result:
PROPOSITION 6.13. Assuming that Hy C Gy C U}, satisfies the conditions
cs sc cu uc dj d
N=GN v=Gx G]\];:G{V
du ud T r TS sr
G=agy |, ai=af , Gu=aG%
the diagram in Proposition 6.11 can be completed, via the construction in Proposition
6.12, into a diagram dividing the cube along the 3 coordinates axes, into 8 small cubes.

ProOF. We have to prove that the 12 projections on the edges are well-defined, with
the problem coming from the fact that each of these projections can be defined in 2 possible
ways, depending on the face that we choose first. The verification goes as follows:

(1) Regarding the 3 edges emanating from Hy, the result here follows from:
G =G¥=GyNKy
Y =Gy=GnNnNON
G¥ =GN =Gy N HY
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These formulae are indeed all trivial, of type:
(GNQ)NR=(GNR)NQ=GNP
(2) Regarding the 3 edges landing into Uy, the result here follows from:

Gl = Gl = (G, 03)
Gl = G = (G, )

Gy =Gy ={GnN,Un}

These formulae are once again trivial, of type:

{{Ga Q}aR} = {{G7 R}a Q} = {G7 S}

(3) Finally, regarding the remaining 6 edges, not emanating from Hy or landing into
Uy, here the result follows from our assumptions in the statement. U

Unfortunately, we are not done yet, because nothing guarantees that we obtain an
intersection and easy generation diagram. Thus, we must add more axioms, as follows:

THEOREM 6.14. Assume that Hy C G C Uy satisfies the following conditions, where
by “intermediate” we mean in each case “parallel to its neighbors”:

(1) The 6 compatibility conditions in Proposition 6.13,

(2) G%, Gy, G, slice the classical/intermediate/free faces,
(3) G4, G, GS slice the discrete/intermediate/smooth faces,
(4) G, Gy, GY slice the real/intermediate /unitary faces,

Then Gy “slices the cube”, in the sense that the diagram obtained in Proposition 6.13 is
an intersection and easy generation diagram.

Proor. This follows indeed from Proposition 6.12 and Proposition 6.13. U

Summarizing, we are done now with our geometric program, and we have a whole
collection of natural geometric conditions that can be imposed to G . It is quite clear that
Gy can be reconstructed from its edge projections, so in order to do the classification, we
first need a “coordinate system”. Common sense would suggest to use the one emanating
from Hy, or perhaps the one landing into Uy,. However, technically speaking, the best is
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to use the coordinate system based at Oy, highlighted below:

Ky

/ /

Hy O%

Uy

Ky Un

7 7

This choice comes from the fact that the classification result for Oy C OF;, explained
below, is something very simple. And this is not the case with the results for Hy C Hy
and for Uy C Uy, from [64], [73] which are quite complicated, with uncountably many
solutions, in the general non-uniform case. As for the result for Ky C Kj;, this is not
available yet, but it is known that there are uncountably many solutions here as well.

So, here is now the key result, from [24], dealing with the vertical direction:

THEOREM 6.15. There is only one proper intermediate easy quantum group
On C Gy C OF
namely the quantum group O}, which is not uniform.
ProoOF. We must compute here the categories of pairings, as follows:
NC,CcDcCh
But this can be done via some standard combinatorics, in three steps, as follows:
(1) Let m € P, — NCy, having s > 4 strings. Our claim is that:

—If m € P, — Py, there exists a semicircle capping ' € P, — Pj.

—If m € Py — NC,, there exists a semicircle capping ©’ € 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 € Py(k,l) — P;(k,l) then < m >= P,.

~If m € Py(k,l) — NCy(k,l) then < 7 >= Pj.

This can be indeed proved by recurrence on the number of strings, s = (k +1)/2, by
using (1), which provides us with a descent procedure s — s — 1, at any s > 4.

(3) Finally, assume that we are given an easy quantum group Oy C G C Oy, coming
from certain sets of pairings D(k,l) C Pa(k,l). We have three cases:



6C. GROUND ZERO 145

~If D ¢ Py, we obtain G = Oy.
~-If DC P,D ¢ NC,, we obtain G = Oy.
~If D C NCjy, we obtain G = O},.

Thus, we have proved the uniquess result. As for the non-uniformity of the unique
solution, O}, this is something that we already know, from the above. O

Here is now another basic result that we will need, in order to perform our classification
work here, dealing this time with the “discrete vs. continuous” direction:

THEOREM 6.16. There are no proper intermediate easy groups
Hy C Gy C Oy
except for Hy,Opn themselves.
ProOOF. We must prove that there are no proper intermediate categories as follows:
Py, C D C Peyen
But this can done via some combinatorics. For details here, see [22]. U

Finally, here is a third and last result that we will need, for our classification work
here, regarding the missing direction, namely the “real vs. complex” one:

THEOREM 6.17. The proper intermediate easy groups
Oy C Gy C Un
are the groups Z,On with r € {2,3,...,00}, which are not uniform.
Proor. This is standard and well-known, from [80], the proof being as follows:

(1) Our first claim, which is elementary, is that TOy C Uy is easy, the corresponding
category of partitions being the subcategory P, C P, consisting of the pairings having
the property that when flatenning, we have the global formula #o0 = #e.

(2) Our second claim, which is elementary too, is that, more generally, the group
Z,0On C Uy is easy, with the corresponding category P; C P, consisting of the pairings
having the property that when flatenning, we have the global formula #o = # e (r).

(3) In what regards now the converse, stating that the above groups Oy C Z,On C Uy
are the only ones, we must compute the following categories of pairings:

PoCcDCPh
But this can be done, via some standard combinatorics, and we obtain the result. We
refer here to Tarrago-Weber [80], and we will be back to this, later in this book. U

We can now formulate a classification result, as follows:
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THEOREM 6.18 (Ground Zero). There are exactly eight closed subgroups Gy C Uy
having the following properties,

(1) Easiness,
(2) Uniformity,
(3) Twistability,

(4) Slicing property,

namely the quantum groups Oy,Uy, Hy, Kx and Oy, Uy, Hy, K.

Proor. We already know that the 8 quantum groups in the statement have indeed
the properties (1-4), and form a cube, as follows:

Ky

S /
Hy Ox

Ky

e
Hy ON/

Conversely now, assuming that an easy quantum group G = (Gy) has the above
properties (2-4), the twistability property, (3), tells us that we have:

Un
Uy

Hy C Gy C Uy

Thus Gy sits inside the cube, and the above discussion applies. To be more precise,
let us project G on the faces of the cube, as in Proposition 6.11:

GY Hy
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In order to compute these projections, and eventually prove that Gy is one of the
vertices of the cube, we can use use the coordinate system based at Oy:

/KN7Q7

Uy
Un

Now by using our classification results, Theorem 6.15, Theorem 6.16 and Theorem
6.17, along with the uniformity condition, (2), we conclude that the edge projections of
Gn must be among the vertices of the cube. Moreover, by using the slicing axiom, (4),
we deduce from this that Gy itself must be a vertex of the cube. Thus, we have exactly
8 solutions to our problem, namely the vertices of the cube, as claimed. Il

Now that we have our Ground Zero, obtained by heavily bombarding the quantum
group world, with all the natural axioms available, we can start building. And the point
is that when dropping the easiness axiom, some classification results are possible:

(1) In the classical case, we believe that the uniform, half-homogeneous, oriented
groups are the obvious ones, with some bistochastic versions excluded. This is of course
something quite heavy, well beyond easiness, with the potential tools available for proving
such things coming from advanced finite group theory and Lie algebra theory. Our uni-
formity axiom could play a key role here, when combined with [75], in order to exclude
all the exceptional objects which might appear on the way.

(2) In the free case, under similar assumptions, we believe that the solutions should
be again the obvious ones, once again with some bistochastic versions excluded. This
is something heavy, too, related to the generation conjecture < Gy, Sy >= {Gn, S§}.
Indeed, assuming that we would have such a formula, and perhaps some more formulae
of the same type as well, we can in principle work out our way inside the cube, from the
edge and face projections to G itself, and in this process Gy would become easy.

(3) In the group dual case, the orientability axiom simplifies, because the group duals
are discrete in our sense. We believe that the uniform, twistable, oriented group duals
should appear as combinations of certain abelian groups, which appear in the classical
case, with duals of varieties of real reflection groups, which appear in the real case. This
is probably the easiest question in the present series, and the most reasonable one, to
start with. However, there are no concrete results so far, in this direction.
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6d. Bercovici-Pata

Getting back to analysis questions, we will prove now that for a liberation of uni-
form easy groups, Gy — G4, the asymptotic laws of the truncated characters y; are in
Bercovici-Pata bijection. We certainly know that this happens, based on our classification
results, and explicit computations of laws of truncated characters, but we would like to
have an abstract, conceptual proof of this, not based on classification results.

We will need a number of combinatorial preliminaries. Let us start with:

PROPOSITION 6.19. For the group Sy the Weingarten function is given by

Win(r,0) = 3 utr,mtr, o) AT

T<TNAC

and satisfies the following estimate,
Win(m,0) = N7\ (u(x A o, m)u(m A 7, 7) + O(N1))
with p being the Mdébius function of P(k).

PRrOOF. The first assertion follows from the Weingarten formula. Indeed, in that
formula the integrals are known, due to the following well-known, explicit formula:

/ Giviv e i = w if keri = kerj
SN T 0 otherwise

But this allows the computation of the right term, via the Mdbius inversion formula,
and we get the result. As for the second assertion, this follows from the first one. O

In general, things are of course more complicated than this. We will need:

PROPOSITION 6.20. The following happen, for the partitions in P(k):
(1) |x|+ o] < |xVoa|+|rAal.
2) [rvT|+|rVeol <|rVa|l+]T|
(3) d(m,0) = m — |7 Vol is a distance.

Proor. All this is well-known, the idea being as follows:

(1) This comes from the fact that P(k) is a semi-modular lattice.
(2) This follows from (1), as explained for instance in [15].

(3) This follows from (2), which says that the following holds:

rl 17| L lol  gir gy < 1oLl
2 2 2

Thus, we obtain the triangle inequality, and the other axioms are all clear. U

d(m,7) + d(m,0) +|7]
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Actually in what follows we will only need (3) in the above statement. As a main
result now regarding the Weingarten functions, we have:

THEOREM 6.21. The Weingarten matriz Wiy has a series expansion in N1,

Wi (@) = NP1l 37 ), ) N
g=0
where the various objects on the right are defined as follows:

(1) A path from m to o is a sequence p=[r =Ty # 11 # ... # T = 7).

(2) The signature of such a path is + when r is even, and — when r is odd.
(3) The geodesicity defect of such a path is g(p) = ;_, d(1i—1,7;) — d(m, 0).
(4) K, counts the signed paths from w to o, with geodesicity defect g.

PrROOF. The Gram matrix can be written in the following way:
Gin(m,0) = Nl
N2 pyimvol— Lol lgl
N N-dmo) N3

This suggests considering the following diagonal matrix:
[

A = diag(N'?)

So, let us do this, and consider as well the following matrix:

0 =)
H(m, 0) = {N_d(ma) (7 # o)

In terms of these two matrices, the above formula for Gy simply reads:
Gy = A1+ H)A
Thus, the Weingarten matrix Wy is given by the following formula:
Win =AY (1+H)'AT!

Consider now the set P.(m, o) of length r paths between m and 0. We have:

HT(WvO—) = Z H<7_0>7_1)---H(7_7~—1,’7})

pE P (m,0)

_ Z N —d(m0)=g(p)

pE P, (7,0)
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Thus by using (1 + H)™'=1— H + H> — H?® + ... we obtain:

o0

1+ H) (m0) = Y (-1)'H'(7,0)

r=0

— N—dmo) f: Z (_1)7"N—g(p)

r=0 pePy(m,0)
It follows that the Weingarten matrix is given by the following formula:

Win(m,o0) = AN m)(1+H) Yx,0)A o)

= N—‘%l—%—d(ma)z Z (—=1)"N—9®)

r=0 peP,(m,o0)
—  Nlmvel=lxl=le| Z Z (—=1)"N—9@
r=0 peP,(m,0)

Now by rearranging the various terms in the above double sum according to their
geodesicity defect g = g(p), this gives the following formula:

szN(Wa J) = NMVU\_IW'_lJ‘ Z Kg(ﬂ—7 U)N_g
g=0
Thus, we are led to the conclusion in the statement. U
As an illustration for all this, we have the following explicit estimates:

THEOREM 6.22. Consider an easy quantum group G = (Gy), coming from a category
of partitions D = (D(k)). For any m < v we have the estimate

Win(m,0) = N~ (u(r, o) + O(N )
and for w, o arbitrary we have
Win(m,0) = O(le\/crl—\w\—lcfl)
with p being the Mobius function of D(k).
PROOF. We have two assertions here, the idea being as follows:
(1) The first estimate is clear from the formula in Theorem 6.21, namely:

Win(m,0) = NI™VoEm= N (e o) N

g=0
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(2) In the case 7 < o it is known that Ky coincides with the Mobius function of
NC(k), as explained for instance in [15], so we obtain once again from Theorem 6.21 the
fine estimate in the statement as well, namely:

Win(m,0) = N~ (u(m,0) + O(N7Y)) Vr <o
Observe that, by symmetry of Wy, we obtain as well that we have:
Win(m,0) = N (uw,0) + O(NY) Vr>o
Thus, we are led to the conclusions in the statement. O

In the case of a category of partitions which is stable under removing blocks, the above
estimates can be improved, and lead to the following result:

THEOREM 6.23. For a liberation of uniform easy groups Gy — GJ, the laws of

truncated characters
[tN]

Xt = Z Ui
i=1

are 1n Bercovici-Pata bijection, in the N — oo limit.

PROOF. As a first observation, we already know that the result holds, because we
classified in the above all the uniform easy groups Gy, and for all the objects found, we
have the asymptotic laws of the truncated characters x; computed, for both Gy, G}, and
with the Bercovici-Pata correspondence verified. However, and here comes our point, we
can prove as well this result abstractly, without using the classification, as follows:

(1) We have the following computation, to start with, for any s € {1,..., N}:

/ (urg + ... +ug)® = ZZ/ Wiyiy -+ - Wiy,
Gn =1 ip=17/Gn
= ) Win(mo)d ...>  6:(6)d(0)
moeD (k) i1=1 ip=1
= Z Win(m, 0)Gs(o, )
moeD (k)
= TT(WkNGkS)
(2) The point now is that we have the following estimates:
= N* (m=o0)

Gin(m, o) : {

Thus with N — oo we have the following estimate:

Gy ~ N*¥1

< N1 (7 #0)
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But this gives the following estimate, for our moment:

/G(un—l—...—i—uss)k = Tr(GunGrs)

~ Tr((N*1)"'Gy)
= N "Tr(Gys)
= N7**|D(k)|

(3) With s = [tN] and N — oo, the above formula gives:

lim XF = Z Il
N=eoJay reD(k)

But this leads to the conclusion in the statement. O

There are many other things that can be said about the uniform easy quantum groups,
and their characters and other variables, and we refer here to [15], [16], [17] and related
papers. As already mentioned, the uniform easy quantum groups play as well a key role
in noncommutative geometry, via the associated homogeneous spaces, which again enjoy
uniformity properties. We refer here to [4] and the noncommutative geometry literature,
and we will be back to this in chapter 16 below, with an introduction to the subject.

6e. Exercises

We have been here, in this chapter, into quite recent and specialized quantum group
theory, all research matters, and the open questions abound. Basically no matter where
you look, there are interesting exercises to start with, and beautiful theorems hidden
behind them, if you are truly interested. So, we have no particular exercise to formulate,
just look around, enjoy, and try what you like, and that will be an excellent exercise.
However, since we had a Ground Zero theorem in this chapter, let us formulate:

EXERCISE 6.24. Start building on Ground Zero.

Instructions above, in the discussion after the Ground Zero theorem, the idea being
that all this is mostly likely a beautiful mixture of abelian groups, finite groups, reflection
groups, Lie groups and Lie algebras, and quantum extensions of these. However, before
getting into this, better finish a first reading of the present book, because we still have to
say a lot of interesting things, which can be useful in connection with such questions.



CHAPTER 7

Half-liberation

7a. Half-liberation

Let us go back to the standard cube of easy quantum groups, whose continuous face,
the one on the right, we are mainly interested in, in this third part of this book:

Ky Uy

/7 /

Hy O

Ky Un

d d

On

In order to further understand the right face, which is something quite broad, a natural
idea would be that of cutting it in half, both on the horizontal and the vertical, with the
help of some suitably chosen intermediate easy quantum groups, as follows:

Uy C Uy C Uy
O, c Of c U
Indeed, assuming that we have such intermediate quantum groups, by intersecting we
would reach to a diagram as follows, that we can further investigate afterwards:

Hy

Oy 0% Uy
Ox 0% Us
ON ON UN

So, this will be our plan. In practice now, finding intermediate quantum groups
Uy CUS C Uy and OY C Of C Uy as above can be a quite tricky business, due to the
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many possible choices for such quantum groups, and in order to do so, the best is to try
to solve first the following question, which definitely looks simpler:

QUESTION 7.1. What are the intermediate easy quantum groups

On C Ox C O

ON C ON - UN
and can we really cut the continuous square, using these quantum groups?

In other words, our trick here is to say that any intermediate easy quantum groups
Uv C Uy C Uy and O3, C O]\L, C U;: will produce by intersection intermediate easy
quantum groups Oy C Ox C OF and Oy C Ox C Uy, in the obvious way, and so in
order to find the former, the best is by trying to find first the latter.

Summarizing, we have here a valuable idea. And in addition, and we kept the good
news for the end, Question 7.1 is in fact something that we already met, in chapter 6
when talking about Ground Zero, and we have in fact a full answer to it, as follows:

THEOREM 7.2. The following happen:

(1) There is only one intermediate easy quantum group Ox C Ox C OF;, namely the
half-classical orthogonal group Oy, appearing via the relations abc = cba.

(2) The intermediate easy groups On C On C Uy are those of the form Z,0y, with
r€42,3,...,00}, all being subgroups of TOy, appearing at r = oo.

PROOF. These are results that we basically know, from chapter 3 and chapter 6, with
the whole story, including some missing details to be given now, being as follows:

(1) Regarding the quantum group O3, we know from chapter 3 that we have indeed
such a quantum group, by performing the following construction:

C(0y) = C(ojv)/ <abc - cba)va, bce {uij}>

We also know that O3, is easy, because imposing the half-commutation relations abc =
cba amounts in imposing the condition T, € End(u®?), with m being as follows:

O ©) o
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Finally, in order to compute the associated category of pairings, NCy C Py C P, let

us label the legs of m clockwise c @ o e .... The diagram that we get is as follows:
o [ ] o
[ J O [ ]

We can see that any string of 7 joins o — e, and with a bit of combinatorial work,
which is routine, we conclude that P; consists of the parings having the property that
when relabelling clockwise the legs o @ o @ ... each string joins o — e.

(2) Regarding now the uniqueness of O}, as an intermediate easy quantum group
Onx C Oy C O, this is something that we know well from chapter 6. The idea there was
that we have to compute the intermediate categories of pairings, as follows:

NCyCcDcCP

But in order to solve this problem, the key ingredient, obtained via semicircle capping,
was the fact that given a pairing m € Pa(k,l) — NCy(k, 1), the following happen:

7€ Py(k,1) — Pi(k,1) then < 7 >= P.
—If m € Py(k,l) — NCy(k,l) then < m >= Pj.

With this is hand, we conclude that if D ¢ PJ, we obtain G = Oy, that if D C
Py, D ¢ NCy, we obtain G = O, and that if D C NCy, we obtain G = O5,.

(3) Let us investigate now our second question, regarding the intermediate easy groups
which are “hybrid” between real and complex, as follows:

ONCONCUN

This is actually something that we briefly talked about, right before in chapter 6, but
without many details, with our discussion there having been simply in order to prove our
Ground Zero theorem there. So, time now to review this material, with full proofs.

(4) Our first claim is that the group TOyx C Uy is easy, the corresponding category of
partitions being the subcategory P, C P, consisting of the pairings having the property
that when flatenning, we have the following global formula:

#o = Fte

Indeed, if we denote the standard corepresentation by v = zv, with z € T and with
v = ¥, then in order to have Hom(u®* u®') # (), the z variabes must cancel, and in
the case where they cancel, we obtain the same Hom-space as for Oy. Now since the
cancelling property for the z variables corresponds precisely to the fact that k,! must
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have the same numbers of o symbols minus e symbols, the associated Tannakian category
must come from the category of pairings P, C P, as claimed.

(5) Our second claim is that, more generally, the group Z,0Oy C Uy with r €
{2,3,...,00} is easy, with the corresponding category Py C P, consisting of the pair-
ings having the property that when flatenning, we have the following global formula:

o =t e (r)

Indeed, this is something that we already know at r = 1,00, where the group in
question is On, TOpx. The proof in general is similar, by writing u = zv as above.

(6) Summarizing, done with the existence part. For further reference, let us record as
well the fact, which is elementary, that we have a presentation result as follows:

Ya,b e {um}>

Equivalently, in terms of diagrams, we can say that TOy C Uy appears by imposing
the condition T, € End(u ® u,u ® u), with m being as follows:

C(TOy) = C(Uy) / <ab* = a*b

O [ ]

[ J )

We will be actually back to all this in a moment, with the comment that the projective
version of TOy is the group POy, and with TOy being maximal with this property.

(7) In order to finish, let us prove now the uniqueness result, stating that the above
groups Oy C Z,On C Uy are the only intermediate easy groups Oy C G C Uy. Accord-
ing to our conventions for the easy quantum groups, which apply of course to the classical
case, we must compute the following intermediate categories of pairings:

PyCDCB

So, assume that we have such a category, D # P,, and pick an element 7 € D — Py,
assumed to be flat. We can modify 7, by performing the following operations:

— First, we can compose with the basic crossing, in order to assume that 7 is a partition
of type N...... N, consisting of consecutive semicircles. Our assumption 7 ¢ P, means
that at least one semicircle is colored black, or white.

— Second, we can use the basic mixed-colored semicircles, and cap with them all the
mixed-colored semicircles. Thus, we can assume that 7 is a nonzero partition of type
N...... N, consisting of consecutive black or white semicircles.
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— Third, we can rotate, as to assume that 7 is a partition consisting of an upper row
of white semicircles, U...... U, and a lower row of white semicircles, N...... N. Our
assumption 7w ¢ P, means that this latter partition is nonzero.

(8) For any two integers a,b € N consider the partition consisting of an upper row of
a white semicircles, and a lower row of b white semicircles, and set:

C= {Wab

abeN}pND
According to the above we have m €< C >. The point now is that we have:

— There exists 7 € NU {oo} such that C equals the following set:

a=b(r)}

This is indeed standard, by using the categorical axioms.

Cr = {Wab

— We have the following formula, with P; being as above:
<C >=PF;
This is standard as well, by doing some diagrammatic work.

(9) With these results in hand, the conclusion now follows. Indeed, with r € NU {oo}
being as above, we know from the beginning of the proof that any m € D satisfies:

Te<C >=<C, >= P,

Thus we have an inclusion D C Pj. Conversely, we have as well:

P, = <C >
= <C>
Cc <D>
= D
Thus we have D = Pj, and this finishes the proof of the uniqueness assertion. O

All this is nice, with Theorem 7.2 providing a full answer to Question 7.1, or at least
to the first part of that question. In order to answer now the second part as well, we must
suitably cut the right face of the standard cube, by using the quantum groups that we
found, and the procedure here is straightforward, leading to the following result:
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THEOREM 7.3. We have easy quantum groups as follows,

0% TO?, U
0%, TO%, Uz
ON TON UN

with the half-liberations obtained via the relations abc = cba, applied to u;;, uy;, and with
the hybrids obtained via the relations ab® = a*b, applied to u;;.

Proor. This is standard from what we have in Theorem 7.2 and its proof, with the
corresponding categories of partitions being as follows:

NCy <—— NCy <——NC,
P P;
Py P, Py
To be more precise, we already have the results, in most of the cases, and the cases
left follow by using the categorical properties of the intersection operation N. U

Quite remarkably, we have as well a discrete version of the above result, as follows:

THEOREM 7.4. We have easy quantum groups as follows,

Hi: TH K
HE, THY, — K3,
Hy THy Ky

*

with the half-liberations obtained via the relations abc = cba, applied to u;j, uy;, and with

the hybrids obtained via the relations ab® = a*b, applied to w;;.
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Proor. This is again standard, the categories of partitions being as follows:

NCeven I Nceven I Nceven

even even even

PE’UE’VZ Peven ,PC’UETL

As for the proof, again this follows from what we have, via a few computations. [
Finally, let us record as well the following result, dealing with the whole cube:
THEOREM 7.5. We can cut the standard cube of easy quantum groups

Ky

/7 /

Hy O

Ux

Ky Un

d /7

On

Hy
by using Theorems 7.3 and 7.4, and we obtain an intersection/easy generation diagram.

ProoFr. We recall from chapter 2 that the categories of partitions for the basic exam-
ples of easy quantum groups, which form the standard cube, are as follows:

NCeven NC,
e /
NC.yen NCy
Peven Py
e /
Peyen Py

The point now is that when cutting this cube, using the categories of partitions from
the proofs of Theorems 7.3 and 7.4, we obtain intersection/generation diagram. Thus, at
the quantum group level, we have an intersection/easy generation diagram, as stated. O
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7b. Matrix models

Generally speaking, the most powerful tool for the study of the half-liberations are
the matrix models. Let us start with some generalities. We first have:

DEFINITION 7.6. A matriz model for G C Uy, is a morphism of C*-algebras
m:C(G) = Mg(C(T))
where K > 1 1s an integer, and T 1s a compact space.

The simplest situation is when = is faithful in the usual sense. Here 7 obviously
reminds G. However, this is something quite restrictive, because in this case the algebra
C(G) must be quite small, admitting an embedding as follows:

m:C(G) C Mg(C(T))

Technically, this means that C'(G) must be of type I, as an operator algebra, and this
is indeed something quite restrictive. However, there are many interesting examples here,
including our half-liberations, and all this is worth a detailed look. We have:

DEFINITION 7.7. A matriz model w : C(G) — Mg (C(T)) is called stationary when

fi= (e f)r

where fT 15 the integration with respect to a given probability measure on T'.

Here the term “stationary” comes from a functional analytic interpretation of all this,
with a certain Cesaro limit being needed to be stationary, and this will be explained later.
Yet another explanation comes from a certain relation with the lattice models, but this
relation is rather something folklore, not axiomatized yet. We will be back to this.

The relation between stationarity and faithfulness comes from:
PROPOSITION 7.8. Assuming that a closed subgroup G C Uy, has a stationary model
m:C(G) = Mg(C(T))

it follows that G' must be coamenable, and that the model is faithful. Moreover, m extends
into an embedding of von Neumann algebras, as follows,

L=(G) € Mg (L>(T))
which commutes with the canonical integration functionals.

PROOF. By performing the GNS construction with respect to [, we obtain a factor-
ization as follows, which commutes with the canonical integration functionals:

7: C(G) = C(G)rea C Mg (C(T))
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Thus, in what regards the coamenability question, we can assume that 7 is faithful.
With this assumption made, we have an embedding as follows:

C(G) € Mk(C(T))
Now observe that the GNS construction gives a better embedding, as follows:
L*(G) € Mg (L™(T))
Now since the von Neumann algebra on the right is of type I, so must be its subalgebra

A = L*>*(G). But this means that, when writing the center of this latter algebra as
Z(A) = L*(X), the whole algebra decomposes over X, as an integral of type I factors:

12(G) = /X My (C) dz

In particular, we can see from this that C'(G) C L*°(G) has a unique C*-norm, and so
G is coamenable. Thus we have proved our first assertion, and the second assertion follows
as well, because our factorization of 7 consists of the identity, and of an inclusion. Il

The above notion of stationary model is very restrictive, and will not apply for instance
to the free quantum groups, which are not coamenable. Fortunately, we have as well:
DEFINITION 7.9. Let m: C(G) — Mg (C(T)) be a matriz model.

(1) The Hopf image of ™ is the smallest quotient Hopf C*-algebra C(G) — C(H)
producing a factorization as follows:

71 C(G) = C(H) — Mwx(C(T))

(2) When the inclusion H C G is an isomorphism, i.e. when there is no non-trivial
factorization as above, we say that 7 is inner faithful.

Here the existence and uniqueness of the Hopf image come by dividing C'(G) by a
suitable ideal, with this being standard. Alternatively, in Tannakian terms, we have:

THEOREM 7.10. Assuming G C Uy, with fundamental corepresentation u = (u;;), the
Hopf image of a model w : C(G) — Mg(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 m. Thus, by Tannakian duality, the Hopf image must be given by the
fact that the intertwining spaces must be the biggest, subject to the above inclusions. On
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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. The result here is as follows:

THEOREM 7.11. Given an inner faithful model 7 : C(G) — Mg (C(T)), we have

with the truncations of the integration on the right being given by

| =teomr

with ¢ Y = (¢ @ YP)A, and with ¢ = tr ® [, being the random matriz trace.
ProoF. This is something quite tricky, the idea being as follows:

(1) In order to prove the result, we can proceed as in chapter 2. If we denote by fé
the limit in the statement, we must prove that this limit converges, and that:

I

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 [ Jo=(iae [ )o

(2) We know that the matrix on the right is the projection onto Fiz(v):

<z’d ® /G) v = Proj [Fix(v)}

Regarding now the matrix on the left, the trick from [98] applies, and gives:

(z’d@ /G,) v = Proj [1 € (id® gmr)v]

(3) Now observe that, if we set V;; = m(v;;), we have the following formula:

(id ® pm)v = (id @ )V
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Thus, we can apply the trick in [98], and we conclude that the 1-eigenspace that we
are interested in equals Fiz(V'). But, according to Theorem 7.10, we have:
Fix(V) = Fiz(v)
Thus, we have proved that we have fé = | as desired. O
Now back to the the stationary models, we have the following useful criterion:

THEOREM 7.12. 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:

¢=(m~®/T)W

(2) The linear form ¢ = (tr ® [,)m satisfies the idempotent state property:
Yrp =1
(3) We have T> =T,, Vp € N, Ve € {1, x}?, where:

(Te)il...ip,jl...jp = <t7’ & /T) (Ulell]l Ce U:p}}p)

If these conditions are satisfied, we say that w is stationary on its image.

PROOF. Given a matrix model 7 : C(G) — Mg(C(T')) as in the statement, we can
factorize it via its Hopf image, as follows:
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 G = H, which means that we can assume that 7 is inner faithful.

With this assumption made, the proof of the equivalences goes as follows:

(1) = (2) This is clear from definitions, because the Haar integration on any
compact quantum group satisfies the idempotent state equation:

Yy =1

(2) = (1) Assuming 9 x 1) = ¢, we have ¢*" = ¢ for any r € N, and we obtain by
taking a Cesaro limit that we have |, o = ¥, which gives the result.

In order to establish now (2) <= (3), we use the following elementary formula, which
comes from the definition of the convolution operation:

?/J*T(Uflljl - UZ)JP) = (Tg)h.,.ip,jl...jp

(2) = (3) Assuming ¥ * ¢ = 1), by using the above formula at r = 1,2 we obtain
that the matrices T, and T have the same coefficients, and so they are equal.
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(3) = (2) Assuming T? = T, by using the above formula at r = 1,2 we obtain that

. . . . e1 ep
the linear forms ¢ and ¢ * ¢ coincide on any product of coefficients w;}; .. U . Now

since these coefficients span a dense subalgebra of C'(G), this gives the result. U
Now back to half-liberation, we first have the following result, from [16], [30]:

PrOPOSITION 7.13. We have a matrix model as follows,

C(Ox) = My(C(Uy)) ulﬁ(o )

Uij 0

where v is the fundamental corepresentation of C'(Uy), as well as a model as follows,

C(U%) = Muy(C(Uy x Uy)) . uiﬁ(o )

wij 0
where v, w are the fundamental corepresentations of the two copies of C(Uy).

PROOF. It is routine to check that the matrices on the right are indeed biunitaries,
and since the first matrix is also self-adjoint, we obtain in this way models as follows:

C(O}) = My(C(Uy)) , C(Uy) = My(C(Uy x Uy))

Regarding now the half-commutation relations, this comes from something general,
regarding the antidiagonal 2 x 2 matrices. Consider indeed matrices as follows:

0 xT;
A= (y 0)

We have then the following computation:

0 =z 0 z; 0 z 0 TiYiTh
X, X X, = J = J
Tk (yz 0) (yj 0) (yk 0) (yiiijk 0 )

Since this quantity is symmetric in ¢, k, we obtain from this:

Thus, the antidiagonal 2 x 2 matrices half-commute, and we conclude that our models
for C'(O%,) and C(Uy;) constructed above factorize as in the statement. O

We can now formulate our first concrete modelling theorem, as follows:
THEOREM 7.14. The above antidiagonal models, namely
C(Oy) = My(C(Uy)) . C(Uy) = Ma(C(Un x Un))

are both stationary, and in particular they are faithful.
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PROOF. Let us first discuss the case of O}. We will use Theorem 7.12 (3). Since the
fundamental representation is self-adjoint, the various matrices T, with e € {1, *}? are all
equal. We denote this common matrix by 7,,. We have, by definition:

— 0 Viyj 0 Vipjp
(Tp)il...ip,j1...jp B (tr@ /H) |:<1_}iljl 0 ) ..... (@ipjp 0 )]

Since when multipliying an odd number of antidiagonal matrices we obtain an atidi-
agonal matrix, we have T, = 0 for p odd. Also, when p is even, we have:

Vigiy - - Ui i 0
7Y . . . = tr®/ o e
( p)u---%:]l---]p ( H) ( 0 Yiigi - -« Vipjp
1 _ _
= 3 Viygy -« - Vipgp, T | Viggy - - Vigjy
H H

= / Re(viljl s T)ipjp)
H

We have sz =T, = 0 when p is odd, so we are left with proving that for p even we
have T pQ = T,,. For this purpose, we use the following formula:

Re(a)Re(y) = 5 (Re(xy) + Re(x7)

By using this identity for each of the terms which appear in the product, and multi-
index notations in order to simplify the writing, we obtain:

(TpQ)lj = Z (Tp)i1---ip7k1---kp (Tp)kl---kpvjl---jp

ki...kp

= / / E Re(viyk, - - Uik, ) Re(Wiyj, - . - Wy, ) dvdw
HJHp &,
1 - _ _
= 3 E Re(Vi o, Wkyjy - - - ViphyWhyj, ) + Re(Vi o, Wyjy - - - Dk Whyj, ) dvdw
HJH
ky.

- . /H /H Re((vw)inj, - (0)i,5,) + Re((0d)ig, - . (0w)s, 5, )dvduw

Now since vw € H is uniformly distributed when v, w € H are uniformly distributed,
the quantity on the left integrates up to (7},);;. Also, since H is conjugation-stable, w € H
is uniformly distributed when w € H is uniformly distributed, so the quantity on the right
integrates up to the same quantity, namely (7,);;. Thus, we have:

1

(T3)ij = 5((Tp)z’j + (Tp)z‘j> = (T})ij
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Summarizing, we have obtained that for any p, we have Tg = T,. Thus Theorem
7.12 applies, and shows that our model is stationary, as claimed. As for the proof of the
stationarity for the model for Uy, this is similar. 4

As a second illustration, regarding Hy,, K, we have:

THEOREM 7.15. We have a stationary matriz model as follows,

C(HY) — My(C(Ky)) uzﬁ(o )

where v is the fundamental corepresentation of C(Ky), as well as a stationary model

C(KL) = My(C(Ky x Ky)) . sy — (u? ”5”‘)
ij

where v,w are the fundamental corepresentations of the two copies of C(Ky).

Proor. This follows by adapting the proof of Proposition 7.13 and Theorem 7.14, by
adding there the H};, K relations. All this is in fact part of a more general phenomenon,
concerning half-liberation in general, and we refer here to [30]. We will be back to this. [

7c. Representation theory

Let us discuss now the modern approach to half-liberation, following Bichon and
Dubois-Violette [30], based on crossed products and related 2 x 2 matrix models:

THEOREM 7.16. Given a conjugation-stable closed subgroup H C Uy, consider the
algebra C([H]) C My(C(H)) generated by the following variables:

(0 vy
i = oy 0

Then [H| is a compact quantum group, we have [H| C O%, and any non-classical subgroup
G C Oy appears in this way, with G = O} tself appearing from H = Uy.

PrRoOOF. We have several things to be proved, the idea being as follows:

(1) As a first observation, the matrices in the statement are self-adjoint. Let us prove
now that these matrices are orthogonal. We have:

‘ o Uik@jk 0 o 1 0
;uzku]k - ; < O ’Uik/l{jk;) - (0 1

In the other sense, the computation is similar, as follows:

' L Ukﬂ_)kj 0 . 1 0
;umuld - ; ( 0 @kivkg) - (0 1
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(2) Our second claim is that the matrices in the statement half-commute. Consider
indeed arbitrary antidiagonal 2 x 2 matrices, with commuting entries, as follows:

0 ZT;
Xi= (yz 0)

We have then the following computation:

0 =z 0 z; 0 z 0 TiYiTh
X, X X, = J = J
Tk (yz 0) (yj 0) (yk 0) <yz‘90jyk 0 >

Since this quantity is symmetric in ¢, k, we obtain, as desired:
X X; X, = Xip X; X,

(3) According now to the definition of the quantum group O3, we have a representation
of algebras, as follows where w is the fundamental corepresentation of C'(O%):

m:C(Oy) = My(C(H)) ,  wij — w

Thus, with the compact quantum space [H] being constructed as in the statement, we
have a representation of algebras, as follows:

p:COy) = C(H]) wij = uy

(4) With this in hand, it is routine to check that the compact quantum space [H]
constructed in the statement is indeed a compact quantum group, with this being best
viewed via an equivalent construction, with a quantum group embedding as follows:

C([H]) C C(H) % Zs

(5) As for the proof of the converse, stating that any non-classical subgroup G' C O
appears in this way, this is something more tricky, and we refer here to [30].

(6) Finally, for the fact that we have indeed O} = [Uy], we refer here as well to [30],
and we will be back to this as well in chapter 8 below. U

In relation with the above, we will need as well the following result, regarding the
irreducible corepresentations, also from Bichon-Dubois-Violette [30]:

THEOREM 7.17. In the context of the correspondence H — [H] we have a bijection
Irr([H]) =~ Irro(H) HI'/’rl(H)
where the sets on the right are given by
Irri(H) = {7" € ]rr(H)’Hl eN,rcu® (u®ﬂ)®l}

induced by the canonical identification Irr(H X Zg) ~ Irr(H) [[ Irr(H).
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PROOF. This is something more technical, also from [30]. It is easy to see that we
have an equality of projective versions P[H| = PH, which gives an inclusion as follows:

Irro(H) = Irr(PH) C Irr([H))

As for the remaining irreducible representations of [H], these must come from an
inclusion Irri(H) C Irr([H]), appearing as above. See [30]. O

In relation with the maximal tori, the situation here is very simple, as follows:

—~

THEOREM 7.18. The group dual subgroups [U], C [H] appear via
Mo = [I'q]
from the group dual subgroups fQ C H associated to H C Uly.

PROOF. Let us first discuss the case ) = 1. Consider the diagonal subgroup I'CcH ,
with the associated quotient map C(H) — C(I'y) denoted:

vy — Oiihi
At the level of the algebras of 2 x 2 matrices, this map induces a quotient map:
My(C(H)) — My(C(T1))
Our claim is that we have a factorization, as follows:
C([H]) c© My(C(H))

3 3

O([fl]) C M2(0<f1))

Indeed, it is enough to show that the standard generators of C/([H]) and of C([T'])
map to the same elements of My(C(I'y)). But these generators map indeed as follows:

0 (%]
v 7 ;0

0 bihi

Thus we have the above factorization, and since the map on the left is obtained by
imposing the relations u;; = 0 with ¢ # j, we obtain, as desired:

[Ty = [T'4]
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In the general case now, () € Uy, the result follows by applying the above @@ = 1
result to the quantum group [H], with fundamental corepresentation w = Qu@Q*. O

There are many other things that can be said about half-liberations, the idea being
that the half-classical geometry is quite close to the classical geometry, due to the above
2 x 2 matrix modelling results. For more on this, we refer to [30] and related papers.

7d. Maximality results

Going back to what was said in the beginning of this chapter, we discuss now some
interesting related questions, going beyond easiness. Following [10], we first have:

THEOREM 7.19. The following inclusion of compact groups is mazimal,
TONy C Uy
in the sense that there is no intermediate compact group in between.

PROOF. In order to prove this result, consider as well the following group:
TSOy = {wU‘w ET,U e SON}

Observe that we have TSOy = TOy if N is odd. If N is even the group TOy has two
connected components, with TSOy being the component containing the identity. Also,
let us denote by soy,uy the Lie algebras of SOy, Uy. It is well-known that uy consists
of the matrices M € My(C) satisfying M* = —M, and that:

soy = uy N My(R)
Also, it is easy to see that the Lie algebra of TSOy is soy @ iR.

Step 1. Our first claim is that if N > 2, the adjoint representation of SOy on the
space of real symmetric matrices of trace zero is irreducible. Let indeed X € My(R) be
symmetric with trace zero. We must prove that the following space consists of all the real
symmetric matrices of trace zero:

V = span {UXUt

U e SON}

We first prove that V' contains all the diagonal matrices of trace zero. Since we may
diagonalize X by conjugating with an element of SOy, our space V' contains a nonzero
diagonal matrix of trace zero. Consider such a matrix:

dy
D pu—
dn
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We can conjugate this matrix by the following matrix:

0 -1 0
1 0 0 € SON
0 0 In_o

We conclude that our space V' contains as well the following matrix:

da
dy

D d3

dy

More generally, we see that for any 1 < 7,7 < N the diagonal matrix obtained from
D by interchanging d; and d; lies in V.. Now since Sy is generated by transpositions, it
follows that V' contains any diagonal matrix obtained by permuting the entries of D. But
it is well-known that this representation of Sy on the diagonal matrices of trace zero is
irreducible, and hence V' contains all such diagonal matrices, as claimed.

In order to conclude now, assume that Y is an arbitrary real symmetric matrix of
trace zero. We can find then an element U € SOy such that UYU? is a diagonal matrix
of trace zero. But we then have UYU® € V| and hence also Y € V, as desired.

Step 2. Our claim is that the inclusion TSOy C Uy is maximal in the category of
connected compact groups. Let indeed GG be a connected compact group satisfying:

TSONCGCUN

Then G is a Lie group. Let g denote its Lie algebra, which satisfies:
soy DR CgCuy

Let adg be the action of G on g obtained by differentiating the adjoint action of G
on itself. This action turns g into a G-module. Since SOy C G, g is also a SOy-module.
Now if G # TSOy, then since G is connected we must have:

EONEBZ'R#Q

It follows from the real vector space structure of the Lie algebras uy and soy that
there exists a nonzero symmetric real matrix of trace zero X such that:
1X €9

We know that the space of symmetric real matrices of trace zero is an irreducible
representation of SOy under the adjoint action. Thus g must contain all such X, and
hence g = uy. But since Uy is connected, it follows that G = Uy.
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Step 3. Let us compute now the commutant of SOy in My(C). Our first claim is
that at N = 2, this commutant is as follows:

SOl = {(_0‘6 g) a8 € <c}

As for the case N > 3, our claim here is that this commutant is as follows:

SO, = {OJN e C}

Indeed, at N = 2, the above formula is clear. At N > 3 now, an element in X € SO
commutes with any diagonal matrix having exactly N —2 entries equal to 1 and two entries
equal to —1. Hence X is diagonal. Now since X commutes with any even permutation
matrix, and we have assumed N > 3, it commutes in particular with the permutation
matrix associated with the cycle (i, j,k) for any 1 < ¢ < j < k, and hence all the entries
of X are the same. We conclude that X is a scalar matrix, as claimed.

Step 4. Our claim now is that the set of matrices with nonzero trace is dense in SOy.
At N = 2 this is clear, since the set of elements in SO having a given trace is finite. So
assume N > 2, and consider a matrix as follows:

T €SOy ~SORY) |, Tr(T)=0
Let £ C RY be a 2-dimensional subspace preserved by T, such that:
Tip € SO(E)
Let € > 0 and let S, € SO(E) satisfying the following condition:
1T\ — Sell < e
Moreover, in the N = 2 case, we can assume that T satisfies as well:
Tr(Tip) # Tr(S:)
Now define 7. € SO(RY) = SOy by the following formulae:
Top =95, Typr =Tips
It is clear that we have the following estimate:
1T =T < |[T)p — S|l < €
Also, we have the following estimate, which proves our claim:
Tr(T:) =Tr(S:) +Tr(Tigr) #0

Step 5. Our claim now is that TOy is the normalizer of TSOy in Uy, i.e. is the
subgroup of Uy consisting of the unitaries U for which, for all X € TSOy:

U 'XU € TSOy
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Indeed, TOx normalizes TSOy, so we must prove that if U € Uy normalizes TSOy
then U € TOp. First note that U normalizes SOy, because if X € SOy then:

U'XU € TSOy
Thus we have a formula as follows, for some A € T and Y € SOy:
U'XU=)Y
If Tr(X) # 0, we have A € R and hence:
AY =U'XU € SOy

The set of matrices having nonzero trace being dense in SOy, we conclude that
U'XU € SOy for all X € SOy. Thus, we have:

X €SOy = (UXU MY (UXU™) =1y
— X'U'UX =U"U
= U'U € SOy

It follows that at N > 3 we have U'U = aly, with a € T, since U is unitary. Hence
we have U = a'/2(a~1/2U) with:

a*UeOy , UeTOy
If N=2, (U'U)" = U'U gives again U'U = «als, and we conclude as before.

Step 6. Our claim is that the inclusion TOy C Uy is maximal. Assume indeed that
we have TOy C G C Uy, with G # Uy. From TSOy C Gy C Uy, we obtain:

Gy =TSOn

But since Gy is normal in G, the group G normalizes TSOy, and hence G C TOy,
which finishes the proof. O

Anlong the same lines, still following [10], we have as well the following result:
THEOREM 7.20. The following inclusion of compact groups is maximal,
POy C PUy
in the sense that there is no intermediate compact group in between.

