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ABSTRACT. The space CV has no free analogue, but we can talk instead about the free
sphere Sg;l, as the manifold defined by the equations ) z;af = >, zjz; = 1. We
discuss here the structure and hierarchy of the submanifolds X C Sg ;1, with particular

attention to the manifolds having an integration functional ¢r : C(X) — C.
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INTRODUCTION

The notion of “quantum space” is as old as quantum mechanics. The foundations of the
theory suggest that the quantum spaces X should appear in connection with the algebras
A C B(H) formed by the bounded linear operators 7' : H — H on a separable Hilbert
space H. There has been a lot of work on this, in the last 100 years, the 4 main visions
of the subject, by the 4 main architects of the theory, being as follows:

(1) Von Neumann looked at the x-algebras A C B(H) which are closed under the weak
topology, now called von Neumann algebras. The commutative such algebras are those
of the form L*(X), with X being a measured space. In view of this, we can write any
von Neumann algebra as A = L*(X), with X being a “quantum measured space”.

(2) Voiculescu’s idea was to develop probability theory on such spaces X. This basically
leads to the conclusion that the integration functional of X must be a trace tr : A — C,
having the property tr(7'S) = tr(ST). In other words, the random variables 5,7 € A
might be non-commuting, but they must commute under the integration.

(3) Connes’ approach is based on the idea that X should be Riemannian. In practice,
besides the von Neumann algebra A = L*°(X), this asks for the existence of a smaller
algebra A = C'(X), which must be a C*-algebra, in the sense that it must be norm closed,
and of an even smaller algebra C*°(X) as well, which must be a x-algebra.

(4) Jones looked at the inclusions A C B of von Neumann algebras, instead of the von
Neumann algebras themselves. More specifically, he looked at the inclusions of II; factors,
with the conclusion that the symmetries of such an inclusion A C B are encoded by a
kind of “quantum group” G, of the most possible general type.

It is not clear what to conclude from all this. The quantum spaces X definitely exist, in
relation with the operator algebras A C B(H), or rather with the quantum physics that
these operator algebras are supposed to encode, but come in different flavors. It probably
does not matter much what kind of flavor of quantum space you use, since we are still in
the dark ages of quantum mechanics, and everything is potentially useful.

Our purpose here is to describe certain classes of quantum spaces X, related to the
compact quantum groups introduced by Woronowicz in [148], which are related to the
above, but do not exactly fit in any particular formalism. Technically speaking, our
spaces will be “quantum algebraic manifolds”, but we will develop their theory by having
in mind the above ideas of von Neumann and Connes, Jones, Voiculescu. In short, we
will be doing “noncommutative geometry” in a large sense, with positivity, but with no
particular preference between algebra, geometry, analysis and probability.
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As a basic example of manifold in our sense, we have the free complex sphere S(]CV’ jrl.
This sphere is by definition the compact quantum space, meaning dual of a C*-algebra,
whose coordinates x1,...,zy are subject to the following relations:

E xl:vfzg riv; =1
i i

This sphere is a potentially important object, for the simple reason that it exists.
Indeed, the free analogue of CV itself does not exist, because the coordinates z; are
unbounded. However, when imposing the above relations, we obtain by positivity:

il P = Jzsaf|| < |17 wiaf|| = 1
)

Thus the coordinates are bounded, and so Sg jrl exists. In the lack of an “ideal” space
of type Cf , at least we have this sphere, and its submanifolds X C Sg 11, which are

numerous and interesting, for doing “noncommutative geometry”, in a large sense.

The free complex sphere S = S(]C\f jrl does not come alone, but it rather part of a quadru-
plet (S,T,U, K), comprising as well the free complex torus 7' = T};, which is the dual of
the free group on N generators Fly, the free unitary quantum group U = Uy, which is the
free analogue of the unitary group Uy, and the free complex reflection group K = K},
which is the free analogue of the complex reflection group Ky = TSy, with these latter
objects being constructed via generators and relations, a bit like the sphere itself.

These four objects are intimately related to each other, with a full set of correspondences
between them, obtained a bit like in the classical case, as follows:

N-1 +
Ser Ty

Ux Ky
Summarizing, CY does not exist, but its “basic geometry” exists, in the form of the
above diagram. We will actually call this diagram Cf , the name being not taken.

Before going further, we should clarify the relation of all this with the above-mentioned
4 main visions in operator algebras. The situation here is as follows:

(1) The torus T}, the unitary group Uy and the relection group K7, are all compact
quantum groups, and as such, they have Haar measures. As for the sphere, this has a Haar
measure too, appearing as the unique invariant measure under the action Uy ~ Sg jrl.
Thus, all our objects are quantum measured spaces, in the sense of von Neumann. The
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asociated von Neumann algebras are II; factors, typically of the same type as the free
group factors L(Fy), although for the sphere this is for the moment conjectural.