Proor. This follows from Theorem 7.19. Indeed, assuming POy C G C PUy, the
preimage of this subgroup under the quotient map Uy — PUy would be then a proper
intermediate subgroup of TOyN C Uy, which is a contradiction. O

Still following [10], we have as well the following result:

THEOREM 7.21. The following inclusion of compact quantum groups is maximal,
On C O}kv

in the sense that there is no intermediate compact quantum group in between.
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Proor. Consider indeed a sequence of surjective Hopf x-algebra maps as follows,
whose composition is the canonical surjection:

C(0y) L A% c(0w)
This produces a diagram of Hopf algebra maps with pre-exact rows, as follows:

C—— C(PO}) — C(O}) — C(Zs) ——C

1 f
C PA A C(Zy) —C
9J| g

C——PC(Oy) ——C(Oy) ——=C(Z;) ——C

Consider now the following composition, with the isomorphism on the left being some-
thing well-known, coming from [30], as explained above:

C(PUx) =~ C(PO%) 255 PA 5 PC(Oy) ~ C(POx)

Thus f| or g is an isomorphism. If f is an isomorphism we get a commutative diagram
of Hopf algebra morphisms with pre-exact rows, as follows:

C——C(POy) ——C(Oy) C(Z;) —C

C—— C(PO%) A C(Zy) —C

Then f is an isomorphism. Similarly if g is an isomorphism, then g is an isomorphism,
and this gives the result. See [10]. O

There are many open questions in relation with the above results, but even with these
formulated, the discussion is not over here, because we have some similar questions, which
are equally interesting, for the quantum permutation groups. Let us start with:

PROPOSITION 7.22. Consider a quantum group Sy C G C SY, with fundamental
corepresentation denoted v. We have then inclusions as follows, for any k € N,

span <§7r T E P(k‘)) O Fiz(v®*) D span (fﬂ T E NC(k:))

and equality on the left or on the right, for any k € N, is equivalent to having equality on
the left or on the right in the inclusions Sy C G C SY;.
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PROOF. Consider a quantum group Sy C G C Sy, and let w, v, u be the fundamental
corepresentations of these quantum groups. We have then inclusions as follows:
Fiz(w®") D Fiz(v®) D Fiz(u®")

Moreover, by Peter-Weyl, equality on the left or on the right, for any £ € N, is
equivalent to having equality on the left or on the right in the inclusions Sy C G C S}..
Now by using the easiness property of Sy, S5, this gives the result. O

The above result is good news, because what we have there is a purely combinatorial
reformulation of the maximality conjecture, in terms of partitions, noncrossing partitions,
and the associated vectors. To be more precise, we have the following statement:

THEOREM 7.23. The following conditions are equivalent:
(1) There is no intermediate quantum group, as follows:

Sy CGC Sy
(2) Any linear combination of vectors of type
£ € span (fﬂ T E P(k:)) — span (ﬁﬂ
produces via Tannakian operations the flip map, Y(a ® b) = b ® a.

me NC(k))

PROOF. According to Proposition 7.22, the non-existence of the quantum groups
Sy C G C S¥; is equivalent to the non-existence of Tannakian categories as follows:

span ({W T E P(k)) D Ck D span ({W T E NC’(k))

But this means that whenever we pick an element & which is on the left, but not on
the right, the Tannakian category that it generates should be the one on the left:

Te P(k))

< & >= span <§7r

Now since the category of all partitions P = (P(k)) is generated by the basic crossing
X, this amounts in saying that the Tannakian category generated by ¢ should contain the
vector associated to this basic crossing, which is §y = X, as desired. O

The above result might look quite encouraging, and the first thought goes into invent-
ing some kind of tricky “averaging operation”, perhaps probability-inspired, made up of
Tannakian operations, which in practice means made of basic planar operations, which
converts the crossing partitions # € P(k) — NC(k) into the basic crossing X. However,
this is something difficult, and in fact such questions are almost always difficult.

Of course, we are not saying here that such things are hopeless, but rather that they
require considerable work. In connection with the above-mentioned mysterious “averaging
operation”, our feeling is that this cannot be found with bare hands, and that a heavy use
of a computer, in order to understand what is going on, is required. To our knowledge,
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no one has ever invested much time in all this, and so things here remain open. Getting
back to Earth now, here are some concrete results, obtained in this way:

THEOREM 7.24. The following happen:

(1) There is no intermediate easy quantum group Sy C G C Sy.
(2) A generalization of this fact holds, at easiness level 2, instead of 1.

PROOF. The idea here is that everything follows from Theorem 7.23, with suitable
definitions for the various easiness notions involved, and by doing some combinatorics:

(1) Here what happens is that any 7 € P — NC has the following property:
<m>=P

Indeed, the idea is to cap m with semicircles, as to preserve one crossing, chosen in
advance, and to end up, by a recurrence procedure, with the standard crossing:

Xe<m>

Now in terms of the notions in Theorem 7.23, the conclusion is that the criterion (2)
there holds for the linear combinations & having lenght 1, and this gives the result. Indeed,
according to [22], the easy quantum groups are by definition those having Tannakian
categories as follows, with D = (D(k)) being a certain category of partitions:

Fiz(v®") = span (fﬂ

Thus, the generation formula < m >= P established above does the job, and proves
that an intermediate easy quantum group Sy C G C S} cannot exist. See [15].

T € D(k))

(2) This is a generalization of (1), the idea being that of looking at the combinations
having length 2, of type £ = a&; + B¢,. Our first claim is that, assuming that G C H
comes from an inclusion of categories D C E, the maximality at order 2 is equivalent to
the following condition, for any m,0 € E, not both in D, and for any «, 8 # 0:

< span(D), T, + BT, >= span(E)

Consider indeed a category span(D) C C' C span(E), corresponding to a quantum
group G C K C H having order 2. The order 2 condition means that we have C =< C'N
spans(P) >, where spany denotes the space of linear combinations having 2 components.
Since we have span(FE) N spany(P) = spans(E), the order 2 formula reads:

C =< CnNspany(E) >

Now observe that the category on the right is generated by the categories C%? con-
structed in the statement. Thus, the order 2 condition reads:

C = <C,?f

W,UEE,a,BEC>
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Now since the maximality at order 2 of the inclusion G C H means that we have
C € {span(D), span(E)}, for any such C, we are led to the following condition:

C°8 ¢ {span(D), span(E)} , Vm,o€ E,a,fcC

Thus, we have proved our claim. In order to prove now that Sy C S}, is maximal at
order 2, we can use semicircle capping. The statement that we have to prove is as follows:
“form€ P— NC,o € P and «, 8 # 0 we have < o1, + BT, >= span(P)”.

In order to do this, our claim is that the same method as at level 1 applies, after some
suitable modifications. We have indeed two cases, as follows:

— Assuming that 7,0 have at least one different crossing, we can cap the partition 7
as to end up with the basic crossing, and o becomes in this way an element of P(2,2)
different from this basic crossing, and so a noncrossing partition, from NC(2,2). Now by
substracting this noncrossing partition, which belongs to CSTV = span(NC'), we obtain
that the standard crossing belongs to < a1 + f1, >, and we are done.

— In the case where 7,0 have exactly the same crossings, we can start our descent
procedure by selecting one common crossing, and then two strings of m,o0 which are
different, and then joining the crossing to these two strings. We obtain in this way a
certain linear combination o7, + B'T,, €< oT, + ST, > which satisfies the conditions
in the first case discussed above, and we can continuate as indicated there. ]

Te. Exercises

We have been once again into a research-flavored chapter, and there are no easy
exercises about all this. As a good research exercise, however, we have:

EXERCISE 7.25. Prove that Sy C Sy, is maximal, at N =1,2,3,4,5,6,7.

To be more precise, the maximality of Sy C Sy is trivial at N = 1, but let us award
1 Dan for that, then you have to think a bit for S, C Sy, worth 2 Dan, then S3 C S5
was done by Wang long ago, crucial pioneering work, worth 3 Dan, then for S; C S
I personally asked Bichon and we got awarded 4 Dan for our joint paper, and then for
S5 C S5 that comes from the classification of subfactors of index 5, whose full reading,
with all the von Neumann algebra and subfactor needed preliminaries, is worth 5 Dan.
Regarding now 6 Dan, this looks certainly possible, again by using the known subfactor
results, but this time with the work needed including contributing a bit to that subfactor
classification at NV = 6, under suitable transitivity assumptions, and with all this being,
potentially, quality research work. As for 7 Dan, this is normally reserved to cats, tigers
and other felines, but fearless young humans like you are of course welcome for a try.



CHAPTER 8

Unitary groups

8a. Basic examples

In this chapter we discuss a number of more specialized questions, which are however
of crucial importance, for the general understanding of the easy quantum groups. Let us
go back, as usual, to the standard cube formed by the main quantum groups:

Ky
/7 O}/
. +
S ON/

We will be mainly interested, as before in this Part II of the present book, in the
continuous case, corresponding to the right face of the cube, namely:

Uy
Un

HY
Hy

O Ux

On

Un

We have seen in chapter 7 that, in what regards the left edge, there is only one
intermediate object there, namely the half-classical orthogonal group, Oy C Ox C Of.
Moreover, this intermediate quantum group is conjecturally unique, even in the general,
non-easy setting. Adding to the picture, this quantum group has a unitary counterpart,

177
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Uy C Uy C Uy, which makes our square split in a nice way, as follows:

Oy Uy
0%, Uz
ON UN

In fact, the whole cube can be split in this way, thanks to half-classical reflection
groups Hy,, K}, which exist and are non-trivial, obtained by intersecting, and fit well
into the diagram, cutting the left face of the cube in the following way:

Hy, Ky
Hy Ky
Hy Ky

In addition, we have also seen in chapter 7 that it is possible to further split the cube,
thanks to certain canonical “hybrid” objects, lying between real and complex. In the
continuous case, the enlarged right square, containing these hybrids, is as follows:

0% TO, Ui
Ox TON Uy
ON TON UN
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As for the enlarged left square, this looks similar, as follows:

Hi; TH K
H3, TH, K3,
Hy THy Ky

All this is very nice. However, and here comes our point, things are far from being
over, because if we go back to the continuous square, in what regards the right edge of
this square, namely Uy C Ux C Uy, and in contrast with what happens for the left edge,
there are in fact many examples of intermediate easy quantum groups, as follows:

Uy CGcCUy

As a basic example here, whose construction is elementary, going without thinking,
consider for instance the free complexification Uy of the unitary group Uy. This quantum
group appears then as an intermediate quantum group, as above:

Uy CcUS CUy

It is quite clear that we have Uy # Uy, due to noncommutativity, for instance by
looking at the diagonal torus. Also, we have U} # Uy, for instance by looking at the
fusion rules. And finally, we have U # U}, as well, once again by looking for instance at
the fusion rules. Thus, we have here our new intermediate quantum group Uy C G C U},
and there are probably many more quantum groups, of this type.

Our goal here will be that of understanding these examples, first with the construction
and study of some basic classes of such examples, following my early work with Bichon [6],
[7], then with the systematic study of the problem, including a full classification result,
which is something quite technical, due to Mang and Weber [63], [64], and finally with
various algebraic and analytic results about all these new quantum groups.

Getting started now, let us first discuss some basic examples of unitary quantum
groups, following [6], [7] and related papers. We already have 3 examples of such quantum
groups, namely Uy C Uy C Uy, that we know well. Our goal will be that of constructing
2 more fundamental examples, appearing as intermediate objects, as follows:

Uv CUyCUy CUy CUyY
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With respect to the previous square diagram, these quantum groups will fit as follows,
making things starting to be a bit crowded, on the right edge:

of; TOF, Ux
Uy

/
O TON UN
Ux
Oy TOxN Un

Observe in particular that the previous “canonical” example of an intermediate quan-
tum group Uy C G C Uy, which was the quantum group Uy, will get in this way
downgraded to a secondary status, with the king becoming a certain quantum group Uy,
to be introduced in a moment. However, the story will be not over here, because when
getting at an even more advanced level, that of the papers [63], [64], the king will change
again. In short, be prepared for some exciting story, in what follows next.

In order to get started, a first idea is that of weakening the relations defining Uy. We
know that this quantum group is easy, the result regarding it being as follows:

PROPOSITION 8.1. The quantum group Uy is easy, coming from the diagrams

O O @) o O [ ] O [ ] o [ ] o o
Ko oKk KK
O O O [ ] o o o [ ] o o o [ ]
O [ ] [ [ ] o [ ] [ ] [ ] o [ ] [ ] [ ]
Ko oK KK
[ [ O [ O [ O [ ] [ ] [ ] [ ] [ ]

which must intertwine the various 3-fold tensor products between u and 1.

PRroOF. This is something that we know well from the previous chapter, with the
diagrams in the statement producing the relations abc = cba, abc* = c*ba, ab*c = cb*a,
and so on up to a*b*c* = c*b*a*, between the standard coordinates u;;. U
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The above result suggests that there might be 28 = 256 easy quantum groups U C
G C Uy, that can be constructed by using length 3 relations as above, simply by selecting
a subset of our set of 8 diagrams, and then constructing G C Uy, by using these diagrams.
However, this is far from being true, because the relations produced by our 8 diagrams
are often equivalent. To be more precise, we have a number of obvious equivalences, and
by erasing the corresponding diagrams, we are led to three diagrams, namely:

o o o o [ ] o o o [ ]
O O O (0] [ ] o [ ] [©] O

Thus, we have in fact at most 2° = 8 easy quantum groups U3, C G C Uy that can be
constructed, by picking any of these diagrams, or some combination of these diagrams,
and using the corresponding relations. But here, we have the following result:

PROPOSITION 8.2. Consider the following types of relations, between abstract variables
a,b,c € {x;} subject to the relations ) x;x; =) axix; = 1:

(1) abe = cha.
(2) ab*c = cb*a
(3) abc* = c*ba.

We have then (1) <= (3) = (2).

PRrROOF. The equivalence (1) <= (3) follows from the following computations, with
the semicircle cappings corresponding to the use of ) zaf = > zfx; = 1:

[ ] o o o [ ] o o [ ]
[ ] O O O [ ] [ ] (0] @)
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As for (1+3) = (2), this is best worked out at the algebraic level, again by using
the relations ), x;2f = Y. xfz; = 1, when summing over d, as follows:
ab'c = > abcdd’
d

= Z adch*d*

d

= Z cdab*d*

d

— Zcb*add*
d
= cb*a

Thus we have indeed (1) <= (3) = (2), as claimed. O

Now by getting back to our problem, and more specifically, to our above-mentioned
idea of using one diagram out of 3 possible ones, we can see, as a consequence of Propo-
sition 8.2, that we have only one good choice, and are led to the following definition:

DEFINITION 8.3. We have an intermediate quantum group as follows,
Uy cUx CcUy
obtained via the relations ab*c = cb*a, with a,b,c € {u;;}.

So, this will be our first example of intermediate quantum group Ux C G C U},
appearing from some straightforward combinatorial considerations, as explained above.
Let us mention right away that Uy appears, as previously indicated, as well as the free
complexification of the unitary group Uy. But more on this later.

The quantum group Uy, in its either incarnations, appearing via Definition 8.3, or as
free complexification, has been known for some time, and its theory is well understood.
As a first result regarding it, in relation with a diagram drawn before, we have:

PROPOSITION 8.4. We have the formula
TO, NU = TOy
as an equality of quantum subgroups of Uy:.

PROOF. According to the definition of TO}, this quantum group appears as TO} =
TOZ, N Uj. Thus, we must prove that we have:

TOLNUy C Uy
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In terms of defining relations, we must prove that, from ab* = a*b and ab*c = cb*a for
any a,b, ¢ € {u;}, we can deduce that we have, for any a,b,c € {u;, uj;}:
abc = cba
But this is clear, because by using ab* = a*b, we can first obtain a*bc = cba*, and
then, by using Proposition 8.2, we can obtain from this the other relations as well. Here
we have used the fact that what we know about abstract variables satisfying . x;z} =
>, xfx; = 1 applies to the coordinates to any closed subgroup G C Uy, simply because

these coordinates, when rescaled by v N, do satisfy these relations. U
As another interesting result about Uy, we have:

PROPOSITION 8.5. We have the formula
PUS = PUy
as an equality of quantum subgroups of PUY;.

PROOF. By using the commutation relations ab*c = cb*a, we obtain:
ab*cd* = cb*ad” = cd"ab”
Thus the projective coordinates ab* commute, and this gives the result. U
As already mentioned, the quantum group Uy has been known for some time, and its
theory is well understood. As a summary of what can be said about it, we have:

THEOREM 8.6. The following happen, regarding the quantum group U :

(1) The associated category of pairings D can be explicitly described.

(2) We have an inclusion of quantum groups TON C Uy.

(3) We have the projective version result PUY = PUy.

(4) The character laws and other probabilistic aspects can be worked out.

Proor. All this is routine, and can be found in the literature, along with the precise
statements, which can be quite technical, the idea being as follows:

(1) This is something standard, by doing some combinatorics, and we will leave this
as an instructive exercise, at this stage of things. We will be back to this question at the
end of the present chapter, armed with a more conceptual interpretation of Uy, and of
some related quantum groups, coming from the recent work of Mang-Weber [63], [64].

(2) This is something that we know from Proposition 8.4.
(3) This is something that we know too, from Proposition 8.5.

(4) This is something standard too, which is in relation with (1), and again we will
leave this as an instructive exercise, at this stage of things, and with the promise that we
will be back to this, later in this chapter, armed with more powerful technology. U
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8b. Further examples

Getting back now to our general question of constructing intermediate easy quantum
groups U} C G C Uj;, the approach based on the diagrams from Proposition 8.1 cannot
lead to more examples, and we must come up with something more conceptual. The
most elegant approach to all this, and in fact to the quantum group Uy itself too, is via
projective versions. Let us start with the following standard construction:

PROPOSITION 8.7. Let G be a compact quantum group, and v = (v;;) be a corepresen-
tation of C(G). We have then a quotient quantum group G — H, given by:

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

PROOF. Here the first assertion follows from the definition of the corepresentations,
as being the square matrices satisfying the following conditions:

A(vy) =Y v @uvy , (o) =6, , Slvy) =},
k
As for the second assertion, this is just a reformulation of the first assertion, coming
from the basic functoriality properties of the Pontrjagin duality. O

We can now talk about projective versions, as follows:

PROPOSITION 8.8. Given a compact quantum group G, with fundamental corepresen-
tation u = (uy;), the N* x N? matriz given in double index notation by
Via,jb = Uijlgp
s a corepresentation in the above sense, and we have the following results:

(1) The corresponding quotient G — PG is a compact quantum group.
(2) In the classical group case, G C Uy, we have PG = G/(GNTY).

(3) In the group dual case, with I' =< g; >, we have PT' =< g,gj_l >,

PRrROOF. The fact that v is indeed a corepresentation is routine, coming from the
definition of the corepresentations. Regarding now other assertions, all these are standard
for the classical groups, and in general the proofs are similar, as follows:

(1) This follows from Proposition 8.7.

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

(3) This is something trivial, which follows from definitions. O

As a first interesting result now about projective versions, which is something inti-
mately related to freeness, having no classical counterpart, we have:
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THEOREM 8.9. We have an identification as follows,
POy = PUy;
modulo the usual equivalence relation for compact quantum groups.

PrRoOOF. We have several proofs for this result, as follows:

(1) This follows from the free complexification result Or —U ~, that we already met
in this book, because by using this, we have right away:

PU% = POY, = PO,

(2) We can deduce this as well directly. Indeed, if we denote by v, u the fundamental
corepresentations of Oy, Uy, then by easiness we have equalities as follows:

Hom ((v®v)¥, (v®v)') = span (T7r

™€ NGy((00)", (09)"))

Hom ((u® )", (u®u)') = span <T7r

™€ NCy((00)", (00)))

The sets on the right being equal, we conclude that the inclusion PO}, C PU}; pre-
serves the corresponding Tannakian categories, and so must be an isomorphism. Il

The above result is really exciting, and suggests:

THOUGHT 8.10. Free geometry, at least in its projective version, might be simpler than
classical geometry.

Which might perhaps sound a bit odd, if this is your first time reading about freeness,
and struggling with the details. If this is the case, sorry and I have to admit that the
above thought is not mine, but rather comes from my cat. In any case, to be recorded,
and we will be back to this at the end of the present chapter, and then more in detail in
chapter 16, when discussing noncommutative geometry in general.

Back to work now, in order to further talk about the liberations of Uy, we will need
in fact the following more specialized notions:

DEFINITION 8.11. Given a closed subgroup G C Uy, we define quotients as follows,
with the variables x; standing for the standard coordinates u;j,
(1) Left projective version: G — PG, with coordinates p;; = %},
(2) Right projective version: G — P'G, with coordinates q;; = i,
(3) Full projective version: G — PG, with coordinates p;j, gi;,

and we say that G is left/right/full half-classical when these spaces are classical.
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As a first observation, the left projective version G — PG is the one that we have
been using so far in this book, since chapter 2. Thus, what we are doing here is that of
fine-tuning our projective version formalism, with 3 notions instead of one.

Observe that in the classical case, where G C Uy, the three projective versions con-
structed above obviously coincide, and equal the usual projective version, obtained by
dividing under the action of T. Also, in the real case, G C O}, the three projective
versions coincide as well, and G is left or right half-classical when G C Oy.

However, in the general complex case G C Uy, the three projective versions from
Definition 8.11 do not necessarily coincide, and this can lead to some interesting theory.
In order to discuss this, let us start with an elementary result, as follows:

PROPOSITION 8.12. Let G C Uy, with coordinates x1, ..., zx.

C precisely when {x;x%} commute, and {z;x;} commute as well.
1) GCUy sely wh p t d{z;z; t )
(2) G C Uy precisely when the variables {x;v;, 25, xjxy, vjx}} all commute.

PROOF. Regarding the first assertion, the implication “ =" follows from:
ab*cd* = cb*ad” = cd"ab”
a*bc*d = c*ba*d = c*da*b

As for the implication “<=", we can use here the following computation, based on
the commutation assumptions in the statement:

ac*eb’c = ab'ce’e
= ce*ab’e
= cb'ee’a
Indeed, by summing over e = x;, we obtain from this, as desired:
ab*c = cb*a

The proof of the second assertion is similar, because we can remove all * signs, except
for those concerning e*, and use the above computations with a, b, c,d € {z;, z}}. O

With the above result in hand, we can now formulate:

THEOREM 8.13. We have the following results:

(1) Uy is left and right half-classical, and is mazimal with this property.
(2) Uy s fully half-classical, and is mazximal with this property.
(3) Ox s fully half-classical, and is mazimal inside O%; with this property.

ProoF. All these assertions follow indeed from Proposition 8.12. O
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We recall that the free complexification of a compact quantum group G, with standard
coordinates denoted v;;, is the compact quantum group G corresponding to the subalgebra
C(G) c C(T) * C(G) generated by the variables u;; = zv;;, where z is the standard
generator of C'(T). Observe that G is indeed a quantum group, because it appears as a
subgroup of T % G, the quantum group associated to C(T) x C(G). We have:

THEOREM 8.14. The quantum groups Oy, Uy, Ux, Uy are as follows:

(1) They have the same left projective version, equal to PUy.
(2) They have the same free complexification, equal to Uy .

Proor. This is standard, the idea being as follows:

(1) Here POy, = PUy is a well-known result, that we already know, from chapter 7.
It is clear as well that we have inclusions as follows:

PUy C PUN C PUY
Now by using Proposition 8.12 (1), we conclude that the quantum group PUy is
classical, and so we must have an inclusion as follows:
PUY C (PUY)dass
But this latter quantum group (PU]J\?)class is known to be equal to PUy, and so this
inclusion is an isomorphism, and this finishes the proof.

(2) If we denote by v;; the standard coordinates on G = Oy, Uy, UR, Uy, and by z
the generator of a copy of C(T), free from C(G), then with a,b,c € {v;;} we have:
(za)(zb)*(zc) = zab'c
= zcb'a
= (20)(b)"(z0)
Thus we have G C Uy. Conversely now, it follows from the general theory of the free

complexifications of easy quantum groups [70] that both K = G, Uy should appear as
free complexifications of certain intermediate easy quantum groups, as follows:

Oy C H C Of
On the other hand, since we have PH = PH = PK = PUy, the only choice here is
H = O}. Thus we have G = Uy = O}, and this finishes the proof. O

Going ahead now, our various results above, in relation with projective versions and
complexifications, suggest introducing a new quantum group Uy C G C Uy, as follows:

DEFINITION 8.15. We have a quantum group as follows,
Uy cUy

obtained via the relations “ab*,a*b all commute”, with a,b,c € {u;;}.
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As a first remark, the real version of Uy", obtained by imposing the conditions z; =
to the standard coordinates, is the half-classical orthogonal quantum group O3,. Also, we
have inclusions as follows, coming from the various results in Proposition 8.12:

Uy CUN C U

Summarizing, at the level of the examples of new quantum groups that we have, we
are led to the diagram announced in the beginning of this chapter, namely:

o TOF, Ux
Uy

/
O TON Uy
Ux
Oy TOxN Un

To be more precise, the fact that we have this diagram, and also that suitable subdi-
agrams of it are intersection and generation diagrams, follows from what we have.

Let us develop now some general theory for Uy, according to our usual investigation
pattern, for new quantum groups. First, we have the following result:

PROPOSITION 8.16. The quantum group UY is easy, coming from the diagrams

producing intertwiners between the corresponding 4-fold tensor products between wu, u.

PROOF. We know that Uz C Uy appears by imposing the conditions stating that
the variables ab*, a*b all commute, with a, b, c € {u;;}. But each such commutation rela-
tion corresponds to a certain intertwining relation between certain 4-fold tensor products
between u, u, and this leads to the conclusion in the statement. Il

Next, we have the following key result, further building on the above:
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THEOREM 8.17. The quantum group UX' is easy, coming from the category P3* of
matching pairings having the property that

Yo = fhe
between the legs of each string, when flattened.

PrOOF. We know from Proposition 8.16 that the quantum group U} is easy. Consider
now the diagrams producing this quantum group, namely:

O [ ] [ [©] O [ O [
[ ] [©] O [ ] O [ O [

By rotating these diagrams, we can see that the condition in the statement, namely
#o0 = #+e between the legs of each string, is satisfied for both. But this leads, via some
standard combinatorics, to the conclusion in the statement, and we refer here to [63]. O

There are many other things that can be said here, both at the algebraic and the
probabilistic level, and for more on all this, we refer to the literature.

8c. The standard series

Still following [6], [63], let us further extend now the constructions that we have, of
quantum unitary groups. The idea will be that of interpolating between Uy and Uy,

with quantum groups Uy C U ](\;) C Uy, as to have equalities as follows:
Uy =00 oy =] ¢ [z =]

We will do this, construction of U ](\7,") and study of this new quantum group, following
what we know at r = 1,2, 00, in several steps. Following [6], let us start with:

DEFINITION 8.18. The quantum group U](VT) C Uy is defined according to

CWy) = C(UE*)/<[U1‘1J‘1 e Wi Ukl - - - Ukl ] = 0>
with the convention that at r = oo, the relations on the right dissapear.

As a first observation, the quantum space U ](VT) C Uy constructed above is indeed a
quantum group, because the relations on the right are of Tannakian nature. In fact, the
above relations are of “easy” type, so we can say more, as follows:
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ProproOSITION 8.19. The quantum group U](J) C Uy 1s easy, coming from

o

regarded as element of Py(2r,2r).

PROOF. If we denote by m € Py(2r, 2r) the diagram in the statement, an elementary
computation shows that we have the following equivalence:

T, € End(u@") < [uiljl oo Wy Wiqly - - - ukrlT] =0
Thus, we are led to the conclusion in the statement. O

As another basic observation, that we will need as well in what follows, we have:

PROPOSITION 8.20. The standard coordinates of U](\;) satisfy the relations
[uiljl st uirj’r7 u;;ll ct uzrlr] = O
with, as usual, the convention that these relations dissapear at r = o0.

Proor. This follows from the well-known fact that if the coefficients of two unitary
corepresentations (u;;), (vg) of a quantum group pairwise commute, then the coefficients
of (u;;), (vf;) also pairwise commute. To check this, start with the following relations:

UiVl = Vgl Ug

*

pb

*
5kpuij: E vkluijvpl
l

If we multiply on the right by v*, and then sum over [, we get:

Now multiplying on the left by v;, and summing over k gives:
U;quij = uijU;q
Thus, we are led to the conclusion in the statement. Il

We can now say more about our new quantum groups, as follows:
THEOREM 8.21. The quantum groups U](\;) interpolate between Uy and Uy,
Uy cUY cuy
and we have equalities as follows, in relation with our previous quantum groups:
[UN - U}V”} c [U;"V - U}Vﬂ c [U** - U}V”)}

Moreover, all these quantum groups are easy.
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PRrROOF. We have several things to be proved, the idea being as follows:
(1) Our first claim is that we have U ](\,1) = Up. Indeed, according to Definition 8.18,
the quantum group U ](\,1 ) is given by the following formula:
CUy) = C(Uﬁ*)/<[uijaukl] = 0>
On the other hand, by taking into account Proposition 8.20 as well, we get:

CU) = CW) /(luggswl = s, i) = 0)
But this shows that we have U ](Vl ) = Uy, as claimed.

(2) Our second claim is that we have U ](\? ) = U . Indeed, according to Definition 8.18,
the quantum group U ](\,2 ) is given by the following formula:

2 *%
O(U](V)) = C(UN )/<[ui1j1ui2j2’uk1l1uk2l2] = O>
As before, by using as well Proposition 8.20, we get:

2 Kk * *
C(U](V)) = C(UN )/<[ui1j1uizj2’ uklhukzlz] - [uilhuizjzvuklllukglg] = 0>

But this shows that we have U = Uy, as claimed.

(3) But with the above claims in hand, everything from the statement follows, and
with the easiness assertion being known from Proposition 8.19. U

Getting now to a more detailed study of U ](\; ), the general idea here, from what we have
from Theorem 8.21, will be that, perhaps leaving sometimes the limiting cases r = 1, 00
aside, our quantum group Uy’ appears as some sort of technical version of U}. So, we
should use the same methods as for Uy, namely matrix models, or easiness.

Following [6], let us start with matrix model techniques. We have here:

THEOREM 8.22. We have an embedding of quantum groups, as follows,

Uy c Uy % Z,
and a related cyclic matriz model, as follows,
C(UY)) € M(C(UR)

and in this latter model, fU(r) appears as the restriction of tr, ® fUT )
N N

Proor. All this is quite routine, following our study of half-liberation from chapter
7, which corresponds to the case r = 2, and with the remark that at » = 1 everything is
trivial. For details on all this, we refer to [6]. But, we will be back to this, right next. O

More generally now, again in analogy with the results from chapter 7, we have:
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PROPOSITION 8.23. If L is a compact group, having a N-dimensional unitary corep-
resentation v, and an order r automorphism o : L — L, we have a matrixz model

7 C(US) = Mg(C(L) ,  wy — 7, o)

i oo Vi
where v (g) = v(a'(g)), and where T[xy, ..., x,] is obtained by filling the standard r-cycle
T € M,(0,1) with the elements x1,...,x,.. We call such models “cyclic”.

(1) (r)

PRrROOF. The matrices U;; = 7[v;;’,...,v;;’] in the statement appear by definition as

follows, with the convention that all the blank spaces denote 0 entries:
o
P
Uij = "
e
The matrix U = (Uy;) is then unitary, and so is U = (U;). Thus, if we denote by
w = (w;;) the fundamental corepresentation of C'(Uy;), we have a model as follows:
p:CUY) = M(C(L) , wiy — Uy

Now observe that the matrices U;;Uy;, Uj;Uy are all diagonal, so in particular, they
commute. Thus the above morphism p factorizes through C(Uy), as claimed. U

In relation to the above models, we have the following result:

THEOREM 8.24. Any cyclic model in the above sense,
7 C(UY) — M,(C(L)
is stationary on its image, with the corresponding closed subgroup [L] C UX', given by
Im(x) = C(IL))
being the quotient L X Z, — [L] having as coordinates the variables u;; = v;; @ T.

PROOF. Assuming that (L, o) are as in Proposition 8.23, we have an action Z, ~ L,
and we can therefore consider the following short exact sequence:

1272, - LxZ,—L—1

By doing some standard algebra, we obtain from this a model as follows, where 2" =
o' (x), with ¢ : C(L) — C(L) being the automorphism induced by o : L — L:

p:C(LXZ,)CM(CL) , zo7 —7rzW ... 2]

Consider now the quotient quantum group L x Z, — [L] having as coordinates the
variables u;; = v;; ® 7. We have then a injective morphism, as follows:

viO(L) CC(LXZ)  wy—vy®T



8C. THE STANDARD SERIES 193

By composing the above two embeddings, we obtain an embedding as follows:

pv: C([L]) C M(C(L) , wy — 7o), o)

ij
Now since p is stationary, and since v commutes with the Haar funtionals as well, it
follows that this morphism pv is stationary, and this finishes the proof. O

As an illustration, we can now recover the following result, from [30]:

PROPOSITION 8.25. For any non-classical G C O} we have a stationary model
0 Vij
7:C(G) = My(C(L)) , uy=1|-
Vij 0
where L C Uy, with coordinates denoted v;j, is the lift of PG C POy = PUy.

PROOF. Assume first that L C Uy is self-conjugate, in the sense that g € L =— g €
L. If we consider the order 2 automorphism of C'(L) induced by g;; — gij, we can apply
Theorem 8.24, and we obtain a stationary model, as follows:

m: C([L]) C Ma(C(L)) , u;®1= (U(jj Uéj)

The point now is that, as explained in [30], any non-classical subgroup G C O} must
appear as G = [L], for a certain self-conjugate subgroup L C Uy. Moreover, since we
have PG = P[L], it follows that L C Uy is the lift of PG C PO} = PUy, as claimed. O

In the unitary case now, we have the following result:

THEOREM 8.26. For any subgroup G C U]((,“) which is r-symmetric, in the sense that
Uj — eQm/ruij defines an automorphism of C(G), we have a stationary model
1 r
7:C(G) = M(C(L) » wy— 7l 0]
with L C Uy being a closed subgroup which is symmetric, in the sense that it is stable
under the cyclic action Z, ~ Uy.

PRrOOF. This follows from what we have, as follows:

(1) Assuming that L C Uy is symmetric in the above sense, we have representations
v LCcUy - U ](\f) for any ¢, and the cyclic action Z, ~ U} restricts into an order r
automorphism ¢ : L — L. Thus we can apply Theorem 8.24, and we obtain a certain
closed subgroup [L] C U ](\; ), having a stationary model as in the statement.

(2) Conversely now, assuming that we have a subgroup G C U ](\; ) which is r-symmetric,
we must have C(G) C C(L) x Z,, for a certain closed subgroup L C U}, which is sym-
metric. But this shows that we have G = [L], and we are done. O
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The above results can be used in order to say many things about the quantum groups

U ](\;), and in particular to compute, via matrix models, the asymptotic laws of characters.
We obtain in this way extensions of our previous results regarding UR;:

THEOREM 8.27. The asymptotic laws of truncated characters for U](\;n) can be computed
by using matrix models, and we obtain generalizations of the results regarding Uy .

Proor. We know from Theorem 8.22 that we have a matrix model, as follows:

cwy)cmewi) [ ~me [

N

Thus, everything can be computed in the model, and we get the results. U

As already mentioned, all the above, using matrix models, is only half of the story,
because we have the easiness methods available as well. Following [63], we have:

THEOREM 8.28. The quantum group U](\;) s easy, coming from the category Pér) of
matching pairings having the property that

#o=H#e(r)
between the legs of each string, when flattened.
PrOOF. This can be done in several steps, as follows:

(1) At r = 1 there is nothing to prove, because we know from Theorem 8.21 that we

have U ](\,1 ) =U ~, corresponding to the category 732(1) = Ps.

(2) At r = 0o now, we know from Theorem 8.21 that we have U](VOO) = Uy’. On the
other hand, we know from Theorem 8.17 that the quantum group Uy’ is easy, coming

from the category Péoo) = P3*, so our problem is solved at r = co as well.

(3) In the general case now, assuming r < oo, we know from Proposition 8.19 that
U ,(\7;) C U3} comes from the following partition in Py (2r, 2r):

By rotating this diagram, we can see that the condition in the statement, namely
#o = # e (1) between the legs of each string, is satisfied. But this leads, via some
standard combinatorics, to the conclusion in the statement, and we refer here to [63].

(4) As an illustration for all this, let us work out the case r = 2. Here we know that
the standard partitions producing U @ _ U} are the various colorings of the half-classical
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crossing, which can be generically denoted as follows, with a,b,c € {o, e}:

c b a

Now by rotating this diagram to the right, as to flatten it, we obtain three interlacing
semicircles, with legs labelled as follows:

cbachba
Now since each of our three interlacing semicircles has exactly 2 points between its

legs, we have # o +#e = 0(2), and so #o0 = # e (2), between the legs of each semicircle,
regardless of the labels a,b,¢ € {o,e}. Thus, we can see that the partitions producing

U ,(\? ) =U A~ belong to 772(2), and with a bit more work, consisting in showing on pictures
that these partitions actually generate 7752), we are led to the result. O

The above result is quite powerful, and can stand as an alternative to Theorem 8.22,
for instance for proving the various probabilistic results from Theorem 8.27, via pure
combinatorics. However, in practice, nothing beats matrix models and some calculus, so
our proof above of Theorem 8.27, using Theorem 8.22, is the simplest one.

Finally, let us mention that our presentation above of the quantum group U ](\;) was
one among others. It is possible to have as well an “easiness first” viewpoint on all this,

and with this idea in mind, what we have about U ](VT ) can be summarized as follows:
THEOREM 8.29. Associated to any v € N is the quantum group
Uy cUY c U
coming from the category PQ(T) of matching pairings having the property that
#o =+ e(r)
holds between the legs of each string. These quantum groups are as follows:

1) At r =1 we obtain the usual unitary group, U](\}) =Uy.

2) At r = 2 we obtain the half-classical unitary group, U](\?) =Uy.
3) At r = oo we obtain the quantum group U](VOO) = Uy

5) In general, we have an embedding U]((,“) C Uy X Z,.

We have as well a cyclic matriz model C(U](\}n)) C M, (C(Uy)).

(

(2)

(3)

(4) For any r|s we have an embedding U](\;) C U](\f).

(5)

(6)

(7) In this latter model, fo) appears as the restriction of tr, ® ijv'

6
7
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Proor. This is something quite compact, summarizing what we have about U ](J),
with some theorems transformed into definitions, and vice versa. To be more precise:

(1) This follows from Theorem 8.21 and Theorem 8.28.

(2) This follows again from Theorem 8.21 and Theorem 8.28.

(3) Again, this follows from Theorem 8.21 and Theorem 8.28.

(4) This follows from the functoriality of the Tannakian correspondence, because when
assuming r|s we have 7328) C 732(”, and so U ](\7,") cU ](\}9) , as claimed.

(5) This follows from Theorem 8.22, using Theorem 8.28.

(6) This follows again from Theorem 8.22 and Theorem 8.28.

(7) Again, this follows from Theorem 8.22 and Theorem 8.28. O

There are many other interesting things that can be said about the quantum groups

U J(\;), and we refer here to [7], [8], [63], [64] and the subsequent literature. In what
concerns us, we will be back to these quantum groups in chapter 16 below, with some
results in relation with their noncommutative gometry meaning.

8d. The standard family

Let us discuss now the second known construction of unitary quantum groups, from
[64]. This construction uses an additive semigroup D C N, but as pointed out there, using
instead the complementary set C' = N — D leads to several simplifications. So, let us call
“cosemigroup” any subset C' C N which is complementary to an additive semigroup,
r,y ¢ C = x+y ¢ C. The construction from [64] is then as follows:

THEOREM 8.30. Associated to any cosemigroup C C N 1is the easy quantum group
Ul cU§ c Uy
coming from the category PS C 732(00) of pairings having the property
#o—HecC
between each two legs colored o, e of two strings which cross. We have:

(1) For C' =N we obtain the quantum group U](VOO).
(2) For C =0 we obtain the quantum group U;.
(3) For C = {0} we obtain the quantum group Uy.
(4) For C C C" we have an inclusion UG C U§.
PROOF. Once again this is something very compact, coming from work in [64], with

our convention that the semigroup D C N which is used there is replaced here by its
complement C' =N — D. Here are a few explanations on all this:
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(1) The assumption C' = N simply tells us that the condition # o —#e € C in the

statement is irrelevant. Thus, we have PY = P{™ and so UN = U™.

(2) The assumption C' = () means that the condition # o —#e € C' can never be
applied. Thus, the strings cannot cross, we have Py = NCy, and so U% = U},

(3) The assumption C' = {0} means that the pairings in P C 732(00) must satisfy the
condition #o = #e between each two legs colored o, e of two strings which cross. Now
consider the standard diagram producing the quantum group Uy, namely:

@) [ ] @)
©) [ ] [©)

By rotating to the right, as to have this diagram flattened, we obtain three interlacing
semicircles, with legs labelled o @ 0 @ 0 ®. Thus, we can see that the condition #o = #e,
between each two legs colored o, @ of two strings which cross, holds indeed for this diagram,
and with a bit more work, as explained in [64], we obtain from this that we have in fact

772{0} = P, and so that we have U]{VO} = Uy, as claimed.
(4) This is clear by functoriality, because C' C C’ implies P§ C PS". O
We have the following key result, from [64]:
THEOREM 8.31. The easy quantum groups Uy C G C Uy are as follows,
Uy C {UY} c{US} C US
with the series covering Uy, and the family covering Uy

ProoF. This is something non-trivial, and we refer here to [64]. The general idea is

that U ](VOO) produces a dichotomy for the quantum groups in the statement, and this leads,
via some combinatorial computations, to the series and the family. See [63], [64]. O

All the above is quite exciting, because we have now a complete point of view on
intermediate liberations, at least in the unitary case. We will be back to this on several
occasions, first in Part III after discussing some similar problems for the reflection groups
too, and then at the end of Part IV, with a discussion of the key problem of constructing
full noncommutative geometry theories, based on the liberations of Uy that we have.

As a last topic that we would like to discuss here, we have the notion of projective
easiness, which is something general and of independent interest, related to all the above.
Let us start with the following straightforward definition:
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DEFINITION 8.32. A projective category of pairings is a collection of subsets
NCy(2k,2l) C E(k,l) C Pa(2k,2l)
stable under the usual categorical operations, and satisfying
cel = |o|eE
with the vertical bars standing for vertical strings.

As basic examples here, we have the following projective categories of pairings, where
Py is the category of matching pairings:

NCy,C Py C Py

This follows indeed from definitions. Now with the above notion in hand, we can
formulate the following projective analogue of the notion of easiness:

DEFINITION 8.33. An intermediate compact quantum group
POy C H C POy,
15 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 © — T construction,
Hom(v®* v = span(E(k,1))
for a certain projective category of pairings E = (E(k,l)).

Thus, we have a projective notion of easiness. Observe that, given an easy quantum
group Oy C G C Oy, its projective version POy C PG C PO}, is projectively easy in
our sense. In particular the basic projective quantum groups POy C PUy C PO5, are
all projectively easy in our sense, coming from the categories NCy C Py C P.

We have in fact the following general result:

THEOREM 8.34. We have a bijective correspondence between the affine and projective
categories of partitions, given by the operation

G = PG
at the level of the corresponding affine and projective easy quantum groups.
PROOF. The construction of correspondence D — E is clear, simply by setting:

E(k,1) = D(2k, 21)



8D. THE STANDARD FAMILY 199

Indeed, due to the easiness axioms, the conditions in Definition 8.32 are satisfied.
Conversely, given E = (E(k,1)) as in Definition 8.32, we can set:

E
Dk, 1) = (k1) (k, 1 even)
{o:|lc€e E(k+1,l4+1)} (k,lodd)
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 = |7€F
= €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,re E = |oT€FE
= oT€D
— Regarding now the even/odd case, this can be solved as follows:
olreE = |o|,|T€FE
= |o|lr€F
= |oT€FE
= o7€D
— As for the remaining odd/odd case, here the computation is as follows:
lo,|re E. = ||o|,|T€FE
= |lo||lreFE
— oT€EFl
= o7€D

(3) Finally, the conjugation axiom is clear from definitions. It is also 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 from definitions. Il

Now back to uniqueness issues, we have here the following result:

THEOREM 8.35. The following happen:

(1) O% is the only easy quantum group On C G C OF..
(2) PUy is the only projectively easy quantum group POy C G C POY.
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PRroOOF. The idea here is as follows:

(1) The assertion regarding Oy C O} C Oy is from [24], and this is something that
we already know, explained in chapter 7.

(2) The assertion regarding POy C PUy C PO} follows from the classification result
in (1), and from the duality in Theorem 8.34. 0

Summarizing, we have a nice notion of projective easiness, which is in relation with
the liberations of Uy too, via the isomorphism POY, = PU};,. We will be back to this in
chapter 16, when discussing noncommutative geometry.

8e. Exercises

As before with the last few chapters, we are rather into research matters here, and as
a good exercise on all this, which is definitely of research type, we have:

EXERCISE 8.36. Work out the asymptotic laws of truncated characters, and other
probabilistic aspects, for the quantum groups US.

Obvioiusly, this is something quite complicated, because in contrast for instance with
what happens for the quantum groups U ](\f ), where we have explicit matrix models for doing
our computations, for the quantum groups U§, there is nothing to rely upon, apart from
the quite heavy combinatorics producing their definition. However, we have 3 examples
that we are familiar with, from Theorem 8.30 (1,2,3), so the first step towards solving the
exercise would be that of conjecturing something, based on these 3 examples.
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The discrete case



It’s in your eyes
I can tell what you're thinking
My heart is sinking too
It’s no surprise



CHAPTER 9

Real reflections

9a. Basic series

In this third part of the present book we investigate the discrete, or reflection easy
quantum group case. This is the most mysterious case, with many interesting and un-
expected examples involved, and reminding the magic world of the complex reflection
groups. The study here being the most difficult, a large part of our results will spill into
results regarding the general case too. In order to explain our strategy, let us go back to
the standard cube formed by the main easy quantum groups, namely:

+ .
. + .

On
We will be mainly interested in the left face of the cube, which is of “discrete” nature,

as opposed to the right face, which is of obvious continuous nature. This left face contains
the main examples of quantum reflection groups that we have, namely:

+ +
KN UN
N N

Hy
Hy

Hy

Ky

Hy

Ky

As a first observation, we know in fact far many more quantum reflection groups that
this. Indeed, just by looking at the main examples of classical and free quantum groups
that we know, we have in fact the following rectangular diagram, with s € {1,2,..., 00},

203
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and with the values s = 1, 00 covering the vertices of the rectangle:

Sy Hyf Ky
Sy HS, Ky

In addition to this, we can talk about half-liberations, with K, H} being quantum
groups that we already met, and we can talk as well about products with Z,, with the
quantum group Sy, = Sy X Zy being again a quantum group that we already met.

In short, we have many examples of quantum reflection groups, and are a bit in trouble
with starting something. A good idea would be that of restricting the attention to the
real case. Here, with respect to the above rectangular diagram, only the cases s = 1,2
qualify, and we are left with a rather simple square diagram, as follows:

Sy Hy

Sn Hy

However, as mentioned above, this is not all, because we can talk for instance about
the half-liberation Hjy, and with the remark that this will not fit well into our diagram,
due to the collapsing result S} = Sn. Also, we can talk as well about the quantum groups

Y = GN X Zy, and once again here with a bad functoriality remark, namely that we
have HY, = Hy. And finally, even worse on this topic, as we will soon discover, there are
in fact uncountably many examples of easy quantum groups Sy C G C Hy,.

Looks like we are completely lost, so time to ask the cat. And cat says:
CAT 9.1. Go for the beauty, the easy kill is Hy.

Thanks cat, and although there is some confusion here between beauty, easiness,
predator and prey and so on, at least from my peaceful human viewpoint, I must confess
that, forgetting all the math that I know, Hy looks to be indeed the most beautiful
reflection group of them all. So, we should go for its liberations Hy, and whether that
will be an easy or difficult task, and then what to do afterwards, remains to be seen.

Anticipating now a bit, in order to make a plan out of this, for the present Part III
of the present book, let us go back to the left face of the standard cube, containing the
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main examples of quantum reflection groups that we have, namely:

Hy, Ky

HN KN

We will investigate in this chapter, following the early paper [15], and then the papers
of Raum-Weber [71], [72], [73], the intermediate subgroup question for the left edge,
Hy C G C Hy. Then, in chapter 10 we will extend this study to the case of the
intermediate subgroups Sy C G C Hj;, and with a bit more work involved, we will obtain
from this a classification result in the real case, Sy C G C OF,.

Afterwards, in chapter 11 we will do a similar work for the right edge, Ky C G C K},
and more generally for the intermediate quantum groups Hy C G C Ky, and even more
generally, for the intermediate quantum groups Sy C G C K};. And finally, in chapter 12
we will discuss, still following [15] and Raum-Weber [71], [72], [73], and the more recent
work of Mang-Weber [65], [66], various structure and classification results for the whole
left face of the cube, and then for the general easy quantum groups Sy C G C U;..

Getting to work now, for the reasons explained above, we will be first interested in
this chapter in the various easy liberations of the hyperoctahedral group Hy:

QUESTION 9.2. What are the intermediate easy quantum groups
Hy CGC HR}
lying between Hy = Zs 1 Sy, and its free version Hi; = 7o 1, S;{,?

We have so far only three examples of such quantum groups, namely the endpoints

Hy, Hy; themselves, and the half-classical quantum group Hj, sitting in the middle:
Hy C Hy C Hy,

In order to construct more examples, let us first look for intermediate objects for the
inclusion on the left, Hy C G C Hy. Following [15], we can first introduce a new series of
quantum groups, Hj(\f) with s € {2,3,...,00}, which “interpolates” between the endpoints
H](\?) = Hy and H](VOO) = H},;, the inclusions being as follows:

Hy=HY c...cHY c...c H{® = H}

To be more precise, let us define H ](\f) as being obtained from Hj by imposing the

“s-commutation” condition abab... = baba ... (length s words) to the basic coordinates

)

u;;. It is convenient to write down the complete definition of H](\f , as follows:
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DEFINITION 9.3. C’(HJ(\?)) is the universal C*-algebra generated by N? self-adjoint
variables u;;, subject to the following relations:
(1) Orthogonality: uu' = u'u = 1, where u = (u;;) and u* = (uj;).
(2) Cubic relations: w;ju, = ujug; =0, for any i and any j # k.
(3) Half-commutation: abc = cba, for any a,b,c € {u;;}.
(4) s-mizing relation: abab...=baba ... (length s words), for any a,b € {u;;}.

Observe that at s = 2 the s-mixing relation is the usual commutation ab = ba. This
relation being stronger than the half-commutation abc = cba, we are led to the algebra
generated by N? commuting self-adjoint variables satisfying (1,2), which is C(Hy):

HY = Hy

As for the case s = 0o, here according to our usual conventions regarding relations of
infinite length, used throughout this book, the s-mixing relation disappears by definition.
Thus we are led to the algebra defined by the relations (1,2,3), which is C(H}):

Hy = Hy

Summarizing, Definition 9.3 provides us indeed with a new series of hyperoctahedral
quantum groups, which are, as previously claimed, as follows:

Hy=HY c...cHY c...c H? = H}

All this is quite interesting, so let us present now a detailed study of HJ(VS), from an
algebraic and probabilistic viewpoint. Our first technical result is as follows:

PROPOSITION 9.4. For a closed subgroup G C Hy;, the following are equivalent:

(1) The basic coordinates u;; satisfy abab...=baba... (length s words).
(2) We have T, € End(u®®), where m = (135...2'4'6"...)(246...1'3'5"...).

PROOF. According to the definition of the operators T, the operator associated to
the partition in the statement is given by the following formula:

Tr(€q, @ €p, @ e€qy, Rep, @...) =0(a)d(b)eyRe, Qe Re, @ ...

Here we use the convention that d(a) = 1 if all the indices a; are equal, and d(a) =0
otherwise, along with a similar convention for §(b). As for the indices a,b appearing on
the right, these are the common values of the a indices and b indices, respectively, in the
case 6(a) = 6(b) = 1, and are irrelevant quantities in the remaining cases. Now with the
above formula of 75 in hand, we have the following computation, for any u = (u;;):

Tru®(eq, @ ey, @ €q, @ ...) = Zei Re;®e Q... R Ug, Ujpy Uiay - - -

ij
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Here the sum is over all indices 7, 7. Similarly, we have the following computation,
with the sum being this time over all multi-indices i = (i1, ...,1s), j = (J1,- - -, Js):

U Tr(eq, @ ey, @ g, @...) = 6(a)d(b) Z i, ®ej, ® €, @ ... @ Uiy plijyaWigh - - -
tj
But with these formulae in hand, the identification of the right terms, after a suitable
relabeling of indices, gives the equivalence in the statement. O

Still following [15], we have the following result:

THEOREM 9.5. H](\f) 1s an easy quantum group, and its associated category PS s

that of the “s-balanced” partitions, i.e. partitions satisfying the following conditions:

(1) The total number of legs is even.
(2) In each block, the number of odd legs equals the number of even legs, modulo s.

Proor. This is something standard, which can be proved as follows:

(1) As a first remark, at s = 2 the first condition implies the second one, so here we
simply get the partitions having an even number of legs, corresponding to Hy. Observe
also that at s = oo we get the partitions which are balanced, which correspond to the
quantum group Hy,. Thus, we have indeed the result at the endpoints, s = 2, co.

(2) Our first claim is that P2 ., is indeed a category. But this follows by adapting the

s = oo argument in the proof for Hy, just by adding “modulo s” everywhere.

(3) It remains to prove that this category corresponds indeed to H](\}S). But this follows
from the fact that the partition 7 appearing in Proposition 9.4 generates the category of
s-balanced partitions, as one can check by a routine computation. U

Observe in particular, coming as a consequence of Theorem 9.5, the fact that the
quantum groups H](\f) are indeed distinct. We will see in a moment, in Theorem 9.6
below, another proof of this fact, which is even nicer, and more intuitive.

As another result now, making us exit the real world, consider the complex reflection
group Hy, = Zs 1 Sy, consisting of the monomial matrices having the s-roots of unity as

nonzero entries. Observe that we have PH](\‘;) = H3,/T. We have the following result:
THEOREM 9.6. We have an isomorphism of projective quantum groups
PHY = PHS,
walid for any s € {2,3,...,00}.

ProOOF. Observe first that this statement holds indeed at s = 2, because here we have
HY = H?% = Hy. This statement holds as well at s = co. In the general case, observe
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first that from Hj(\f) C Hy we get PH](\f) C PHy = PKy, so PH](\f) is indeed a classical
group. In order to compute this group, consider the following diagram:

HYy < Uy
U U

(s)

Sy C HN

The corresponding sets of partitions are then as follows:

Ps. (2k,21) D Py(2k,20)

even

U U

P(2k,2) D P

even

(2k,21)
Let us look now at the projective versions of the above quantum groups:

PHY C PUy
U U

PHy c PHY

As before for Hjy, we are in the situation where we have two quantum subgroups
having the same diagrams, and we conclude that we have PH](\f) = PHJ,. U

There are many other things that can be said about Hl(\f), of more specialized nature,
and we will be back to this, once we will have more tools for studying such quantum groups.
The idea indeed is that the above results, which are quite straightforward, exclusively
based on easiness, can be complemented by some very concrete results as well, for instance
in connection with semidirect products, following [71], [72]. But more on this later.

Moving ahead now, still following the old paper [15], we can introduce as well a second

one-parameter series of hyperoctahedral quantum groups, H J[f,] with s € {2,3,...,00},

]

again having as main particular case the group H g ~, as follows:

DEFINITION 9.7. C(H][\s,]) is the universal C*-algebra generated by N? self-adjoint vari-
ables u;j, subject to the following relations:
(1) Orthogonality: uu' = u'u = 1, where u = (u;;) and u* = (uj;).
(2) Ultracubic relations: acb =0, for any a # b on the same row or column of .
(3) s-mizing relation: abab...=baba ... (length s words), for any a,b € {u;;}.
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Our first task is to compare the defining relations for H ][f}] with those for H](\f). In order
to deal at the same time with the cubic and ultracubic relations, it is convenient to use a
statement regarding a certain unifying notion, of “k-cubic” relations:

PROPOSITION 9.8. For a closed subgroup G C OF, the following are equivalent:
(1) The basic coordinates u;; satisfy the k-cubic relations, namely
acy...c;b=0

for any a # b on the same row or column of u, and for any cy, ..., cx.
(2) We have T, € End(u®**2), where 7 is the following partition,

7= (1,1k+2k+2)2,2)...(k+1,k+1)
and where u = (u;;) is as usual the fundamental corepresentation.

PROOF. According to the definition of the operators T, the operator associated to
the partition in the statement is given by the following formula:

Tr(ea®@ey @...Q0 e ®ep) =0t D€y Q... e Qe
But this gives the following formula, for any u = (u;;), with sum over all indices ¢, [:
T (e, @ e ® ... R e @ ep)
= Z €; &® € ®X..&Q €L X e; &® UigUjicq - - - Wjpep, Wib
ij
Similarly, we have the following formula, again for any u = (u;;), and with the sum
being this time over all multi-indices j = (ji, ..., Jk):
U T (e @ epy @ ... ® e,  €p)
= 0w ) €i®e; ® .. D) @ e @ Uialljye, - - Ujyo, Ula
ijl
Now the identification of the right terms gives the equivalence in the statement. [J

We can now establish the precise relationship between H][{;] and H](\f)
that no further series can appear in this way, the result being as follows:

, and also show

PROPOSITION 9.9. For k > 1 the k-cubic relations are all equivalent to the ultracubic
relations, and they imply the cubic relations.

Proor. This follows indeed from the following two observations:

(1) The k-cubic relations imply the 2k-cubic relations. Indeed, one can connect two
copies of the partition 7 in Proposition 9.8, by gluing them with two semicircles in the
middle, and the resulting partition is the one implementing the 2k-cubic relations.

(2) The k-cubic relations imply the (k — 1)-cubic relations. Indeed, by capping the
partition 7 in Proposition 9.8 with a semicircle at bottom right, we get a certain partition
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' € P(k+2,k), and by rotating the upper right leg of this partition we get the partition
7" € P(k+ 1,k + 1) implementing the (k — 1)-cubic relations. O

The above statement shows that replacing in Definition 9.7 the ultracubic condition
by any of the k-cubic conditions, with £ > 2, won’t change the resulting quantum group.
The other consequences of Proposition 9.9 can be summarized as follows:

PrRoOPOSITION 9.10. The quantum groups H][\s,] have the following properties:
(1) We have H c HY c HY:.
(2) At s =2 we have Hﬁ] = H](\‘;) = Hy.
(3) At s > 3 we have H](\f) + H][\S,].

Proor. All the assertions basically follow from Proposition 9.9, as follows:

(1) For the first inclusion, we need to show that half-commutation + cubic implies
ultracubic, and this can be done by placing the half-commutation partition next to the
cubic partition, then using 2 semicircle cappings in the middle. The second inclusion
follows from Proposition 9.9, because the ultracubic relations (1-cubic relations) imply
the cubic relations (0-cubic relations). Thus, we have both inclusions.

(2) Observe first that at s = 2 the s-commutation relation is the usual commutation
relation ab = ba. Thus we are led here to the algebra generated by N? commuting
self-adjoint variables satisfying the cubic condition, which is C(Hy).

(3) Finally, H](\f) #* HJ[\S,} will be a consequence of the results below, because at s > 3 the
half-commutation partition p = (14)(25)(36) is s-balanced but not locally s-balanced. [

Still following [15], we have the following result:

THEOREM 9.11. H][\i] s an easy quantum group, and its associated category is that of
the “locally s-balanced” partitions, i.e. partitions having the property that each of their
subpartitions (i.e. partitions obtained by removing certain blocks) are s-balanced.

PRroOF. This is routine from what we have, the idea being as follows:

(1) As a first remark, at s = 2 the locally s-balancing condition is automatic for a
partition having blocks of even size, so we get indeed the category corresponding to Hy.

(2) In the general case now, our first claim is that the locally s-balanced partitions
from indeed a category of partitions. But this follows simply by adapting the argument
in the proof for Hy, just by adding “locally” everywhere.

(3) It remains to prove that this category corresponds indeed to the quantum group

H ][\s,]. But this follows from the fact that the partition generating the category of locally
balanced partitions, namely 7 = (1346)(25), is nothing but the one implementing the
ultracubic relations, as one can check by a routine computation. U
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There are many other things that can be said about the quantum groups H](\f) and

H ][\S,], or algebraic and analytic nature. We will be back to all this later, following [71],
[72], once we will have more tools for the study of these quantum groups.

9b. Limiting objects

The quantum groups H](\?) and H ][f,] constructed above are all contained in H ][\?o ], and
before going further with the construction of more examples, we would like to study in
detail this quantum group H ][30 I, Following as before [73], let us begin with:

DEFINITION 9.12. We let PS, be the category generated by the partition

O

o o _

o
and we denote by H][\?o] the corresponding easy quantum group Hy C G C Hy.

The partitions 7 € P can be characterized by the fact that all their subpartitions
o C mw belong P* That is, the following condition must satisfied:

even'*

cCm = o€ P

even

]

As an illustration, let us verify that we have indeed 7 € Pl The standard coloring

of 7, with alternating colors, as per the usual P, requirements, is as follows:

° o _

(e} [ J o
We can see that this partition has then the same number of o, e legs. As for the
subpartitions, these are as follows, again having the same number of o, e legs:

° o
o S

N

o

Regarding now the quantum group H ][\?O ]

, it is known that this contains Hjy, and
also that H ][30 I c OF; appears by assuming that the standard coordinates wu;; satisfy the

relations abc = 0, for any a # ¢ on the same row or column of u. In fact, we have:
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THEOREM 9.13. Let H][\?O] C O}, be the compact quantum group obtained via the rela-
tions abc = 0, whenever a # ¢ are on the same row or column of w.
(1) We have inclusions HY, C HYY ¢ Hy.
(2) We have aby ...b.c =0, whenever a # ¢ are on the same row or column of w.
(3) We have ab®* = b%a, for any two entries a,b of u.

PRrROOF. We briefly recall the proof in [73], for future use in what follows. Our first
claim is that H ][30 ) comes, as an easy quantum group, from the following diagram:

Indeed, this diagram acts via the following linear map:
Tr(eiji) = Oikeijk
We therefore have the following formula:

®3 _
Tru="egpe = TWE Cijk @ UigqUjpUke

ijk

= g Cijk @ OikWiqWjpUke

ijk
On the other hand, we have as well the following formula:

®3 _ ®3
U Tﬂeabc = u 5aceabc

= E €ijk X 6acuiaujbuk:c

ijk
Thus the condition T, € End(u®?) is equivalent to the following relations:
(51 - 6ac)uiaujbukc =0

The non-trivial cases are i = k,a # c and i # k,a = ¢, and these produce the following
relations between the standard coordinates of our quantum group:

— UigUjptic = 0 for any a # c.
— UiqUjpUe = 0, for any ¢ # k.

Thus, we have reached to the standard relations for the quantum group H][\?o].
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(1) We have the following formula:

@) @) (e] (0] (0] o o o
) (o] (0] (0] (0] o o o

Thus, we obtain inclusions as desired, namely:
Hy, c HY ¢ HY

(2) At r = 2, the relations abbyc = 0 come indeed from the following diagram:

In the general case r > 2 the proof is similar, see [15] for details.

(3) We use here an idea from [73]. By rotating 7, we obtain:

Let us denote by o the partition on the right. Since T, (e;jx) = d;j€xji, we obtain:
Tau®3eabc = TO’ Z €ijk X UiqUjpUke
ijk
= Z €hji @ 03 WiqU;pUke
ijk
On the other hand, we obtain as well the following formula:
u®3Ta€abc = u®35abecba
= Z €hji @ OabUkcl;pliq

ijk
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Thus the condition T, € End(u®?) is equivalent to the following relations:
5ijuiaujbukc = OabUkcUjpUiq
Now by setting 7 = 4,b = a in this formula we obtain the following formula:
uzzaukc = ukcufa
But these are exactly the commutation relations in the statement, as desired. U

In order to discuss some further features of H ][f;o ], we will need some basic twisting
theory. We will systematically discuss the twisting in chapter 13, and in what concerns
the present chapter, we will only need here the following standard fact:

PROPOSITION 9.14. There is a signature map € : P, — {—1,1}, given by

o(r) = (1"
where ¢ is the number of switches needed to make T noncrossing. In addition:

(1) For 1 € Sk, this is the usual signature.
(2) For T € P, we have (—1)¢, where ¢ is the number of crossings.
(3) For 7 <1 € NCepen, the signature is 1.

PROOF. In order to show that the signature map € : Py, — {—1, 1} in the statement,
given by (1) = (—1)¢, is well-defined, we must prove that the number ¢ in the statement
is well-defined modulo 2. It is enough to perform the verification for the noncrossing
partitions. More precisely, given 7, 7" € NC¢,., having the same block structure, we must
prove that the number of switches ¢ required for the passage 7 — 7’ is even.

In order to do so, observe that any partition 7 € P(k,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.

The point now is that, under the assumption 7 € NCepen(k, (), each of the moves
required for putting a leg at left, and hence for putting a whole block at left, requires an
even number of switches. Thus, putting 7 is standard form requires an even number of
switches. Now given 7,7 € NC,,., having the same block structure, the standard form
coincides, so the number of switches ¢ required for the passage 7 — 7’ is indeed even.

Regarding now the remaining assertions, these are all elementary:

(1) For 7 € 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 € P,, the standard form is of type 7/ = |...|3R, and the passage

7 — 7’ requires ¢ mod 2 switches, where ¢ is the number of crossings.

(3) Assuming that 7 € P.,., comes from m € NC,ye, by merging a certain number of
blocks, we can prove that the signature is 1 by proceeding by recurrence. U
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Getting back now to H ][\?o ], we have the following useful result, regarding it:

THEOREM 9.15. We have the following equalities,

P;ven - {ﬂ- S Peven E(T) = ]-7V7' <m, |T| = 2}
PRl = {7? € Poyen|o € P, ,No C n}
Pe[zz}n - {ﬂ-epeven 5<7—>:1,VT§7T}

where € : Poen, — {E1} is the signature of even permutations.

PRrROOF. This is routine combinatorics, from [2], [73], the idea being as follows:

(1) Given 7 € P.ye,, we have 7 < 7,|7| = 2 precisely when 7 = 7 is the partition
obtained from 7 by merging all the legs of a certain subpartition § C 7, and by merging
as well all the other blocks. Now observe that 7 does not depend on 7, but only on
3, and that the number of switches required for making 7? noncrossing is ¢ = N, — N,
modulo 2, where N,/N, is the number of black/white legs of §, when labelling the legs
of m counterclockwise o @ o e ... Thus g(7”) = 1 holds precisely when 3 € 7 has the same

number of black and white legs, and this gives the result.
(2) This simply follows from the equality Pl =< 1 > coming from Theorem 9.13,

by computing < 1 >, and for the complete proof here we refer to [73].

(3) We use the fact, also from [73], that the relations g¢;g;9; = g¢;g:9; are trivially
satisfied for real reflections. We conclude from this that we have:

Pl (k1) = {ker (Z.l Zk)
Juo-o Tl

Thus, the partitions in P are those describing the relations between variables sub-

Gir - - i, = Gj, - - - gj, inside Z;N}

ject to the conditions g? = 1. We conclude that e, appears from NC¢,., by “inflating

blocks”, in the sense that each 7 € Pe[ﬁill can be transformed into a partition 7" € NCpepen
by deleting pairs of consecutive legs, belonging to the same block. Now since this op-
eration leaves invariant modulo 2 the number ¢ € N of switches in the definition of the
signature, it leaves invariant the signature ¢ = (—1)¢ itself, and we obtain the inclusion
“C”. Conversely, given m € P, satisfying (1) = 1, V7 < 7, our claim is that:

psocCmp=2 = e(p)=1

Indeed, let us denote by «, 3 the two blocks of p, and by v the remaining blocks of
7, merged altogether. We know that the partitions 7 = (a A7, 5), m = (6 A7, «),
73 = (a, B,7) are all even. On the other hand, putting these partitions in noncrossing
form requires respectively s+, s'+1t, s+ s+t switches, where ¢ is the number of switches
needed for putting p = («, ) in noncrossing form. Thus ¢ is even, and we are done. With
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the above claim in hand, we conclude, by using the second equality in the statement, that

we have o € P’ . Thus we have 7 € Pe[ﬁ]n, which ends the proof of “D7”. O

even*

There are many other things that can be said about the quantum groups H][\?o] intro-
duced above, both at the algebraic and probabilistic level. We will be back to this.

9c. Varieties of groups

Following the papers of Raum-Weber [71], [72], [73], we will extend now the construc-

tion of the series H](\?) and H ][\5,], that we have so far, into something very general, which
will cover in fact all the intermediate easy quantum groups, as follows:

Hy c G c H

This will be something quite tricky, with some delicate group theory and algebra
involved. Following [71], [72], [73], let us start with the following definition:

DEFINITION 9.16. We call real reflection group any finitely generated discrete group,
whose generators are real reflections, in the sense that they square up to 1:

=<g,....,98v > , g?zl

Such a real reflection group is called uniform if each permutation o € Sy produces a group
automorphism, given on generators by the following formula:

9i = Go(i)
Also, we say that T" is non-degenerate when its biggest abelian quotient, obtained by im-
posing commutation relations to all the generators g;, equals the group 7 .
There are many things that can be said, about these conditions. As a first observation,
having a real reflection group as above is the same as having a quotient as follows:
N —T
When assuming in addition that I' is non-degenerate, in the above sense, we can see
that I' must appear as an intermediate discrete group, as follows:
ZN =T — 7Y
It is quite useful at this point to look as well at the dual of I', from this perspective.

If we denote as usual by Ty the free real torus, appearing as dual of Z3", having a real
reflection group as above is the same as having a compact quantum group as follows:

rcrs

Moreover, assuming in addition that I' is non-degenerate, in the above sense, we can
see that [' must appear as an intermediate compact quantum group, as follows:

Ty cTcTy
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At the level of examples of such groups, we have 3 examples to be always kept in
mind, coming from our usual classical / half-classical / free philosophy, namely:

(1) The group Z%', usual product of Z, with itself.
(2) The group Z3", with o standing for free product up to abc = cba.
(3) The group Z3Y, usual free product of Z, with itself.

Following Raum and Weber [71], [72], [73], we will prove now that the easy quantum

groups Hy C G C H][\?o] are in correspondence with the uniform real reflection groups
75>° — 1" = Z35°, with the main instances of this correspondence being as follows:

Zy zgN ZsN

Hy H, H

This will be something quite tricky, with the correspondence involving as well the
corresponding categories of partitions, which will be as follows:

P cDc P

even

Getting started now, as a first result, which is something of purely group-theoretical
nature, and without many assumptions on the groups involved, we have:

PROPOSITION 9.17. Given a real reflection group ZiN — T, the following family of
subsets D(k,l) C P(k,l) is a category of partitions

D(k,l) = {7?6 P(k;,l)’ker (;) <T = ¢y -G :gjl...gjl}

satisfying PG[SZL C D C P. Moreover, this category appears as

P cDc Py,

even

when assuming that our real reflection group I' is non-degenerate.

PROOF. There are many things to be checked here, namely the 5 axioms for the
categories of partitions, and then the inclusions regarding D, the idea being as follows:

(1) Composition. We must prove here that the following happens:

T,oeD — {:}ED
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So, assume w,0 € D, which amounts in saying that we have:

)
ker (j) ST‘— — Giy -+ - Gip, = Gj1 --- 95,

J
ker(s) <T = Gj,---Gj, = sy - Jsm

In order to prove our result, we must prove that the following happens:
{ 0
ker (s) < [J} = Gi,---Yi, = Gs1 -+ - Gsm
But this is clear from our assumptions m, 0 € D above. Indeed, since the condition on
the left, namely ker(}) < [Z], tells us that the indices fit, we can come up with a middle
index j which fits with both 7, s, and we get our result, coming from:
Giy -+ - Giy, :gjl“‘gjl =0sy -+ Gspm
(2) Tensor products. We must prove here that the following happens:
m,0€D = [rojeD
So, assume 7,0 € D, which amounts in saying that we have:

1

s
ker ; ST = Gsy---9s,, =Gty - - - Js,,

In order to prove our result, we must prove that the following happens:

b
ker (q) <[ro] = Gpr - Gprsm = a1 - - Jarim

But this is clear from our assumptions 7,0 € D above. Indeed, since the condition on
the left, namely ker(?) < [r o], tells us that the indices fit, we can split each our indices
as p = (is) and ¢ = (jt), and we get our result, coming from:

Ip1 -+ - Gpkpme = Yiz -+ -Gip " YGs1 -+ - s
= 9]19]1 gty -+ -Ys,

9ar -+ Jarin

(3) Conjugation. We must prove here that the following happens:
m,o €D — €D

So, assume 7,0 € D, which amounts in saying that we have:

)
ker (]) Sﬂ- — Giy - - - Gi, = G471 --- 95,
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In order to prove our result, we must prove that the following happens:

p *
ker(q) <7 = Gp -9, = Gq1 - - o

But this is clear from our assumption m € D above. Indeed, the condition on the left,
namely ker(?) < 7%, tells us that the indices fit, and we deduce from this by upside-down
turning that we must have ker(g) < m, and we get our result, coming from:

9pr---9p = YGj---9j
= Giy--- Gy
= Yq1 -G

(4) Unit. We must prove here that the following happens:

1
ker (j) <ly, = ¢, ---9, =G -9
But this is clear, because the condition on the left, namely ker(é) < 1, tells us that
our indices must be equal, 2 = j, and so the equality to be proved is trivial.
(5) Semicircle. Here we must prove that the following happens:
ker(ab) <N = gagp =1

But this is clear, because the condition on the left, namely ker(ab) < N, tells us that
our indices must be equal, a = b, and the formula to be proved becomes g,g, = 1, which
is true, due to our assumption that I' is a real reflection group.

(6) Inclusion P c D. In order to prove this inclusion, consider the following
partition, that we alredy met in the above, when investigating the category plel.

(0]

(@] (o] )

.
We have then n € D, coming from the following formula for group elements:
Ga9a9b = Gb9aYa
Thus we obtain our inclusion of categories, in the following way:
<n>=P> cD

(7) Inclusion D C Piyep, assuming I' — ZY. In order to prove this, assume by
contradiction that we have D ¢ P,,.,. But this means that we have at least one partition
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m € D having some blocks of odd length, and by capping with semicircles we conclude
that either the singleton, or the double singleton, must be in D:

le D , ||eD
But in both cases the double singleton must be in D:
|| € D

Our claim now is that this is contradictory. Indeed, this condition tells us that we
must have g,g, = 1, for any indices a, b, and by using now our non-degeneracy assumption
[' — Z%, or rather its consequence I' # {1}, we obtain our contradiction, as desired. [

The above result is very nice. At the level of main examples, the basic groups, taken
in an NV >> 0 sense, produce the following categories of partitions:

7y 7N 75N
Prven P; Pi
More generally, for any s € {2,4,...,00}, the categories of partitions for the quantum

groups H](\f) CcCH ][\S,] come from the quotients of Z3Y < ZiN by the relations (ab)® = 1:

Zy ZSN ) < (ab)* =1 > ZEN | < (ab)* = 1>

Peven Pe(ggn Pe[f)}en
Conversely now, we have the following result, also from [71], [72], [73]:
PROPOSITION 9.18. Given an intermediate category of partitions

P D c Poen

even

we can associate to it a discrete group, as follows,

F:<91,---9N

Gir - Gi, = Gjy - - - Gj,» Vi, 7, k, 1 ker (j) € D(k‘,l)>

which is a uniform reflection group Z5N — T — 7.
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PROOF. Again, many things to be checked here, the idea being as follows:

(1) First of all, the construction in the statement produces indeed a group, with the
verification of the group axioms coming from the same computations as those in the
beginning of the proof of Proposition 9.17, read in the opposite sense.

(2) The fact that our group is indeed a real reflection group, Z3Y — T, comes from
N € D. Indeed, this condition tells us that we must have g,g, = 1, as desired.

(3) The fact that we group I that we obtain is indeed uniform is standard too, coming
from the fact that our axioms for categories of partitions are permutation-invariant.

(4) Finally, the fact the we have I' — ZY can be seen by functoriality. Indeed, for
D = P.,., we obtain I' = ZY, and so from D C P,,., we get I' — ZY, as desired. l

Our claim now is that the correspondences in Proposition 9.17 and Proposition 9.18
are inverse to each other. To be more precise, as explained in [72], the correspondences
[' - D and D — I' are bijective, and inverse to each other, at N = oo:

PROPOSITION 9.19. The above correspondences are one-to-one between:

(1) Uniform reflection groups Z3>° — I' — 7.3°.

(2) Categories of partitions P cbDc P.oen-

ProOF. This is something quite routine from what we have, and for details here, and
for further interpretations of all this, using some abstract algebra, we refer to [73]. O

Let us recall now, from the discussion following Proposition 9.17, that all our exam-
ples of easy quantum groups Hy C G C Hj;, expect for the quantum group Hj itself,
come from certain categories of partitions which are covered by the correspondence in
Proposition 9.19. This suggests to fine-tune the correspondence in Proposition 9.19, by
adding to the picture the corresponding easy quantum groups Hy C G C Hj as well,
and we have here the following remarkable result, from [71], [72], [73]:

THEOREM 9.20. We have correspondences between:

(1) Uniform reflection groups 25> — T' — Z3°.
(2) Categories of partitions Pl cbDc P.oen-

(3) Easy quantum groups G = (Gy), with H][\?O] DO Gy D Hy.

Proor. This is something which is quite clear from what we have, and for details
here, and for some further interpretations of all this, using abstract algebra, we refer to
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[73]. As an illustration, as mentioned above, we have the following correspondences:

Zy zgN ZsN

Hy H3, H
More generally, for any s € {2,4,...,00}, the quantum groups H](\f) CH J[f}] constructed
in [15] come from the quotients of Z3™ « Z3N by the relations (ab)® = 1:

v/ ZN ) < (ab)® =1 > ZN ) < (ab)® =1 >
Hy HY HY
For details on all this, and more, we refer to [73]. O

As before with other examples of new quantum reflection groups, there are many other
things that can be said, both of algebraic and probabilistic nature.

9d. Crossed products

With the results that we have so far, the classification of the easy quantum groups
Hy C G C Hjy; is not over yet, for instance because the correspondence in Theorem
9.20 does not cover the quantum group Hy; itself. Thus, there is still construction and
classification work to be done, and we will be of course back to this, in due time.

Before this, however, let us further examine what we have, from a purely algebraic
viewpoint. Since we have decomposition results Hy = Zy ! Sy and H]J\“, = 7o U SJJ\;, our
classification problem for the intermediate easy quantum groups Hy C G C Hj; amounts
in classifying the intermediate easy quntum groups, as follows:

Zy1 Sy C G C Zyl, S

Thus, we can expect the solutions GG to appear as some kind of crossed products.
Generally speaking, however, this is not exactly true, and we will further comment on
this later on, once having the complete list of such intermediate easy quantum groups.

However, one thing that we can do is to try to work out such decomposition results,
for the solutions G that we already have, which are those of the form G = HY,, found in
the previous section. We are led in this way to the following question:
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QUESTION 9.21. Do the quantum groups G = HY, that we found decompose as crossed
products, in analogy with the decomposition result Hy = Zo 0 Sy ?

In order to answer this question, let us go back to the main examples that we have. In
what regards the very basic examples, the study here is quite elementary, and we conclude
that we do have crossed product decomposition results, as follows:

Zy ZgN zsN

ZéVX]SN Z;NNSN Z;NX]SN

To be more precise, the decomposition on the left, Hy = Z% x Sy, is the same thing
as the usual writing Hy = Zs ! Sy. As for the decompositions in the middle and on the
right, Hy = Z3Y x Sy and H][ﬁo] = Z35N x Sy, these can be worked out by using the

numerous explicit descriptions of the quantum groups Hy, and H ][\(;O ], found above.

More generally now, a similar study shows that in fact for any s € {2,4,..., 00}, the

quantum groups H](\f) CH ][\S,] constructed in [15] come from the quotients of ZgY «+ Z3N
by the relations (ab)® = 1, via a crossed product operation, as follows:

zy ZN | < (ab)* =1 > ZN ) < (ab)* =1 >

ZY 3 Sy ——=7Z3N ) < (ab)* =1 > xSy ——=ZN | < (ab)®* =1 > xSy

Summarizing, we have here some good evidence towards a “yes” answer to (Question

9.21, and with the crossed product decomposition being every time something very simple,
involving the diagonal torus of HY. And the point now is that we have indeed such a
“yes” answer, in general, as shown by the following result, from [71], [72], [73]:

THEOREM 9.22. We have a decomposition result of type
Hy =T xSy
with T, or rather its dual, being viewed as diagonal torus of H}.

ProoOF. This is something that we know to hold, from the above, for all the main
examples of easy quantum groups of type HY, and the proof in general is similar, basically
coming from what we have, and with some care in defining the relevant x operation for
the quantum groups involved. For full details on all this, we refer to [71], [72], [73]. O
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As a conclusion to all this, with respect to our objectives formulated in the beginning
of this chapter, we have solved half of the classification problem for the easy quantum
groups Hy C G C H};. We will be back to the other half, in the next chapter.

9e. Exercises

The material in this chapter has been quite exciting, and suprising too, at the first
reading, and we have several interesting exercises about all this. First, we have:

EXERCISE 9.23. Work out in detail the further general theory for the quantum groups
HY,, including toral subgroups, and crossed product decomposition results for them.

All this is normally quite standard, and if getting lost, you can always take a look at
the papers of Raum-Weber, where these questions are solved, and report on what you
learned. As a second exercise now, which is more of an open question, we have:

EXERCISE 9.24. Work out the basic probabilistic aspects of the quantum groups Hl,
in terms of the associated discrete groups I.

This is certainly something quite interesting, in waiting to be solved, for some time
already, and the work here is most likely quite routine.



CHAPTER 10

The real case

10a. General strategy

Good news, we have now all the needed ingredients for doing some exciting classifica-
tion work. We will discuss here, still following [15], and then the papers of Raum-Weber
[71], [72], [73], the classification problem for the orthogonal easy quantum groups:

Sy C G C Oy

We will see that a full classification result is available in this case, and with this being
one of the main achievements of the classification work for the easy quantum groups. The
discussion will use pretty much everything that we learned so far in this book, at the
examples and classification level, along with a number of supplementary ingredients.

In order to explain what is to be done, let us go back to the standard cube of easy
quantum groups, that we are very familiar with, namely:

Ky

Hy On
Assuming that we are in the twistable case, Hy C G C O}, we are interested in

understanding the inner objects for the face of the cube facing us, namely:

/

+
UN
N

Hy O

G

/

225

Hy On
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But here, the idea is very simple, namely that of “projecting” G on the upper and
lower edges, as to reach to a diagram as follows:

H]—i\; Gfree O]—i\_[
G
HN Gclass ON

Indeed, we know from chapter 6 what the values of both the classical and free quantum
groups Ggss, G free can be, so we will be left in this way with a quite routine study of the
intermediate objects for the liberation operation Geass C G free-

This was for the idea, and I can feel the following question coming right away:

QUESTION 10.1. Yes, but why not projecting G on the left and right edges? Or, even
better, projecting G on all 4 edges?

Good point, so an alternative technique would be indeed to project G on the left and
right edges, as to reach to a diagram as follows:

Hy Oy
Gdisc G Gcont
Hy On

In practice, however, this won’t really work, because the correspondence Ggise <> Geont
is very far from being bijective. To be more precise, according to our various results for
the left and right edges, on the left we have an uncountable family, probably followed by
some more objects, including Hy;, while on the right we only have 3 objects. That is, the
data that we will get from the above diagram will be as follows, not very usable:

Gdisc € {Hjl:th]—"\}} ) Gcont € {ONaO}k\hO]—i\_f}

In contrast, our first idea, the one above, using the correspondence G iass < G free,
looks quite valuable, because this correspondence, that we are already familiar with, is
not exactly bijective, but is not far from being bijective either. So, good idea, and as a
piece of homework for us, lying ahead, let us record the following question:
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PRrROBLEM 10.2. Clarify the bijectivity aspects of the correspondence
Gclass <~ Gfree

before seriously getting to classification work.

As a funny comment here, the first systematic classification paper for the easy quantum
groups was [15], and this problem was of course duly investigated prior to that work, with
full scientific integrity, and with a quick “yes” answer, based on a previous mistake from
[22], leading to the conclusion that Geess ¢ Gfree s trivially bijective. Later Weber
came in [92] with a counterexample/fix for [22], which was of course taken into account
afterwards, in the classification work of Raum-Weber [71], [72], [73]. More on this later,
but believe me, “no mistakes” usually means in mathematics mediocrity, so please stay
away from that, study interesting problems, and do mistakes from time to time.

Back to work now, everything that has been said above regards the twistable case,
Hy C G C O, which is the simplest. But normally the same technique should apply as
well to the general case, Sy C G C OF, via a diagram as follows:

Sy G free Oy
G
SN Gclass ON

To be more precise, again we know from chapter 6 what the classical and free orthog-
onal quantum groups are, and this should normally allow us to recover GG, by performing
a case-by-case classification work, for each liberation operation G iass C G free-

This was for the idea, and in practice, our starting point will be the result from chapter
6 regarding the classical and free orthogonal quantum groups. The statement, along with
some further details regarding the proof, that we will need here, is as follows:
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THEOREM 10.3. The classical and free orthogonal easy quantum groups are

Hy Oy
7 A
SN By
7 7
Sy BY
HN ON
e 7
SN By
7 A
SN BN

with S = Sy X Zy, By = By X Zo, and with S, By being their liberations, where By
stands for the two possible such liberations, B3t C ByY.
Proor. This is something that we know from chapter 6, with everything being quite

standard, except for the ramification question for the liberations of By, that we will recall
now. The continuous face of the cube, on the right, looks in detail as follows:

B B Bt o,
BN BJOV ON

As for the corresponding categories of partitions, these are as follows, containing ob-
jects that we know, except for NC7,, NCT5, whose definition will come in a moment:

NC NCT3 NGy

NCis

Py Py, Py

Getting now to the core of the problem, we know that B}, = By X Zy appears from
the category Py, of singletons and pairings, having an even total length. The point now
is that we have the following formulae for Py, which are both clear:

Py =< X, [n>=< [ >
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Now when liberating at the level of these formulae, that is, when removing the crossing,
we obtain two possibly distinct categories, as follows:
NCy, =<|n> D NCE=<]||>
Observe that we have indeed an inclusion as above, due to the following formula:
I=Gle<in>  m=[n , o=]U
However, we do not have equality, due to the following somewhat bizarre fact:
ne¢<ll>

So, this was for the story, the idea being that we have two noncrossing versions of Pp,,
and so two liberations of Bjy;, as constructed above. And for details, regarding all this,
and then the fix of the previous classification from [22], we refer to [92]. O

Getting back now to our classification program for the orthogonal easy quantum groups
Sy C G C OF, we recall that our idea is very simple, namely that of regarding G as being
inside the cube from Theorem 10.3, and then “projecting” it on the upper and lower faces,
as to reach to a diagram as follows, where for convenience we have collapsed to 2D:

Sy G pree oy
G
SN Gclass ON

Then, we will be left with a most likely quite routine classification problem for the
intermediate objects for the liberation Gejuss C Gree, and with this latter liberation
taking 7 possible values, according to our classification result from Theorem 10.3.

However, in view of the issues with B} from Theorem 10.3, we must be very careful
with all this, especially when talking about Ggss and G free. So, following [15], and in
mind with the update coming from [92], let us start with the following definition:

DEFINITION 10.4. Consider an easy quantum group Sy C G C OF;, coming from a
category of partitions NCo C D C P.

(1) The classical version Sy C Geass C On is obtained by setting Geqss = G N Oy
Equivalently, G is the easy group coming from < D,X >.

(2) The free version S3; C Gree C OF is obtained by setting Gree = {G, ST }. That
i8, G free 15 the easy quantum group coming from D N NC.

Here we have used the general material regarding the operations N and {,} from
chapter 3, and we refer to that chapter for more on all this.
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In practice now, at the quantum group level we obtain the rectangular diagram given
above, right before Definition 10.4, and at the level of categories of partitions we obtain
the following rectangular diagram, which is dual to the quantum group diagram:

NC DNNC NC,
D
P < D,X > Py

In relation now with Theorem 10.3, and with the questions that we are interested in,
in relation with our classification program, we have the following result:

ProproSITION 10.5. The following happen:
(1) We have (Gfree)class - Gclass-
(2) However, we can have (Geass) free 7 G free-

PROOF. At the first glance, this might look as chapter 3 grade material, obtained by
playing with the categories in Definition 10.4, but since we have # in (2), this is certainly
more subtle than that. To be more precise, we must use Theorem 10.3, as follows:

(1) With respect to the cube in Theorem 10.3, computing (G free)ciass means going up
and down, while computing G..ss means simply going down. But these operations lead
to the same outcome, namely one of the 6 objects on the lower face.

(2) We have a similar picture here, with computing (Gess) free meaning going down
and up, and computing G'f,.. meaning going up. But these operations lead to the same
outcome, except in the case Gfpee = BJO\}’J“, which cannot appear as (Gegss) free, because
due to our definitions of B3, BY*, explained in the proof of Theorem 10.3, we have:

(B?V)fTee - B?v+ # B?\}H—
Thus, we have the result, the simplest counterexample being G = B™. U

Following [15], we begin our classification work with a technical result, valid in the
general case. Given an easy quantum group Sy C G C OF;, let us set, as before:

Gclass =GnN ON

We know from the general properties of N that, if we denote by D the category of
partitions associated to G, then the category of partitions associated to G g is:

Dclass =< D>X >
Consider as well the free version of GG, defined as before as follows:

Gf“i6 = {G> S]Tf}
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According to our definition for the easy generation operation {,}, the category of
partitions for this latter quantum group is then given by:

Djyee = DNNC

Finally, let us call a category of partitions “even” when it consists of partitions having
an even number of legs. That is, D is even when the following happens:

k+1€2N+1 = D(k,1)=10

Observe that this is the case for the category of partitions P° associated to the group

Y = SN X Zs, which consists precisely of the partitions 7 € P having an even number

of legs. In fact, by functoriality, the fact that a category of partitions D is even means
precisely that the corresponding easy quantum group G appears as follows:

Sy € G C Oy

With these conventions, we have the following result, from [15], further building on
what we know from the above, regarding the classical and free version:

PROPOSITION 10.6. Given an easy quantum group Sy C G C O%; as above, denote by
A, Afree C N the sets of possible sizes of blocks of the partitions of D, D fyec.

(1) Afree CcAC Afree U (Afree — 1)
(2) 1 € A implies 1 € Afyee.
(3) If Dyree is even, so is D.

ProoF. We will heavily use the various abstract notions and results in [22]:

(1) The first inclusion in the statement, namely Ay,.. C A, follows from the following
inclusion of categories of partitions, which itself comes from definitions:

Dfree C D

(2) As for the second inclusion, namely A C Agpee U (Afree — 1), this is equivalent to
the following statement: “If § is a block of a partition m € D, then there exists a certain
block 8" of a certain partition 7" € Dy, having size |3] or |5]| — 17.

(3) But this latter statement follows by using the “capping” method in [22]. Indeed,
we can cap 7 with semicircles, as for § to remain unchanged, and we end up with a certain
partition 7’ consisting of # and of some extra points, at most one point between any two
legs of 3, which might be connected or not. Note that the semicircle capping being a
categorical operation, this partition 7’ remains in D fyee.

(4) Now by further capping 7’ with semicircles, as to get rid of the extra points, the
size of # can only increase, and we end up with a one-block partition having size at least
that of 5. This one-block partition is obviously noncrossing, and by capping it again with
semicircles we can reduce the number of legs up to |5| or || — 1, and we are done.
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(5) Getting now to the second assertion, the condition 1 € A in the statement means
that there exists 7 € D having a singleton. By capping m with semicircles outside this
singleton, we can obtain a singleton, or a double singleton. Since both these partitions
are noncrossing, and have a singleton, we obtain 1 € Ay, and we are done.

(6) Finally, regarding the last assertion, assume by contradiction that D is not even,
and consider a partition 7 € D having an odd number of legs. By capping 7 with enough
semicircles we can arrange for ending up with a singleton, and since this singleton is by
definition in Dy, N NC, we obtain our contradiction, and are done. O

We are now in position of splitting the classification. Recall from Theorem 10.3 that
the classical and free orthogonal easy quantum groups are as follows:

Hy Oy
A A
SN By
7 7
Sy By
HN ON
ed 7
Sy By
7 A
SN BN

With this in mind, we can further build on what we know from Proposition 10.6, on
a case-by-case basis, and we are led to the following key result, from [15]:

THEOREM 10.7. Given an easy quantum group Sy C G C OF; as before, construct its
classical version Sy C Gegss C ON-.

(1) ]f Gclass 7é HN then Gclass CcGC Gfree-
(2) If Gerass = Hy then Sy C G C Hy,.

PRrROOF. We recall that the inclusion G C G ¢y, follows from definitions. For the other
inclusion, we have 7 cases, depending on the exact value of the easy group Gss, and of
G free, and we can solve each of these cases by using Proposition 10.6, as follows:

(1) Geass = On. Here we have Ag.. = {2}, so we get {2} C A C {1,2}. Moreover,
again by Proposition 10.6, we get A = {2}. Thus D C P,, which gives Oy C G.

(2) Geass = Sn. Here there is nothing to prove, because we have an inclusion Sy C G,
by definition of our easy quantum group G.

(3) Geass = Bn. Here we have Ay = {1,2}, so we get A = {1,2}. Thus we have
D C Py5, which gives an inclusion By C G.
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(4) Gass = S%. Here we have an inclusion D C P by definition, and we deduce that
we have D C P°, which gives an inclusion S} C G.