(2) It is possible to do free probability on our 4 objects, by using a Weingarten type
formula for the associated integration functionals. As an example here, let N'Co(k) be
the set of noncrossing matching pairings of a colored integer k = ky ... k,, with the colors
being exponents k; € {0, *}, for 7,0 € NCy(k) set Gyn(m,0) = NI™ and finally let
Wiy = Ggﬁ,. The integration formula for the sphere is then:

k kp —
/sg rit . oay) de = Z Z Win(m, 0)

-1
+ TENCa(k) o<keri

(3) Regarding differential geometry, what is presently known is that Sév jrl has a Lapla-
cian filtration, and that eigenvalues for the Laplacian can be constructed as well. However,
S(JCV ;1 is not “fully Riemannian”, missing a Dirac operator in the sense of Connes.

(4) In relation with the Jones subfactors, the quantum group Uy, produces Temperley-
Lieb subfactors, and the quantum group Ky produces Fuss-Catalan subfactors, with these
two classes of subfactors being the most basic objects of the theory.

Summarizing, we have here some interesting objects, commonly denoted as C¥, and

two questions appear. The first question is that of looking for further geometries, of the
same type, and the second question is that of developing the geometries that we found.

In connection with the first question, the first remark is that the above constructions
have straightforward “real” analogues, obtained by imposing the conditions z; = x} to
the standard coordinates. Thus, we have in fact four main geometries, as follows:

RY cy

RY CcVN
In order to solve now the axiomatization question, let us start with arbitrary interme-
diate objects S, T, U, K, between classical real and free complex, as follows:

SgtcScsi!
Ty CT C T
Oy CcUCUy
Hy C K C K},

Observe that we are mixing here real and complex. This comes from subtle fact that
we have PO}, = PU;;, which tends to “blur” the usual distinction between R and C.
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The problem is that of working out axioms for the 12 possible correspondences between
our objects S,T,U, K, based on what happens in the real/complex, classical/free cases.
Skipping the technical details, our axioms in simplified form will be as follows:

S = Su
SNTL = T = KNT§
GY(S) = <On,T> = U
KHT) = UNK{ = K

With these axioms in hand, we can start looking for further examples. The conclusion
will be that we have some natural intermediate geometries, both on the horizontal and
the vertical, and so a 3 x 3 diagram, refining the above 2 x 2 one, as follows:

RY TRY cy
RY TRY cy
RV TRV cN

We will establish as well some classification results, stating that under strong “easiness”
axioms these 9 geometries are the only ones, and that when adding a supplementary
“uniformity” axiom, the initial 4 geometries are the only ones.

There is of course a lot of flexibility left in all this. As an example here, the basic

diagram of 4 geometries has a ¢ = —1 twisted counterpart, which is as follows:
N N
R C{
RN CN

As a second variation, we can talk about projective geometries, and here the whole
9-diagram above collapses to a very simple 3-diagram, as follows:

N-1 N-1 N—-1
pY-'c PN c P}

Here Pfrv ~1 is the free projective space, which is at the same time real and complex.
We can combine also these 2 variations, and talk about twisted projective spaces.
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Regarding now the second question, that of developing the geometries that we found,
this depends a lot on the geometry in question, the situation being as follows:

(1) Generally speaking, the idea will be that of looking at various homogeneous spaces
X = G/H, coming from suitable closed subgroups H C G C U. We will develop such
a theory for RY, C¥, with algebraic and probabilistic results. The question however of
axiomatizing the real and complex “free manifolds” will remain open.

(2) For the other geometries, such as the half-classical ones RY, C¥ or the twisted ones
RY, CV, or the combinations of these, which are closer to the RN, C world, it is possible
to go far beyond the level of the above-mentioned quotient spaces, with the development
of a full and broad geometry theory, in analogy with the geometry of RY, C¥V.

Finally, we will mostly insist on algebraic and probabilistic apects. The differential geo-
metric aspects will remain unclear, although we believe that a unification with the Connes
theory could come via a noncommutative analogue of the Nash embedding theorem [114].
In short, we believe in the existence of a “Nash-Connes Geometry” (NCG).