(5) Getass = By and G ree = B3, Here we have Ay... = {1,2}, so we get A = {1,2}.
This gives D C Pjy, and we get D C P, which gives an inclusion By, C G.

(6) Getss = By and Gjree = B3y ". Here we have again Aj... = {1,2}, so we get
A = {1,2}. This gives D C Pjo, and we get D C Pf,, which gives By, C G.

(7) Geass = Hy. Here we have D C P by definition, and we deduce that we have
D c P°, which gives an inclusion Sy C G. O

We can see from the above result that the case G, = Hpy is quite special, and this
is in tune with our findings from chapter 9, where we have seen that Hy has uncountably
many liberations, and with the classification of such liberations being actually not over
yet. This ramification phenomenon will play a key role, in what follows.

10b. Liberation study

According to what we have so far, namely Theorem 10.3 and Theorem 10.7, we are
left with a case-by-case study, of the easy intermediate objects G for various liberation
operations as follows, with the endpoints G and G}, being known:

Gy CGX C G},

We have already seen such questions in this book, notably in chapter 6 for the group
Sy, and then in chapter 7 for the group Oy, with the conclusion that in these two cases,
the complete lists of such liberations are very short, as follows:

SyC Sy , OycCOycCOf

Moreover, in both these cases the proofs were quite similar, basically based on the
method of semicircle capping. We refer to chapters 6 and 7 for the whole story, and for
our purposes here, let us record these findings a bit informally, as follows:

Fact 10.8. The easy liberations of Gy = Sn,On are as follows:

(1) They can be classified via semicircle capping.
(2) They consist of the half-liberations G% and of the free versions G;.
(3) With the remark that for Gy = Sy, we have Sy = Sy.

Getting back now to our liberation problem, in general, as formulated above, involving
an arbitary inclusion Gy C Gy, our goal will be that of extending this type of finding
to all the orthogonal easy groups that we know, by using similar methods, and with of
course the remark that the case of Hy is special, needing more study.

In practice now, in order to start now the classification, based on what we have in
Theorem 10.7, we will need the following notions:
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DEFINITION 10.9. Let m € P(k,l) be a partition, with the points counted modulo k+1,
counterclockwise starting from bottom left.

(1) We call semicircle capping of m any partition obtained from m by connecting with
a semicircle a pair of consecutive neighbors.

(2) We call singleton capping of ™ any partition obtained from w by capping one of
its legs with a singleton.

(3) We call doubleton capping of m any partition obtained from m by capping two of
its legs with singletons.

In other words, the semicircle, singleton and doubleton cappings are elementary oper-
ations on partitions, which lower the total number of legs by 2, 1,2 respectively.

Observe that there are k41 possibilities for placing the semicircle or the singleton, and
(k+1)(k+1—1)/2 possibilities for placing the double singleton. Observe also that in the
case of 2 particular “semicircle cappings”, namely those at left or at right, the semicircle
in question is rather a vertical bar, but we will still call it semicircle.

With these conventions, we have the following technical result, extending some tech-
nical results from chapters 6 and 7, that we will heavily use in what follows:

ProproSITION 10.10. Let w be a partition, having j legs.

1) If m € Py — Py and j > 4, there exists a semicircle capping ©' € Py — Py.

) If m € Py — NCy and j > 6, there exists a semicircle capping ' € Py — NCs.

) If m€ P— NC and j > 4, there exists a singleton capping ©’ € P — NC.

) If m € Pio — NChg and j > 4, there exists a singleton capping 7' € Pyy — NCs.
) If m € P°— NC° and j > 4, there exists a doubleton capping ' € P° — NC°.

) If me P, — NCY, and j > 4, there exists a doubleton capping ©' € Py — NCY,.

(
(2
(3
(4
(5
(6

ProOOF. We write m € P(k,1), so that the number of legs is j = k + [. In the cases
where our partition is a pairing, we use as well the number of strings, s = 7/2. Let us
agree that all partitions are drawn as to have a minimal number of crossings.

We will use the same idea for all the proofs, namely to “isolate” a block of 7 having a
crossing, or an odd number of crossings, then to “cap” 7 as in the statement, as for this
block to remain crossing, or with an odd number of crossings.

Here we use of course the observation that the “balancing” condition which defines
the categories of partitions Py, P, can be interpreted as saying that each block of the
partition has an even number of crossings, when the picture of the partition is drawn such
that this number of crossings is minimal.

(1) The assumption 7 ¢ Py means that 7 has certain strings having an odd number of
crossings. We fix such an “odd” string, and we try to cap m, as for this string to remain
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odd in the resulting partition 7’. An examination of all the possible pictures shows that
this is possible, provided that our partition has s > 2 strings, and we are done.

(2) The assumption 7 ¢ NCy means that 7 has certain crossing strings. We fix such
a pair of crossing strings, and we try to cap 7, as for these strings to remain crossing in
7'. Once again, an examination of all the possible pictures shows that this is possible,

provided that our partition has s > 3 strings, and we are done.

(3) Indeed, since 7 is crossing, we can choose two of its blocks which are intersecting.
If there are some other blocks left, we can cap one of their legs with a singleton, and we
are done. If not, this means that our two blocks have a total of j' > j > 4 legs, so at least
one of them has j” > 2 legs. One of these j” legs can always be capped with a singleton,
as for the capped partition to remain crossing, and we are done.

(4) Here we can simply cap with a singleton, as in (3).
(5) Here we can cap with a doubleton, by proceeding twice as in (3).
(6) Here we can cap again with a doubleton, by proceeding twice as in (3). O

As before with what we knew from chapters 6 and 7, involved in the proof of Fact
10.8, we can apply several times what we found in Proposition 10.10, by recurrence, and
we are led in this way to the following result, also from [15], which is finer:

ProrosIiTION 10.11. Let w be a partition.
(1) If m € P, — Py then <, NCy >= P,.
(2) If m € Py — NCy then < m, NCy >= Pj.
(3) If € P— NC then <7, NC >= P.
(4) ]f’/T € Ps —Nclg then < ’/T,NClQ >= Pis.
(5) If m € P° — NC° then < w, NC° >= P°.
(6) If m € Py, — NCY, then < m, NCYy >= Py,.

Proor. We use what we have in Proposition 10.10, with the observation that the
“capping partition” appearing there is always in the good category. That is, we use the
following facts, which are all clear from the definition of the categories involved:

— The semicircle is in NCy, NC°.
— The singleton is in NC, NC',.
— The doubleton is in NCp,.

The point now is that, in the context of the capping operations in Proposition 10.10,
these observations tell us that, in each of the cases under consideration, the category to
be computed can only decrease when replacing 7 by one of its cappings 7'

Indeed, for the singleton and doubleton cappings this is clear from definitions, and
for the semicircle capping this is clear as well from definitions, unless in the case where
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the “capping semicircle” is actually a “bar” added at left or at right, where we can use a
categorical rotation operation as in [22].

(1) This assertion can be proved by recurrence on the number of strings, s = (k+1)/2.
Indeed, by using Proposition 10.10 (1), for s > 3 we have a descent procedure s — s — 1,
and this leads to the situation s € {1,2, 3}, where the statement is clear.

(2) Again, this can be proved by recurrence on the number of strings, s = (k +1)/2.
Indeed, by using Proposition 10.10 (2), for s > 3 we have a descent procedure s — s — 1,
and this leads to the situation s € {1,2, 3}, where the statement is clear.

(3) We can proceed by recurrence on the number of legs of 7. If the number of legs is
j =4, then 7 is a basic crossing, and we have < 7 >= P. If the number of legs is j > 4
we can apply Proposition 10.10 (3), and the result follows from:

<m>><n >=P
(4) This is similar to the proof of (1), by using Proposition 10.10 (4).
(5) This is again similar to the proof of (1), by using Proposition 10.10 (5).

(6) This is again similar to the proof of (1), by using Proposition 10.10 (6). O

All this might seem quite technical, but good news, we are almost there, with what
we need in practice. As usual by building on what we already knew from chapters 6 and
7, involved in the proof of Fact 10.8, we can reformulate what we found in Proposition
10.11 in a more convenient way, the result here, still from [15], being as follows:

PROPOSITION 10.12. Let m be a partition.

(1) [fﬂ' S P2 then < W,NCQ >c {PQ,PZ*,NCQ}.
(2) If m € P then <7, NC >e {P,NC}.

(3) If’ﬂ' € Pis then < 7T,N012 >c {PlQ,NClQ}.
(4) If m € P° then <, NC' > {P°, NC°}.
(5) If m € Pp, then < m, NC}, >€ {Pf,, NCY,}.

Proor. This follows indeed by rearranging the various technical results above, and
more specifically by suitably interpreting what we found in Proposition 10.11. U
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We are now in position of stating a main result. Recall from Theorem 10.3 that the
classical and free orthogonal easy quantum groups are as follows:

Hy Ox
7 7
SJOVJ“ B;’\;L
e e
Sy By
Hy On
e A
SN By
A 7
SN By

With this cube in mind, and by taking as well into account the various issues in the
special case of the hyperoctahedral group Hpy, coming from the previous chapter, and
from Theorem 10.7 as well, let us formulate the following definition:

DEFINITION 10.13. We call “non-hyperoctahedral” any easy quantum group
Sy C G C Oy
such that Gaass # Hy.

We refer to the above for various interpretations of this condition. Now with this
convention made, we have the following classification result, for such quantum groups:

THEOREM 10.14. There are exactly 13 non-hyperoctahedral orthogonal easy quantum
groups, namely:
1) Oy, O%, 0% the orthogonal quantum groups.
N:YN g Y

) Sy, S : the symmetric quantum groups.
) By, By : the bistochastic quantum groups.

, : the modified symmetric quantum groups.
) S, Sy th dified sy tri tum g

, : the modified bistochastic quantum groups.
) B, B3 th dified bistochastic quantum group
) B*, By : the extra modified bistochastic quantum groups.

Proor. This basically follows from what we have, the idea being as follows:

(1) We know from Proposition 10.10 that what we have to do is to classify the easy
quantum groups satisfying Geass C G C G free-

(2) More precisely, leaving the issues with the liberations of Bj, aside, we have to
prove that for Guss = Sn, By, S}, By there is no such partial liberation, and that for

Gass = On there is only one partial liberation, namely the quantum group G7,...
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(3) But this follows from the various results from Proposition 10.12, via the Tannakian
results in [22], which provide us with the list of 11 objects in the statement.

(4) However, as before with other results from the old papers [22] and [15], there are
some problems here coming from the exact cube from Theorem 10.3. We refer to [92] and
[73] for the updates and fixes of all this, the idea being that the quantum group B3y,
as well as its half-classical version B* = By N Oy, must be added to the list in the
statement, and with these changes made, the result holds as stated. O

There are many things that can be said about the above result. As a first observation,
our classification so far can be reformulated in the following more intuitive form:

THEOREM 10.15. The orthogonal easy quantum groups Sy C G C OF are

H o
A A e
S By
A 7
e By Ox
By
HN ON
et A
Sy By
A A
SN BN

with BY" standing for B, B™", and with the dotted arrow still to be investigated.

Proor. This follows indeed from Theorem 10.14, and with the remark that the ver-
tical arrow B3* — By lands by definition into By ", as to have indeed an inclusion. [

In regards with the above result, the right face of the cube, which is the continuous
one, still deserves some more work, pictorially speaking, and this due to various non-
functoriality phenomena which appear. Here is a better result, regarding that face:
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THEOREM 10.16. The continuous orthogonal easy quantum groups, that s, the inter-
mediate easy quantum groups By C G C OF, are as follows,

B B3 Byt ot
By Oy
By B3 Oy

with the half-classical versions of By, By collapsing to By, By.

PRrROOF. This follows indeed from Theorem 10.15, and with the whole diagram being
in fact the correct version of the right face of the cube in Theorem 10.15. For the sake of
completness, and for further reference, let us record as well the diagram of the categories
of partitions for the quantum groups in the statement. This is as follows:

NCis NCY, NCYs NC,
Py P;
Py Py, P,
For more on these categories, and their meaning, we refer to Theorem 10.3. U

It is of course possible to come up with some more diagrams for the above classification
results, and their various particular cases of interest. However, we will defer the discussion
here to the end of the present chapter, after solving the hyperoctahedral case as well.

10c. Higher reflections

We are now in position of finishing the classification. The idea, from [73], is that, with
Theorem 10.14 taking care of the non-hyperoctahedral case, we are left with a study in
the hyperoctahedral case. But here there is a dichotomy coming from H ][so], which in the
combinatorial language of [73] corresponds to a dichotomy coming from group-theoretical
categories, as opposed to non-group-theoretical categories.



240 10. THE REAL CASE

We recall from chapter 9 that given a uniform reflection group Zi¥ — I' — ZY, we can
associate to it subsets D(k,l) C P(k,l), which form a category of partitions, as follows:

Dk, 1) = {7? € P(k:,l)‘ ker (

1
j) <7T = gil...gik:gjl...gjl}

Observe that we have Pe[gg]n C D C P.,en, with the inclusions coming respectively from

n € D, and from I' — Z% . Conversely, given a category of partitions Pl cDc P.oen,
we can associate to it a uniform reflection group Z3;N — I' — Z¥, as follows:

= <gl,...gN Gir - Gip, = Gjy - - - Gjy» Vi, 7, k, 1 ker (j) € D(k,l)>

As explained in [72], the correspondences I' — D and D — T are bijective, and inverse
to each other, at N = oo. We have in fact the following result, from [71], [72], [73]:

THEOREM 10.17. We have correspondences between:
(1) Uniform reflection groups Z3>° — I' — 7.3°.
(2) Categories of partitions P cbDc P.oen-
(3) Easy quantum groups G = (Gy), with H][so] OGN D Hy.

PRroOOF. This is something quite tricky, and we refer here to [73]. As an illustration,
as mentioned above, we have the following correspondences:

7/ zgN ZsN

Hy H, H
More generally, for any s € {2,4, ..., 00}, the quantum groups H](\?) CH ][\S,} constructed
in [15] come from the quotients of Z3" <« Z3N by the relations (ab)® = 1:

/N ZN ) < (ab)* =1 > ZN ) < (ab)* =1 >
Hy HY HY
For details on all this, and more, we refer to [73]. O

The structure and classification results discussed above, concerning the intermediate
easy quantum groups Hy C G C H][\?O], do not close the classification problem in general,
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for the easy quantum groups Hy C G C Hj. The point indeed is that we have for
instance intermediate objects for the following inclusion:

HY ¢ G c Hf;

In order to discuss this question, which does have a non-trivial answer, let us start
with the following construction, from [73], which is something quite tricky:

PROPOSITION 10.18. Let HY C Hy be the easy quantum group coming from the
following partition:
1 ... rr ... 1
7T”_ker(l L 1)

We have then inclusions between these quantum groups, as follows,
HYX ... c HP c HE c HY = Hf;
and all these inclusions are proper.
ProOOF. We have several things to be proved, the idea being as follows:

(1) Consider indeed the quantum group HY C Hj; coming from the partition 7, in
the statement, which is by definition easy. As a first illustration for this construction, let
us examine the case r = 1. Here our partition 7 is something familiar, namely:

o O
m™ =

(@] (@]
Now since we have m; € NClypen, We obtain H = HY. as claimed.
9 N N>

(2) Let us discuss we well the case r = 2. Here the partition 7, in the statement,
producing the subgroup H$ C Hy; is as follows:

O O O (0]

T =

o o o o
In order to prove our results regarding H$Z, our first claim is that we have H ][\?O lcn 22

By functoriality, this amounts in checking that we have:

< 7y >C P

even
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Thus we must check that we have my C Pe[ﬂl, and this is clear from either of the

various explicit descriptions of the category Pe[iﬁ]n, obtained before.

(3) In order to finish now our study of H$?, consider the inclusions of quantum groups
that we established in the above, namely:

HY ¢ HY ¢ HY = H;

We must prove that these inclusions are proper, which amounts in proving that the
reverse inclusions for the corresponding categories, which are as follows, are proper:

P[Oo] o< g >2 NCeven

EVEN

But this follows by carefully examining the partition m,, and the category of partitions
that it generates, with the conclusion that this category is indeed as above. To be more
precise, since 7y is crossing we certainly have a proper embedding on the right, and the
fact that the embedding on the left is proper too is standard. See [73].

4) In the general case now, r € N, our first claim is that we have H <l - g B
g N N y
functoriality, this amounts in checking that we have:

< m >C P>

even

Thus we must check that, with 7, being as in the statement, the following happens:

7, C P

even
But this is clear from either of the various explicit descriptions of the category Pe[glel,
obtained before, and we obtain in this way the result.

(5) Let us prove now that we have inclusions HX,(TH) C HY as in the statement, for
any r € N. At r = 2, to start with, the partition 73 is as follows:

o o o
: I

I

I

I

Ty =

| |
| |
| |
: | | :
@) o o o @) @)
But, it is clear that by capping with semicircles, in the obvious way, we can obtain
the partition 7y for this partition. Thus, we have indeed H® C H$?, and the proof of
HX,(TH) C HY in general is similar, by suitably capping 7,1 with semicircles.
(6) Finally, the fact that the inclusions HX,(TH) C HY that we obtained are indeed
proper is best seen at the categorical level, coming from the fact that we have proper
inclusions of categories of partitions, and for details here we refer here to [73]. g
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Quite remarkably, we have the following uniqueness result, also from [73]:
THEOREM 10.19. Let HY C H}; be the easy quantum group coming from:
mo—ter (LT )
We have then inclusions between these quantum groups, as follows,
HY ... c HP c HY c HY = Hf;
and these are all the easy quantum groups HJ[\C;O} C G C HY;, satisfying G # H][\C;O].

PROOF. Here the first part of the statement is something that we already know, from
Proposition 10.18, reproduced here for convenience. As for the last assertion, regarding
uniqueness, this is something quite technical, and we refer here to [73]. O

There are many other things that can be said about the quantum groups Hy intro-
duced above, both at the algebraic and probabilistic level. Let us start with:

PROPOSITION 10.20. The quantum group HY C Hy, appears via the relations
5abua1i1 v UgpipUayg, - - Uayjy = 5ijua1i1 co Ui, Uppgy - - - Ubydyg
applied to the standard coordinates u;;.

PROOF. We know that quantum group H3 C Hy appears by definition by imposing
the following relations to the standard coordinates wu;;:

T, € End(u®*")

In order to interpret these relations, let us first compute the operator 7T, . We know
that the partition 7, is, pictorially speaking, as follows:

e} 9} o L. 9} o) e}
N I I N
| |
| |
| |

T, =

| |
| |
| |
: | | :
o o @) o @) o
Thus, the operator associated to this partition is as follows:

Tﬂ'r(eil®"'®eir®€jr®"‘®€j1):5ij€i1®"'®€iT®eir®"‘®ei1
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With this formula in hand, we have the following computation:

T7rru@2r(ei1 ®...0 Ci, ® €y ®...® € ® 1)

= Tﬂ'r ( E €ayiq R...Q Cariy & ebrjr R... ebljl & Ugqqiq -+ - - uarirubrjr ce ubm>
abij

(€, ®...0€,Qe;, ®...0e;, ®1)
= Tﬂ'rzeal®"'®€ar®ebr®"'®ebl®ua1il"'uarirub'rjr"'ubljl

ab
= E €a; ... Q€ Ve, Q... QR €4 O Uqgyiy - - - UgpipUay sy -+ - Yaqjy
a

On the other hand, we have as well the following computation:

U®2TT7rr(ei1 ®...Q0¢€, ®6jr ® ... ®ej1 ® 1)
— 5iju®2(e’i1®"'®e’ir®eir®"'®eil®1)

= 5ij ( E €ariy @ . O €q.i, ®€pj. Q... & €pj; @ Ugyiy - - - Ugyi, Ub,j, - - .ubm)
abij
(6, ®..0€, ®e;, ®...0¢e, ®1)

= 0 E €ay D ...Q e, Dep, @...Q ey @ Ugyiy - - - Uapip Uiy - - - Ubyiy
ab

We conclude that T, u®?* = u®*T, is equivalent to the following condition, which
must be satisfied for all the indices involved, namely ¢, 5:

g €a Q... Q€ Ve Q... QR €4 O Ugpiy - - - UgpipUayjy - - - Yaqjy
a
0y Z € @ ...Q¢€q Xep &...Q €y @ Ugyiy - - - Ugyiy Ubyi, - - - Ubyiy
ab

By looking at the summands, the following must happen, for any a, b, 1, j:
OabpUayiy - - - UayipWayjr - - - Yarjs = OijUayiy - - - Yapip Wbyiy - - - Wbyiy
Thus, we are led to the conclusion in the statement. Il
Here are a number of supplementary results regarding the quantum groups Hy/, which
can be useful in practice, when dealing with these quantum groups:

THEOREM 10.21. The quantum groups HY have the following properties:

(1) Their diagonal torus is Z3~ , independently on r.

(2) These quantum groups are not coamenable.

(3) Their intersection is the quantum group H][\?O}.
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Proor. All this is routine from what we have, the idea being as follows:

(1) This is best seen by functoriality. Indeed, we know from Proposition 10.18 that
we have inclusions of quantum groups as follows:

HY ¢ HY c HY;
Thus, at the level of diagonal tori, we obtain inclusions as follows:
ZN T czyy
We therefore conclude that we have T' = @V , independently of r, as stated.
(2) This follows from (1), the diagonal torus being non-coamenable.
(3) We know from Proposition 10.18 that we have inclusions as follows:
HY ¢ ... c HP c H? c HY = Hj;

Now consider the following intersection, which is a decreasing intersection:
G=(\HY
T
This intersection is then an easy quantum group, appearing as follows:

1Y ¢ G c HY;

Now by using the classification result from Theorem 10.19, along with the fact that
the inclusions between the quantum groups Hy are proper, that we know to hold from

Proposition 10.18, we conclude that we have G = H J[\?o ], as stated. U

Getting back now to classification matters, what we have in Theorem 10.17 and The-

orem 10.19 is still not enough. Fortunately, H ][\(;o ] produces a dichotomy, and there are no
further examples, the final classification result, from [73], being as follows:

THEOREM 10.22. The easy quantum groups Hy C G C Hy; are as follows,
Hy C Hy c HYY ¢ HY ¢ Hf;
with the family HY covering Hy, HJ[\?O}, and with the series HY covering H ;.

ProOF. This follows from the various classification results above, with a bit more
work, the idea being as follows:

(1) The easy quantum groups Hy C G C H}; can be shown to be either of the form
Hy CGC H][\‘;O], or of the form Hﬁo] C G C Hy,.

(2) But with these two latter classification problems being solved by our various classi-
fication results, we obtain the result. We refer here to the paper of Raum-Weber [73]. O
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10d. Classification results

All this is very nice, and is exactly what we need, in order to finish our classification
work. As a first result, in the twistable case, where our orthogonal easy quantum group
Sy C G C O3 contains Hy, the classification result, from [73], is as follows:

THEOREM 10.23. The easy quantum groups Hy C G C O%, are as follows,

Hy Oy

!

=

Hy On

with the family HY covering Hy, HJ[\?O], and with the series HY covering H ;.

PROOF. This follows indeed from the various results above, and from those in chapter
9. For further details, we refer to the paper of Raum and Weber [73]. O

Regarding now the general orthogonal easy quantum group case, Sy C G C OF;, we
can formulate things here as follows:

THEOREM 10.24. The orthogonal easy quantum groups are as follows:

1) On, Ok, OF: the orthogonal quantum groups.

2) Sy, Sy : the symmetric quantum groups.

3) Bn, BY:: the bistochastic quantum groups.

4) S%, Sy the modified symmetric quantum groups.

5) BY,, BY': the modified bistochastic quantum groups.

6) B3*, By " : the extra modified bistochastic quantum groups.
7) Hy,Hy, HY, Hy; o the hyperoctahedral quantum groups.

Proo¥r. This follows indeed from what we have, by combining Theorem 10.15, which
deals with the non-hyperoctahedral case, and Theorem 10.23 and its versions, dealing
with the hyperoctahedral case. For more on all this, we refer as usual to [73]. O

There are many things that can be said about the above result. As a first observation,
our classification can be reformulated in the following more intuitive form:
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THEOREM 10.25. The orthogonal easy quantum groups Sy C G C Oy are

Hy Oy
74 7
Sy HY By
S T S
Sx | By O
Hy By
}
H N ON
S S
SN By
7 A
Sy By

with B standing for the quantum groups BY" C B ™.

ProoFr. This follows indeed from Theorem 10.24, and with the remark that the ver-
tical arrow B3* — By lands by definition into B3 ", as to have indeed an inclusion. [

All this is very nice, we have reached to our objectives, formulated in the beginning
of this chapter. Let us record as well the result in the half-classical case, as follows:

THEOREM 10.26. The half-classsical orthogonal easy quantum groups are as follows:

(1) On, OX: the orthogonal quantum groups.

(2) Sn: the symmetric group.

(3) By: the bistochastic group.

(4) S%: the modified symmetric group.

(5) BY: the modified bistochastic group.

(6) BY*: the half-classical modified bistochastic quantum group.
(7) HY, with T half-classical: the hyperoctahedral quantum groups.

Proor. This follows indeed from Theorem 10.25, by removing from there the free
versions, and the quantum groups from (7) which are not half-classical. Alternatively, as
explained in [92], it is possible to obtain this result directly, by classifying the half-classical
categories of partitions. For more on all this, we refer to [92]. O

There are of course many other interesting particular cases of Theorem 10.25, such
as those concerning the uniform case, and so on. In addition, it is of course possible to
draw some nice diagrams for the quantum groups involved, and for the corresponding
categories of partitions, and other objects such as the diagonal subgroups, as well.
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10e. Exercises

The material in this chapter has been quite exciting, and we have several interesting
exercises about all this, which are rather research questions. First, we have:

EXERCISE 10.27. Work out the basic probabilistic aspects of the quantum groups HYJ,
and some further algebraic aspects as well.

This is certainly something quite interesting, in waiting to be solved, for some time
already. As a second exercise, again as difficult and interesting as they get, we have:

EXERCISE 10.28. Find an abstract contravariant duality between the intermediate easy
objects for the inclusion Uy C Uy, and the inclusion Hy C Hy,.

This might seem quite puzzling, but the thing is that, we know from chapter 8 that
the intermediate objects for Uy C Uy consist of a series followed by a family, and we also
know from this chapter that the intermediate objects for Hy C Hj; consist of a family
followed by a series. So, our question makes sense. We will be actually back to this, later
in this book, but just with some further comments, in the lack of a solution.



CHAPTER 11

Complex reflections

11a. Reflection groups

In this chapter we keep building on the theory developed in chapters 9-10, with com-
plex versions of the constructions performed there, and generalizations of some of the
classification results obtained there. In order to explain our strategy, let us go back to
the standard cube formed by the main easy quantum groups, namely:

Ky
On

We have seen that the intermediate easy quantum groups Hy C G C Hj; can be

fully classified, and that with a bit more work, this leads to a full classification of the

easy quantum groups Sy C G C Hy;, which can be thought of as being the easy “real

quantum reflection groups”. Moreover, with a bit more work, in the continuous case, this
even leads to a classification of the orthogonal easy quantum groups, Sy C G C OF.

Uy
Uy

HY
Hy

Our aim here is to do a similar work in the unitary case, first for the intermedi-
ate easy quantum groups Ky C G C K, which can be thought of as being the easy
“purely complex quantum reflection groups”, then for the intermediate easy quantum
groups Hy C G C Kj;, corresponding to the left face of the cube, and finally for the
intermediate easy quantum groups Sy C G C K3, which can be thought of as being the
easy “quantum reflection groups”. We will comment as well on the consequences of this
to the classification of the general easy quantum groups, Sy C G C Uy.

Getting started now, let us first formulate the following broad definition, which covers
all the examples that we have in mind, and perhaps some more examples too:

249
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DEFINITION 11.1. A quantum reflection group is an intermediate subgroup
Sy CGC Ky
between the symmetric group Sy, and the quantum reflection group K = T 1. S},

We are of course mostly interested in the easy case, but it is instructive to start with
a study in general, without easiness assumption. Indeed, in the classical case already, the
situation is very interesting, and we have here the following celebrated result of Shephard
and Todd, which is arguably on par with the ABCDEFG classification of Lie groups:

THEOREM 11.2. The irreducible complex reflection groups are

H = {U e H3|(det U)e = 1}

along with 34 exceptional examples.

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

(1) First of all, we already know that HY, = Z! Sy is a subgroup of the unitary group
Uy, that we are actually very familiar with. The point now is that, the determinant
det : Uy — T being a group morphism, imposing the condition det U = 1, or more
generally imposing the condition (detU)? = 1, for some d € N, still leaves us with a
subgroup of Uy, that we can denote H3¢, as in the statement.

(2) As basic examples of this construction, in the case d = s we have of course H3¢ =
H3;, with this coming from the fact that we have detU € Z;, for any matrix U € HYy.
Observe also that this latter observation tells us to assume d|s in our construction, as for
the resulting group H3? not to degenerate. In fact, with this assumption made, it is easy
to see that the resulting quantum groups H3¢ are distinct.

(3) At the level of new examples now, of particular interest is the alternating group
Ap, which appears at the parameter values s = d = 1. Indeed, we know that we have
H}, = Sy, and since the determinant function det : Uy — T produces by restriction to
the permutation matrices Sy C Uy the signature of the permutations, € : Sy — {£1},
by imposing the condition det U = 1 we obtain the alternating group Ay.

(4) This was for the basic theory of the subgroups H3 C Uy in the statement.
The point now is that all these subgroups are complex reflection groups, which are in
addition “irreducible”, in some intuitive sense. Moreover, and here comes the point, any
irreducible complex reflection group G C Uy can be shown to be of this form, up to some
34 exceptional examples, which can be explicitely classified.

(5) So, this is what the statement is about. Regarding now the proof, this is something
quite complicated, especially if you wish to have a complete classification, with the 34
exceptional examples involved fully classified and listed, and we refer here to the paper
of Shephard and Todd [75], and to the subsequent literature on the subject. U
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Regarding now easiness, we know from chapter 3 that at d = s the group under
consideration, namely H? itself, is easy, the precise result being as follows:

THEOREM 11.3. The group HY = Zs 1 Sy s easy, with the corresponding category
of partitions P® consisting of the partitions having the property that each block, when
weighted according to the rules o — +, 0 — —, has as size a multiple of s.

ProoOF. This is something that we know well, extending some well-known results at
s = 1,2, where HJ, is respectively the symmetric group Sy, and the hyperoctahedral
group Hy. For full details here, we refer to chapter 1 of the present book. O

The above results raise the interesting question of examining the easiness features of
the group H3¢, in general. To be more precise, we would like to know if this group is easy
or not, and if not, what is its “easy envelope”, in the sense of chapter 3.

As a first observation here, the case N = 2, s = 4,d = 2 is special, as follows:

THEOREM 11.4. The complex reflection group Hy? is easy, the corresponding category
of partitions being as follows,

2 _
Dk 1) = P?(k,l) when E =1(4)
0 otherwise
where k is the number # o —# e, over the symbols of k.

PROOF. According to the definition of H3?, we have:

Hy? = {g€H§1 dethZQ}

() e zmen)
= {(g 2),(2 8) ‘a,bz:l:lora,bz:l:i}

= HyU1H,
Now observe that by functoriality, the associated Tannakian category C' satisfies:

CCCh = span(P?)

In order to compute C, we use the trivial fact that the fixed point relations ¢®/¢ = &,
(tg)®'¢ = ¢ with t € T imply # = 1, with the usual conventions t° = t,t* = ¢ for the
colored exponents. In our case, with ¢ = ¢ we obtain that we have:

C0,)#0 = i'=1 = [=0(4)
More generally, the same method gives in fact the following implications:
Clk,)#0) = i"=i" = k=1(4)
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We conclude from this that, with D = (D(k,1)) being the collection of sets in the
statement, we have an inclusion as follows:

C C span(D)

But this collection of sets D forms a category of partitions, and by comparing with
the classification results in [79], we obtain C' = span(D), as stated. O

Our claim now is that, provided that H3¢ is not one of the groups in Theorem 11.3 or
Theorem 11.4, which are easy, and that we understand well, this group is not easy, and
its easy envelope, in the sense of chapter 3, can be explicitly computed.

In order to discuss this, let us start with a study in the continuous case. In analogy
with the general construction of the complex reflection groups from Theorem 11.2; using
the determinant function det : Uy — T, we can formulate the following definition:

PROPOSITION 11.5. Given a number d € NU {oo}, consider the group

Ud = {g e UN‘ detg € Zd}
where Zg 18 the group of d-th roots of unity. This group is homogeneous,
Sy c US Cc Uy
when the parameter d is even, d € 2N U {oo}.

PrRoOOF. We recall from chapter 1 that the embedding Sy C Uy that we use is the
one given by the usual permutation matrices, namely:

U(BZ’) = eg(i)

Thus the determinant of a permutation o € Sy is its signature, (o) € Zs, and this
gives both the group property of U%, and the last assertion. U

In what follows we will be mostly interested in the case 2|d. However, the value d = 1
is interesting and useful as well, because we have inclusions, as follows:

SUy =Uxn CUL CUF =Uy
By functoriality, we therefore obtain inclusions of categories, as follows:
OUN C CU;%, C CSUN

The group Uy is well-known to be easy, its category being given by Cy, = span(Ps),
where Ps is the category of the matching pairings. The representation theory of SUy is
well-known as well, in diagrammatic terms, as explained for instance in [99].

Regarding now U, with d € NU {oo} being arbitrary, we have here:
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THEOREM 11.6. The Tannakian category of Ug appears as a part of the Tannakian
category of SUy, obtained by restricting the attention to the spaces C'(k,l) with

k= 1(d)
where k is the number # o —#e, computed over all the symbols of k.

PROOF. Our first claim is that in the finite case, d < oo, we have a disjoint union
decomposition as follows, where w = e>™/Nd.

Ut =SUy U wSUy U w?SUy U...U w™'SUy
Indeed, we have w” = €>™/? and so the condition det g € Z4 from Proposition 11.5
means det g = w™*, for some k € {0,1,...,d — 1}, and our claim follows from:

detg = w™* <= det <%> =1
— % € SUn
— gecw"SUy
Now given g € Uy, € € (CV)®* and )\ € C, consider the following conditions:

gHrE=¢ . Nge=¢ ..., (\TlgTe=¢
These conditions are then equivalent to the following conditions:
gFE=€ , X=1

Now by taking g € SUy and A = w”, with w = ¢*™/N? being as above, this gives the
result. Finally, the assertion at d = oo can be proved in a similar way. O

Summarizing, the Tannakian category of U$ appears as a part of the category com-
puted in [99], and the value d = oo, corresponding to Uy itself, which is easy, is special.
It is of course possible to go beyond this remark, but we will not need this here.

Let us discuss now the computation of easy envelopes. We recall from chapter 3 that
we have the following definition, in the general easy quantum group case:

DEFINITION 11.7. The easy envelope of a homogeneous quantum group Sy C G C Ux
is the easy quantum group Sy C G C Uy associated to the category of partitions

D(k,1) = {n e P(k,1)

T, € Ckl}
where C' = (Cyy) is the Tannakian category of G.

As a technical observation, we can in fact generalize the above construction to any
closed subgroup G' C U}, and we have the following result:
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PROPOSITION 11.8. Given a closed subgroup G C Uy, construct D C P as above, and
let Sy C G C Uy be the easy quantum group associated to D. We have then
G=<G,Sy>
where < G, Sy >C Uy, is the smallest closed subgroup containing G, Sy

ProoF. It is well-known, and elementary to show, using Woronowicz’s Tannakian
duality results in [99], that the smallest subgroup < G, Sy >C U from the statement
exists indeed, and can be obtained by intersecting the Tannakian categories of G, Sy:

Cegsy> = CaNCsy
We conclude from this that for any m € P(k,[) we have:
Tr € Cegsys(k,l) <= T, € Ca(k,l)

It follows that the D categories for the quantum groups < G, Sy > and G coincide,
and so the easy envelopes < GG, Sy > and G coincide as well, as stated. O

With these notions in hand, we can say more about the groups U$ and H3¢. To start
with, the easy envelope of U¢ can be computed as follows:

THEOREM 11.9. The easy envelope of the group U% is given by
U = Uy
for any d > 1.

PRrROOF. By functoriality, we can restrict the attention to the case d = 1, where our
group is the special unitary group:

Ul = SUy
We have to prove that the following implication holds:
7 € P(k),& € Fix(g®%),Vg € SUy = 7 € Py(k)
For this purpose, we will use the following isomorphism of projective versions:
PSUy = PUy

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

9 =& = (wg)**& =, Vw e T
In relation with the above implication, we have two cases, as follows:
Case k = 0. Here the condition £ = 0 means by definition that k£ has the same number

of black and white legs. Thus in the above formula we have w* = 1, and we obtain:
9%, = &:,¥g € SUy = h¥*¢, = &, Yh € Uy

We can therefore conclude by using the Brauer result for Uy, which states that the
vectors &, on the right are those appearing from the partitions = € Py(k).
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Case k # 0. Here we must prove that a partition 7 € P(k) as above does not exist.

In order to do so, observe first that, since w® = w*

g®k§7r = fmv.g € SUN — h®kr€(§7r X gw) - <§7T X éﬂ)»Vh S UN

But this shows that &, ® &, must come from a pairing, and so &, itself must come from
a pairing. Thus, as a first conclusion, we must have m € Py(k).

, we obtain:

Since the standard coordinates u;; of our group SUyx commute, we can permute if we
want the legs of this pairing, and we are left with a pairing of the following type:

T=MNN...N

Now if we take into account the labels, by further permuting the legs we can assume
that we are in the case m = [af7], where a, §, v are all pairings of type NN ... N, with «
being white, 8 being black, and ~ being matching. Moreover, by using the Brauer result
for Uy, the invariance condition is trivially satisfied for v, so we can assume v = ().

Summarizing, we are now in the case m = [a/5], with a, § being both of type NN...N,
and with « being white, and g being black. With o = 2r and 8 = 2s, we have:

=) ) €06 ®..06 06 Q¢c, Ve, ®...Q¢;, Dej,
i1.lp J1.--Js
An arbitrary matrix g € SUy acts in the following way on this vector:

g®k§7r = Z Z (ggt)alln s (ggt)arbr (gg*>c1d1 s (gg*)csds

1.0 ]1.75

€y Dep ...0¢€, Qep Qe Veq Q... e, Q eq,

Thus, in order to have g®*¢, = &, the matrix gg* must be a scalar multiple of the
identity. Now since this latter condition is not satisfied by any g € SUy, the formula
g®%¢, = &, does not hold in general, and so our partition 7 does not exist, as desired. [

Getting back now to our questions regarding the reflection groups, in what follows, the
most convenient for the study of H3, and its subgroups H3¢ is to use the wreath product
decomposition HY, = Zs 1 Sy. According to this formula, we have:

PROPOSITION 11.10. Assuming that d € NU {oo} satisfies 2|d|[2, s], we have

H = {U(Pl,---va)‘UGSNaPi € Ls,p1---pPN GZd}

where the group elements are given by the formula

U(Ph cee 7PN) = Z Pi€o(i)i

and this group is homogeneous, Sy C H3¢ C Uy.
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PROOF. With the convention in the statement for o(py,..., py), we have:

HJSVZ {U(plv"'va)‘JE SN pi EZS}

Consider now an arbitrary number d € NU {oo}. According to the definition of H3?
this group has the following description, where ¢ : Sy — {%1} is the signature:

HY ={o(or,. . on)|o € Sw.pi € Zue()pn - € 2a)

Now when assuming 2|d we have —1 € Z,, and so €(0) = £1 € Z4, and we obtain the
formula in the statement. As for the homogeneity claim, this is clear as well. O

Regarding now the easy envelope of H3¢, we have the following result:
THEOREM 11.11. We have the easy envelope formula
Hy = Hy
unless we are in the case H_§2 = H3%, which is exceptional.

PROOF. We have an inclusion H§! C H¥,, and by functoriality, and by using as well
the easiness result for Hy;, we succesively obtain:

H¥ c Hy = span(P*) CC = P*CD

In order to prove the reverse inclusion D C P?, we must compute the category D.
For this purpose, it is enough to discuss the fixed points. For a partition = € P(k), the
associated vector T}, that we will denote here by &, is given by:

Z(S iy ig)en @ ... @ e,

Now with g = a(pl, ...,pNn) € H3, as in Proposition 11.10, we have:

g O (i1, oy k) Piy - - - Piy Ciyry ® - - B €y

On the other hand, by replacing i, — is(;), we have as well:

Go= Y 0alio)s o) €iyyy ® . ® ey,

1.0k

= E Or(i1y .y ik) Cigny @ - B €,

i,
We conclude from this that the formula ¢®*¢, = &, is equivalent to:

5ﬂ-(7;1,...,’£’k):1 — puplkzl
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To be more precise, in order for the equality ¢®*¢, = &, to hold, this formula must
hold for any numbers py, ..., py € Z; satisfying the following condition:

p1-.-pPN € ZLq

Observe that in the case d = s the condition p;...py € Z4 dissapears, and the
condition d,(i1,...,ix) =1 = p;...p;, = 1, for any p1,...,pny € Zs, tells us that all
the blocks of 7, when weighted according to the rules o — +, ¢ — —, must have as size a
multiple of s. Thus m € P*. Now back to our question, so far we have obtained:

D(k) = {7r

In order to compute this set, let 7 and 71, ..., 7, be as above, and consider the partition
v = keri. We have then v < m, and since iy,...,i; € {1,..., N}, we have r < N.
Depending now on the value of r = |v|, we have two cases, as follows:

Op(in, .. yig) =1 = pil...pik:1,Vp1,...,pN€ZS,p1...pNGZd}

(1) In the case N > r we have a free variable among {p, ..., py}, that we can adjust
as to have p;...pn € Z4. Thus, the condition p; ... py € Z4 dissapears, and we are left
with the HY; problem, which gives, as explained above, v € P.

(2) In the case N = r, let us denote by aj + by, ...,ay + by the lengths of the blocks
of v, with a; standing for the white legs, and b; standing for the black legs. We have:
Pl .p?VN_bN =1L,Vp1,....pN € Zs,p1...pN € Ly
With ¢; = a; — b;, and with ny = p1 ... pny, we must have:
PN oY = LV, vt € L, VN € Zag

Thus we must have ¢; = ... = ¢y(s), and this common value must be a number
¢ = 0(d). Now let us introduce the following sets:

psd = {w]w — N,a;—b; = c(s)}

In terms of these sets, and of their union P*? = U.P:?, we have obtained that = € D
happens if and only if any subpartition v < 7 has the following property:

(1) If |v| < N, then v € P*.

(2) If |v| = N, then v € P4

(3) If |v| > N, no condition.

But this shows that we must have 7 € P? unless we are in the exceptional case,
N =2,s=4,d=2. Thus we have H3¢ = Hy,, as stated. O

Observe in particular that Theorem 11.11 tells us that the group H3¢ is not easy,
unless we are in the special cases of the groups Hj or Hj2. Indeed, this follows from the
definition of the easy envelope, from our computation of easy envelope, and from the fact
that the inclusion H3¢ C HY, is proper, unless we are in the case d = s.
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11b. Quantum reflections

With the classical case reasonably understood, let us discuss now the free case. To
start with, we will review, with full details, the theory of the quantum reflection groups
HYE. The free analogues of the reflection groups Hj can be constructed as follows:

DEFINITION 11.12. The algebra C(H3") is the universal C*-algebra generated by N*
normal elements u;j, subject to the following relations,

(1) u = (wij) is unitary,
(2) u' = (uy;) is unitary,
(3) pij = u,'jufj 1S a projection,
(4) Ufj = Dij;
with Woronowicz algebra maps A, e, S constructed by universality.

Here we allow the value s = oo, with the convention that the last axiom simply
disappears in this case. Observe that at s < oo the normality condition is actually
redundant. This is because a partial isometry a subject to the relation aa* = a°® is
normal. As a first result now, making the connection with HY;, we have:

ProPOSITION 11.13. We have an inclusion of quantum groups
Hy C HY
which is a liberation, in the sense that the classical version of HY", obtained by dividing

by the commutator ideal, is the group HY;.

PROOF. This follows as for Oy C OF; or for Sy C Sy, by using the Gelfand theorem,
applied to the quotient of C(HY") by its commutator ideal. O

In analogy with the results from the real case, we have the following result:
PROPOSITION 11.14. The algebras C(HY") with s = 1,2,00, and their presentation
relations in terms of the entries of the matriz u = (u;;), are as follows:

(1) For C(HNT) = C(Sy), the matriz u is magic: all its entries are projections,
summing up to 1 on each row and column.

(2) For C(H") = C(H}) the matriz u is cubic: it is orthogonal, and the products
of pairs of distinct entries on the same row or the same column vanish.

(3) For C(Hy™") = C(Ky,) the matriz u is unitary, its transpose is unitary, and all
its entries are normal partial isometries.

PROOF. This is something elementary, from [5], [23], the idea being as follows:
(1) This follows from definitions and from standard operator algebra tricks.
(2) This follows as well from definitions and standard operator algebra tricks.

(3) This is just a translation of the definition of C(HY"), at s = oo. O
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Let us prove now that Hy" with s < co is a quantum permutation group. For this
purpose, we must change the fundamental representation. Let us start with:

DEFINITION 11.15. A (s, N)-sudoku matriz is a magic unitary of size sN, of the form

a® at ... a7t
at=t a® ... et
m = )
at  a? a’
where a°, ..., a*' are N x N matrices.

The basic examples of such matrices come from the group H:. Indeed, with w = €27/,

each of the N? matrix coordinates u;; : Hy — C takes values in the following set:
S={0}u{l,w,...,w"}

Thus, this coordinate function u,;; : Hy — C decomposes as follows:

s—1
§ T
r=0

Here each aj; is a function taking values in {0, 1}, and so a projection in the C*-algebra
sense, and it follows from definitions that these projections form a sudoku matrix. With
this notion in hand, we have the following result, from [23]:

THEOREM 11.16. The following happen:

(1) The algebra C(H3Y;) 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, via Proposition 11.13. In
order to prove the second assertion, consider the universal algebra in the statement:

A=C" <a’i’j (aq_p

i )pz}qj

= (s, N) — sudoku )

Consider also the algebra C'(Hy'). According to Definition 11.12, this is presented by
certain relations R, that we will call here level s cubic conditions:

C(HS) = C* <u]

u=N x N level s cubic)

We will construct a pair of inverse morphisms between these algebras.

(1) Our first claim is that U;; = Zp w*pafj is a level s cubic unitary. Indeed, by using
the sudoku condition, the verification of (1-4) in Definition 11.12 is routine.
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(2) Our second claim is that the elements A?; = L3 w™uj;, with the convention
u?j = pij, form a level s sudoku unitary. Once again, the proof here is routine.

(3) According to the above, we can define a morphism ® : C(H3%") — A by the formula
®(uy;) = Uy, and a morphism ¥ : A — C(HY") by the formula ¥(af;) = A7

(4) We check now the fact that ®, ¥ are indeed inverse morphisms:

Vd(uy) = Y w A
p
S
P T

1 r—1 r
= - Z w( )puij
pr

As for the other composition, we have the following computation:

CID\I/(afj) = %Zw”’Ufj
— % Z w' Z wfrqagj
r q
_ % Z a;}j Z w9
q r

— p
= a’ij

Thus we have an isomorphism C(H}") = A, as claimed. O
We will need the following simple fact:

PROPOSITION 11.17. A sN x sN magic unitary commutes with the matriz

0 Iy O ... 0

0O 0 Iy ... O
s=|:

0O 0 0 ... Iy

I 0 0 ... O

if and only if it is a sudoku matriz in the sense of Definition 11.15.

PRroOOF. This follows from the fact that commutation with > means that the matrix
is circulant. Thus, we obtain the sudoku relations from Definition 11.15. U
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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 the above matrix 3. We obtain from this:

THEOREM 11.18. We have the following results:
(1) Hg; is the symmetry group of N Zj.
(2) Hy is the quantum symmetry group of NZ,.

Proor. This is something elementary, the idea being as follows:
(1) This follows from definitions.

(2) This follows from Theorem 11.16 and Proposition 11.17, because the algebra
C(H3) is the quotient of the algebra C(S/y) by the relations making the fundamen-
tal corepresentation commute with the adjacency matrix of N Z;. U

Next in line, we must talk about wreath products. We have here:
THEOREM 11.19. We have isomorphisms as follows,
HY =7Z 1Sy , HY =7, Sy
with ! being a wreath product, and l, being a free wreath product.

Proor. This follows from the following formulae, valid for any connected graph X,
and explained before in this book, applied to the graph Z,:

GINX)=G(X)1Sy ., GT(NX)=GHX)y S

Alternatively, (1) follows from definitions, and (2) can be proved directly, by con-
structing a pair of inverse morphisms. For details here, we refer to [23]. U

Regarding now the easiness property of Hy, Hy', we already know that this happens
at s = 1,2. The point is that this happens at s = 0o too, the result being as follows:

THEOREM 11.20. The quantum groups Ky, K;{, are easy, the corresponding categories
Peven CP , NCepen C NC
consisting of the partitions satisfying #o0 = #e, as a weighted equality, in each block.
PrOOF. This is something which is routine, and we refer to [5]. O
More generally now, we have the following result, from [5]:
THEOREM 11.21. The quantum groups Hy,, HY are easy, the corresponding categories
pPPCcP , NC°CNC

consisting of partitions satisfying #o = # e (s), as a weighted sum, in each block.
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PROOF. Observe that the result holds at s = 1, trivially, then at s = 2 as well, where
our condition is equivalent to #o = # e (2) in each block, as found before, and finally

at s = 0o too, as explained in Theorem 11.20. In general, this follows as in the case of
Hy, Hy;, by using the one-block partition in P(s,s). See [5]. O

11c. Representation theory

Let us discuss now the representation theory of Hy'. For this purpose, let us go back
to the elements wu;;, p;; in Definition 11.12. We recall from Proposition 11.14 that the
matrix p = (p;;) is a magic unitary. We first have the following result:

PROPOSITION 11.22. The elements u;; and p;; satisfy:

(1) pijuij = wg.
(2) ufj = Uffl

(3) wijuip =0 for j # k.
ProOF. We use the fact that in a C*-algebra, aa* = 0 implies a = 0.

(1) This follows from the following computation, with a = (p;; — 1)u;:
aa” = (pi — 1)pij(pi; —1) = 0

(2) With a = uj; — ufj_l we have aa* = 0, which gives the result.

(3) With a = u;;u;, we have aa* = 0, which gives the result. O
In what follows, we make the convention u% = pi;. We have then:

PROPOSITION 11.23. The algebra C(H3") has a family of N-dimensional corepresen-
tations {ug|k € Z}, satisfying the following conditions:
(1) w, = (uf;) for any k > 0.
(2) up = upys for any k € Z.
(3) up = u_y for any k € Z.

Proor. This is something elementary, the idea being as follows:
(1) Let us set u, = (uy;). By using Proposition 11.22 (3), we have:

kN - k k
Auf) = " i o, @upg . wy = Y uf @ uf;
l

.1y

We have as well, trivially, the following two formulae:

e(u) = oy S(ufy) = ujf

(2) This follows once again from Proposition 11.22 (3), as follows:

- s _ ok _ k
i iUy = UgiPDij = Uy

(3) This follows from Proposition 11.22 (2), and we are done. O

ukJrs k
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Let us compute now the intertwiners between the various tensor products between
the above corepresentations w;. For this purpose, we make the assumption N > 4, which
brings linear independence. In order to simplify the notations, we will use:

DEFINITION 11.24. For iy, ...,4 € Z we use the notation
Uiy, = Uiy O @ Ugy
where {w;|i € Z} are the corepresentations in Proposition 11.23.

Observe that in the particular case ij,...,ix € {£1}, we obtain in this way all the
possible tensor products between v = u; and @ = wu_;, known by [98] to contain any
irreducible corepresentation of C(Hy"). Here is now our main result:

THEOREM 11.25. We have the following equality of linear spaces,
p € NC(ir.. ik, J1 - - -jl)}

where the set on the right consists of elements of NC(k,l) having the property that in
each block, the sum of i indices equals the sum of 7 indices, modulo s.

Hom(u;, iy, uj,...5,) = span {Tp

PRrROOF. This result is from [23], the idea of the proof being as follows:

(1) Our first claim is that, in order to prove D, we may restrict attention to the case
k = 0. This follow indeed from the Frobenius duality isomorphism.

(2) Our second claim is that, in order to prove D in the case k = 0, we may restrict
attention to the one-block partitions. Indeed, this follows once again from a standard
trick. Consider the following disjoint union:

NC, = D U NCo(0,41 .. dx)

k=0141...ip

This is a set of labeled partitions, having property that each p € N is noncrossing,
and that for p € NCy, any block of p is in NCy. But it is well-known that under these
assumptions, the global algebraic properties of NCy can be checked on blocks.

(3) Proof of D. According to the above considerations, we just have to prove that the
vector associated to the one-block partition in NC(I) is fixed by w;,. ;,, when:

slji+ .+
Consider the standard generators e,, € My (C), acting on the basis vectors by:
eab<€c) = 6bcea

The corepresentation u;, . j, is given by the following formula:

_ E § Ji Ji
Ujy..5; = ua1b1 ...ualbl ®ea1b1 ®"'®€albl

ai...a; by...b;
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As for the vector associated to the one-block partition, this is:
&=> ¢
b
By using now several times the relations in Proposition 11.22, we obtain, as claimed:

uj, 5,(1®&) = Z Zufﬁlb . Uil,b ® €aq D ... R ey,

ai...a; b
j1+-.-+J l
= > up e
ab
= 1®¢

(4) Proof of C. The spaces in the statement form a Tannakian category, so they
correspond to a Woronowicz algebra A, coming with corepresentations {v;}, such that:

Hom/(v;, i\, vj,..;) = span {Tp p € NCs(iy.. .0, J1 - .jl)}

On the other hand, the inclusion D that we just proved shows that C(HY") is a model
for the category. Thus we have a quotient map as follows:

A—)C(H}SV—’—) , U — Uy

But this latter map can be shown to be an isomorphism, by suitably adapting the
proof from the s = 1 case, for the quantum permutation group S3;. See [5], [23]. O

As an illustration for the above result, we have the following statement:

PROPOSITION 11.26. The basic corepresentations ug, . ..,us_1 are as follows:

(1) wq,...,us_q are irreducible.
(2) ug = 1+ rg, with ro irreducible.
(3) ro,u, ..., us_1 are distinct.

Proor. We apply Theorem 11.25 with k =1 =1 and 4; = ¢,j; = j. This gives:
dim(Hom(u;, u;)) = #NC(i, j)

We have two candidates for the elements of NCs(i,7), namely the two partitions in
NC(1,1). So, consider these two partitions, with the points labeled by i, j:
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We have to check for each of these partitions if the sum of ¢ indices equals or not the
sum of j indices, modulo s, in each block. The answer is as follows:

p € NCs(i,j) <= i=]j
q€ NCs(i,j) <= i=j=0

By collecting together these two answers, we obtain:

0 ifij
HNC,(i,j) =<1 ifi=j#0
2 ifi=j=0

We can now prove the various assertions, as follows:

(1) This follows from the second equality.

(2) This follows from the third equality and from the fact that we have 1 € us.

(3) This follows from the first equality. O

We can now compute the fusion rules for H3". The result, from [23], is as follows:

THEOREM 11.27. Let F =< Z, > be the set of words over Z,, with involution given
by (i1 ...1k)" = (—ig) ... (—141), and with fusion product given by:
(1. i) (J1--gi) =1+ ig—1(ix + J1)Jo - - - Ju

The irreducible representations of Hy" can then be labeled r, with x € F, such that the
involution and fusion rules are 7, = rz and

Te QTy = Z Tow + Toaw
T=V2,Yy=ZwW
and such that we have r; = u; — 6,01 for any i € Z,.

PRrooF. This basically follows from Theorem 11.25, the idea being as follows:

(1) Consider the monoid A = {a,|r € F'}, with multiplication a,a, = a,,. We denote
by NA the set of linear combinations of elements in A, with coefficients in N, and we
endow it with fusion rules as in the statement:

ay & ay = g Gy + Ay

T=02,Yy=2zWw

With these notations, (NA, +,®) is a semiring. We will use as well the set ZA,
formed by the linear combinations of elements of A, with coefficients in Z. The above
tensor product operation extends to ZA, and (ZA, +,®) is a ring.
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(2) Our claim is that the fusion rules on ZA can be uniquely described by conversion
formulae as follows, with C' being positive integers, and D being integers:

— E E J1---J1
a“il ® R ® a“ik - Oll lka’jl-njl

L J1---Ju

E E J1---J1 X
a“ A T Dzl 'Lkajl . ® aJl
Ji--Ju

Indeed, the existence and uniqueness of such decompositions follow from the definition
of the tensor product operation, and by recurrence over k for the D coefficients.

(3) Our claim is that there is a unique morphism of rings ® : ZA — R, such that
®(a;) = r; for any . Indeed, consider the following elements of R:

Ji---J1
Tiy.dp — Z Z Dll lkrh .® T

Lji-gi

In case we have a morphism as claimed, we must have ®(a,) = r, for any = € F.
Thus our morphism is uniquely determined on A, so it is uniquely determined on ZA. In
order to prove now the existence, we can set ®(a,) = r, for any x € F, then extend ® by
linearity to the whole ZA. Since ® commutes with the above conversion formulae, which
describe the fusion rules, it is indeed a morphism.

(4) Our claim is that ® commutes with the linear forms x — #(1 € z). Indeed, by
linearity we just have to check the following equality:

#(1Eai1®...®aik):#(1€ri1®...®rik)

Now remember that the elements r; are defined as r; = u; — d;01. So, consider the
elements ¢; = a; + d;01. Since the operations r; — u; and a; — ¢; are of the same nature,
by linearity the above formula is equivalent to:

#1le€,®..0¢,)=#1€cu, ®...0u;,)
Now by using Theorem 6.19, what we have to prove is:
#1 €, ®...0¢,) =#NCs(i1 ... i)
In order to prove this formula, consider the product on the left:
P = (a;; + 6;,01) ® (ai, + dipol) @ ... ® (a4, + 6i01)

This quantity can be computed by using the fusion rules on A. A recurrence on k
shows that the final components of type a, will come from the different ways of grouping
and summing the consecutive terms of the sequence (iy,...,17), and removing some of
the sums which vanish modulo s, as to obtain the sequence x. But this can be encoded
by families of noncrossing partitions, and in particular the 1 components will come from
the partitions in NCs(iy .. .1x). Thus #(1 € P) = #NCs(iy ... 1), as claimed.
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(5) Our claim now is that ® is injective. Indeed, this follows from the result in the
previous step, by using a standard positivity argument, namely:

O(a)=0 = P(aa™)=0
= #(leP(aa’)) =0
= #(leaa")=0
= a=0
Here v is arbitrary in the domain of ®, we use the notation a* = az, where a — #(1, a)
is the unique linear extension of the operation consisting of counting the number of 1’s.

Observe that this latter linear form is indeed positive definite, according to the identity
#(1,a,a;) = d4y, which is clear from the definition of the product of ZA.

(6) Our claim is that ®(A) C R;.. This is the same as saying that r, € Ry, for any
x € F, and we will prove it by recurrence. Assume that the assertion is true for all the
words of length < k, and consider an arbitrary length & word, z =iy ...4;. We have:
@iy @ iy iy = O+ Qiyyigig...ix T Oiytin,00is..ix
By applying ® to this decomposition, we obtain:
Tiy @ Tig.iyy = T Tiytissin..ix T Oi1+in,0Tis...ix
We have the following computation, which is valid for y = i1 + s, 73.. .17, as well as
for y = i3...1 in the case iy + 15 = O:
#(ry €riy ®ripq) = #(Lry Qry ®7iy4,)
= #(1,a5 ® a;, ® ai, i)
= #(ay € iy ® ai2~~-ik)
=1
Moreover, we know from the previous step that we have 7, 14,5 i, 7 Tig..ips SO We
conclude that the following formula defines an element of R*:
o = ril ® T’iz...ik - ri1+i2,i3...ik - 5i1+i2,0ri3...ik

On the other hand, we have o = r,, so we conclude that we have r, € R*. Finally,
the irreducibility of r, follows from the following computation:

#ler®@rn) = #(leror)
= #(1 €a,®az)
= #(1€a,®a,)
=1
(7) Summarizing, we have constructed an injective ring morphism, as follows:

b:7ZA— R , (b(A) C Rirr
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The remaining fact to be proved, namely that we have ®(A) = Ry, is clear from
the general results in [98]. Indeed, since each element of NA is a sum of elements in A,
by applying ® we get that each element in ®(NA) is a sum of irreducible corepresenta-
tions in ®(A). But since ®(NA) contains all the tensor powers between the fundamental
corepresentation and its conjugate, we get ®(A) = Ry, and we are done. Il

Still following [23], let us present now a useful formulation of Theorem 11.27. We
begin with a slight modification of Theorem 11.27, as follows:

THEOREM 11.28. Consider the free monoid A =< a;|li € Zs > with the involution
a; = a_;, and define inductively the following fusion rules on it:

pa; @ a;q = pa;a;q + pait;q + Oi+jop ® q
Then the irreducible representations of Hy' can be indexed by the elements of A, and the

fusion rules and involution are the above ones.

PROOF. Our claim is that this follows from Theorem 11.27, by performing the follow-
ing relabeling of the irreducible corepresentations:

Ty — gy - - - ;).

Indeed, with the notations in Theorem 11.27 we have the following computation, valid
for any two elements i, j € Z, and any two words x,y € F:

Ty & Tjy = § Tow T Tvaw
TI=v2,jy=Zw

T'zijy + Tzit+jy + 5i+j,0 § Tow T Tow

T=V2,Yy=Zw
Taijy T Tajitiy + Oivjole @ Ty

With the above relabeling 7, i, — a;, ...a,,, this gives the formula in the statement
(with r, — p and r, — ¢), and we are done. O

Based on the above, we have a second reformulation as well, as follows:

THEOREM 11.29. Consider the monoid M =< a,z|z® = 1 > with the involution
a* =a,z* = 271, and define inductively the following fusion rules on it:

vaz' @ 2 aw = vaz"aw + dg;150 @ w

Then the irreducible representations of Hy' can be indexed by the elements of the monoid
N =< aza >, and the fusion rules and involution are the above ones.

PrROOF. It is routine to check that the elements az'a with i = 1,..., s are free inside
M. In other words, the submonoid N’ =< az’a > is free on s generators, so it can be
identified with the free monoid A in Theorem 11.28, via a; = az'a. We have (az'a)* =
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az"'a, so this identification is involution-preserving. Consider now two arbitrary elements
p,q € N’'. By using twice the formula in the statement, we obtain:

pa; ®a;q = paz'a® az’ag
= paz'aaz’aq + paz' ® Faq
= paz'aar’aq + pazaq+ S iop @ q
Pa;a;q + paiyjq + 0ivjop @ q
Thus our identification N’ ~ A is fusion rule-preserving. In order to conclude, it
remains to prove that the inclusion N C N’ is actually an equality. But this follows from

the fact that A is generated as a fusion monoid by a;. Indeed, by using the identification
N’ ~ A this shows that N’ is generated as a fusion monoid by aza, and we are done. [J

We refer to [23] and related papers, including [49], for more on the above, including
for some further useful technical reformulations of Theorem 11.27.

11d. Complexification

With the above done, we have to face now the main problem that we have, the one
formulated in the beginning of the present chapter, namely that of coming up with some
further examples of intermediate easy quantum groups, as follows:

Sy C G C Ky

However, this does not look obvious at all, because the world of such quantum groups
is quite wild, a bit in analogy with the world of the complex reflection groups. An idea
here would be to first discuss the simplest case, which is the “purely complex” one:

KNCGCKX}

But this does not look obvious either, and in short it seems like we are stuck with
some difficult mathematics, and time for a tactical retreat. This being said, let us ask the
cat, who is a world-class expert in tactical retreats. And cat says:

CAT 11.30. Yes don’t punch above your weight, but have at least some K and K
beasts constructed, by whatever complexification method of your choice.

Thanks cat, this looks like some wise advice, so let us have at least some complex
versions of the constructions of Hy and HY from chapters 9-10 done, always good to have
this, and leave the tricky further examples, and classification results, to future generations.
With the remark that, who knows, maybe when looking for applications and everything,
the beasts of type K% and K§ might be enough. Or at least when looking for applications
at our weight class. It’s all about weight, in life, isn’t it, sweet kit-kat.

Getting started now, we already know what “real version” and “complexification”
should mean, in the quantum group context. First, we have following definition:
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DEFINITION 11.31. We can talk about real versions of quantum groups, as follows:

1) The real version of an easy quantum group Sy C G C Uy is the easy quantum
( Y q group N v q
group Sy C Greqr C OF; given by G = G N OY.
(2) Equivalently, if G comes from a category of partitions D C P, then Greq comes
from the category of partitions < D, NCy >.

Observe that the operation in (1) is well-defined for any closed subgroup G C Uy,
producing a certain closed subgroup G, C OF;, but in what follows we will only need
this in the easy case. As for the equivalence with (2), in the easy case, this comes from
our general results from chapter 3 regarding the intersection operation N.

Getting now to complexification, we have here a similar definition, as follows:

DEFINITION 11.32. We can talk about quantum group complexification, as follows:

1) The complezification of an easy quantum group Sy C G C OF is the easy quan-
( P Y q group N Y q
tum group Kn C Geomp C Uy given by Geomp = {G, Ky}
2) Equivalently, if G comes from a category of partitions D C P, then G comes
(2) Eq Y, gory of p : comp
from the category of partitions D N Peyep .

As before with Definition 11.31, there are several comments to be made here, some
being trivial, and some more being subtle, the idea being as follows:

— First, the operation in (1) can be performed in fact for any easy quantum group
Sy C G C Uy, but this extension is without much interest in the non-real case, G ¢ O,
because our main examples here tend to contain Ky, anyway.

— As a more subtle remark now, we have a version of the operation in (1) obtained by
using the plain generation operation, G¢,,,, =< G, Ky >, and which works for any closed

subgroup G C U},. However, as explained in chapter 3, we have {, } #<,> in general.

— Finally, regarding the equivalence between our operations in (1) and (2), this comes
from our results in chapter 3 regarding the easy generation operation {,}. In fact, this
operation {, } was defined there precisely via N at the level of categories of partitions.

All this is nice, and as a first task for us, we would like to know to which extent the
operations in Definition 11.31 and Definition 11.32 are inverse to each other. However,
this does not look exactly obvious, due to a variety of technical reasons. So, stuck again,
and time again to ask the cat, who fortunately is still around. And cat says:

CAT 11.33. Dude I told you, don’t punch above your weight. Just have some KX and
KY beasts quickly constructed, and then go ahead with chapter 12.
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Thanks cat. So if I understand well I should look for an alternative conceptual way
of complexifying the compact quantum groups, with a clear definition, and some nice
mathematical theory about this, then define K}, and K¢ as you say, and done.

And alternative methods, fortunately, do exist. We have for instance the free com-
plexification operation, which works well in a number of important cases, as we know
from the previous chapters, and whose definition in general is as follows:

DEFINITION 11.34. The free complezification of a closed subgroup G C Uy, with fun-
damental corepresentation u, is the closed subgroup G C Uy given by

with fundamental corepresentation u = zu, where z is the standard generator of C(T).

This sounds very nice, and we already know from the previous chapters that this works
well in a number of cases. Indeed, we first have the following key result:

Of = U

At the level of the main intermediate liberations, again in the continuous case, things
are nice too, because we know from chapter 8 that we have the following equalities:

On = Uy = O3y = U = U3

At the discrete level now, which is the one that we are interested in, in this chapter,
again things work fine in the free case, where we have the following result:

H; = K5
As for the intermediate liberations, in the discrete case, this remains to be worked
out. However, before doing that, we have several questions to be solved, namely:
QUESTIONS 11.35. Regarding the free complexification, in the easy case:
(1) Is it true that if G is easy, then so %;CN;?
(2) If G is real, is it the real version of G?
(3) In fact, do we have G = Geomp ?

But, in what regards these questions, although all these look doable, with some work
involved, none is trivial, and at the level of what is known, the situation is as follows:

(1) Here the answer is most likely yes, as a consequence of the results of Raum in [70],

who computed there the representation theory of GG, in terms of that of G, in general.
But this is non-trivial, and still remains to be applied to the easy case.

(2) This is most likely a rather delicate question, which seems to require a case-by-
case analysis, and which perhaps comes after (3). In any case we can’t expect a plain yes

answer here, for instance because of Oy = Uy, which gives (On)rea = OX-
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(3) Here there is indication from the above-mentioned work of Raum in [70] that the
answer should be yes, at least under some suitable assumptions on our easy quantum
group G, but all this is not exactly trivial, and still remains to be worked out.

Summarizing, all this not very good news, and we are again stuck, and I am afraid
that I will have to ask again the cat. And cat says:

CAT 11.36. Define your objects first, and study them afterwards.

Thanks cat. I think I eventually got your point, so how can we surround K% and K
by some nice general theories, without knowing what these objects are. So, time to fix
this, definitely. Based on the above, and in the lack of something better, we have:

THEOREM 11.37. We have easy quantum groups K} as follows,

Ky K5 K K K
Hy HY, H HY Hi;

obtained by categorical complexification, G — Geomyp-

PROOF. This is more of an empty statement, the idea being that we can perform to
the quantum groups on the bottom the complexification construction G — Geopmyp from
Definition 11.32, and up to a few functoriality checks, and some checks at the endpoints
too, which are all elementary, we are led to the diagram in the statement. U

All this is quite nice, job done, at least we know one thing. There are of course many
questions left, and we will be back to this in the next chapter.

11le. Exercises
This was a difficult chapter, and as an exercise here, of course difficult, we have:
EXERCISE 11.38. Classify the quantum reflection groups.

We will actually comment a bit more on this exercise, in the next chapter.



CHAPTER 12

The complex case

12a. Liberation theory

Welcome to advanced easiness. What we did so far in this book was rather standard
material, known for some time, and relatively well understood. So, time now to get into
really difficult questions, of research flavor. In order to explain the problems, let us go
back to the standard cube formed by the main easy quantum groups, namely:

Ky
. +

Hy On
The question that we would mostly like to solve is the classification problem for the
easy quantum groups inside the cube, Hy C G C U, which are called twistable. More

generally, we would like to solve classification problem in the general easy case, Sy C
G C Uy;. And these questions are not trivial, the situation being as follows:

Uy
Un

(1) A natural idea would be that of following the strategy from the real case, from
chapters 9-10, which was successful, with a classification in the non-hyperoctahedral case,
coupled with a classification in the hyperoctahedral case. However, this is something quite
difficult, and for recent advances on this program, we refer to Mang-Weber [65], [66].

(2) A second idea, that we already met in the real case, and in other situations, and
which appears as a modification of the Mang-Weber program, would be that of imposing,
at least to start with, some extra conditions on our easy quantum groups. For instance,
having the twistable, uniform case fully solved would be certainly a good thing.

(3) Finally, as a variation of what has been said above, we have the natural question of
better understanding, to start with, the “face to face” correspondences in the above cube,

273
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and more specifically the “liberation”, “complexification” and “discretization” procedures.
And with this being something that we already met, on several occasions.

So, what to choose? So many things to talk about, and we are actually running out of
time and space, because the present chapter 12 will be the end of our standard discussion
on easiness, with Part IV coming afterwards being about something else.

Cat is gone hunting, but before leaving, a bit worried about me writing this book, at
this point, he told me to be modest. So, we will choose something very modest for the
present chapter 12, namely one-third of (3) above, the “liberation” question.

Getting started now, our results so far about the easy liberations of Oy, Uy, Hy, Ky
are an excellent input for the study of the general liberation problem, that we will study
here, in the easy case, and in general, with the idea in mind of talking afterwards about
the classification of the easy quantum groups Sy C G C U}, and of more general such
quantum groups. Let us start with something very general, as follows:

DEFINITION 12.1. A liberation of a compact Lie group G C Uy is a quantum group
GCG cCUy
whose classical version, G* N Uy, equals the group G itself.
This is obviously a very general definition, which is of course something very natural.

However, at this level of generality, nothing much can be said, or at least it is not known
yet how to do this. Here are however a few basic remarks on the subject:

PROPOSITION 12.2. The set of liberations of a given compact Lie group G C Uy has
the following properties:
(1) It is stable under the intersection operation M.
(2) It is not necessarily stable under the generation operation < ,>.
PROOF. This is something elementary, the idea being as follows:
(1) This is something trivial.

(2) The result for the generation operation fails indeed, for instance for the hyperoc-
tahedral group Hy = Zy ! Sy. Indeed, Hy has at least two main liberations, namely the
twisted orthogonal group O, which appears as quantum symmetry group of the hyper-
cube in RY and the quantum group H};, = Zs 1. Sf;, which is the quantum symmetry
group of the coordinate axes of RY. And the point is that we have:

<Oy, HY >=Uy,

Thus, (2) fails, and in a particularly bad way, for Hy. O
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At a more constructive level now, one idea is that the liberations of a compact Lie
group G C Uy should appear via operations of type G* =< G,I* >, with [* C Uy,
being a “basic” quantum group. In order to discuss this, let us start with:

DEFINITION 12.3. Given Hy C G C Uy, the diagonal tori T = GNTY, and reflection
subgroups K = G N K}, for G and for Guass = G N Uy form a diagram as follows:

T K G

Tclass Kclass Gclass

We say that G appears as a soft/hard liberation when it is generated by Geqass and by
K/T, which means that the right square/whole rectangle should be generation diagrams.

Observe that hard liberation implies soft liberation, because the diagonal torus being
included in the reflection group, 7' C K, we have the following implication:

TCK — < Gcla357T >C< Gcla587K >

Also, it is in fact possible to further complicate the above picture, by adding free
versions as well, with these free versions being given by the following formula:

Gfree =< G, S]J\r[ >

All this is quite technical, and as a concrete result in connection with the hard liber-
ation notion, we have the following statement, regarding the basic unitary groups:

THEOREM 12.4. The diagonal tori of the basic unitary quantum groups

Un Uy Ux

Oy Oy o)
are as follows,

Ty Ty T

Tn Ty Ty

and these unitary quantum groups all appear via hard liberation.
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PROOF. The first assertion is something that we already know. As for the second
assertion, this is something which is quite routine as well. We will be back to this. O

As an interesting remark now, our notion of hard liberation has its limitations, and
some subtleties appear at the level of the quantum reflection groups, as follows:

THEOREM 12.5. The diagonal tori of the basic quantum reflection groups

Ky K3, K}

Hy Hy HY
are as follows,

Ty Ty T

Tn TX Ty

and these quantum reflection groups do not all appear via hard liberation.

PROOF. The first assertion is clear, as a consequence of Theorem 12.4, because the
diagonal torus is the same for a quantum group, and for its reflection subgroup:

GNT{ =(GNKy)NTY
Regarding the second assertion, things are quite tricky here, as follows:

(1) In the classical case the hard liberation property definitely holds, because any
classical group is by definition a hard liberation of itself.

(2) In the half-classical case the answer is again positive, and this can be proved by
using the technology developed by Bichon and Dubois-Violette in [30].

(3) In the free case the hard liberation property fails, due to the intermediate quantum
groups H][\?O], K][\?O], where “hard liberation stops”. We will be back to this. U

Summarizing, the notions of soft and hard liberation provide us with some answers,
to the questions that we have. However, there are still many open questions regarding
these operations, quite often in relation with the generation operation <, >.
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12b. Generation results

In order to further comment on the above questions, let us recall that following notion,
that we studied in detail in chapter 6, in connection with various algebraic and analytic
questions, and which plays a key role in connection with the notion of easiness:

DEFINITION 12.6. A family G = (Gy) with Gy C Uy, is called uniform when
Gno1=GnNUY_,
for any N > 2, with the embeddings Uy, _, C Uy being given by u — diag(u, 1).

As a first remark, under this uniformity assumption, when assuming that G_1 is not

classical, Gy is not classical either. Thus, there is an integer n € {2,3,...,00} such that
G4, ...,G,_q are all classical, and then G,,, G, 11, ... are all non-classical. We have:
PROPOSITION 12.7. Assume that G = (Gy) is uniform, let n € {2,3,...,00} be

minimal such that G, is not classical, and consider the following generation conditions:

(1) Strong generation: Gy =< G, G, >, for any N > n.
(2) Usual generation: Gy =< G%,Gn-1 >, for any N > n.
(3) Initial step generation: Gny1 =< G& 1, Gy >.

We have then (1) <= (2) = (3), and (3) is in general strictly weaker.
Proor. All the implications and non-implications are elementary, as follows:
(1) = (2) This follows from G,, C Gy_; for N > n, coming from uniformity.
(2) = (1) By using twice the usual generation, and then the uniformity, we have:
Gy = <GY,Gn_1>
= <Gy Gy_1,Gn_2 >
= <GY,Gn_o >
Thus we have a descent method, and we end up with the strong generation condition.
(2) = (3) This is clear, because (2) at N =n + 1 is precisely (3).

(3) #= (2) In order to construct counterexamples here, simplest is to use group

duals. Indeed, with Gy = ﬁv and 'y =< ¢1,...,gn >, the uniformity condition from
Definition 12.6 tells us that we must be in a projective limit situation, as follows:

F1<—P2<—F3%F4<—... s PN—IZFN/<9N:1>

But with this picture in hand, the result is clear. Indeed, assuming for instance that
I's is given and not abelian, there are many ways of completing the sequence, and so the
uniqueness coming from the generation condition in (2) can only fail. O

Let us introduce as well the following more technical notions:
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PROPOSITION 12.8. Assume that G = (Gy) is uniform, let n € {2,3,...,00} be as
above, and consider the following conditions, where Iy C Gy is the diagonal torus:

(1) Strong hard liberation: Gy =< G, I, >, for any N > n.

(2) Technical condition: Gy =< G, In—1 > for any N > n, and G,, =< G, I,, >.
(3) Hard liberation: Gy =< GY, Iny >, for any N.

(4) Initial step hard liberation: G, =< GS, I, >.

We have then (1) = (2) = (3) = (4).

PROOF. Our first claim is that when assuming that G = (Gy) is uniform, the family
of diagonal tori I = (Iy) follows to be uniform as well. In order to prove this claim,
observe first that the definition of the diagonal torus can be reformulated as follows:

IN:GNQ}/?]\\]

WIth this picture in hand, the uniformity claim for I = (Iy) comes from that of
G = (Gy), and from that of F' = (Fy), which is trivial, as follows:

INOUG ., = (GyNEY)NU_,
= (GNNUL_ )N (ENNUY)
Gy-1N fﬁv:
= Iy
Thus our claim is proved, and this gives the various implications in the statement. [J

Let us discuss now to understand the relationship between the above conditions. In
the group dual case, the simplest example to look at is the free real torus:

G = (1Y)

Here, with respect to the 3 +4 = 7 conditions that we have, the last 2 conditions
trivially hold, and the first 5 conditions all require T3 =< T3, T, >, which is wrong.
Indeed, in order to see this latter fact, consider the following discrete group:

F:<a,b,c

a>=b=c=1,[a,b] =[a, :1>

We have then T3 C T and T yC T as well, and so we have:
< T3, T >cT

On the other hand we have " # Z33, and so I+ Ty, and we conclude that we have:
< T3, Ty >+ T

With these preliminaries in hand, we can now formulate our main theoretical obser-
vation on the subject, which is something quite useful in practice, as follows:
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THEOREM 12.9. Assuming that G = (Gx) is uniform, and with n € {2,3,...,00} as
above, minimal such that G, is not classical, the following conditions are equivalent,

(1) Generation: Gy =< GS,Gn_1 >, for any N > n.

(2) Strong generation: Gy =< G%, Gy, >, for any N > n.
(3) Hard liberation: Gy =< GY, Iy >, for any N > n.

(4) Strong hard liberation: Gy =< G%, I, >, for any N > n.

modulo their initial steps.

PROOF. Our first claim is that generation plus initial step hard liberation imply the
technical hard liberation condition. Indeed, the recurrence step goes as follows:

GN = <G?V’GN—1 >
= <GY,Gy_1, Ino1 >
= <Gy, Inq >

In order to pass now from the technical hard liberation condition to the strong hard
liberation condition itself, observe that we have:

GN = <G?V’GN—1 >
= <GY,Gy_1, Ino1 >
= <Gy, In1 >

With this condition in hand, we have then as well:

GN = < G?VaGN—l >
= <Gy, Gy_1,In—2 >
= < G?Va In_o >
This procedure can be of course be continued. Thus we have a descent method, and
we end up with the strong hard liberation condition. In the other sense now, we want to

prove that we have Gy =< G§,Gn-1 > at N > n. At N = n + 1 this is something that
we already have. At N = n + 2 now, we have:

Gnya = <Gy o1, >
= < G0, Ghis In >
= <Gpi9Gpi >
This procedure can be of course be continued. Thus, we have a descent method, and

we end up with the strong generation condition. U

The above results remain of course quite theoretical. Still at the theoretical level, we
believe that the uniformity condition and generation condition are best viewed together.
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The idea indeed is that given a family of compact quantum groups G = (Gx) with
Gy C Uy, we have a “ladder of cubes”, formed by cubes as follows:

Un- Ux
7 ‘ /
Gn_1 Gy
Un-1 —'— Un
7 /
G G

Thus, we have the question of investigating the 2 x 6 = 12 intersection and generation
properties, for the faces of such cubes, either with N € N arbitrary, or with N > n. These
questions are quite interesting, and nothing much is known on all this, at least so far.

12c. Examples, duality

Moving now forward, in order to avoid the above difficulties with the generation op-
eration <, >, we can formulate a new definition, in the easy case, as follows:

DEFINITION 12.10. We say that an easy quantum group Sy C G C Uy appears as an
easy soft liberation when we have the formula

G = {Gclass7 K}

with K = G N K}, being as usual its reflection subgroup, and with {,} being the easy
generation operation, obtained by N at the level of categories of partitions.

With this notion in hand, let us first go back to the quantum reflection groups, which
were in need of liberation results. Let us recall from chapter 9 that we have:

THEOREM 12.11. The easy quantum groups Hy C Gx C Hy;, and the corresponding
diagonal tori, are as follows,

Hy HY, H HY Hi;
Ty r T T T

with the family HY and the series HY covering the endpoints.
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PRroOOF. The classification result is something that we know well, from chapters 9-10,
and the assertion about the diagonal tori is clear as well from definitions. See [73]. [

In relation now with our liberation questions, we can see that our hard liberation

theory, based on blowing up the diagonal torus, cannot get beyond H ][f;o ! Thus, we have
to focus on the quantum groups of type Hy. And here we have the following result:

THEOREM 12.12. The quantum groups HY, appear via hard liberation, as follows:
HY =< Hy,T >
In particular, we have the “master formula” H][\?o] =< Hy,Tx >.

PROOF. We use the basic fact, from [72], and which is complementary to the easiness
considerations above, that we have a crossed product decomposition as follows:

H]I;; = f X SN
With this result in hand, we obtain that we have the missing inclusion, namely:
HYy =<Sy,I'>C < Hy,T'>

Finally, the last assertion is clear, by taking I' = Z3V. Indeed, this group produces
H ][30 ], and the corresponding group dual is the free real torus Ty . Il

As an interesting consequence of Theorem 12.12, let us record the following result:

ProrosIiTION 12.13. We have the following formula,
span(Pl.,) = span(Poyen) N Cp

eEven

where Cg 1s the Tannakian category associated to T.

ProoF. We use the Tannakian approach to the intersection and generation operations
N and <, >, which is summarized in the following well-known formulae:

Conn =< Cq,Cyg > , Cegps>=CeNCy

With these general formulae in hand, the generation formula in Theorem 12.12, namely
HY, =< Hy,T >, reformulates in terms of Tannakian categories as follows:

C Hy, = C Hy N Cf
But this is precisely the equality in the statement. U

In practice now, the category Cp appearing in Proposition 12.13 is given by the fol-
lowing well-known formula, that we know well since chapter 1:

With this formula in hand, it is clear that the C inclusion in Proposition 12.13 holds
indeed, and that D holds as well on P.,.,. However, having O extended to the span of
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P.,en looks like a difficult combinatorial question. Thus, as a philosophical conclusion,
the crossed product results in [72] solve a difficult combinatorial question.

Let us discuss now the complex reflections. We first have here the following result:

THEOREM 12.14. The easy quantum groups Ky, which are as follows,

Ky K} Ky K Ky
Hy Hy, Hy' Hy H,

appear by easy soft liberation, K =< Ky, H >.

PROOF. The point here is that the quantum groups Ky, which are already known,
appear indeed via easy soft liberation. But this latter fact follows from [2], [79]. O

In order to discuss now hard liberation issues, let us start with:

PROPOSITION 12.15. The diagonal tori of the quantum groups Ky are as follows,

Ky K K K K+
Ty r. T T} TV

with I' — ', being a certain complexification operation, satisfying < Ty, [ >c ﬁc

PROOF. As a first observation, the results are clear and well-known for the endpoints
K, K} and for the middle point K ][30 | as well. By functoriality it follows that the diagonal

torus of K][\T,} must be the free complex torus T}, for any r € N, so we are done with the
right part of the diagram. Regarding now the left part of the diagram, concerning the
quantum groups KL, if we denote by Ti(.) the diagonal torus, we have:

Ti(Ky) = Ti(< Ky, Hy >)
D < Tl(KN),Tl(H]I\}> >
= < TN,f >

Thus, we are led to the conclusion in the statement. U
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Observe that the above inclusion < Ty, ['>c f\c fails to be an isomorphism, and this
for instance for I' = Z3". However, the construction I' — T, can be in principle explicitely
computed, for instance by using Tannakian methods. Indeed, our soft liberation formula
KL =< Ky, H, > translates into a Tannakian formula, as follows:

P = Pen N PL

even even

The problem is that of explicitely computing the category on the left, corresponding
to KL, and then of deducing from this a presentation formula for the associated diagonal

torus fc. Now back to the hard liberation question, we have the following result:

THEOREM 12.16. The quantum groups KX appear via hard liberation, and this even
in a stronger form, as follows:

KN =< Ky, T >
In particular, we have the formula K][\?o} =< Ky, Ty >.
ProOOF. This follows from the above results. Indeed, we have:
Ky = <Ky, Hy>
= < Ky, Hpy, r>
= < Ky, r>

Thus we have the formula in the statement, and the fact that this implies the fact that
K% appears indeed via hard liberation follows from the above results as well. Finally,

with I' = Z;N we obtain from this the formula K][\C;O] =< Ky, TJJ\; >, Ol

In relation now with the orthogonal groups, the situation is much simpler, because the
quantum groups Oy C O% C OF are the only easy liberations of Oy. In addition, it is
known that the inclusion Oy C O} is maximal, in the sense that it has no intermediate
object at all. Also, as explained in [9], the conjecture is that Oy C O3 C Of; are the
only liberations of Oy, not necessarily easy. In order to discuss this, we will need:

PROPOSITION 12.17. We have the generation formula
Ot =< Oy, HY >
where HJ[\?O} 1s the liberation of Hy introduced before.

PrROOF. We use the Tannakian approach to N and <,>. According to the general
formula Ccq g> = Cq N Cy, the formula in the statement is equivalent to:

Cor = CoxNC

HL
By easiness, we are led into the following combinatorial statement:

NCy = P, P

even
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In order to establish this latter formula, we use one of the explicit descriptions of the
category P2 that we found before in chapter 9, which is as follows:

oe P

even even’

P[OO} = {77 € Peven

VJCW}

With this formula in hand, the fact that we have NCy C P, N Pe[iﬁ}n is of course clear.
This is in fact something that we already know, coming from:

O} o< Oy, HEY >

Regarding the reverse inclusion, let 7 € PN P If we assume that 7 has a crossing,
then we have a basic crossing o C 7, and since we have o ¢ P . we obtain in this way
a contradition. Thus our reverse inclusion is proved, and we are done. U

As a comment here, the above result can be deduced as well from the standard easy
classification results, by using the fact that the quantum group Oy =< ON,H][\(,?O] > is

easy, and is not classical, nor half-classical. However, all this is ultimately too complicated,
and having a direct and clear proof as above is probably something quite useful.
In relation now with our hard liberation questions, we have:
PROPOSITION 12.18. The quantum groups Oy, O, O3 all appear via hard liberation,
Oy =< On, Ty >
where Ty C O is the diagonal torus, equal respectively to T, T, Thr.

PROOF. This is trivial for Oy, and routine for O%. In the case of O} the problem
looks more difficult, but we have in fact the following proof:

0L = <Oy HY >
= < Opy,Hy, Ty >
= <Oy, Ty >
Thus, we are led to the conclusion in the statement. O

Let us go back now to the conjecture regarding Oy C O% C O%, which is the most
interesting statement around. It is known that Oy C O} C Of are the unique easy
liberations of Oy. In terms of our present formalism, this means that Oy C Oy C O
are the unique soft liberations of Oy. Here is a related result:

THEOREM 12.19. The basic orthogonal quantum groups, namely
On C Oy C OF

are the unique hard liberations of Oy.
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PRrROOF. A hard liberation of On must appear by definition as follows, for a certain
real reflection group Z3N — I' — Z%, whose dual is the diagonal torus of the liberation:

O =< On,T >

On the other hand, we have the following computation, based on the fact that the
class of easy quantum groups is stable under <, >:

O = <OnT>
= <Oy, Hy,T >
= <Oy, Hy>
€ {On,Ox, 0}
Thus, we are led to the conclusion in the statement. Il
The above is quite nice, and we believe that Theorem 12.19 can be further extended,

by using the notion of spinned tori. In fact, all this leads us into the notion of Fourier
liberation. We will discuss all this later in this chapter, at the end.

In relation now with the unitary quantum groups, we have:

THEOREM 12.20. The basic unitary quantum groups, U, Uk, Uy, appear via real and
complex soft liberation, and via hard liberation as well, as follows:

(1) If we set K = U N Ky, we have Uy =< Uy, K} >.

(2) In fact, if we set HY = Uy N Hy, we have Uy =< Uy, HY >.

(3) In the free case, we have as well the formula Uy =< UN,H][\C;O] >.
(4) We have Uy =< Un, I}y >, with Iy C Uy being the diagonal torus.

PROOF. These results are trivial for Uy, and for U, U} the proofs are as follows:

(1) This is well-known, coming from the following standard formulae:

Py =P NP, NCy =Py NNCepen

even ?

(2) This enhances (1), by using the following standard formulae:
pSZPQHP* NC2:P2ﬂNCeven

(3) This enhances (2) in the free case, and can be proved as follows:
Uy = <Un,O0% >
= < UN,ON,H][VO"] >
= < Uy, HY >
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(4) For U}, we have indeed the following computation, based on (2):

Uy =

<Un,Hy >
< Un,Hn, TN >
< Un, Ty >
< Un,Ty >

For Uy; we can use a similar method, based on (3), as follows:

Uy =

C

<UN,H][§°} >
< Uyn,Hy, Ty >
<Un,Ty >

< Uy, T} >

Since the reverse inclusions are clear, this finishes the proof.

(

For the quantum groups U ]\;’) the corresponding reflection groups K](\;)
can be explicitly computed, because we have a diagram as follows:

Uy X Z,

SN X Zy

Uy

Ky

O
= UV n K}

For the quantum groups U§, however, the situation is considerably more compli-
cated, because the corresponding reflection groups K§ = US N K3 seem to collapse to
Kn, K%, K. Thus, we are in need of a new method here.

The classification results for the liberations of Hy, Uy have some obvious similarity
between them. We have indeed a family followed by a series, and a series followed by a
family, and this suggests the existence of a “contravariant duality”, as follows:

Uy Ul Ug Ui
H: HY HY Hy

In what follows we will attempt to axiomatize this duality. However, as we will soon
discover, this is something quite complicated. Let us begin with:
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DEFINITION 12.21. We have “covariant” correspondences Hy <> Uy between the lib-
erations of Hy and the liberations of Uy, constructed as follows:

(1) To any U} we can associate the quantum group HY = U N HY;.
(2) To any HY we can associate the quantum group Uy =< Hy, Uy >.

Observe that both the above correspondences are indeed covariant. In practice now,
in the easy case, we have the following result:

PROPOSITION 12.22. The operations Uz — Uy NHyY and Hy —< HY5, Uy > are both
“controlled”, in the easy case, by the corresponding quantum groups

O} € {On,0x, 0%}
appearing via Uy — Uy N OF and HY —< On, HY > respectively, and their images
collapse to {Hy, Hy, Hy} and {Un, Uk, U} respectively.
ProOF. With O% = UY N OF;, we have the following computation:
HYy = UxnHY
UxNogLNHY;
= OxNHY;
€ {Hy Hy Hy}

Also, with O =< Oy, Hy > this time, we have the following computation:

Uy = <Un,Hj>
= < Uy,Opn,Hy >
= <Uy,Ox >
€ {Un, Uy, Un}
Thus, we are led to the conclusions in the statement. Il

Moving ahead, let us begin with an elementary statement, as follows:

PROPOSITION 12.23. We have quantum groups Hy C Gy C Uy as follows,

HN KN UN
Hy Ky Ux
Hy Ky Un

and this 1s an intersection and generation diagram.
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PRrROOF. The fact that we have a diagram as above is clear from definitions, and the
intersection and generation properties follow from easiness. Il

In general now, any intermediate quantum group Hy C Gy C Uy will appear inside
the square, and we can therefore use some 2D orientation methods in order to deal with
it. To be more precise, we can use the following observation:

PROPOSITION 12.24. Given an intersection and generation diagram P C Q,R C S
and an intermediate quantum group P C G C S, we have a diagram as follows:

Q <G,Q > S

| | |
GNQ G <G,R>

| | T

P GNR R

In addition, G slices the square, in the sense that this is an intersection and generation
diagram, precisely when G =< GNQ,GNR > and G =<G,Q >N<G,R>.

ProoOF. This is indeed clear from definitions, because the intersection and generation
diagram conditions are automatic for the upper left and lower right squares, as well as
half of the generation diagram conditions for the lower left and upper right squares. [J

Now back to our classification problem, we have the following result:

THEOREM 12.25. The intermediate easy quantum groups Hy C G C Uy which slice
the square Hy C Hy, Uy C Uy, in the sense of Proposition 12.24, are as follows,

Hy Ey Uy
Hy Ey Uy
HN EN UN

with Hy C Ex C Uy being an easy quantum group, and with Ex, EY being obtained via
soft liberation, Ey =< Ey,Hy > and Ef; =< Ex, HY >.

PROOF. Assuming that Hy C Gy C Uy is easy, and slices the square, its unitary
version G% =< Gy, Uy > must be easy, and so is one of the easy quantum groups Uy;.
Now observe that the slicing condition tells us in particular that Uy appears via the
duality in Proposition 12.22 from its real discrete version Hy = Uy N Hf,. Thus by
duality we must have Uy € {Uy, U, Uy}, and this gives the result. O
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As a remark here, when further imposing the uniformity condition the half-liberations
dissapear, and we are left with the classical and free solutions, from [80].

Let us go back now to duality considerations, with the idea of “fixing” what we have.
The classification results for Hy, Uy have some obvious similarity between them. We have
indeed a family followed by a series, and a series followed by a family, and this suggests
the existence of a “contravariant duality”, as follows:

Uy Ul U§ U
HE: HY HY, Hy

As a first, naive attempt here, we could try to construct such a duality Hy <> Uy by
using a kind of “complementation formula”, of the following type:

< H¥,Us >=Uj,

To be more precise, given a quantum group Hy, we would like to define its dual Uy
to be the “minimal” quantum group having the above property, and vice versa. Observe
that such a correspondence Hy <+ Uy would be indeed contravariant. In practice now,
however, the main problem comes from the following formula:

Ui =< Uy, HY >

Indeed, this formula shows that our naive attempt presented above simply fails, be-
cause the dual of Uy would be H][\?o], instead of being H};, as desired. However, our

duality idea above still makes sense, and establishing it is a good open problem.
12d. Beyond easiness

Our aim here is to present some classification results, beyond easiness. Let us first
discuss the half-classical case. We have the following definition, to start with:

DEFINITION 12.26. The half-liberation of an intermediate compact group Hy C Gy C
Uy s the intermediate compact quantum group Hy C Gy C Uy given by

Gy =<Gyn,Hy >

with the generation operation being taken in a topological sense, as an operation for the
closed subgroups of the free unitary quantum group Uy:.

This definition is something that we already met before, in a more general setting. As
a main result regarding this operation, we have:
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THEOREM 12.27. The half-liberations of the uniform easy groups, namely
On,Uy , HY = Hy,Hy, HY,,... . HY = Ky
coincide with their usual half-liberations, taken in the easy sense, namely
On.Ux . HY = Hy, Hy HY ... HY* = Ky,
obtained by liberating, and then by imposing the relations abc = cba.

PROOF. This is something standard. First of all, it follows from [80] that the easy
compact groups Sy C Gy C Uy satisfying the uniformity assumption Gy_1 = GyNU;_,
are precisely those in the statement, with the usual convention for reflections, namely:

HS = 7,1 Sy

In order to compute the half-liberations in our sense, we use the fact that the opera-
tions <, > and N are “dual” to each other via Tannakian duality G' <> C, as follows:

Cegu>=0CcNCy , Cgng =<Cq,Cyx >

With standard easy quantum group notations, if we denote by D the category of
partitions for Gy, and by Gy the easy half-liberation of Gx, we have then:
Coy, = Cay NChay
= span(D) N span(P},.,)
= span(DNPFP;,..)
= span(D N NCeyen, {)
OGKr
Here all the equalities are well-known and standard. Thus G = G, as claimed. O

Summarizing, we have so far a notion of half-liberation for the intermediate compact
groups Hy C G C Uy, which works well in the easy case. Next, we have:

DEFINITION 12.28. The half-liberation of an intermediate compact group
Ty C Gy CUy
1s the intermediate compact quantum group
Ty C Gy C Uy
given by the following formula,
Gy =< Gy, Ty >
with the generation operation being taken as usual in a topological sense.

Our first task is to verify that this more general notion is compatible with the one
that we already have. This is something non-trivial, and we have indeed:
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THEOREM 12.29. For an intermediate compact group
Hy c Gy Cc Uy
its “soft” and “hard” half-liberations, from Definitions 12.26 and 12.28, coincide.

ProOOF. We must prove that for any intermediate compact group Hy C Gy C Uy,
we have the following equality, between closed subgroups of Uy;:

< Gn,Hy >=< Gy, Ty >

It is enough to solve the problem for the smallest possible group under consideration,
namely Gy = Hy. Thus, we are led into the following question:

H;[ =< HN,T;; >

Now let us denote by G «» C' the standard Tannakian correspondence, from chapter
2, with as usual C = (Hom(u®*, u®")), let also G — PG be the projective version
construction, and let us denote the construction in [30] as follows:

(G cUy) = (G] € Oy)
We have then, by using a number of standard facts:
PHy =P < Hy, Ty > PKy =P < Hyn,Ty >
Crry = Crany 1>
Crry = Cpuy NCpry,
Crry = Cruy NCpry

C1PKN = CP<HN,?1‘N>

111t

Cpry = Cpry
Thus the projective versions coincide, and so the affine lifts must coincide as well. [

As a comment here, the above proof is not the only one. Since Hy, H}, are both easy,

coming from P, P, our question Hy =< Hy,Tx > becomes:

span(F},.,) = span(Peyen) N Cry,

even

But this can be proved by standard combinatorics, based on the standard fact that
the half-classical combinatorics comes from the infinite symmetric group S.

Summarizing, we have now a notion of half-liberation for the intermediate compact
groups T C Gy C Uy, which works well in the easy case. Next, we have:
PROPOSITION 12.30. For any compact group Ty C Gy C Un we have the formula
Gy = [G}]

where G =< Gy, Tn >, and where Ex — [Ey] is the construction in [30].
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PRrROOF. This can be proved by using the same method as for Theorem 12.29. With
the notations from there, we have the following computation:

PG = P[GY] PGy = PG

P<Gy, Ty >=P <Gy, Ty >
Cp<cyry> = COr<Gy,Ty>

Cpay NCpry = Cpay N Cpry,
Cpay N Cpry; = Cpey N Cpry,

Thus the projective versions coincide, and so the affine lifts must coincide as well. [

111ty

In the unitary case, the situation is similar, and we have:
THEOREM 12.31. For any compact group Ty C Gy C Uy we have the formula
v = [[G¥]]
where G =< Gy, Tn >, and where Ex — [[En]| is the construction in [7].

PROOF. The computation here is identical with the one in the proof of Proposition
12.30, with technical ingredients coming this time from [7]. O

As a further theme of discussion, let us discuss now the non-easy extension of the
notion of orientability. Things are quite tricky here, and we must start as follows:

DEFINITION 12.32. Associated to any closed subgroup Gy C Uy are its classical,
discrete and real versions, given by

¢ =GyxNUy
G4 =Gy N Ky
N =Gy NO%

as well as its free, smooth and unitary versions, given by
Gl =< Gy, HY >
Gy =< Gn,Opn >
Gy =< Gn,Kn >
where <, > 1s the usual, non-easy topological generation operation.
Observe the difference, and notational clash, with some of the notions used before. To

be more precise, as explained in Part I, it is believed that we should have a formula of
type {, } =<, >, but this is not clear at all, and the problem comes from this.

A second issue comes when composing the above operations, and more specifically
those involving the generation operation, once again due to the conjectural status of the
formula {,} =<,>. Due to this fact, instead of formulating a result here, we have to
formulate a second definition, complementary to Definition 12.32, as follows:
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DEFINITION 12.33. Associated to any closed subgroup Gn C Uy are the mizes of its
classical, discrete and real versions, given by
G?g - GN N KN
Gy =GnyNOy
G =Gy N HY;
as well as the mixes of its free, smooth and unitary versions, given by
GIf =< Gy, 0% >
GI' =< Gy, K} >
K}s =< GN, Un >
where <, > 1s the usual, non-easy topological generation operation.

Now back to our orientation questions, the slicing and bi-orientability conditions lead
us again into {,} vs. <,> troubles, and are therefore rather to be ignored. The ori-
entability conditions, however, have the following analogue:

DEFINITION 12.34. A closed subgroup Gy C Uy, is called “oriented” if
Gy =< G¥¢,G%, GY% >
Gy =GE NG NGy
and “weakly oriented” if the following conditions hold,
Gy =< GS,G%, G >
Gy =GL NG5, NGy
where the various versions are those in Definition 12.32 and Definition 12.33.

With these notions, our claim is that some classification results are possible:

(1) In the classical case, we believe that the uniform, half-homogeneous, oriented
groups are those that we know, with some bistochastic versions excluded. This is of
course something quite heavy, well beyond easiness, with the potential tools available for
proving such things coming from advanced finite group theory and Lie algebra theory.
Our uniformity axiom could play a key role here, when combined with [75], in order to
exclude all the exceptional objects which might appear on the way.

(2) In the free case, under similar assumptions, we believe that the solutions should be
those that we know, once again with some bistochastic versions excluded. This is some-
thing heavy, too, related to a well-known conjecture, namely < Gy, Sy >= {Gx, S5}
Indeed, assuming that we would have such a formula, and perhaps some more formulae
of the same type as well, we could in principle work out our way inside the cube, from the
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edge and face projections to G itself, and in this process Gy would become easy. This
would be the straightforward strategy here.

(3) In the group dual case, the orientability axiom simplifies, because the group duals
are discrete in our sense. We believe that the uniform, twistable, oriented group duals
should appear as combinations of certain abelian groups, which appear in the classical
case, with duals of varieties of real reflection groups, which appear in the real case. This
is probably the easiest question in the present series, and the most reasonable one, to
start with. However, there are no concrete results so far, in this direction.

Finally, let us discuss the notion of Fourier liberation, which conjecturally solves some
of the problems raised in the above. We first have the following standard notion:

PROPOSITION 12.35. Given a closed subgroup G C Uy, and a matriz Q € Uy, we let
Ty C G be the diagonal torus of G, with fundamental representation spinned by Q:

C(Tg) = C(G) [ {(QuQ*)y; = 0)¥i # )

This torus is then a group dual, Ty = KQ, where Ag =< g1,...,gn > is the discrete group
generated by the elements g; = (QuQ*);;, which are unitaries inside C(Tg).

Proor. This follows indeed from definitions, because, as said in the statement, T¢, is
by definition a diagonal torus. Equivalently, since v = QuQ)* is a unitary corepresentation,
its diagonal entries g; = v;;, when regarded inside C'(Ty), are unitaries, and satisfy:

A(gi) = g; ® gi

Thus C(T%) is a group algebra, and more specifically we have C(T) = C*(Ag), where
Ag =< g1,...,gn > is the group in the statement, and this gives the result. O

Summarizing, associated to any closed subgroup G C Uy is a whole family of tori,
indexed by the unitaries U € Uy. As a first result regarding these tori, we have:

THEOREM 12.36. For the quantum permutation group Sy, the discrete group quotient
Fn — Ag with Q € Un comes from the following relations:

gi =1 if ZlQil%O
9ig; =1 if >, QuQ #0
Gi9ige =1 if >, QuQQu # 0

Also, given a decomposition N = Ny + ...+ Ng, for the matriz Q = diag(Fy,, ..., Fn,),
where Fy = —=(§7)y; with § = e>™/N s the Fourier matriz, we obtain

AQ:ZNl*'--*ZNk

with dual embedded into Sy in a standard way.
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PRrROOF. This can be proved by a direct computation, as follows:
(1) Fix a unitary matrix () € Uy, and consider the following quantities:
¢ = Zz Qi
Cij = Zl QilQZl
dije = >, QuQjQul
We write w = QuQ@*, where v is the fundamental corepresentation of C'(S¥). Assume
X ~{1,...,N}, and let a be the coaction of C'(S%) on C(X). Let us set:

pi =Y Qud € C(X)
l

Also, let g; = (QuQ*);; € C*(Ag). If (3 is the restriction of o to C*(Ag), then:

Blpi) = 0i ® gi

(2) Now recall that C'(X) is the universal C*-algebra generated by elements ¢y, ...,0x
which are pairwise orthogonal projections. Writing these conditions in terms of the lin-
early independent elements ¢; by means of the formulae §; = ), Qu¢;, we find that the
universal relations for C'(X) in terms of the elements ¢; are as follows:

Z@' cip; =1
@; = Zj CijPj
Pivj = D 1, dijkpr
(3) Let /~\Q be the group in the statement. Since [ preserves these relations, we get:
ci(gi—1)=0
¢ij(gig; —1) =0
dijr(9i9; — gr) =0

We conclude from this that Ag is a quotient of /N\Q. On the other hand, it is immediate
that we have a coaction map as follows:

C(X) = C(X) @ C*(Ag)

Thus C (KQ) is a quotient of C'(Sf;). Since w is the fundamental corepresentation of
S with respect to the basis {¢;}, it follows that the generator w;; is sent to g; € /NXQ,
while w;; is sent to zero. We conclude that KQ is a quotient of Ag. Since the above
quotient maps send generators on generators, we conclude that Ag = KQ, as desired.

(4) We apply the result found in (3), with the N-element set X there being:
X =2ZyU...UZy,
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With this choice, we have ¢; = 9,y for any . Also, we have ¢;; = 0, unless i, j, k belong
to the same block to @, in which case ¢;; = 9,40, and also d;;; = 0, unless ¢, j, k belong
to the same block of @, in which case d;;; = d;1;%. We conclude from this that Ag is the
free product of k£ groups which have generating relations as follows:

995 = 9iti G =i
But this shows that our group is Ag = Zy, * ... * Zy,, as stated. U

In connection with our liberation questions for the subgroups G C Sy, all this is quite
interesting, and suggests formulating the following definition:

DEFINITION 12.37. Consider a closed subgroup G C Uy;.

(1) Its standard tori Tr, with F' = Fn, ® ... ® Fy,, and N = Ny + ... + Ny being
regarded as a partition, are called Fourier tori.

(2) In the case where we have Gy =< G, (Tp)r >, we say that Gy appears as a
Fourier liberation of its classical version G¢;.

The conjecture is then that the easy quantum groups should appear as Fourier liber-
ations. With respect to the basic examples, the situation in the free case is as follows:

1) OF, Uy are diagonal liberations, so they are Fourier liberations as well.

2) Bj, CY% are Fourier liberations too, with this being standard.

3) Sy is a Fourier liberation too, being generated by its tori [33], [36].

(1)
(2)
(3)
(4) Hy, K remain to be investigated, by using the general theory in [73].

Finally, let us mention that the notion of Fourier liberation is something specific to
the easy case. Indeed, for the general compact quantum groups, this will not work.

12e. Exercises

Things have been difficult in this chapter, and there have been open questions all
around the place. As exercise, that we believe to be central to all this, we have:

EXERCISE 12.38. Prove that the easy quantum groups appear via Fourier liberation.

This is a quite difficult exercise, and ideally we would need here a global proof, based
on the abstract notion of easiness. But some case-by-case verifications would be extremely
useful as well, the point being that each such verification requires lots of work.
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Super-easiness



Maybe one day we’ll be united
And our love won’t be divided
Maybe one day we’ll be united
And our love won’t be divided



CHAPTER 13

Schur-Weyl twists

13a. Ad-hoc twisting

In this final part of the present book we discuss how our previous results, from Parts
I, I, I1I, can be used in order to say more things about the closed subgroups G C Uj:.
Normally we would like all these subgroups to be easy, but as we know well, they aren’t.
However, as we will soon discover, with explicit examples, some of them are in fact not
very far from being easy. In view of this, our goal with be very simple, as follows:

GOAL 13.1. Extend the easiness theory, by not deviating much from its original spirit,
nto a super-easiness theory, covering as many examples as possible.

This looks quite reasonable, and the key words in all this are of course “by not deviating
much”. That is, easiness theory is something useful and practical, and we would like
of course its super-easiness extension to be useful and practical too, avoiding too much
generality, which can only lead into weak, useless abstractions. Let us mention too that the
name “super-easiness” is not exactly a joke as it seems, because the first such extension,
constructed in [21], crucially used a “super-space” idea, leading to this name. But more
on this in chapter 14 below, where we will discuss the constructions in [21].

Getting started now, “by not deviating much” means to keep things Tannakian. So,
the idea will be very simple, namely that of modifying the operation # — T, and con-
structing new subgroups G C U}, in this way. This operation was given by:

Tn(€i1®...®€ik)22(5ﬂ—(l .k>6j1®...®€jl

Ry Jio--- i
J1s--501

So, assume that by whatever magical trick, we manage to “twist” this operation
m — T, into a new operation m — T, still satisfying the categorial conditions, or at least
a suitable modification of these categorical conditions, as for any category of partitions
D C P to produce a Tannakian category C, via the usual formula, namely:

Ciu = span (T,r T e D(k,l))

Then, this will be a win, because we can define afterwards for any N € N a certain
closed subgroup Gy C Uy, via Tannakian duality, having by definition C' as Tannakian
category. We can then call this new subgroup Gy C Uy, super-easy, add it to the usual

299
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easy group Gy C Uy associated to D, and we will have in this way a nice extension of
the easy quantum group formalism, covering far more objects than before.

All this looks very nice, but in practice, in the classical case already, our problems are
not exactly obvious, and we are led in this way to the following question:

QUESTION 13.2. How far can we go with super-easiness, in the classical case? Can
we fully cover the Lie types ABCD? What about EFG? What about the complex reflection
groups H3? What about the exceptional complex reflection groups?

However, all this looks a bit scary, more or less requiring us to become top-level experts
in Lie groups or reflection groups, so we will keep such things for later.

As another idea, dual to the above one, we can look into discrete group duals. We
know indeed, and this since chapter 1, that the Tannakian categories of group duals
appear via the combinatorics of the group, and so are not very far from easiness. Thus,
we have a good idea here, and we can formulate our second question as follows:

QUESTION 13.3. Shall we orient our super-easiness theory towards group duals, for
instance with, as a first objective, including the dual of the free group Fy ¢

As a first observation, although not exactly following the scheme T, — T, evoked
above, this looks quite reasonable, when compared for instance with Question 13.2. How-
ever, there is a downside to this, coming precisely from the “reasonability” of our question.
Frankly, with such things we would not reach to any new mathematics, the dual of Fly
being a sort of “mathematical wheel”, that we would not like to reinvent, and with this
in mind, Question 13.2 looks much more interesting, and so, more reasonable.

As a third attempt now to formulate a starting question, which is something natural
as well, and certainly in tune with the spirit of abstract mathematics, we have:

QUESTION 13.4. What about easiness naturally producing super-easiness, via various
product operations, such as the usual product X, or more complicated products?

To be more precise here, wanting for instance G x H to be super-easy when G, H
are easy certainly looks like a reasonable mathematical idea. However, a bit like it was
the case with Question 13.3, this looks a bit boring, because the same pure mathematics
leading to such ideas tell us to look for “irreducible” objects first.

As a fourth attempt now, coming by correcting a bit Question 13.4, we have:

QUESTION 13.5. What about easiness naturally producing super-easiness, via various
twisting operations?
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This certainly looks more reasonable, because unlike the product operations from
Question 13.4, bringing weakness, the twisting operations usually preserve the “irre-
ducibility” of the quantum group. That is, if we start with a quality, indecomposable
quantum group, then the twist will be as well a quality, indecomposable quantum group.
But, as a downside, this latter question promises to be as technical as Question 13.2.

So, this is the situation, nothing both interesting and easily doable, on the spot, and
shall we look for a fifth idea, or ask the cat. Hope you’re with me for asking the cat, all
this being a bit tiring. And cat, Paul Adrien Maurice by his name, answers:

CAT 13.6. Shut up and compute. You have SUs, SOs. Anticommutation twists too.
Don’t call yourself physicist until you tried these.

Thanks cat, this sounds reasonable, let’s not forget indeed about SUs,, SO3, which are
the alpha and omega of physics. And not forget either about commutation replaced by
anticommutation, that’s one good learning from basic quantum mechanics too.

We will do all this in the present Part IV of this book, the plan being:

PLAN 13.7. In order to develop super-easiness theory, we must:

(1) Cover the anticommutation twists G' C Uy, of the easy Lie groups G C Uy.
(2) Cover SUs,, and more generally the symplectic groups Spy C Uy.

(3) Cover SOs, and more generally S5, with Z finite quantum space.

(4) And finally, merge these 3 extensions into a super-easiness theory.

So, this will be the plan for the present Part IV of this book. In this chapter we will
do (1), following [9] and related papers, which will turn to be something quite simple.
Then in chapter 14 and chapter 15 we will do (2) and (3), following respectively [21], and
[89] and related papers. And finally at the end of chapter 15 we will attempt to solve (4),
which will lead us into a lot of thinking, and into some open problems too.

Getting started now, we need to twist the easy Lie groups G C Uy, and why not
the more general easy quantum groups G C Uj,. However, this does not look like a
trivial question, and this even for G = Uy itself, because we must keep some of the
commutation relations ab = ba between basic coordinates, while changing some other into
anticommutation, ab = —ba. And things become even more complicated when looking
for instance at Uy, with each relation of type abc = cba waiting to be studied, and then
either kept as such, or replaced by its anticommutation counterpart, abc = —cba.

Fortunately, there is a clever answer to this, providing us from doing too many compu-
tations. The idea will be that of twisting first the simplest objects that we have, namely
the associated spheres. We haven’t talked so far in this book about the spheres associated
to our main unitary groups, but never too late, and here is their definition:
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DEFINITION 13.8. We have quantum spheres, with inclusions between them,

N—-1 N—-1 N—-1
SHTt > TSy —— 58

N-1 N-1 N-1
SR,* - TSR,* - SC,*

Y1 - TSN o 5N

with the free complex sphere, on top right, being given by

C(ngrl) =C* (.7:1, . ,IBN‘ Zwlmj = foxl = 1)

and with the other spheres being obtained as subspaces, in the obvious way.

There are many things that can be said about these spheres, the idea being that the
usual correspondences Sg 1 & Oy and S(]CV 1 & Uy from classical geometry, that you
surely know well, extend to all the above spheres. In particular, with a suitable notion of
quantum isometry group, the quantum isometry groups of our spheres are as follows:

(0} TOZ Uy
Oy TON Un
ON TON UN

In what follows we will not really need this, and for more on such spheres, we refer to
[18] and related papers. However, based on this philosophy, we can try first to twist the
spheres, which looks like an easy task, because we will be dealing here with single indices
instead of double indices, and then, using this, twist afterwards the quantum groups as
well. So, this will be our plan, and getting started now, we first have:
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THEOREM 13.9. We have quantum spheres as follows, obtained via the twisted com-
mutation relations ab = +ba, and twisted half-commutation relations abc = +cba,

N-1 N—-1 N-1
S+ TSg ; >~ 5S¢t

N—1, N—-1, N—-1,
L AR 57\ R 571

)

N-1y N—-1y N—-1y
Sg Y =TSy Y —— S

with the precise signs being as follows:

(1) The signs on the bottom correspond to anticommutation of distinct coordinates,
and their adjoints. That is, with z; = x;, ] and €;; = 1 — 05, the formula is:

Zz‘Zj = (—1>€ij ZjZi

(2) The signs in the middle come from functoriality, as for the spheres in the middle
to contain those on the bottom. That is, the formula is:

zizjzp = (—1)Futenteny 2z
PROOF. This is something elementary, from [2], the idea being as follows:
(1) Here there is nothing to prove, because we can define the spheres on the bottom
by the following formulae, with z; = z;, 2} and €;; = 1 — §;; being as above:

C(SY1) = C(Sﬁ;l)/@i% = (—1)8ijxjxi>

C(SE™) = OSSR [ {aiz = (1) 232
(2) Here our claim is that, if we want to construct half-classical twisted spheres, via
relations of type abc = =£cba between the coordinates z; and their adjoints z, as for

these spheres to contain the twisted spheres constructed in (1), the only possible choice
for these relations is as follows, with z; = z;, 2} and €;; = 1 — d;; being as above:

zizjzp = (—1)Futenteng, 2

But this is something clear, coming from the following computation, inside of the
quotient algebras corresponding to the twisted spheres constructed in (1):

zizjze = (—1)%9z;22,
= (_1)5ij+5ikzjzkzi

= (Sl gz
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Thus, we are led to the conclusion in the statement, the spheres being given by:

C(Sﬁ;l’/) _ C(Sﬁfjrl)/<$zl’]xk — (_1)€ij+sjk+£ikmkmjxi>

C(SEM) = C(Sgll)/<Zzzjzk = (—1)€ij+€j"+€ikzkzjzi>
Thus, we have constructed our spheres, and embeddings, as desired. Il

Let us twist now the unitary quantum groups U. We would like these to act on the
corresponding spheres, U . S. Thus, we would like to have morphisms, as follows:

O(w;) =Y ;@ uy
j

But this leads, via Theorem 13.9, to the following result:
THEOREM 13.10. We have twisted orthogonal and unitary groups, as follows,

Oy Uy

Oy

Uy
defined via the following relations, with the convention o = a,a* and 3 = b, b*:

3 {—ﬁa for a,b € {u;;} distinct, on the same row or column of u
(8% =

B otherwise
These quantum groups act on the corresponding twisted real and complex spheres.

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

(1) Let us first discuss the construction of the quantum group O%. We must prove
that the algebra C'(OY) obtained from C(O3;) via the relations in the statement has a
comultiplication A, a counit €, and an antipode S. Regarding A, let us set:

Uij = Z Uik, O Uk
k
(2) For j # k we have the following computation:
UijU, = Z UisUip & UgjUsp + Z UisUis & UgjUsk
s#£t

S
= E —UjpUis Q) UgUgj + E Uislis @ (—UgUsj)
s#t s

= —UaUj
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Also, for i # k,j # | we have the following computation:

UgUn = > Uistike @ Ugjliy + Y Uisligs @ Ugjtly
s#t s
= ) Ukt @ Uiy + Y (—Ukstlis) ® (—tgtig)
s#t s
= Ul
Thus, we can define a comultiplication map for C'(OY), by setting:
A(uy) = Uy

(3) 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 Oy is a compact quantum group, and the proof for
U} is similar, by adding * exponents everywhere in the above computations.

(4) Finally, the last assertion is clear too, by doing some elementary computations, of
the same type as above, and with the remark that the converse holds too, in the sense
that if we want a quantum group U C Uy to be defined by relations of type ab = +ba,
and to have an action U ~ S on the corresponding twisted sphere, we are led to the
relations in the statement. We refer to [2] for further details on all this. O

In order to discuss now the half-classical case, given three coordinates a,b,c € {u;;},
let us set span(a,b,c) = (r,c), where r,c € {1,2,3} are the number of rows and columns
spanned by a, b, c. In other words, if we write a = u;;,b = ug, ¢ = up, then r = #{i, k, p}
and | = #{j,1,q}. With this convention, we have the following result:

THEOREM 13.11. We have intermediate quantum groups as follows,

0% TO} Ui
0% ——~TO% Uz
Oy ——TO) Ul

defined via the following relations, with o = a,a*, f = b,b* and v = ¢, c*,

{—fyﬁa for a,b, c € {u;;} with span(a,b,c) = (<2,3) or (3,<2)
afy = .
vBa  otherwise

which act on the corresponding twisted half-classical real and complex spheres.
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PrROOF. We use the same method as for Theorem 13.10, but with the combinatorics
being now more complicated. Observe first that the rules for the various commutation
and anticommutation signs in the statement can be summarized as follows:

r\¢e 1 2 3
1+ + -
2 + + -
3 - — +

Let us first prove the result for Oy. We must construct here morphisms A, e, S, and
the proof, similar to the proof of Theorem 13.10, goes as follows:

(1) We first construct A. For this purpose, we must prove that U;; = >, wix ® uy;
satisfy the relations in the statement. We have the following computation:

UianbUkc = E uizujyukz®uxauybuzc

Tyz

= E :l:uk:zujyuiz ® :l:uzcuybuxa

TYz
= =* Ukojb Uia

We must show that, when examining the precise two + signs in the middle formula,
their product produces the correct £ 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 ++, ++, ——, so a product + as needed.

Together with the fact that our problem is invariant under (r,c¢) — (c¢,r), and with
the fact that for a (1,1) span there is nothing to prove, this finishes the proof for A.

(2) The construction of the counit, via the formula £(u;;) = §;;, requires the Kronecker
symbols d;; to commute/anticommute according to the above table. Equivalently, we must
prove that the situation d;;00,, = 1 can appear only in a case where the above table
indicates “+”. But this is clear, because 0;;0x0p, = 1 implies r = c.

(3) Finally, the construction of the antipode, via the formula S(u;;) = uj;, is clear too,
because this requires the choice of our + signs to be invariant under transposition, and
this is true, the above table being symmetric.

(4) We conclude that O} is indeed a compact quantum group, and the proof for Uy
is similar, by adding * exponents everywhere in the above. Finally, the last assertion is
clear too, exactly as in the proof of Theorem 13.10. We refer to [2] for details. O
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The above results can be summarized as follows:

THEOREM 13.12. We have quantum groups as follows, obtained via the twisted com-
mutation relations ab = +ba, and twisted half-commutation relations abc = +cba,

o} TO Ui
03 TOY, Uy
Ol TO!, Ul

with the various signs coming as follows:

(1) The signs for O correspond to anticommutation of distinct entries on rows and
columns, and commutation otherwise, with this coming from O Sg il

e signs for LUy, come as well from the signs for S, 7, either via the
2) The sig S Un, U 1 the sig SV eith th
requirement O C U, or via the requirement U ~ S.

ProoF. This is a summary of Theorem 13.10 and Theorem 13.11, along with a few
supplementary facts, coming from the proofs of these results. O
13b. Schur-Weyl twists

Let us review now the above construction of the twists, which was something quite
ad-hoc, and replace this by something more conceptual. Let us start with:

PROPOSITION 13.13. The intermediate easy quantum groups
Hy C G C Uy,
come via Tannakian duality from the intermediate categories of partitions
Poyen D D D NCy
with Payen(k, 1) C P(k,1) being the category of partitions whose blocks have even size.

ProOF. This is something coming from the general easiness theory. Indeed, the easy
quantum groups appear as certain intermediate compact quantum groups, as follows:

Sy C G CUy

To be more precise, such a quantum group is easy when the corresponding Tannakian
category comes from an intermediate category of partitions, as follows:

P> D>NCy
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Now since this correspondence makes correspond Hy <+ P.,en, once again as explained
in chapter 2, we are led to the conclusion in the statement. Il

The idea now will be that the twisting operation G — G, in the easy case, can be
implemented, via Tannakian duality as usual, via a signature operation on P,,.,. Given
a partition 7 € P(k, 1), 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. Also,
we use the standard embedding S C P (k, k), via the pairings having only up-to-down
strings. With these conventions, we have the following result, from [2]:

THEOREM 13.14. There is a signature map € : Poe, — {—1,1}, given by

e(r) = (=1)°
where ¢ is the number of switches needed to make T noncrossing. In addition:

(1) For T € Sy, this is the usual signature.
(2) For T € P, we have (—1)°, where ¢ is the number of crossings.
(3) For 7 <1 € NCepen, the signature is 1.

PROOF. In order to show that the signature map € : P, — {—1, 1} in the statement,
given by (1) = (—1)¢, is well-defined, we must prove that the number ¢ in the statement
is well-defined modulo 2. It is enough to perform the verification for the noncrossing
partitions. More precisely, given 7, 7" € NC,., having the same block structure, we must
prove that the number of switches ¢ required for the passage 7 — 7’ is even.

In order to do so, observe that any partition 7 € P(k,l) can be put in “standard
form”, by ordering its blocks according to the appearence of the first leg in each block,
counting clockwise from top left, and then by performing the switches as for block 1 to
be at left, then for block 2 to be at left, and so on. Here the required switches are also
uniquely determined, by the order coming from counting clockwise from top left.

Here is an example of such an algorithmic switching operation, with block 1 being
first put at left, by using two switches, then with block 2 left unchanged, and then with
block 3 being put at left as well, but at right of blocks 1 and 2, with one switch:

The point now is that, under the assumption 7 € NCepep(k, 1), each of the moves
required for putting a leg at left, and hence for putting a whole block at left, requires an
even number of switches. Thus, putting 7 is standard form requires an even number of
switches. Now given 7,7 € NC,,., having the same block structure, the standard form
coincides, so the number of switches ¢ required for the passage 7 — 7’ is indeed even.
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Regarding now the remaining assertions, these are all elementary:

(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/ =|... |75, and the passage
7 — 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 13.15. Associated to any partition m € Poyen(k,1) is the linear map
7:/r . (CN>®k — (CN)®Z

given by the following formula, with ey, ..., en being the standard basis of CV,
T
T;(ei1®---®eik):];5%(ﬁ jl)eﬁ®'“®eﬁ
el

and where 0, € {—1,0,1} is 8, = &(7) if 7 > 7, and &, = 0 otherwise, with T = ker(}).

In other words, what we are doing here is to add signatures to the usual formula of
T.. Indeed, observe that the usual formula for 7T, can be written as folllows:

T7r<€i1®--~®eik>: Z 6j1®...®6jl
j:ker(é-)ZTr

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:

Ti(e, ®...Qe;,)= 25(7) Z ey ®...0e;
T2 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 13.16. The assignement m — T is categorical, in the sense that
TeT =T, . T =NCIT, () =T
where c(m, o) are certain positive integers.

Proor. We have to go back to the proof from the untwisted case, from chapter 2,
and insert signs. We have to check three conditions, as follows:

1. Concatenation. In the untwisted case, this was based on the following formula:

e (1) o, () = Oy (T O
(jqu) (llls [o) J1---Jq llls
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In the twisted case, it is enough to check the following formula:

e [ ker lep e [ ker kl---kr — [ ker ZlZp kl"'kr
J1---Jq ll"-ls J1---Jq ll--'ls

Let us denote by 7, v the partitions on the left, so that the partition on the right is
of the form p < [rv]. Now by switching to the noncrossing form, 7 — 7" and v — v/, the
partition on the right transforms into p — p’ < [7/2/]. Now since the partition [7/2/] is
noncrossing, we can use Theorem 13.14 (3), and we obtain the result.

2. Composition. In the untwisted case, this was based on the following formula:

iy Jioeda) _ nre(mo) iy
Z‘Sﬂ(jl...jq)‘s"(kl...kr)_N 5[?]<k1...kr)

jleq

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:

il"'ip jqu _ lep
€ (ker (j1-.-jq>) € <ker <k:1krr>) =€ <ker <k:1krr>)

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 7,7 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' < [,]. Now since the partition [7,] is
noncrossing, we can apply Theorem 13.14 (3), and we obtain the result.

3. Involution. Here we must prove the following formula:
5 i1 ..y _ 5 J1---Jq
*\Jy ... = iy iy
But this is clear from the definition of ¢/, and we are done. g

As a conclusion, our twisted construction @ — 7. has all the needed properties for
producing quantum groups, via Tannakian duality, and we can now formulate:

THEOREM 13.17. Given a category of partitions D C P,ye,, 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 2, exactly as in
the easy case, by using this time Proposition 13.16 as technical ingredient. To be more
precise, Proposition 13.16 shows that the linear spaces on the right form a Tannakian
category, and so the results in chapter 2 apply, and give the result. U
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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 13.18. 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 (T7r

7 € D(k,1))
for a certain category of partitions D C P,ye,, where, for q=1,—1:
T=T1T
The Schur-Weyl twist of G is the quizzy quantum group G' C Uy, obtained via ¢ — —q.

We first have to check that when applying the Schur-Weyl twisting to the basic unitary
quantum groups, we obtain the previous ad-hoc twists. This is indeed the case:

THEOREM 13.19. The twisted unitary quantum groups introduced before,

Ot — = TO, Ui
ox TO¥, Uy
Oy TO!, U,

appear as Schur-Weyl twists of the basic unitary quantum groups.
Proor. This is something routine, in several steps, as follows:

(1) The basic crossing, ker (;JZ) with ¢ # j, comes from the transposition 7 € S5, so

its signature is —1. As for its degenerated version ker (ZZ), this is noncrossing, so here the
signature is 1. We conclude that the linear map associated to the basic crossing is:

—e;®e; fori#j
ej @ e; otherwise

Ti(ei ®ej) = {

Regarding now the half-classical crossing, namely ker (gj’z) with ¢, 7, k distinct, our
claim is that the signature is once again —1. Indeed, this follows by examining the
signatures of the various degenerations of this half-classical crossing, and more specifically

from the following signature computations, obtained by counting the crossings, in the first
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case, by switching twice as to put the partition in noncrossing form, in the next 3 cases,
and by observing that the partition is noncrossing, in the last case:

Thus, we are led to the following formula, for the half-classical crossing:

Ty(e; ®e; @ ey,) = —ep ®e;®e; for zyk distinct
er ®e; ®e;  otherwise

(2) Our claim now if that for an orthogonal quantum group G, the following holds,
with the quantum group Oy being the one in Theorem 13.10:

Ty € End(u®?) <= G C O)y

Indeed, by using the formula of 7} found in (1), we obtain:

(Ty@ u(e;@e;®1) = Z ex @ eg @ UkiUk;
!

— E €] X Ck X u;ﬂ-ulj
k#£l

On the other hand, we have as well the following formula:

D on €l © e @ Uty if i =7

u®2(T/®1)(€i®e,®1) — e |
' ’ _Zklel®ek®uljuk;i if i #£

For ¢ = j the conditions are u%z = u%z for any k, and ugu; = —uyug; for any k # 1.
For i # j the conditions are ugur; = —ugjug; for any k, and ugw;; = wjyug; for any k # L.
Thus we have exactly the relations between the coordinates of O), and we are done.

(3) Our claim now if that for an orthogonal quantum group G, the following holds,
with the quantum group O% being the one in Theorem 13.11:

Ty € End(u®’) <= G C Oy
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Indeed, by using the formula of 7y found in (1), we obtain:

(Ty © Du(e;@e; @ e ®1) = D ee®e @ eq @ Ugitipjick

abc not distinct

— E € ¥ ey @ ey & Ug;Up;jUek

ab,c distinct
On the other hand, we have as well the following formula:
uP Ty @ 1)(e; @ e; @ e © 1)
B {Zabc e ® €y @ €q @ UckUpjUaqi for ¢, 7, k not distinct
— Y abe €c @ €4 @ €4 & UgpUpjtg;  for 4, j, k distinct
For ¢,j,k not distinct the conditions are uqupjucy = UerUpjtq for a,b,c not dis-

tinct, and ugiUpjUer = —UckUpjUq; for a,b,c distinct. For 4,7, k distinct the conditions

are UgiUpjlUcky = —UckUpjlq; for a,b,c not distinct, and uqupjUck = UekUpjUqi for a,b,c

distinct. Thus we have the relations between the coordinates of Oy, as desired.

(4) Now with the above in hand, we obtain that the Schur-Weyl twists of On, O% are
indeed the quantum groups Oy, Oy from Theorem 13.10 and Theorem 13.11.

(5) The proof in the unitary case is similar, by adding signs in the above computations
(2,3), the conclusion being that the Schur-Weyl twists of Uy, Uy are Uy, UY. O
13c. Reflection groups

Let us clarify now the relation between the maps 75, 7. By using the formulae from
the proof of Theorem 13.19, we obtain the following formulae:

T>2 = —TX + 2Tker(3g)
Tyz = —TX + 2Tker(ggg) + 2Tker(323) + 2Tker(g‘£) - 4Tker(ggg)

In general, the answer comes from the Mdébius inversion formula. 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 ifodn

With this notation, we have the following useful result:

PrRoOPOSITION 13.20. For any partition m € P,,e, we have the formula

=) ol

T<m

where ay =Y &(T)u(o,7), with p being the Mdbius function of Peyen.
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PROOF. The linear combinations T'=>___ _«,T, acts on tensors as follows:

T<m

T, ®...0€,) = ZaT (€, ®...0¢€;)

T<m
T<m o<T j:ker(z.):a

_ Z(Z%> Y 0@

o<t \o<7<m j:ker(é):a

Thus, in order to have T, = > __«,T;, we must have e(0) = > __ __ o, for any
o < 7. But this problem can be solved by using the Mobius inversion formula, and we
obtain the numbers a, =Y . __e(7)u(o, 7) in the statement. O

With the above results in hand, let us get now to the question of twisting the quantum
reflection groups. It is convenient to include in our discussion two more quantum groups,
coming from [73] and denoted H J[\?O ! K][\C;o}, constructed as follows:

PropPoOsSITION 13.21. We have quantum groups HJ[\?O}, K][\C;O] as follows, constructed by
using the relations afy = 0 for any a # ¢ on the same row or column of u:

Ky K% K K3

Hy H H Hi;

These quantum groups are both easy, with the corresponding categories of partitions, de-

noted P, ¢ Pyen and Pl Peoven, being generated by n = ker(ﬂl)

Proor. This is routine, by using the fact that the relations a8y = 0 in the statement
are equivalent to the condition n € End(u®"), with |k| = 3. For details here, and for
more on these two quantum groups, which are very interesting objects, and that we have
actually already met in the above, we refer to the paper of Raum-Weber [73]. U

In order to discuss now the Schur-Weyl twisting of the various quantum reflection
groups that we have, we will need the following technical result:
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PROPOSITION 13.22. We have the following equalities,

Pe*’ven = {ﬂ- S Peven €<T> = 17V7' <m, |T‘ = 2}
Pl = {w € Payen|0 € P}y, Vo C w}
Pe[goelw = {ﬂ—epeven 5<7_):1,VT§7T}

where € : Poen — {E1} is the signature of even permutations.

PRrooOF. This is routine combinatorics, from [2], [73], the idea being as follows:

(1) Given 7 € P.yen, we have 7 < 7,|7| = 2 precisely when 7 = 7 is the partition
obtained from 7 by merging all the legs of a certain subpartition 5 C 7, and by merging
as well all the other blocks. Now observe that 7 does not depend on , but only on
3, and that the number of switches required for making 7 noncrossing is ¢ = N, — N,
modulo 2, where N,/N, is the number of black/white legs of §, when labelling the legs
of 7 counterclockwise o @ o e ... Thus e(7”) = 1 holds precisely when 3 € 7 has the same
number of black and white legs, and this gives the result.

(2) This simply follows from the equality P =< n > coming from Proposition
13.21, by computing < n >, and for the complete proof here we refer to [73].

(3) We use the fact, also from [73], that the relations g¢;g;9; = g¢;g:9; are trivially
satisfied for real reflections. Thus, we have:

ngjll(k:,l):{ker (Z.l Z?‘f)
Juo---

We conclude that Pe[ﬁiL appears from NC,,., by “inflating blocks”, in the sense that
each m € Pe[f,ﬁ}n can be transformed into a partition 7' € NCy,., by deleting pairs of
consecutive legs, belonging to the same block. Now since this operation leaves invariant
modulo 2 the number ¢ € N of switches in the definition of the signature, it leaves
invariant the signature e = (—1)° itself, and we obtain the inclusion “C” in the statement.
Conversely, given m € P, satisfying ¢(7) = 1, V7 < 7, our claim is that:

Giy - - - Gip, = Gj, - - - gj, inside Z;N}

pLoCmlpl=2 = e(p) =1

Indeed, let us denote by «, 3 the two blocks of p, and by + the remaining blocks of
7, merged altogether. We know that the partitions 7 = (a A7, 8), 2 = (6 A 7, «),
73 = (a, B,7) are all even. On the other hand, putting these partitions in noncrossing
form requires respectively s+t, s +1t, s+ s+t switches, where ¢ is the number of switches
needed for putting p = («, ) in noncrossing form. Thus ¢ is even, and we are done. With
the above claim in hand, we conclude, by using the second equality in the statement, that
we have o € P’ . Thus we have 7 € Pe[ﬁl, which ends the proof of “D7”. O

even’

With the above result in hand, we can now prove:
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THEOREM 13.23. The basic quantum reflection groups, namely

Hf —TH Kt

*

Hj —=TH}, — K},

Hy ——THy — Ky
equal their own Schur-Weyl twists.

PRrOOF. This result basically comes from the results that we have:
(1) In the real case, the verifications are as follows:

— H]J(,. We know from Theorem 13.14 that for 7 € NC,yep, we have T!. = T, and since
we are in the situation D C NC,yep, the definitions of G, G’ coincide.

- H ][\?O I Here we can use the same argument as in (1), based this time on the description
of Pe[?,i]n involving the signatures found in Proposition 13.22.

— Hy. We have Hy = H][\(;O] N Oy, so Hy C H][\(;O] is the subgroup obtained via the
defining relations for Oy. But all the abc = —cba relations defining H} are automatic,
of type 0 = 0, and it follows that Hy C H ][30 lis the subgroup obtained via the relations
abc = cba, for any a, b, c € {u;;}. Thus we have Hy = H][\C;O] NOx = Hy, as claimed.

— Hy. We have Hy = H} N Oy, and by functoriality, Hy = Hy N Oy = Hy N OYy.
But this latter intersection is easily seen to be equal to Hy, as claimed.

(2) In the complex case the proof is similar, and we refer here to [2]. O

In the orthogonal case, we can say more about all this, and we have the following
result, fully covering all the easy quantum groups classified in [73]:

PROPOSITION 13.24. The twists of the easy quantum groups Hy C G C OF are as
follows:
(1) For G = O, O% we obtain G' = O, O%.
(2) For G # On,O% we have G = G'.

PROOF. We use the classification result in [73], explained in chapter 10. We have to

examine the 3 cases left, namely G = Of;, H{, Hy, and the proof goes as follows:

(1) Let G = OF%. We know from the above that for 7 € NC,ye, we have T, = T}, and
since we are in the situation D C NC,yen, the definitions of G, G’ coincide.
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(2) Let G = HY'. We know that the generating partition is:

K 1 ... rr ... 1
[ T S S |
By symmetry, putting this partition in noncrossing form requires the same number
of upper switches and lower switches, and so requires an even number of total switches.

Thus 7, is even, and the same argument shows in fact that all its subpartitions are even
as well. It follows that we have T, = T , and this gives the result.

(3) Let G = HY. We denote by P c D C P, the corresponding category of

partitions. According to the description of PE2 worked out in [73], and discussed in the
above, this category contains the following type of partition:

o o o o

The point now is that, by “capping” with such partitions, we can merge any pair of
blocks of m € D, by staying inside D. Thus, D has the following property:

T<meD = 1t€D

We deduce from this that 7). is an intertwiner for G, and so G C G'. By symmetry
we must have G’ C G as well, and this finishes the proof. O

As a conclusion to all this, we have:

THEOREM 13.25. The easy quantum groups Hy C G C O and their twists are

On o3
Hy \ Hy H3; o}
O O%

and the set formed by these quantum groups is stable by intersections.
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PROOF. The first assertion follows indeed from [73], and from our twisting results.
Regarding now the intersection assertion, we have the following intersection diagram:

\ \ ) /

More precisely, this diagram has the property that any intersection G N H appears
on the diagram, as the biggest quantum group contained in both G, H. But with this
diagram in hand, our claim is that the assertion follows. Indeed, the intersections between
the quantum groups O}, are their twists are all on this diagram, and hence on the diagram
in the statement as well. Regarding now the intersections of an easy quantum group
Hy C G C Hy; with the twists O, O%, we can use again the above diagram. Indeed,

from Hj; N Oy = Hj we deduce that both G N Oy and G N O¥ appear as certain
intermediate easy quantum groups Hy C K* C Hjy;, and we are done. U

13d. Integration theory

Let us discuss now integration questions, over our twisted quantum groups. The result
here, valid for any Schur-Weyl twist in our sense, is as follows:

THEOREM 13.26. We have the Weingarten type formula
/_ a o =Y O i) GG Wi (,0)
G moeD(k)
where Win = G, with Gy (m,0) = N™el for .0 € D(k).

Proor. This follows exactly as in the untwisted case, the idea being that the signs
will cancel. Let us recall indeed from Definition 13.15 and the comments afterwards that
the twisted vectors £/ associated to the partitions m € Py, (k) are as follows:

5;225(7') Z €, Q...0e€;

T>m i:ker (i) =7

Thus, the Gram matrix of these vectors is given by:

<& > = Z 5(7)2H(h,...,ik)‘keri:T}‘
= Z ’{(il,...,ik)’keri:TH
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Thus the Gram matrix is the same as in the untwisted case, and so the Weingarten
matrix is the same as well as in the untwisted case, and this gives the result. O

Summarizing, the integration problematics is not very interesting compared to the one
in the classical case, with the difference simply coming from some signs.

Finally, for the sake of completness, let us record as well a number of interesting
results, for the most in relation with noncommutative geometry, which is the place where
twisting is mostly needed. In relation with tori, we have the following result:

THEOREM 13.27. The diagonal tori of the twisted quantum groups are

T TT} T}
T TT} T%,
Ty TTy Ty

exactly as in the untwisted case.

ProoF. This is clear for the quantum reflection groups, which are not twistable, and
for the quantum unitary groups this is elementary as well, coming from definitions. [

Regarding now the twisted spheres, we first have the following result:

THEOREM 13.28. The twisted spheres have the following properties:

(1) They have affine actions of the twisted unitary quantum groups.
(2) They have unique invariant Haar functionals, which are ergodic.
(3) Their Haar functionals are given by Weingarten type formulae.

(4) They appear, via the GNS construction, as first row spaces.

PROOF. The proofs here are similar to those from the untwisted case, via a routine
computation, by adding signs where needed, and with the main technical ingredient,
namely the Weingarten formula, being available from Theorem 13.26. See [2]. U

We have as well the following result, whose proof is more delicate:
THEOREM 13.29. We have the quantum isometry group formula
U =G"(9)

m all the 9 main twisted cases.
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PROOF. The proofs here are similar to those from the untwisted case, via a routine
computation, by adding signs where needed, which amounts in replacing the usual com-
mutators [a, b] = ab — ba by twisted commutators, given by:

[[a,b]] = ab + ba

There is one subtle point, however, coming from the fact that the linear indepen-
dence of various products of coordinates of length 1,2,3, which was something clear in
the untwisted case, is now a non-trivial question. But this can be solved via a technical
application of the Weingarten formula, from Theorem 13.26. U

We refer to [9], [18] and related papers, for more on all this.
13e. Exercises

Things have been quite straightforward in this chapter, but as a non-trivial exercise
here, going well beyond what was done in the above, we have:

EXERCISE 13.30. Further extend the quizziness theory developed in this chapter, as to
cover some more examples of twists, which are not quizzy in our sense.

We will be actually back to such things, in the remainder of this book.



CHAPTER 14
Symplectic groups

14a. Super-space

In this chapter we discuss an alternative idea for reaching to super-easiness, by using
the approach in [21], motivated by the symplectic groups, Spy C Uy with N € 2N, whose
first and main particular case, appearing at N = 2, is a very familiar group, namely:

Spy = SU,

The starting point is the analogy, that we know well since the beginning of this book,
between the representation theory of O3 and SU,. For our purposes, we will first need a
functional analytic approach to SU,. This can be done as follows:

THEOREM 14.1. The algebra of continuous functions on SU, appears as

C(SU;) = C~ ((uz‘j)z‘,j:m

(4 o)

PROOF. This can be done in several steps, as follows:

uw=FuF! = unitary)

where F' is the following matriz,

called super-identity matriz.

(1) Let us first compute SUs. Consider an arbitrary 2 x 2 complex matrix:

(0

Assuming det U = 1, the unitarity condition U~! = U* reads:

(D=0 )

Thus we must have d = @, ¢ = —b, and we obtain the following formula:

SU, = {(_ab 2) laf? + [b]* = 1}

321
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(2) With the above formula in hand, the fundamental corepresentation of SUs is:
= ( “ b)
—-b a
Now observe that we have the following equality:
(a b)(o 1>:(—b a):(o 1)(a 5)

—b a)\-1 0 —a —b -1 0/ \-b a

Thus, with F' being as in the statement, we have uF' = F'u, and so:
u=FuF*

We conclude that, if A is the universal algebra in the statement, we have:

A — C(SUs)

(3) Conversely now, let us compute the universal algebra A in the statement. For this
purpose, let us write its fundamental corepresentation as follows:

-8

We have uF' = F'u, with these quantities being respectively given by:

a b 0 1 —b a
= (o) (5 6)= (20 Y)
(0 1\ [fa® b\ [ c d

P (f0) (5 8) = (G )

Thus we must have d = a*, ¢ = —b*, and we obtain the following formula:

I b
S \=b* a*
We also know that this matrix must be unitary, and we have:

« [ a b\ [(a" =b\ [ aa*+bb" ba—ab
U=\ _p o b a )  \a*b* —b*a* a*a +b*D

« _ fa® —=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—-bb"=1—-10"

ab = ba,a*b = ba™,ab* = a*b,a*b* = b*a”
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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 O%;, and
more specifically with OF . Indeed, this latter quantum group appears as follows:

C(0y)=C" <(Uij)i,j:1,2’U =u= unitary>

Thus, SU, appears from OF by replacing the identity with the super-identity, or
perhaps vice versa. In practice now, the idea for unifying is quite clear, namely that of
looking at quantum groups appearing via relations as follows:

u = FuF~! = unitary

In order to clarify what exact matrices F' € GLy(C) we can use, we must do some
computations. Following [2], [21], [29], we first have the following result:

PROPOSITION 14.2. Given a closed subgroup G C Uy, with irreducible fundamental
corepresentation u = (w;;), this corepresentation is self-adjoint, u ~ @, precisely when

u=FuF*
for some F' € Uy, satisfying FF = +1. Moreover, when N is odd we must have FF = 1.

PROOF. Since u is self-adjoint, u ~ 4, we must have v = FuF !, for a certain matrix
F € GLn(C). We obtain from this, by using our assumption that w is irreducible:

u=FuF' =— a=FuF"
- u:(FF’)u(FF)*l

= FF=cl
— FF=c¢l
— ceR

Now by rescaling we can assume ¢ = +1, so we have proved so far that:

FF =+1



324

14. SYMPLECTIC GROUPS

In order to establish now the formula FF* = 1, we can proceed as follows:

(1d® S)u = u*

We have FF* > 0, so d > 0. On the other hand, from FF = 41, FF* = d1 we get:

LErredl

(id @ S)u = u'
(id® S)(FuF ') = Fu'F~*
= FulFt

u= (F*) 'aF*
u=Fru(F*)™

= F*FaF '(F*)™!
FF*=dl

|det F|* = det(FF) = (£1)V

|det F'|? = det(FF*) = d"

Since d > 0 we obtain from this d = 1, and so FF* = 1 as claimed. We obtain as well

that when NV is odd the sign must be 1, and so F/F = 1, as claimed.

Once again following Bichon-De Rijdt-Vaes [29], where these questions were first stud-
ied, 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)

To be more precise, in the case € = 1, the super-identity is the following matrix:

01

1 0(1)

Lig)
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In the case € = —1 now, the diagonal terms vanish, and the super-identity is:
0 1
—1 O
F =
0 1
—1 O

We are therefore led into the following definition, from [21]:

DEFINITION 14.3. 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 F' being the “super-identity” matriz, Fi; = d;; for 1 < j and Fyj = €d;5 fori > j.

In what follows we will usually assume that F' is the explicit matrix appearing above.
Indeed, up to a permutation of the indices, we have a decomposition n = 2p + ¢ such that
the involution is, in standard permutation notation:

(12)...2p—1,2p)(2p+1)...(q)

Let us construct now some basic compact quantum groups, in our “super” setting.
Once again following [21], let us formulate:

DEFINITION 14.4. Associated to the super-space C¥ are Op,OFf, given by

Op = {U c UN‘U - FUF-l}

C<O}+«“) =C" ((uij)i,jzl,...,n

called super-orthogonal group, and super-orthogonal quantum group.

uw=FuF~! = unitary)

As explained in [21], it it possible to considerably extend this list, and we will be back
to this, but for our purposes now, this is what we need for the moment. Indeed, as we
will see next, Definition 14.3 and Definition 14.4 are all that we need, for including SU,
and the other symplectic groups Spy into a generalized easiness theory.

We have indeed the following result, from [21], making the connection with our uni-
fication problem for O}, and SUs,, and more or less solving it:

THEOREM 14.5. The basic orthogonal groups and quantum groups are as follows:
(1) At e = —1 we have O = Spy and O}, = Spj,.
(2) Ate=—1 and N = 2 we have Op = Of = SU,.
(3) At e =1 we have Or = Oy and O} = O.
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PROOF. These results are all elementary, as follows:

(1) At € = —1 this follows from definitions, because the symplectic group Spy C Uy
is by definition the following group:

Spy = {U e UN(U - FUF-l}

(2) Still at e = —1, the equation U = FUF™! tells us that the symplectic matrices
U € Spy are exactly the unitaries U € Uy which are patterned as follows:

a b

U= (—ab 2)

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:

(5%
NCAANG

This matrix J is then unitary, and we have:

0 1\ ,
(0 1)

Thus the following matrix is unitary as well, and satisfies K FK* = 1:

JO

J®
1

q
Thus in terms of the matrix V = KUK* we have:

U=FUF ! =unitary <= V =V = unitary
We obtain in this way an isomorphism O} = O}; as in the statement, and by passing

to classical versions, we obtain as well Or = Oy, as desired. O

Summarizing, we have so far a good idea for defining super-easiness, by using the
super-space C¥ instead of the usual space CV. There is of course still a lot of work to
be done, in order to reach to such a theory, at the representation theory level. Following
[21] and subsequent papers, we will do this next, directly in a more general setting.
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14b. Formal twists

In what follows, our idea will be that of replacing the Kronecker symbols 4, € {0,1}
by more general quantities 9, € T U {0}. Our motivation comes from the symplectic
group Spy, which is covered by such a formalism, with &, € {—1,0,1}, and by a number
of more technical examples, of “quantum” nature, which suggest using 6, € T U {0}. Let
us first work out the needed basic algebra. We first have:

DEFINITION 14.6. A generalized Kronecker function on a category of partitions D C P
is a collection of numbers 6,(5) € T U {0}, with m € D, such that the formula

Tﬂ(eil®"'®eik)zzgﬂ(z~l Z.k)ejl(g)...@@jl

Ji o O

defines a correspondence m — T, which is categorical, in the sense that we have

ﬂﬂO] =T, ® TO’ ) T[g] - NC(Z)TWTU ) Tﬂ'* = T:
aswell as Ty =Ty =id, and T, =T = (1 = Y, e ®¢;).
To be more precise here, N € N is given, and if we assume 7 € D(k,[), then the above
numbers 0.(5) € T U {0} must be defined for any multi-indices i,j having respective
lengths k, 1, and taking their individual indices from the set {1,..., N}. In more concrete

terms now, we have the following description:

PROPOSITION 14.7. § : D — T U {0} is a generalized Kronecker function when

= (i1 ... i,\= (k1 ... k = ...ty koo k
5. (2 )6, (5 ") =0 [ o "
(]1 jq) (ll R (ol Jio-eo Jg Lo

and when 6, = 0, form =13, £, ).
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PROOF. The proof here is routine, as in [22]. We include it, in view of some further
use, later on. The concatenation axiom follows from the following computation:

(Tr @T,) (e, ® ... Q €, Qe ®...Q ex,)

— ZZ (]1 jz>6"(lll ls)ejl@"'®€jq®€ll®...®els

31 Jqll ls

B T A R A

= 2 2 0 <j1 U A zs>6ﬁ®"'®eﬂ‘q®eh®'“®els
Ji---Jdgli.ds

= T[ﬂ'a](eil Q... ®€ip Rep Q... ®6kr)
The composition axiom follows from the following computation:
TT (6i1®"-®6ip)

. ey s (J1 - g
= Z <]1 jq) Z(sﬂ.(kl kr>6kl®...®6kr

ki..kr

e
= N°¢ (ﬂ)T[g](eil ®...Qe€,)
The involution axiom follows from the following computation:
T e, ®...®e€j,)
= Z <TiHe; ®...Q€,),6,®...Q0€¢, >e,Q...00¢€

i1..ip

_ 25( Z?’)eh@...@ei
]1 ]q p

= Tr(en ®...9¢,)

Finally, the identity and duality axioms follow from the last conditions in the state-
ment. As for the converse, this follows as well from the above computations. O

At the quantum group level now, we are led to:

DEFINITION 14.8. Given a category of partitions D C P, and a generalized Kronecker
function 6 : D — T U{0}, the formula C = span(T,|m € D), where

Tﬂ(€i1®"'®€ik): Zéﬂ(z-l Z.k>€j1®...®€jl

J -

defines a closed subgroup G C Uy. We call such quantum groups generalized easy.
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As basic examples, we have of course the usual easy quantum groups Sy C G C Uy,.
We will see in what follows that there are many other interesting examples. In order to
compute such quantum groups, we will use the following result:

PROPOSITION 14.9. Given a Kronecker function § : D — T U {0}, and assuming
D =<my,...,m > with m; € D(k;,1;), the associated quantum group is given by

i:L”w@

with the usual rules for the exponents, namely u® = u,u® = u and multiplicativity.

CXG):(XU;%/<iQGlﬂmduwﬁu@ﬁ

PROOF. This follows indeed from Proposition 14.7, and from the fact that, according
to Definition 14.6, the correspondence m — T is categorical. Il

More concretely now, we can try to compute the quantum groups associated to some
basic subcategories £ C D. We first have the following result:

PROPOSITION 14.10. Consider a generalized Kronecker function 6 : D — T U {0}.

(1) We have § = § on the subcategory NCy C D.
(2) If D = NCy, the associated quantum group is Uy;.

PROOF. Observe first that we have indeed NCy C D, because D must contain the
identity and duality partitions {,3, £, §, which generate N'C.

(1) This follows indeed from the fact, from Proposition 14.7, that we have 0, = d, for
the standard generators m = {,3, £, § of the category N'Cs.

(2) This follows from (1). O

In relation now with the standard cube, given a category of partitions D C P, we can
associate to it the following categories of partitions:

7)2ﬂD NCQﬂD

/ /
P,ND NC,ND
PevenND

even NCeven ND

/ ~

Pevean NCevenﬂD

Thus, we have 8 basic examples of generalized easy quantum groups, as follows:
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DEFINITION 14.11. Given a generalized Kronecker function § : D — T U {0}, we let

Oy 0y
o
On ‘ o)

Kn e
~ / ~ /

Hy aj;

be the generalized easy quantum groups associated to the above 8 categories.

We already know from Proposition 14.10 that we have U, = U;. We can extend this
observation, by analyzing the other quantum groups as well, and we obtain:

THEOREM 14.12. The basic quantum unitary and reflection groups are as follows:
(1) We have Uy, =Uy.
(2) If NCy C D, then O3, C Uy, appears from the following intertwiner:

= ZSWC,)Q- o om=1%
P J
(3) If P, C D, then Uy C Uy appears from the following intertwiners:

Tr(e; ®ej) = Z(S (k l)€k®€l poT=%. R

(4) If NCepen C D, then Kj; C Uy appears from the following intertwiners:

) =) 6.(iiid) : m=F0, 550h, 500, 00, $ORL, 3T

(5) If P, C D then Oy C Uy appears from the following intertwiners:
T, : 7m={,%
(6) If NCepen C D then H C U appears from the following intertwiners:
T, : wm=%, 35}

(7) If Peven C D then Ky C Uy appears from the following intertwiners:
T, : 7m=%,%, II5

(8) If Poyen C D then Hy C Uy appears from the following intertwiners:
T, : 7=%,%, IT5)

In addition, the diagram formed by these quantum groups is a gemeration diagram.
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PRroOOF. All these assertions are elementary, and follow from some well-known presen-
tation results for the categories in question. To be more precise:

(1) This is something that we already know, from Proposition 14.10.
(2,3) These results follow from the following well-known formulae:
NCy=<{> |, Pr=<f, %>
(4) Tt is well-known that, in the uncolored setting, we have NCope, =< MT1 >. By
restricting the attention to the category NCepen C NCopepn of the partitions which are

matching, it follows that this subcategory is generating by the 6 matching colorings of
rMT1. Thus, we have the following presentation formula, which gives the result:

NCeven =< &84, £38L, §T0L , 004, §T00 , §308 >
(5,6) These follow from the following presentations results, which are well-known:
P2:<I,3€> s Nceven:<T7M>

(7,8) Indeed, by proceeding as in the proof of (4), we conclude, starting from the above
presentation results, that we have the following presentation results as well:

Peven:<§€ax7M> ) Peven:<T73C7M>

Finally, the last assertion is clear, because the diagram of the categories producing
our quantum groups is an intersection diagram. U

The basic example of a generalized Kronecker function is the usual Kronecker function
0 : P — {0,1}. Besides being defined on the whole P, and taking only positive values,
this function 0.(}) has the remarkable property of depending only on ker(}) € P. This
suggests formulating the following definition:

DEFINITION 14.13. A generalized Kronecker function § : D — T U {0} is called pure

when it is given by a formula of type 6.(%) = ¢(m, [i]), where

i'l . Zk — ker 2"1 . Zk
Juo-e D Juo- D
and where ¢ : D x P — T U {0} is a certain function.

As already mentioned, the usual Kronecker function is pure. In fact, we have the
following formula, where < is the order relation on P obtained by merging blocks:

s (i) _ )L [Z,l Z_’f] <7
“\i 9T ]1'--- Ju
0 otherwise
Another interesting example is the “twisted” version of §. Consider indeed the stan-

dard embeddings S, C P> C P.yen, with the convention that the permutations act verti-
cally, from top to bottom. We have then the following result, from [2]:
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PROPOSITION 14.14. The signature of the permutations Se, — {£1} extends into a
signature map €5 : Proyen — {£1}, given by eo(m) = (—1)°™ where c(r) is the number of
switches needed for putting w in noncrossing form, and the formula

gﬂ Z‘1 Ce Z.k _ 57r Z.l e Z‘k 5 Z‘1 N Z.k
Jio--- Tl Juo--- Tl Jio--- Tl
defines a generalized Kronecker map on Peye,, which is pure.

PROOF. The idea indeed is that the number ¢(7) in the statement is well-defined
modulo 2, and so we have a signature map as above, extending the usual signature of the
permutations. The proof of the categorical axioms is routine as well, see [2]. O

At the quantum group level now, the result, also from [2], is as follows:

PROPOSITION 14.15. The basic quantum unitary and reflection groups associated to
the generalized Kronecker map constructed above are as follows,

Uy Ux
Oy / O% /
Ky K
H N/ H}; /
with prime denoting g = —1 twists, obtained by stating that the standard coordinates and

their adjoints anticommute on rows and columns, and commute otherwise.

PROOF. The signature map e being trivial on NCeyep, the free quantum groups,
namely OF, Uy, Hi,, K, are not twistable. Regarding now Oy, Uy, the point here is
that the linear map associated to the basic crossing is as follows:

_ —e;®e; fori#j
TX(ei ®e;) = {e.ée fori=7

Thus, the corresponding quantum groups Oy, Uy are obtained from O, Uy by replac-
ing the commutation relations ab = ba between coordinates by relations of type ab = +ba,
and so appear as g-deformations of Oy, Uy, with deformation parameter ¢ = —1. As for
the remaining quantum groups, Hy, K, these are not twistable. The proof here is quite
tricky, using some combinatorics in order to express the twisted maps T in terms of the
untwisted ones, via a Mobius inversion type formula. See [2], [3]. O
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Now back to our considerations, regarding the pure Kronecker functions, the above
construction suggests looking into functions of the following type:

5 i.l . Zk — 5 i.l . Zk . i.l . Zk
Juo-e Juo- Ju .-l
In order to define such functions, we only need to define € on the partitions of type

v = ker(}) which satisfy d.(%) = 0, which means v < «. Thus, we are in need of:

DEFINITION 14.16. The completion of a category of partitions D is given by:

D:{u

HWGD,VSW}

In other words, D is obtained from D by allowing the joining of blocks.

Observe that D is a category of partitions as well. This follows indeed from definitions.
As a basic example, the completion of D = P, is the category D = P, ep.

We have the following axioms for the generalized signatures:
DEFINITION 14.17. A pre-signature on a complete category Disamape: D — T
which is trivial on D N NC, and which satisfies the following conditions:

(1) e(p) = e(m)e(o), with p < [wo] being obtained by joining left and right blocks.
(2) e(p) = e(m)e(o), with p < [2] being obtained by joining up and down blocks.

In the case where e(m*) = £(m) for any w, we call € a signature.

As basic examples, we have the trivial signature ¢; : P — {1}, as well as the “stan-
dard” signature €3 : Py, — {£1}. We will see later on that these two maps are particular
cases of a pre-signature construction which works at any s € N.

Regarding our various axioms for the signatures, the only point which can be probably
improved is our assumption that e must be trivial on D N NC. This is actually quite a
strong assumption, that we will not fully need, but which is verified for all the examples
that we have. We believe that this might be actually automatic.

The interest in the signatures comes from the following result:

PROPOSITION 14.18. Given a category of partitions D, and a signature on its com-
pletion € : D — T, the construction

gﬂ(z'.l i{k):dﬂ(i} z'.k)g[z'.l i'k}
Ju oo D Ju - N Ju o T

produces a generalized Kronecker function, which is pure.
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PRrROOF. Our first claim is that a map € : D — T which is trivial on D N NC is a
signature precisely when it satisfies the following conditions, for any choice of the multi-
indices, such that the corresponding kernels belong to D:

Sl ] ki ... k, _ i ki ... k,
I ll ls Ji - Jg ll ls
U N I Y FEUU % I K U
E{jl jq]g{/ﬁ /@J_g{/ﬁ k]
E{z’} z'?}_g_{jl jq}

J1 - Jg 1 . Iy

Indeed, these conditions are equivalent to the axioms that we have:

(1) With {7, j} N {k,1} = 0, our first condition reads £([ro]) = e(7)e(0), where m = [}]
and o = [F]. In the general case now, where {i,j} N {k,{} is not necessarily empty, the
partition p = [5}] satisfies p < [mo], and is in fact obtained from [ro] by joining certain
left and right blocks. Moreover, by choosing suitable indices i, j, k,[, we see that each
such joining is allowed, and we conclude that our first axiom for € is equivalent to the

condition €(p) = e(m)e(), for any such partition p, as stated.

(2) The proof here is similar to the proof of (1), with the horizontal concatenation
operation replaced by the vertical concatenation operation, and with the remark that the
middle indices j won’t interfere, these indices being connected by definition.

(3) This is trivial, because we can set m = [}], and we obtain the result.

Now with this claim in hand, the result follows from our previous result and its proof,
because the conditions (1-3), together with our assumption that ¢ is trivial on the non-
crossing partitions, allow us to insert the signature terms, in the formulae there. O

Summarizing, the signatures produce natural examples of pure Kronecker functions.
At the theoretical level, one interesting question is whether any pure Kronecker function
appears from a signature, in the above sense. We do not know.

14c. Super structures

We recall that we have the following notion, from [21]:

DEFINITION 14.19. A super-structure on CV is a linear map J : CN — CV satisfying
JJ*=1,JJ = %1. Such a map is called normalized when it is of the form

J(ez) = wier(i)

with 7 € Sy being an involution, 72 = id, and with w; € {£1} being certain signs, which

are either triwial, w; = 1 for any i, or satisfy wyw,q) = —1 for any i.
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In relation now with our considerations, our claim is that such a super-structure
naturally produces a generalized Kronecker function, and that the associated generalized
easy quantum groups are O]J\,+ and its unitary and discrete versions from [21]. Let us first
discuss the case J.J = 1. Here we have the following result:

PROPOSITION 14.20. Associated to the map J(e;) = ers, with T € Sy being an
involution, is a generalized Kronecker function 67 € {0,1}, defined on P.yen, given by

o =117
BeT

and whose values on the one-block partitions 3 = 1F are given by 55(;) =1 precisely when
the multi-index () is of the following form,

"1 (p) 7%2 (p) 7T%3(p) 7'“?4 (p) ......

9 (p) T¥2(p) TY3(p) TV(p) ......
for a certain p € {1,..., N}, where k = (xy...x) and l = (y1...y;) are the writings of
k,l using o, ® symbols, with the conventions 0 = e, @ =o, 7° =id, 7* = T.

PROOF. We have to check our various categorical conditions, for the function ¢7 from
the statement. The proof goes as follows:

(1) Regarding the tensor product, by using 7 =[] sex 0p, along with the fact that the
blocks of [ro] are the blocks of 7 or of o we obtain, as desired:

5T Z-l Zp 5T 1 T _ 5T ‘1 p|ﬁ 5T 1 T |y
”<]1 ]q> U(ll o H F\G1 - Jqip H7 R A

Ben yeEo

0 | AV
pElmo]
I U N T
()

(2) Regarding now the composition, we have to verify here that:

i i o (e de) e (B
Z(S"(jl jq)‘sﬂ(/ﬁ k) N [%](kl k)
J1---Jq
In this formula, the sum on the left equals the cardinality of the following set:

. e (i1 ... i NS T
S = e dqloo Pl =10 ) =1
{jl’ »Ja|% (,71 .. jq> T (kl .. kr) }

In order to compute the cardinality of this set, we have two cases, as follows:

Case ¢(?) = 0. In this case there are no middle components when concatenating 7, o,
the above multi-indices j € S are uniquely determined by =, 0,4, k, and so we have
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#S € {0,1}. Moreover, since these j multi-indices are irrelevant with respect to the
question of finding the precise cardinality #S € {0, 1}, we have:

(i gy
#5 =0 (kl k)

Thus, we obtain the formula that we wanted to prove.

Case ¢(2) > 0. In this case there are middle components when concatenating 7, o, but
we can isolate them when computing #95, by using our condition ] = HB€7r 5. Thus,
in order to prove the formula in this case, we just have to count the number of free
multi-indices j, and prove that their number equals N°=). But the free indices for each
component must come from a single index p € {1,..., N}, via the formula for §7, from

l
the statement, and so we obtain as multiplicity the number N¢%), as claimed.

(3) Regarding the involution axiom, here we must check that we have:

so(iv oo i) _ge (1 e da
"\J1 - Jg ™\ g

But this is clear, because we can use here the condition 07 = [, d7, together with

the formula of 67, which is invariant under upside-down turning.
l

(4) The identity axiom follows from the following computation:
0t = =()-(2)
j J 7°(p)
= »()=()
J p
= i=j
(5) The duality axiom follows from a similar computation, as follows:

0L(i) =1 <= 3p.(i,5) = (7°(p),7"(p))
— 3, (6,5) = (°(p),
< Ip,(4,7) = (p,p)
< 1=

Thus, we have indeed a generalized Kronecker function, as claimed. U

At the quantum group level now, we first have the following result:
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PROPOSITION 14.21. The basic quantum unitary and reflection groups associated to
the generalized Kronecker map constructed above are as follows,

Uy Uy
A
0% ‘ o%*
Kn [ K},

/ -

(Kp 1 Zo) x Ky — (K 0. Zy) # K

where O is the quantum group constructed before, O% = {U € Ux|U = JUJ '} is its
classical version, and where , is a free wreath product, and % is a dual free product.

PrOOF. We denote as usual by C_T'Jf, the analogues of the basic easy quantum groups
~» The computation of these quantum groups goes as follows:

(1) We know from the above that we have Uy = Uj:.

(2) In order to identify the quantum group in the statement with O%", we have to
find inside our category the conditions which imply u = Ju.J~!. There are two ways in
doing so. First, we can use the identity partition, the computation being as follows:

()1 = (- ()
= = ()-(?)

— i=7())

We can equally use the duality partition, as follows:

0L(1j) =1 < 3p,(i,j) = (=°(p), 7 (p))
< I, (i,7) = (7°(p),7*(p))
<~ 3, (,7) = (p,7(p))

— j=1(7)
Summarizing, in both cases we have reached to the conclusion that we must have
u = JuJ ™!, and this shows that we have O} = O3, as claimed.

(3) In order to compute Uy, we must impose to Uy, = Uy the intertwining conditions
coming from the basic crossing X, colored with its possible 4 matching colorings. By using
the condition 67 =[] ser 05, along with the identity axiom for 07, and its conjugate, we

conclude that for all the 4 matching versions of m = ¥, we have T. = T,.. Now since we
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have Tr(e; @ ej) = e; ® e;, we obtain in this way the usual commutation relations between
the variables {u;, u;;}. Thus Uy is classical, and so we have Uy = Uy.

(4) Regarding the analogue of Oy, we can compute it by intersecting, as follows:
Oy =UxNOL =UynOL =04
(5) Let us compute now Ky. We know that this appears as a subgroup of Uy = Uy,
via the relations coming from the intertwiner 7)., where m = M, with any of its 6 matching
colorings. The best here is to choose an alternating coloring, as follows:
T =51k

By Frobenius duality, we can say as well that Ky C Uy appears via the relations
coming from the intertwiner T,, where o is the rotated version of 7, given by:

o
N

According to our conventions, the linear map associated to this partition is indepen-
dent of 7, given by the following formula:

Ta(ei X €j> = 51']'61' X €;
By using this formula, we obtain the following relations:

Ty(u®t)(e; ®ej) = Z dabUailly; @ €q @ €p
ab

(u@u)T,(e;®ej) = Y Gijuaitiy; @ €, ® €
ab

Thus, the condition T, € End(u ® ), which defines Ky C Ul, is equivalent to:
5abuaiuzj = 5z‘juaz‘U§j ;. Va,b,i,j

But this latter condition holds trivially when a = b,7 = j or when a # b,7 # j. As for
the remaining two cases, namely a = b,7 # j and a # b,1 = j, here this condition tells us
that the distinct matrix entries of any group element U € K must have products 0, on
each row and each column. We conclude that we have Ky = Ky, as claimed.

(6) Let us compute now Hy. This group appears as an intersection, as follows:

Hy = KynOy
= KnNnOy%
= {UeKylU=JUJ"}
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Now observe that, since the matrices U.J, JU are obtained from U, U by interchanging
the rows and columns 7,72 + 1, with ¢ = 1,3,...,2p — 1, the relation UJ = JU reads:

a b ... w
b a v
U =
w o w ... X
To be more precise, here a,b,... € C, v,... € C? are row vectors, w,... € C? are
column vectors, and X € M,(C). In the case U € Ky, as only one entry in each
row/column may be non-zero, the vectors v, ... and w,... must vanish, we must have

X € K, and all (¢ 2) blocks must be either (§ §) or the following form, with z € T:

68 (o)

Thus, we obtain in this way an identification Hy = (K, Zs) X K,, as claimed.

(7) In order to compute now K, we use the fact that this appears inside Uy = U}
by imposing the relations associated to the partition IMTT1, with its six possible matching
decorations for the legs, namely coee cece ceeo ecoce eoceo eeoco. By using
now Frobenius duality, as in the proof of (5), we are led to the relations coming from the
following 6 partitions, obtained by rotating:

O @) [ ] [ J @) o [ J [ ] ©) [ J [ ]

AN AN AN AN AN AN
77N 7~ /7 77N /7 /7

We already know, from the proof of (5), that the conditions coming from the 24
partition simply state that we must have ab* = 0, for any two distinct entries a,b € {u;;}
on the same row or the same column. Regarding the 1%¢, 5'*, 6" partitions, the situation
here is similar, with the relations being respectively ab = 0,a*b = 0,a*b* = 0, with
a,b € {u;;} being as above. As for the remaining relations, coming from the 3", 4
partitions, these tell us that the entries of w;; must be normal. Summing up, we have
reached to the definition of K}, and so we have K3 = K}, as claimed.

(8) Finally, the quantum group P_I;{, appears as an intersection, as follows:
= KENn0%L = K nO%r
In order to compute this intersection, we use the interpretation of the commutation
relation uJ = Ju given in the proof of (6), with all the complex conjugates there replaced
of course by adjoints. By reasoning as there, we first conclude that the vectors v, ... and

w, ... must vanish, and so that X must be the fundamental corepresentation of K ; , and
that we are in a dual free product situation. The study of the 2 x 2 blocks is similar, and
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this gives a free wreath product decomposition K . Zy for the first component. Thus,
we obtain Hy = (K7 Zy) ¥ K, as claimed. O

We can improve the above result by using the following observation, from [21]:
PROPOSITION 14.22. With the fundamental corepresentation V- = CUC*, where
Ly

r L (p pf :
C = (p) . r=— 7 _ ,Tif4
1) V2 (PS i) e

the relations defining O%;" become V =V = unitary, and so we have O3 ~ O},.

PROOF. Observe that the above matrix I' is unitary, and that we have T'( J)T'* = 1.
Thus the matrix C' is unitary as well, and satisfies CJC* = 1. It follows that in terms
of V. = CUC* the relations U = JUJ~! = unitary defining O3 simply read V = V =
unitary, so we obtain an isomorphism O ~ O}, as in the statement. See [21]. O

We can now formulate an improved version of Proposition 14.21, as follows:

THEOREM 14.23. The basic quantum unitary and reflection groups associated to the
generalized Kronecker map constructed above are as follows,

Uy Uy
A
O ‘ o7,
Ky { K

/ o

(KplZy) x Ky —— (K} & Zo) K
where the quantum groups in the upper part of the diagram are taken with respect to the
fundamental corepresentation V.= CUC™ constructed above.
PROOF. The computation of these quantum groups G]XV goes as follows:

(1) We know from the above that we have Uy, = Uy. Since the matrix C is unitary,
it follows that we have Uy, = U}, as well.

(2) According to our results, we also have Of; = O]{,Jr, and so when changing the

fundamental corepresentation, we obtain O}, = OF.
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(3) We also know that the subgroups Uy C U and Oy C O} simply appear by
taking the classical version. Thus, the subgroups Uy C Uy and Oy C Of; appear as well
by taking the classical version, and so Uy = Uy, Oy = Oy.

(4) Finally, the quantum groups on the bottom are those from Proposition 14.21, with
the remark of course that the 4 vertical embeddings are not the standard ones. O
14d. Symplectic groups

We discuss now the case JJ = —1, which covers the group SU,, and more generally
the symplectic groups Spy C Uy. In this case, we have:

PROPOSITION 14.24. Associated to a negative super-structure, J(e;) = Wier (i), 1S the
generalized Kronecker function 57 € {—1,0,1}, defined on P.yen, given by

57 i‘1 zk _ 5 i.l zk w! i.l zk
Ju oo Ju oo Juo-o Tl

where 6T € {0,1} is the generalized Kronecker function constructed in section 5 above, in
the positive case, and where the sign on the right is given by

. . k l
J (U cee o Tr—T Ys—5
O (jl jl) _IIwi’“ IijS
r=1 s=1

where k = (x1...xx) and l = (y1 ... y;) are the writings of the colored integers k,l by using
0,1 symbols, with the conventions o =0, e = 1.

PROOF. In order to check our various categorical conditions, we just have to insert
w’ signs in the proof for positive super-structures, a bit in the same way as we did before,
when talking twisting in chapter 13, for the signatures. This can be done as follows:

(1) Regarding the tensor product, here we can use the following formula:
w? z'.l z"p w! ki ... k. :w[{m] i.l z'p ki ... k.
Ju - Jq ll ls Ji oo Jq ll ls
(2) For the composition, we can use the following formula:
PR I NS PR A Y £ TR N
W (]g jq) Yo (k;1 k) = Wil <k1 k:)
(3) For the involution axiom, we can use the following formula:
! (@"1 i})) _ wl, (g"l jq)
Ji - Jq 1 ... p
(4) The identity axiom follows from the following computation:

J(P\ _  o0-1, 0-1_ _ 2
wi(p>—wp w, —wp—l
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(5) As for the duality axiom, this follows from a similar computation, namely:

J 0-1, 1-2 2
w&(p7p>:wp wp :pr:1
Thus, we have indeed a generalized Kronecker function, as claimed. Il

At the quantum group level now, we first have:

PROPOSITION 14.25. The quantum group associated to the category of pairings Ps, via
the above generalized Kronecker function, is the quantum group O%" = Spi-

PROOF. In order to prove the result, we have to find inside our category the conditions
which imply u = JuJ~!. For the identity partition, we recall that we have:

()=t = =()-(%)
)

In the case of negative structures, we have to add the following sign:

J 7(p) 1-1.0-1
wl( p ):wT(p)wp =1l-wy =wp

We can equally use the duality partition, where we have:

(7°(p), 7°(p))
(m°(p), 7 (p))

0n(ij) =1 <= dp,(i,75)
<~ dp,(4,])
— j=1(i)

In the case of negative structures, we have to add the following sign:
J 0-1,, 0-2
w&g(p77_(p)) :wp 1w7—(p) = Wp - 1 = Wp

Summarizing, in both cases we have v = Ju.JJ ™!, and this gives the result. U

More generally, we have the following result, improving some previous findings:
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THEOREM 14.26. The basic quantum unitary and reflection groups associated to the
generalized Kronecker map constructed above are as follows,

U Ui
7 S
Spn SPJ&
Ky K
7 e
Ky 1Zs K42y

with respect to the usual fundamental corepresentation.

~ Proor. We follow the proof of from the positive case, with the usual convention that
G} denote the various quantum groups to be computed.

(1) We know from the above that we have Uy = Uj;.
(2) We also know from the above that we have OF = Spf.

(3) Regarding now Uy, here we must impose to the standard coordinates of Uy = Uy
the relations coming from the basic crossing X, colored with its possible 4 matching
colorings. But for any such matching coloring, the sign to be added is:

Y O T B
wy (j i>_wi w;=1-1=1

Thus we have Tﬂ(ei ®ej) = e; ® e;, and we. obtain in this way us_ual commutation
relations between the variables {u;;, ufj} Thus Uy is classical, and so Uy = Uy.

(4) The quantum group Oy appears as an intersection, as follows:
O_N:UNQOX}:UNQS]?X;:SPN

(5) Regarding K, we can follow again the method from the proof from the positive
case. Indeed, in the main computation there, we have to add the following sign:

AN
wH(z’ i)_wi_l

(6) The quantum group Hy appears as an intersection, as follows:

ﬁN:I_(NﬂOj@:KNﬂSpN
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In order to compute this intersection, we recall that for a N x N scalar matrix U, the
relation JU = UJ reads:

U=|-b a

Here a,b,... € C. In the case U € Ky, the (
following form, with z € T:

% %) blocks can be either (J §) or of the

z 0 0 =z
0 z -z 0
By using once again the orthogonality condition, we must have exactly one nonzero
block on each row and column, so we obtain Hy = K, 175, as claimed.

(7) The proof of K = K3 follows by using the same argument as in the proof from
the positive case, because in each case, the sign to be added is 1.

(8) Finally, the quantum group H}; appears as an intersection, as follows:
HYy, = Kj;NnOY% = KN Sp},
In order to compute this intersection, we use the interpretation of the commutation
relation uJ = Ju given in the proof of (6), with all the complex conjugates there replaced

of course by adjoints. By reasoning as there, we conclude that we have a free wreath
product decomposition H; = K;’ L Zig, as claimed. U

14e. Exercises

We are now into difficult axiomatization questions in relation with super-easiness, and
in relation with the above, we can only recommend working some more, and we have:

EXERCISE 14.27. Further build on the notion of super-easiness axiomatized in the
above, notably by clarifying the twists of the symplectic group Spy.

To be more precise here, in order for some general and satisfactory super-easiness
theory to cover both the material from chapter 13, and from this chapter, we must solve
first this exercise, and develop our improved theory afterwards. And with the remark
that, even when doing so, things will not be over, because we still have some interesting
quantum groups to be discussed, not covered by this. More on this in the next chapter.



CHAPTER 15

Quantum symmetries

15a. Quantum symmetries

We discuss here, following [2], [89], the quantum symmetry groups S} of the finite
quantum spaces Z, generalizing the quantum group Sy, coming from Z = {1,..., N},
as well as the group SOj3, coming from Z = M,. As with the quantum groups from the
previous 2 chapters, these are waiting for a unification with the easy quantum groups.

In order to get started, we must talk about finite quantum spaces. In view of the
general C*-algebra theory explained in chapter 2, we have the following definition:

DEFINITION 15.1. 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:

|Z| = dim B

Alternatively, by decomposing the algebra B as a sum of matrix algebras, as in Defi-
nition 15.1, we have the following formula for the formal number of points:

|Z| =n?+...+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:

345



346 15. QUANTUM SYMMETRIES

DEFINITION 15.2. Given a finite quantum space Z, we construct the functional
tr:C(Z) — B(I*(Z2)) — 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:
7:B—L(B) , a— (b—ab)

The target of 7 being a matrix algebra, £(B) ~ My(C) with N = dim B, we can
further compose with the normalized matrix trace, and we obtain tr:

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
n;

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:

&

®,, % %o
% ®n; ©0 S ®n,  ©0
%0 ©0 Oy S0 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:

DEFINITION 15.3. 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 ija, coming from the standard basis {ej;} 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 1ja, or double indices 7.

All the above conventions are useful, and in practice, we will be mostly using the
single index convention from (3). 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,
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decorated by some indices, which must be chosen different. But the obvious choice for
these k different indices is 1,...,k, and 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) & M>(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:

®111 ©O121 ©131
O211 @221 0231 ®112 O122
0311 ©321 ®331 O212 @222

Let us study now the quantum group actions G ~ Z. If we denote by pu,n the
multiplication and unit map of the algebra C'(Z), we have the following result:

PROPOSITION 15.4. Consider a linear map ® : C(Z) — C(Z) @ C(G), written as
(ID(eZ) = Z ej ® 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) @ is multiplicative < p € Hom(u®? u).

(3) @ is unital <= n € Hom(1,u).

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

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

PROOF. This is similar to the proof for S}, from chapter 2, as follows:

(1) There are two axioms to be processed here, and we have indeed:

k

(id®@e)® =id <= e(uj;) =0y
(2) By using ®(e;) = u(e; ® 1) we have the following identities, which give the result:
P(ejer) = u(p ®id)(e; ® e ® 1)
De)®(er) = (p @ id)u®(e; @ e, @ 1)
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(3) From ®(e;) = u(e; ® 1) we obtain by linearity, as desired:
(1) =u(l®1)
(4) This follows from the following computation, by applying the involution:
(tr @ id)®(e;) =tr(e;)l <~ Z tr(ej)u;; =tr(e;)1

J
= ) upl =1
j

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

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

= (tr ®id) Z eer @ wiug,
il

= (tr®id)(®(e;)"P(ex))
= (tr @ id)®(ejey)

= tr(efeg)l

— b

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 [2], [89], we have the following result, extending the basic theory of Sy
from chapter 2 to the present finite quantum space setting:

THEOREM 15.5. 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(Sy) = C’(Uj\?)/<,u € Hom(u®* u),n € sz(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}, = S¥.

PROOF. Here the first two assertions follow from Proposition 15.4, 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 2. O
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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 [89], let us discuss this. We first have:

DEFINITION 15.6. 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

eie;=¢ej , € =€ 1:Z€i
i=i
where (i,7) — ij is the standard partially defined multiplication on the indices, with the
convention ey = 0, and where © — 1 s the standard involution on the indices.

To be more precise, let {e’,} 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=
(abr)(cdp) = {é) | otherwise !
As for the involution, coming from (e,)* = e}, this is given by:
(a,b,7) = (b,a,7)
Finally, the unit formula comes from the following formula for the unit 1 € B:

12262(1

Regarding now the generalized quantum permutation groups S, the construction in
Theorem 15.5 reformulates as follows, by using the above formalism:

PROPOSITION 15.7. Given a finite quantum space Z, with basis {e;} C C(Z) as above,
the algebra C(S}) is generated by variables u;; with the following relations,

g UipUjr = Upkl E UikUjl = Uijp

ij=p kl=p
Zuij = 5]'3 ) Zuij =05
i=i 7=j
Uiy = Ui
with the fundamental corepresentation being the matriz v = (u;;). We call a matriz

u = (u;j) satisfying the above relations “generalized magic”.

PROOF. We recall from Theorem 15.5 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)>
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But the relations p € Hom(u®?,u) and n € Fixz(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. O

As an illustration, consider the case Z = {1, N }. Here the index multiplication is
it =1 and ij = () for i # j, and the involution is ¢ = 4. Thus, our relations are as follows,
corresponding to the standard magic conditions on a matrix u = (u;):

Uikli = Ok Uik Uk = 5ijuik
E uij =1 s E ’LLij =1
i J
* e ..

As a second illustration now, which is something new, we have:

THEOREM 15.8. For the space Z = My, coming via C(Z) = My(C), we have
S} = S03
with the action SO3 ~ My(C) being the standard one, coming from SUy — SOs.

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

(1) First, we have an action by conjugation SUy ~ My(C), and this action produces,
via the canonical quotient map SU; — SO3, an action as follows:

503 % M2 (C)
(2) Then, it is routine to check, by using computations like those from the proof of

S% = Sy at N < 3, from chapter 2, that any action G ~ My(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. U

As a conclusion so far, the quantum symmetry groups S unify the previous quantum
permutation groups Sy, which are the most basic easy quantum groups, with the group
S0O3. And this is of course very good news, in view our super-easiness purposes, because
we have in this a way a potential method for including SOj3 in our easiness theory.

15b. Representation theory

Let us develop now some basic theory for the quantum symmetry groups S5, and their
closed subgroups G C S}. We have here the following key result, from [2]:

THEOREM 15.9. The quantum groups S, have the following properties:
(1) The associated Tannakian categories are T'Ly, with N = |Z|.
(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 [2], the idea being as follows:

(1) Let us pick our orthogonal basis {e;} as in Definition 15.6, 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 2. 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 15.2 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



352 15. QUANTUM SYMMETRIES

We can merge and reformulate our main results so far in the following way:

THEOREM 15.10. 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 15.5.
(2) We recall from chapter 2 that we have PO}, = 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 15.9, 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 15.9.
(5) This follows from (3,4), as already pointed out in Theorem 15.9. 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:

THEOREM 15.11. 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 15.12. The classical symmetry group of Z = Mg x {1...,L} is
Sz = PUK1SL
with on the right a wreath product, equal by definition to PUE % Sp.

PROOF. The fact that we have an inclusion PUSy, C Sy is standard, and this follows
as well by taking the classical version of the inclusion PU 1, ST C S}, 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. U

Quite surprisingly, the quantum analogue of the above result fails:
THEOREM 15.13. The quantum symmetry group of Z = My x {1..., L} satisfies:
PUG W SEC 5%
Howewver, this inclusion is not an isomorphism at K, L > 2.
Proor. We have several assertions to be proved, the idea being as follows:

(1) The fact that we have PU 1. S} C S} is well-known and routine, by checking the
fact that the matrix w;jqmp = ug;.l’)klvab is a generalized magic unitary.

(2) The inclusion PU 1, S; C S} is not an isomorphism, for instance by using [78],
along with the fact that m; X my # 7 where 7 is the Marchenko-Pastur law. O

15c. Twisting results
Now going towards Sy, let us start with the following definition, from [7]:

DEFINITION 15.14. We let SO} C O} be the subgroup coming from the relation
Z Ulo(1)U20(2)U30(3) = 1
c€S3
called twisted determinant one condition.
Normally, we should prove here that C(SOj) is indeed a Woronowicz algebra. This

is of course possible, by doing some computations, but we will not need to do these
computations, because this follows from the following result, from [7]:
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THEOREM 15.15. We have an isomorphism of compact quantum groups
S =S50;
given by the Fourier transform over the Klein group K = Zo X Zs.

PROOF. Consider the following matrix, coming from the action of SO} on C*:

10
+_
<= (o
We apply to this matrix the Fourier transform over the Klein group K = Zy X Zs:

1 1 1 1 10 0 0 1 1 1 1
1 1 -1 -1 1 0 U1 U2 U3 1 -1 -1 1
411 -1 1 -1 0wy U Uss 1 -1 1 -1
1 1 -1 -1 0 U3z1 Uz U3s 1 1 -1 -1

v =

This matrix is then magic, and vice versa, so the Fourier transform over K converts
the relations in Definition 15.14 into the magic relations. But this gives the result. U

There are many more things that can be said here, and we have:

THEOREM 15.16. The quantum group Sy = SO} has the following properties:

(1) It appears as a cocycle twist of SO5.
(2) Its fusion rules are the same as for SOs.
(3) Its subgroups are basically twists of the subgroups of SOs.

PROOF. These are more advanced results, from [7], the idea being as follows:

(1) This follows by suitably reformulating the definition of SO} given above in purely
algebraic terms, using cocycles, and for details here, we refer to [7]. In what concerns us,
we will actually discuss a generalization of this, right next, following [11].

(2) This is something that we know well, via numerous proofs, and we can add to our
trophy list one more proof, coming from (1), via standard cocycle twisting theory.

(3) The idea here is that the subgroups G C SOj3 are subject to an ADE classification
result, and the subgroups of SO} are basically twists of these, G’ C SOj. O

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

PO, = (S3)°

In order to explain this material, from [11], which is quite technical, requiring good
algebraic knowledge, let us begin with some generalities. We first have:
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PROPOSITION 15.17. Given a finite group G, the algebra C(Sg) 1s isomorphic to the
abstract algebra presented by generators xq, with g, h € G, with the following relations:

Tig = Tg1 = 619 y  Lsgh = E Tg—1 gTth , Lghs — E Tgt—1Thts
teG teG
The comultiplication, counit and antipode are given by the formulae
A(zgn) E :xgs QT 5 E(Tgn) =0gn 5 SlTen) = Lp-1g-1
seG
on the standard generators gp.

Proor. This follows indeed from a direct verification, based either on Theorem 15.5,
or on its equivalent formulation from Proposition 15.7. See [11]. 4

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 — C* satisfying:

Ogh,sOgh — Og,hsOhs 5, Ogl — 019 = 1

Given such a cocycle, we can construct the associated twisted group algebra C' (@0),
as being the vector space C(G) = C*(G), with product egep, = ogneq,. We have:

PROPOSITION 15.18. The algebra C’(SJr ) is isomorphic to the abstract algebra pre-
sented by generators xg, with g, h € G, wzth the relations x4 = xg1 = 014 and:

OghLs,gh = E Ost—1tLst—1 gLth Ugh Lgh,s = E Ut 1tsxgt 1Th ts
teG teG
The comultiplication, counit and antipode are given by the formulae
Z —1
xgh Tgs Q Tsp €($gh) = Ogn S(xgh) = On=1h0 -14,Lh"1g
seG

on the standard generators gp.
PROOF. Once again, this follows from a direct verification, explained in [11]. O

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 — C satisfying:

Oz1y1022y2,2 = Oy1z10,y220 5 Ol = Olz = E(x)

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

—1 -1 _ -1 —1 -1 _ -1 _
Or1y1,2%19y2 = 21219220 > 21 = 01z = 5(37)
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Given a left 2-cocycle o 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 A7, is denoted [z]. The
product in A7 is then defined, in Sweedler notation, by:

[@]ly] = D Oy Oy [242]

We can now state and prove a main theorem from [11], as follows:
THEOREM 15.19. If G s a finite group and o is a 2-cocycle on G, the Hopf algebras
+ +
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:
T:C(SE) = CG) , agn — ey

Our 2-cocycle 0 : G x G — C* can be extended by linearity into a linear map as
follows, which is a left and right 2-cocycle in the above sense:

-~ ~

c:C(G)eC(G)—=C
Consider now the following composition:
a=o(r@m): C(SE) ®C(SE) = C(G)® C(G) = C

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

[xgh] [x'r’s] = Oé_l(xgu IT)OZ(JIh, xs)[xghx'rs] = O&IJhs[xghxrs]
By using this, we obtain the following formula:
Z O-stfl,t[listfl,g][xth] = Z Ust*17t0-;317t0-gh[xstfl,gxth] = O-gh[ms,gh]
teG teG
Similarly, we have the following formula:
Z O't_—ll,ts [xg,t—l] [xh,ts] = Ug_hl [xgh,s]
teG
We deduce from this that there exists a Hopf algebra map, as follows:

O:CO(SE) = OIS wgn = [wg]

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

Summarizing, we have proved our main twisting result. Our purpose in what follows
will be that of working out versions and particular cases of it. We first have:
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ProprosITION 15.20. If G is a finite group and o is a 2-cocycle on G, then

D(zgyny - Tgnn) = QG15 -y ) QDL - P Tgihy - - Ty,
with the coefficients on the right being given by the formula

Q(gh cee 7gm> = H 091...9k:Gk+1

is a coalgebra isomorphism C’(Sér ) — C’(Sg), commuting with the Haar integrals.

Proor. This is indeed just a technical reformulation of Theorem 15.19. U

Let us discuss now some concrete applications of the general results established above.
Consider the group G = Z2, let w = /™ and consider the following cocycle:

c:GxG—C" , O'(ij)(kl):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:

ProproOSITION 15.21. The linear map gz’uen by

e(z 7) Z w Ek Jk+g

defines an isomorphism of algebras 1) : C’((A?g) ~ M,(C).

Proor. Consider indeed the following linear map:

E:w k,j—1)

It is routine to check that both v, are morphlsms of algebras, and that these maps
are inverse to each other. In particular, ¢) is an isomorphism of algebras, as stated.  [J

Next in line, we have the following result:
PROPOSITION 15.22. The algebra map given by

ai—bj
uzjukl E w Tx (a,k—1),(b,l—j)
ab 0

defines a Hopf algebra isomorphism ¢ : C(Sy; ) ~ C(Sga).
Proor. Consider the universal coactions on the two algebras in the statement:
a:M,(C) —» M,(C)® C(S]J\}n)
B:C(G,) — C(G,)@C(S])



358 15. QUANTUM SYMMETRIES

In terms of the standard bases, these coactions are given by:

AEy) = Y Bu®upiuy
Blewn) = D ewn @ T i
kl

We use now the identification C(G,) ~ M, (C) from Proposition 15.21. This identifi-
cation produces a coaction map, as follows:

v : M,(C) = M,(C)® C’(Sgo)

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

1 ar—1i
Ey) =~ D B @) w*r i) e
ab kr

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

PROPOSITION 15.23. The algebra map given by

ki+lj—ra—sb
P(2(ab) (i) Zw D ) )
klrs

defines a Hopf algebra isomorphism p : C’(Séf) ~ C(S5%).
PrROOF. 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, from [11]:

THEOREM 15.24. Letn > 2 and w = 62’”/”. Then

ul]uk‘l E w )pia,jb
ab 0

defines a coalgebra isomorphism C(PO}) — C(ST,) commuting with the Haar integrals.

PrRoOOF. We know from Theorem 15.10 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 15.19 and Proposition 15.21, by
combining them with the various isomorphisms established above. U
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15d. Quantum reflections

Let us start with the following straightforward extension of the usual notion of finite
graph, from [47], obtained by using a finite quantum space as set of vertices:

DEFINITION 15.25. 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 — 4 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 15.25 as such, with no restrictions on d.

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, also from [47]:
DEFINITION 15.26. 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 [47], 78] 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 independence,
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 Z 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:
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THEOREM 15.27. Given a finite quantum space Z, we have
G (Zempty) = G (Zpun) = S5

where Zempry 15 the empty graph on the vertex set Z, coming from the matriz d = 0, and
where Zyy 15 the simplex on the vertex set Z, coming from the matrix

d=NP, —1x
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™(Z.pp,) = 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 (Zu) = S in this case, as stated.

(3) In the general case, we know from Theorem 15.5 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 Zy,; found in Theorem 15.27. 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 15.28. 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, di; = 00,5 — dy;.
(2) In double index notation, dup.cd = dapOcd — dacObd-
(3) In triple index notation, dupp cdg = dabOcd — OacObidpq-

PROOF. According to our single index conventions, from Definition 15.3, the adjacency
matrix of the simplex is the one in the statement, namely:

dij = (NP1 — ]—N)ij

- 111] - 67;]'
= 03055 — 04

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),
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the formula that we obtain in the second one in the statement, namely:
dab,cd = 5ab,baécd,dc - 5ab,cd
= 5ab50d - 5ac§bd

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,bap50dq,dcq - 5abp7cdq
= 5ab5(:d - 5&05bd5pq
Thus, we are led to the conclusions in the statement. U

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 ¢ = 7, and we obtain, as we should:
dij — 1 - 52']'
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:
PROPOSITION 15.29. 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.

PROOF. Here the most convenient is to use the double index formula from Proposition
15.28 (2), which tells us that d is as follows, with indices a,b,c,d € {1,... ,n}:

dab,cd - 5ab50d - 5ac§bd
This quantity can be —1,0, 1, and the study goes as follows:

— Case dgpca = 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 g = —1. This can only happen when 0440, = 0 and 9,.0s¢ = 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:
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More generally, we can in fact compute Zy,y; for any finite quantum space Z, with the
result here, which will be our final saying on the subject, being as follows:

THEOREM 15.30. 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, , ..., M,,, with self-edges added, each worth —1, at the non-diagonal points.

PRrOOF. The study here is quite similar to the one from the proof of Proposition 15.29,
but by using this time the triple index formula from Proposition 15.28 (3), namely:

dabp,cdq = 5ab50d - 5ac(5bd5pq

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

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 s Ya 7§ b
Thus, we are led to the conclusion in the statement. U

As an illustration, here is the simplex on the vertex set Z = M; L My, with again the
convention that the solid arrows are worth —1, and the dashed arrows are worth 1:

[ I OO OO
NI~ <
AN == o
AN =T -
NN T~ T -
OO .\\§ OO ST~ _Ze OO
\\\::—————'\ - N
\\\ ~7 \\\\
—_ ~
AN - =22
- - N
OO OO o _ OO _Ze

Long story short, we know what the simplex Zy,; is, and we have the formula
Gt (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 15.31. For any finite quantum graph X we have the formula
GT(X) = GT(X°)

where X — X is the complementation operation, given by dx + dxe = dz,,,,
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PRrROOF. This follows from Theorem 15.27, and more specifically from the following
commutation relation, which is automatic, as explained there:

[u’ deull] =0
Let us mention too that, in what concerns the pictorial representation of X¢, this can
be deduced from what we have Theorem 15.30, in the obvious way. U

With this technology in hand, we can talk about twisted quantum reflections. The
idea here, from [3], will be that the twisted analogues of the quantum reflection groups
Hy < Sty 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 15.32. A fibration of finite quantum spaces Z — Y corresponds to an
inclusion of finite dimensional C*-algebras

cY)cC2)
which is Markov, in the sense that it commutes with the canonical traces.

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 15.33. 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).

ProoOF. 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. O

We can now talk about twisted quantum reflection groups, as follows:

THEOREM 15.34. 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:

+ +
Szuy €57

At the level of algebras of functions, this quantum group S .y is obtained as follows, with
e:C(Z) — C(Y) being the Jones projection:

C(S5_y) = C(SE) / <e c End(u)>

We call these quantum groups S5 . twisted quantum reflection groups.
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Proor. This follows indeed from Proposition 15.33. U
As a basic example, let us discuss the commutative case. Here we have:

PROPOSITION 15.35. 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 quantum reflection groups studied in chapter 6,
(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

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:

a® ab ... a57!
a1t a® ... a5 2
u = _
al a2 a®

But, as explained in [3], 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:

Sy CS3) = (Hy C Sy)
Thus, we are led to the conclusions in the statement. Il

Observe that in Proposition 15.35 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 15.32 and Theorem 15.34 as stated.
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Following [3], 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 in [32].

In order to do so, let us first reformulate Theorem 15.34 in a more convenient way, in
purely functional analytic terms, and also as a self-contained statement, as follows:

THEOREM 15.36. Any Markov inclusion of finite dimensional algebras D C B has a
quantum symmetry group Sh_p. The corresponding Woronowicz algebra is generated by
the coefficients of a biunitary matriz v = (v;;) subject to the conditions

m € Hom(v®,v) , we€ 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*).

ProoF. This is a reformulation of Theorem 15.34, with several modifications made.
Indeed, by using the algebras D = C(Y'), B = C(Z) instead of the quantum spaces Y, Z
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 15.28 reads:

C(Sheg) = C(S5) [ e € End(v))

Also, we know from Theorem 15.5 that we have the following formula, again by using
B instead of Z, and by calling the fundamental corepresentation v = (v;;):

C(S3) = C(Uﬁ)/<m € Hom(v®%,v),u € sz(v)>
Thus, we are led to the conclusion in the statement. Il

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 15.37. 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:

AOB:(i) , A B=AB , A"=YV

(3) With the rule O = 4, erasing a circle is the same as multiplying by 6.
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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=0673:n |, m:§%|U|
With this convention, we have the following result:

THEOREM 15.38. The following relations are a presentation of TL? by the above
rescaled diagrams v € TL*(0,1) and m € TL*(2,1):

(1) mm* = §°.
(2) u*u = 1.
(3) m(m®1) =m(l®m).
4) m(leu)=m(u®l)=1.
B) (me)(lem*)=1em)(m" ®1)=m*m.

Proor. This is something well-known, and elementary, obtained by drawing dia-
grams, and for details here, we refer for instance to [32]. g

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:

TIL? -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 15.38 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 15.39. A Fuss-Catalan diagram is a planar diagram formed by an upper
row of 4m points, a lower row of 4n points, both colored

cCceeocoOCcee. ..

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.
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Fix f > 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:

0C0ee00ee0 . .. ... <+ 4m colored points
m + n black strings
FC(m,n) = Z a 20 — and
m + n white strings
0Cee0OCeeO ... ... < 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:

AoBz(i) ., A@B=AB , A*=YV

black — () = (3 , white = () = w
Let 6 = fw. We have the following bicolored analogues of the elements u, m:

u=0": ) . m=0= Y]

Consider also the black and white Jones projections, namely:

_ U
_ _ p-1
For simplifying writing we identify = and z ® 1. We have the following result:

THEOREM 15.40. 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 15.38, with 6 = fw.
Je=e=¢, f=fand(1a[f)f=f1®]).
) eu = u.
) mem* = m(1 ®e)m* = 2.
) mme®Re®e) =emm(e® 1R e).

ProOOF. This is indeed something quite routine. U
Getting back now to the inclusions D C B, we have the following result:
THEOREM 15.41. Given a Markov inclusion D C B, we have

<m,u,e >= FC

as an equality of N-algebras.
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PRrROOF. 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 15.40. 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. U

Getting back now to quantum groups, we have:

THEOREM 15.42. Given a Markov inclusion D C B, the category of representations
of its quantum symmetry group Sy is the completion of FC.

PROOF. Since S‘gc  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 15.41 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 [3] and related papers.

15e. Exercises

Welcome to non-trivial mathematics, as mathematicians are supposed to like, and we
are now in position of formulating a difficult exercise, for you reader, namely:

EXERCISE 15.43. Come up with a nice and general super-easiness theory, covering
the various quantum groups from the previous 2 chapters, and from the present chapter,
namely: twists, symplectic groups, and general quantum permutations and reflections.

Be said in passing, even if you solve this difficult exercise, things will be not over
yet. Indeed, we can still talk about exceptional Lie groups, or about Drinfeld-Jimbo
deformations, with parameter of your choice, real, or even better, root of unity.

Cat says he most likes the perspective of looking into exceptional Lie groups, and that
there should be some good questions here, in relation with liberation and twisting. So,
unless you solve this specific problem, don’t expect much recognition from the felines.



CHAPTER 16

Easy geometry

16a. Easy geometries

We have kept the best for the end. All the theory developed in this book, be that easy
or super-easy, concerns quantum groups. But this is just the tip of the iceberg, because
these quantum groups belong to noncommutative geometries, that we can study too.

As an example here, Oy certainly belongs to the real geometry, that of RY, and Uy
certainly belongs to the complex geometry, that of C, But this suggests that O} should
belong to a certain “free real geometry”, that of Rf , whatever this beast means, then Uy;
should belong to a certain “free complex geometry”, that of C%, and so on.

In practice now, in order to get started, we must axiomatize the abstract notion of
“noncommutative geometry”. And things are quite tricky here, because there is no hope
of having quantum spaces of type Rf or C¥, simply because the coordinates on these, in
the C*-algebra sense, would be unbounded. Thus, we must find something else.

An idea here would be that of restricting the attention to the spheres. That is,
replacing RY, CV by the corresponding spheres Sﬂg -1 S(]CV ~1 then replacing as well Rf , Cf
by the corresponding spheres Sﬁ jrl, S(]CV’ jrl, that we met in chapter 13, given by:

Z; :x;‘,Zx? = 1)
C(ngrl) - O (a:l,...,xN‘ lea:j = Zazf:cl = 1)

This idea seems to work fine, but when getting to more complicated spheres S, for
instance those coming from the various intermediate liberations Uy C U C Uy, there are
some troubles with the correspondence S <+ U, and also with the associated torus T" C S,
and reflection group K C U, with the overall problem being that (5,7, U, K) does not
seem to always satisfy the natural conditions that this quadruplet satisfies, in the usual
cases, namely classical real, classical complex, free real and free complex.

C(Sﬁf;l) =C" (171,...,1‘]\[

In short, we are stuck, and we must ask the cat. And cat says:

369
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CAT 16.1. Noncommutative geometries are reserved to felines. But you can have a
taste of them by looking at the quadruplets (S,T,U, K) consisting of a quantum sphere,
torus, unitary group and reflection group, with correspondences between them

S T

U K
similar to those from the classical real and classical complex cases. And when the unitary

group U is easy or super-easy, you can call your geometry easy, or super-easy.

Thanks cat, this looks quite clever, indeed. Getting to work now, let us first check that
the classical real and classical complex geometries are indeed noncommutative geometries,
in the human sense suggested by cat, and do as well the verification for the free real and
free complex geometries. Fortunately all this works well, and we have:

THEOREM 16.2. We have basic quadruplets (S, T,U, K), as follows:
(1) A classical real and a classical complex quadruplet, as follows:

Sg Ty SNl Ty
ON HN UN KN
(2) A free real and a free complex quadruplet, as follows:
Spit Ty SeL! T4
Ox HY Uy Ky

Moreover, for all these quadruplets, the unitary quantum group U is easy.

PROOF. 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 [4]. U
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With the advice Cat 16.1 in mind, we can reformulate Theorem 16.2 as follows:
THEOREM 16.3. We have 4 basic noncommutative geometries,

RY cy

RY CcN

called classical real and complex, and free real and complex.

ProoF. This is indeed a reformulation of Theorem 16.2, 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. U

So far so good, nothing spectacular, we just have here confirmation of a fact that we
know well, and this since chapter 2 of the present book, namely that Oy, Uy have free
analogues OF;, Uy, and so everything classical is supposed to have a free counterpart.

Getting now to more technical aspects, as already mentioned before receiving the
advice Cat 16.1, 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 [4],
these axioms, formally replacing the vague indications Cat 16.1, are as follows:

DEFINITION 16.4. A quadruplet (S,T,U, K) is said to produce a noncommutative ge-
ometry when one can pass from each object to all the other objects, as follows,

S = Sconr> = St = Sconk>
SNTL = T = UNTy, = KnTf
Gt(S) = <On,T> = U = <Oy, K>
K*(S) = KHYT) = 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
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in taking the first row space, the operation X — G*(X), which consists in taking the
quantum isometry group, and finally the operation X — KT (X)), which consists in taking
the reflection isometry group, KT (X) = GT(X) N K. As for the fact that these axioms
are indeed satisfied in the 4 main cases of interest, as claimed in Theorem 16.2, 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 16.4, modulo the usual issues with the differences between {, } and <, >, that
we have met several times, and are very familiar with, is as follows:

DEFINITION 16.5. 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 = Spowrtmy = Su = Sioonk}
SNTY = T = UNT,y = KnNT},
GH(S) = {On, KT ()} = U = {OyK}
K*(S) =  KHT) - 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 = {ON, K}
Combinatorially, this leads to the following statement:

PROPOSITION 16.6. 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=FENP, , E=<D NCepen >

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={Ox.K} , K=UNK}
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Indeed, U, K must be easy, coming from certain categories of partitions D, E. It is
clear that D, E must appear as intermediate categories, as in the statement, and the fact
that the intersection and generation conditions must be satisfied follows from:

U={OyN,K} <= D=ENP~h
K=UNnK), <= FE=<D NCeen >

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

But we do have such results, as explained in Part IT and Part III of the present book,
and by using this, we are led to the following classification result:

THEOREM 16.7. Under strong combinatorial axioms, of easiness and uniformity type,
we have only 9 noncommutative geometries, namely:

RY TRY cy
RY TRY cy
RN TR cN

Moreover, under even stronger combinatorial axioms, including a slicing condition, the 4
basic geometries, those at the corners, are the only ones.

PRrooOF. This is something quite technical, for which we refer to [4], but that we can
basically understand with our quantum group knowledge, the idea being as follows:
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(1) To start with, the geometries in the statement correspond to the main examples
of intermediate quantum groups Oy C U C Uy, that we met in Part IT, namely:

O TO?, g
o3 TO?, U
ON TON UN

(2) As for the corresponding reflection groups, these correspond to the main examples
of intermediate quantum groups Hy C U C K, that we met in Part III, namely:

Hi: TH K
HE, THY, — 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 16.5, and the verification of
the axioms from Definition 16.5 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 coming from Definition 16.5. To be more
precise, we know from Proposition 16.6 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, NCepen > NP,

(5) But this equation can be solved by using the classification results discussed in Part
IT and Part III of the present book, and we are led to the conclusions in the statement,
with the uniformity axiom there being something that we know well, from chapter 6, and
with the slicing axiom being something that we are familiar with too, from chapter 7.

(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 [4]. O
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16b. Free manifolds

With the above discussion done, we are left with the question of picking up the po-
tentially truly interesting geometries, from the list of 9 geometries from Theorem 16.7,
and then getting to work, and developing these geometries. Leaving aside the classical ge-
ometries, which are not our business, in this book, and leaving aside as well the “hybrid”
geometries, those appearing on the middle vertical, which do not look that interesting,
we are left with 4 geometries, namely the half-classical and free ones, as follows:

RY cy
RY CcY

These 4 geometries are all interesting, and it is possible to say as few common things
about them, but previous experience from the present book with the corresponding uni-
tary groups U suggests that we should split our study, on one hand discussing the free
geometries, with whatever “free tools” that we can find for studying them, and on the
other hand discussing the half-classical geometries, which are quite close to the classical
geometries, with tools inspired from classical geometry. So, this will be our plan, with
freeness coming first, and leaving the half-classical geometries for later.

Getting started now, with free geometry, we would like to enlarge our collection of
free manifolds, which for the moment consists of the 4 basic objects, S, T, U, K, plus of
course of the various other free quantum groups investigated before in this book, which
obviously belong to free geometry too. In practice, leaving the quantum groups aside,
this leads us into the question of unifying the spheres S with the unitary groups U.

So, this will be our first task, 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 16.8. Associated to any integers L < M, N are the spaces

O v = {T : B — F isometry

EcRKFcM%@mE:L}

Ul v = {T : B — F isometry

EchFc@%mmE:L}

where the notion of isometry is with respect to the usual real/complex scalar products.
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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 Ol, are the
isometries T : E — R, with £ C R" one-dimensional. But such an isometry is uniquely
determined by T7-'(1) € RY, which must belong to Sy *. Thus, we have O}, = Sy .
Similarly, in the complex case we have U}y = S~ and so our results here are:

Oiy=5S" , Un=5"

Yet another interesting specialization is L = N = 1. Here the elements of Of y are the

isometries T : R — F', with ' C RM one-dimensional. But such an isometry is uniquely

determined by T'(1) € R™, which must belong to Sz’ ~'. Thus, we have O},, = S3''.
Similarly, in the complex case we have U}, = Sg ~! and so our results here are:

1 _ oM-1 1 _ gM-1
O =5 » U =5c

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:

PROPOSITION 16.9. We have identifications of compact spaces

Ok =~ {U € MMxN(R)‘UUt = projection of trace L}

Uk v =~ {U € MMxN(C)‘UU* = projection of trace L}
with each partial isometry being identified with the corresponding rectangular matriz.

PrROOF. 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 S]g’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, observe that the isometries T': E — F', or rather their
extensions U : KV — KM with K = R, C, obtained by setting Uz = 0, can be composed
with the isometries of KM, K" according to the following scheme:

KY v KV U KM A KM
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With the identifications in Proposition 16.9 made, the precise statement here is:

ProproOSITION 16.10. We have action maps as follows, which are both transitive,
Oy xOn~OYy , (A BU=AUB'
Uy xUx Uiy, (A BU = AUB*
whose stabilizers are respectively O X Op—r, X On_p and Uy X Upr—p, X Un_p.

PrROOF. We have indeed action maps as in the statement, which are transitive. Let
us compute now the stabilizer G of the following point:

(Y

Since (A, B) € G satisfy AU = UB, their components must be of the following form:

a=(o) ()

Now since A, B are unitaries, these matrices follow to be block-diagonal, and so:

z 0 z 0
o-{wma- (5 2)-5- (5 D)}
The stabilizer of U is parametrized by triples (z, a, b) belonging to Op x Opr—p X On_p,

and Uy, x Up—1, 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:

THEOREM 16.11. We have isomorphisms of homogeneous spaces as follows,
O][\//[N = (OM X ON)/(OL X OMfL X ONfL)
Uby = Uy xUyx)/(Up x Upr—p x Uy_1)
with the quotient maps being given by (A, B) — AUB*, where U = (§ §).
ProoF. This is just a reformulation of Proposition 16.10, 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 , Ux/Uxa
In fact, in the general L = M case we obtain the following spaces:

O%N =ON/On-m U]\]%N =Un/Un-m
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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:

Oyn =On/Oy-n , Upy =Un/Un—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 16.12. Associated to any integers L < M, N are the algebras

coiy) = ¢ ((uz'j)izl,.“’MJ:L“"N‘u = @, wu' = projection of trace L)
cCULy) = ¢~ ((uij)i:17._.7M7j:17,_.7N‘uu*, tu' = 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:

* *

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
N-1 N-1 M—1 M—1
Sk > 5¢ Sk > S¢

We have as well the following result, in relation with the free rotation groups:
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ProPOSITION 16.13. At L = M = N we obtain the diagram

O} Uy

On

Un
consisting of the groups Oy, Uy, and their liberations.

PrROOF. 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”:

C(Om = C} <(uij)i,j:1,...,N‘U =u, wu! = vulu = 1)
CUy) = C% <(Uz‘j)i,j:1 ,,,,, N‘UU* =vu*u = 1,0 = vlu = 1>

On the other hand, according to Proposition 16.9 and to Definition 16.12, we have the
following presentation results:

coyx) = ¢ ((uij)i,j:h,_,N‘u = i, uu’ = projection of trace N)
cugy) = o ((uij)i,jzl,m,N‘uu*,ﬂut = projections of trace N)

We use now the standard fact that if p = aa™ is a projection then ¢ = a*a is a
projection too. We use as well the following formulae:

Tr(uu®) =Tr(w'a) , Tr(uu') = Tr(u"u)
We therefore obtain the following formulae:
C(O%]f,) = C% ((uij)i,j:17_,_7]\;’u = @, wu', u'u = projections of trace N)
cUuix) = o ((u,-j)i,jzly._,,N’uu*,u*u,ﬂut,uta = 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 = uu*, 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*, uu, wut, v

But this leads to the conclusion in the statement. O
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Regarding now the homogeneous space structure of O]%[N, U ]\Lﬁv, 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:
PrROPOSITION 16.14. The spaces Ufﬁv have the following properties:

(1) We have an action Uy x Uy Uz\]ﬁ\n gen by ui; — > 4 U @ ag; @ bj;-
(2) We have a map Uy, x U — Uiry, given by ui; — > rer @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:
Uu x Uy AUy, Uy x Uy — Uiy
The transposes of these two maps are as follows, where J = (} 9):
v — ((U/A,B)— ¢(AUBY))
¢ — ((A,B) = ¢(AJB"))

But with ¢ = w;; 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 vu*u = u, let us set:

Uij = Z Upl Q Ag; X b?]
kl

We have then the following computation:

(UU*U)Z] = Z Z Uklu;must & akia;qasq & b;pbnpb:j

pq klmnst

* >k
= E Ukl Uy Ut @ Qg @ by
klmt

= Zukt ® ag; @ by
kt
U;

Also, assuming that we have » . u;uj; = L, we obtain:
* * * *
Y UGG = Y Y unul ® akal, © bijby
ij ij klst

= Z uklu,’;l ® 1 ® 1
kl
= L
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(2) Assuming uu*u = u, let us set:
‘/ij = Z ari & b:]
r<L

We have then the following computation:

(VV' V)i = ) ) i), a.g @ bbbl

pq z,y,z<L
*
<L
= V;j
3 * 1IN -
Also, assuming that we have » . u;uj; = L, we obtain:

D ViV = D) ana @by
ij

iy r,s<L

21
I<L
= L
By removing all the % exponents, we obtain as well the orthogonal results. U

Let us examine now the relation between the above maps. In the classical case, given
a quotient space X = GG/H, the associated action and quotient maps are given by:

a:XxG—X : (Hg,h)— Hgh
p:G—X : g— Hg

Thus we have a(p(g), h) = p(gh). In our context, a similar result holds:

THEOREM 16.15. With G = Gy x Gx and X = G¥;x, where Gy = O%, Uy, we have

Gxd i G
pXid p
X xG “ X

where a,p are the action map and the map constructed in Proposition 16.14.
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PROOF. At the level of the associated algebras of functions, we must prove that the
following diagram commutes, where ®, o are morphisms of algebras induced by a, p:

P

C(X) C(X x G)
C(G) 2 C(G % G)

When going right, and then down, the composition is as follows:

(a @id)(uy) = (a@id)D un® ay @b},

kil
= D ) 0 @b ®a @b,

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:

A7r(u”) = FQg(A & A) Z Ari @ b:]

r<L

— Fy <Z D an ®ap @by © b;‘})

r<L kl

Thus the above diagram commutes indeed, and this gives the result. U
Let us discuss now some discrete extensions of the above constructions. We have:

DEFINITION 16.16. Associated to any partial permutation, o : I ~ J with I C
{1,...,N} and J C {1,..., M}, is the real/complex partial isometry

jeJ)

15 : span (ei (S I> — span <e]~

given on the standard basis elements by T, (e;) = eo(s).-

Let SI,y be the set of partial permutations o : I ~ J as above, with range I C
{1,..., N} and target J C {1,..., M}, and with L = |I| = |J|. We have:

PROPOSITION 16.17. The space of partial permutations signed by elements of Zs,
Hiky = {T(ei) = wie,i)|0 € Shn, Wi € Zs}
1s 1somorphic to the quotient space
(Hy x HY)/(HE < Hy_p, x HY_p)

via a standard isomorphism.
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Proor. This follows by adapting the computations in the proof of Proposition 16.10
and Theorem 16.11. Indeed, we have an action map as follows, which is transitive:

Hi x Hy — Hify ., (A,B)U = AUB*
Consider now the following point:
10
"= (i 0)
The stabilizer of this point follows to be the following group:
H; x Hy, ; x H}_;

To be more precise, this group is embedded via:

z 0 xz 0
(TR )]
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' = Z, 1. Sy in [5]. The result here is as follows:

PROPOSITION 16.18. The compact quantum space Hir: associated to the algebra

C(H;H) = C(UALEV)/ (ugjuy; = ujju;; = pij = projections, uf; = pi;)
has an action map, and is the target of a quotient map, as in Theorem 16.15.

PROOF. 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:

Uzg = Z Ug O Ap; @ b;} ) Vvij = Z Qr; & big
kl r<L

We use the fact that the standard coordinates a;;, b;; on the quantum groups Hy/, 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:
Uz’jU* Z uklumn X Ak Qs & bl] mj = Z uklukl & CL]mCLm & bl]blj
klmn kl
On the other hand, we have as well the following formula:

ViVis = Z arity; @ byiby = Zama ® by ;b

rt<L r<L
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In terms of the projections z;; = aija;kj, Yij = bijb;‘j, Pij = uijulj, we have:

Ui U = Zpkl Qrr @y, VijVii = Zl’m' @ Yrj
Kl r<L

By repeating the computation, we conclude that these elements are projections. Also,
a similar computation shows that U};Uy;, V;;Vi; are given by the same formulae. Finally,
once again by using the relations of type xy = zy* = 0, we have:

= Z uklll e 'U/ksls X akli e aksi X bZz] . Z ukl X CL,W bl])
Kl
On the other hand, we have as well the following formula:
‘/zj - Z Qryg - Qrgg ® brlj b:S] Z af‘i ® (b:])s
r <L r<L

Thus the conditions of type u;j; = p;; are satisfied as well, and we are done. O
Let us discuss now the general case. We have the following result:

PROPOSITION 16.19. The various spaces G, constructed so far appear by imposing
to the standard coordinates of UJ\LﬂV the relations

es __ 7|7Vo]
E E O ( Jugly, oui =1L

1185 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 G4,y can be written as follows, with o ranging over a family of generators,
with no upper legs, of the corresponding category of partitions D:

25 lel” wé—(s()

Ji---Js

We therefore obtain the relations in the statement, as follows:

€s _ es
Z Z 5 741.71 ' uisjs - : :5 : : 5 11]1 t Zsjs

1105 J1---Js 11...0s J1---Js

= Z 0 (1)04 (1)

i1...05

_ L|7rVa|
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, by using the above relations, and we have:
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THEOREM 16.20. The spaces G%, C UL+ constructed by imposing the relations

es __ 7|7Vo]
E E O ( gy, -uis =1L

0105 J1.--Js

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 16.15.

PrRoOOF. We proceed as in the proof of Proposition 16.18. We must prove that, if the
variables u;; satisfy the relations in the statement, then so do the following variables:

UZJ :Zum@)aki@bz s Vij:Zam-G@bﬁj
kl

r<L

Regarding the variables Ul-j, the computation here goes as follows:

Z Z (5 Ulelljl' Uzessjs

i1...05 jl ]s

= DD 2 D vk, © (D0, - afy, @ (B, b

11...05 J1.--Js k1...ks U1 s
. €s
= E , § :5 ukzl s Up g,
K.k L1..ds
_ L|7rVa|

For the variables V;; the proof is similar, as follows:

€1 €s
Do D DAV, Vi,
11...05 J1.+-Js

= > > > 60)0.(G)afy, - af @ (b bY)

0185 J1.--Js 11,0l <L

= ) &5

I, ls<L

_ L‘T(\/O’I

Thus we have constructed an action map, and a quotient map, as in Proposition 16.18,
and the commutation of the diagram in Theorem 16.15 is then trivial. U

Summarizing, and getting back now to our general free geometry motivations, leav-
ing the free tori T aside, which are quite special, dually being of “classical” nature, we
have enlarged our collection of free manifolds {S,U, K} to something far more general,
consisting of the spaces {G%,y} constructed above. This is of course just the tip of the
iceberg, and it is possible to say far more things about this, first with a detailed study
of these spaces G¥,y, from an algebraic and analytic viewpoint, based on a Weingarten



386 16. EASY GEOMETRY

integration formula for them, and then with various generalizations of this formalism, and
some axiomatization work as well. For more on all this, we refer to [4].

16¢c. Projective geometry

All the above is quite interesting, but even more interesting is what happens in relation
with projective versions. Let us go back to the diagram of 9 main geometries, namely:

RY TRY c¥
RN — TRY CcYy
RN TR cN

These geometries are by definition affine, and our claim is that some drastic simplifi-
cations appear when looking at the corresponding projective geometries:

N-—-1 N-—-1 N-1
PNt pNt . pA

P(é\/fl PNfl PNfl

N—-1 N—-1 N—1
P]R PR P(C

Thus, we are led to the conclusion that, under certain 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}

And isn’t this beautiful, what we have here is some sort of “threefold way”, which
looks very conceptual. In order to discuss this, let us start with:

PROPOSITION 16.21. We have presentation results as follows,

C<Pﬁév_1) = O:omm <(pij)i,j=1,~--,N‘p = p* = p2>T7n(p) = 1)

for the algebras of continuous functions on the real and complex projective spaces.
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ProOF. We use the fact that the projective spaces PIQ -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
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(Xgr) , Ac=C(X¢)

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:

XpCc P XecPY!
By transposing we obtain arrows —, as desired. U
The above result suggests the following definition:

DEFINITION 16.22. Associated to any N € N is the following universal algebra,

whose abstract spectrum is called “free projective space”.

Observe that, according to our presentation results for the real and complex projective
spaces Pﬂév ~! and Pév ~! we have embeddings of compact quantum spaces, as follows:

Py tcplitcpt
Our first goal will be that of explaining why, in analogy with the uniqueness of the

quantum group PO}, = PU;, the free projective space Pfrv ~! is unique, and scalarless.

Let us first discuss the relation with the various noncommutative spheres. Given a

closed subset X C S]fg jrl, 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 variables
pij = x;xj. With this convention, we have the following result:

THEOREM 16.23. The projective versions of the main 9 spheres are

N—-1 N—-1 N—-1
pNt . pNt . p)

N-1 N-1 N-1
P(C P(C P(C

N—-1 N—-1 N—-1
PNt ——pNt— P

tnvolving only the 3 projective spaces P@’l - P(éV’1 C Pfrv’l.
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ProoF. This is something quite elementary, the idea being that in the free case, the
results follow in analogy with the result PO}, = PUj}; that we already know, then in
the half-classical case the results follow in analogy with the result PO} = PUy, that we
already know too, and finally in the hybrid cases the results are clear. See [4]. U

Getting purely projective now, we can axiomatize our spaces, as follows:

DEFINITION 16.24. A monomial projective space is a closed subset P C PJJFV_1 obtained
via relations of type

. . k
Divig - - - Pig_1ixy = Pisyio@) = Pig-1)iom) V(ir, .o yir) €{1,..., N}

with o ranging over a certain subset of the infinite symmetric group

Se = J S

ke2N

which is stable under the operation o — |o]|.

Here the stability under the operation ¢ — |o| means that if the above relation
associated to o holds, then the following relation, associated to |o|, must hold as well:

Digiy « -+ Pigirs1r = PivigyPis(2yioes) = Pio—2)ioh—1)Piom) it

As an illustration, the basic projective spaces are all monomial:

PROPOSITION 16.25. The 3 projective spaces are all monomial, with the permutations

(o] o o o @) o
(0] (0] (0] [©] O (¢]

producing respectively the spaces Pﬂév_l, Pév_l, and with no relation needed for Pfrv_l.

PROOF. We must divide the algebra C'(PY ') 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 o o @) o
(0] O O (0] O O o @] (0] 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 = PedPab
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Thus, the space produced by the basic crossing is classical, P C P(év ~1. By using one
more time the relations p,, = pp, We conclude that we have P = Pﬂjg ~1 as claimed.

(2) The fattened crossing, and its shifted version, produce the following relations:
PabPcd = PedPab

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 = ZaZdReZbZcRf
Since these relations are automatic, we have P = Pév ~1 and we are done. Il
We can now formulate our classification result, as follows:
THEOREM 16.26. The basic projective spaces, namely
Py tcplitcpt
are the only monomial ones.

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 PJ]FV ~1 and we associate to it subsets Gj, C Si, as follows:

G — {0 € Sk|R, hold over P} (k even)
"7 ) {o € Si|R}, hold over P} (k odd)

As in the affine case, we obtain in this way a filtered group G = (Gy), 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. See [4]. O

Let us discuss now similar results for the projective quantum groups. We have:
DEFINITION 16.27. A projective category of pairings is a collection of subsets
NCy(2k,2l) C E(k,l) C Pa(2k,21)
stable under the usual categorical operations, and satisfying o € E = |o| € E.

As basic examples for this notion, we have the following projective categories of pair-
ings, where Pj 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 the notion of easiness:
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DEFINITION 16.28. An intermediate compact quantum group POy C H C POy, 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 of pairings E = (E(k,1)).

Observe that, given an easy quantum group Oy C G C Oﬁ, its projective version
POy C PG C PO} is projectively easy in our sense. In particular the basic projective
quantum groups POy C PUy C POY; are all projectively easy in our sense, coming from
the categories NCy C Py C P,. We have in fact the following general result:

THEOREM 16.29. We have a bijective correspondence between the affine and projective
categories of partitions, given by the operation

G = PG
at the level of the corresponding affine and projective easy quantum groups.
PROOF. The construction of correspondence D — FE is clear, simply by setting:
E(k,l) = D(2k,21)

Indeed, due to the axioms in Definition 16.27, the conditions in Definition 16.28 are
satisfied. Conversely, given E = (E/(k,[)) as in Definition 16.28, we can set:

E(k,1) (k,l even)

D(k,1) = {{U loe E(k+1,14+1)} (k1 odd)

Our claim is that D = (D(k,l)) 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:

lo,Jo'e E = |7€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
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— Regarding now the even/odd case, this can be solved as follows:
o|lreE = |o|,|T€E
= |o|lr€eF
= |oT€E
— oT€D

— As for the remaining odd/odd case, here the computation is as follows:
lo,|[Te B = ||o|,|T€E
= |lo||reFE
= o7€F
— o7€D

(3) Finally, the conjugation axiom is clear from definitions. It is also clear that both
compositions D — E — D and £ — D — E are the identities, as claimed. As for the
quantum group assertion, this is clear as well from definitions. Il

In order to develop now free projective geometry, a first piece of work is that of
developing a theory of free Grassmannians, free flag manifolds, and free Stiefel manifolds,
based on the affine theory of the spaces of quantum partial isometries, discussed before.
To be more precise, the definition of the free Grassmannians is straightforward, as follows,
and the definition of the free flag manifolds and free Stiefel manifolds is very similar:

C(Griy)=C" ((pij)i,j=17~--7N‘p =" =p"Tr(p) = L)

Most of the arguments from the affine case carry over in the projective setting, and
with solid and useful affine results to rely upon being available from what we said before.
For more on all this, we refer to [18] and related papers, and to the book [4].

16d. Matrix models

As a last topic of discussion, again following [4], [7], [8], we would like to talk about
matrix models for our manifolds. In the quantum group case, we have:

DEFINITION 16.30. A matriz model for a closed subgroup G C Uy is a morphism
m:C(G) - Mg(C(T))
where T is a compact space, and K > 1 is an integer.

More generally, we can model in this way the standard coordinates x; € C(X) of the
various algebraic manifolds X C Sg Il. It is then elementary to show that, under the
technical assumption X¢ # (), there exists a universal K x K model for the algebra C'(X),

which factorizes as follows, with X %) C X being a certain algebraic submanifold:
i C(X) = C(XT)) € Mg(C(Tk))
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To be more precise, the universal K x K model space Tk appears by imposing to the
complex K x K matrices the relations defining X, and the algebra C(X*)) is then by
definition the image of 7x. In relation with this, we can set as well:

X () — U X (K)
KeN
We are led in this way to a filtration of X, as follows:

X=X0cx®cxO® e cX®™®cx

It is possible to say a few non-trivial things about these manifolds X ), by using
algebraic and functional analytic techniques. In the quantum group case, far more things
can be of course said. We refer to [4], [7], [8] for a discussion here.

Generally speaking, the matrix models are an excellent topic of research, making the
link with random matrix theory, and with serious analysis in general. For more on all
this, philosophy and some concrete results as well, we refer to [4], [7], [8].

16e. Exercises

Congratulations for having read this book, and no exercises here, for celebrating this
accumulated knowledge, a basic beer will do. This being said, in case you really solved
all our exercises so far, and are looking for some more, here is one for you:

EXERCISE 16.31. Further develop free geometry, including the free Laplacian, and free
harmonic functions, and then look into free PDE, and free physics. Is that true physics,
at very small scales, quarks or below, what you get?

In the hope that you will like this exercise, which is something quite subtle. And please
but please, do not take a bureaucratic approach to it, by labelling it “job for physicists”.
There is no such thing as a physicist knowing quantum physics, with Einstein himself being
the best example, and help from anyone, including matematicians like you, is needed.
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