This book is organized as follows: 1-4 contain axiomatization and classification work, in
5-8 we develop the real and complex free geometries, in 9-12 we discuss the half-classical
and hybrid geometries, and in 13-16 we discuss a number of more specialized topics.
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1. Spheres and tori

What is geometry? A naive approach to this question suggests that we should have
at least a sphere S, a torus 7', a unitary group U, and a reflection group K, as starting
objects. These basic objects should have relations between them, as follows:

S T

U K

Our idea here will be that of axiomatizing such quadruplets (S,T,U, K). With this
axiomatization in hand, and some classification results as well, we will discuss then the
development of each of the geometries that we found. This will be our plan.

Let us first discuss the case of the usual geometry, in RY. Basic common sense would
suggest to add RY itself to our list of objects, and with this addition done, why not erasing
afterwards all the other objects, which can be reconstructed anyway from R¥Y.

Unfortunately, this is something that we cannot do, in view of our noncommutative
geometry goals and motivations. To be more precise, it is well-known that RY has no
interesting noncommutative analogues. Technically speaking, the problem comes from
the fact that RY is not compact. We will be back later to this issue.

So, let us go ahead, and construct our quadruplet (S, 7, U, K). We have:

Definition 1.1. The real sphere, torus, unitary group and reflection group are:

ST = {(L’ERN‘Z%’?—l}

Ty = {xERN

1
)
Oy = {U e MN(]R{)’Ut — U*l}
Hy = {U € My (1,0, 1)’Ut _ U—l}
These are the usual sphere, cube, orthogonal group, and hyperoctahedral group.

Here the superscript N — 1 for the sphere, which is very standard, stands for the real
dimension as manifold, which is N —1. Also, the 1/v/N normalization for the cube/torus
is there in order to have an embedding Ty C S]fg ~! this being convenient for us.
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Regarding the correspondences between our objects, there are many ways of establishing
them, depending on knowledge and taste, but this is not crucial for us. We just need a
statement here, in order to get started, so let us formulate things as follows:

Theorem 1.2. We have a full set of correspondences, as follows,

S Tx

On Hy

obtained via various results from basic geometry and group theory.

Proof. As already mentioned, there are several possible solutions to the problem, and all
this is not crucial for us. Here is a way of constructing these correspondences:

(1) SY~! « Ty. Here Ty comes from S§ ' via |71| = ... = |zx/|, while S§ ! appears
from Ty C RY by “deleting” this relation, while still keeping Y, 27 = 1.

(2) Sﬁ[ 1 43 Op. This comes from the fact that Oy is the isometry group of S]{{Y ~1 and
that, conversely, Sy ' appears as {Uz|U € Oy}, where z = (1,0, ...,0).

(3) S]f{y ~! <3 Hy. This is something trickier, but the passage can definitely be obtained,
for instance via Ty, by using the constructions in (1) above and (5) below.

(4) Ty <> On. Here Ty ~ Z5 is a maximal torus of Oy, and the group Oy itself can
be reconstructed from this maximal torus, by using various methods.

(5) Ty > Hy. Here, similarly, Ty ~ Z% is a maximal torus of Hy, and the group Hy
itself can be reconstructed from this torus as a wreath product, Hy = Ty ! Sy.

(6) On <> Hy. This is once again something trickier, but the passage can definitely be
obtained, for instance via T, by using the constructions in (4) and (5) above. O

The above result is of course something quite non-trivial, and having it understood
properly would take some time. However, as already said, we will technically not need all
this. Our purpose for the moment is just to explain our (5,7, U, K) philosophy.

As a second basic example of geometry, we have the usual geometry of CV. Here,
as before, we cannot include the space CV itself in our formalism, because this space is
not compact, and as already said, we would like to deal with compact spaces only. The
corresponding quadruplet (S, 7T, U, K) can be constructed as follows:
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Definition 1.3. The complex sphere, torus, unitary group and reflection group are:

SN = {x € CN’Z|Z‘Z'|2 = 1}
1

Ty = {xe(CN‘ ]szW}
Uy = {UGMN(C)’U*:U’l}

Ky — {U € My(T U {0})‘U* - U—l}
These are the usual complex sphere, torus, unitary group, and complex reflection group.

As before, the superscript N — 1 for the sphere does not fit with the rest, but is quite
standard, somewhat coming from dimension considerations. We will use it as such. Also,
the 1/v/N factor is there in order to have an embedding Ty C Sg '

Also as before, in what regards the correspondences between our objects, there are
many ways of establishing them, will all this being not crucial for us. In analogy with
Theorem 1.2, let us formulate a second informal statement, as follows:

Theorem 1.4. We have a full set of correspondences, as follows,

STy

Un

Ky
obtained via various results from basic geometry and group theory.

Proof. We follow the proof in the real case, by making adjustments where needed, and
with of course the reiterated comment that all this is not crucial for us:

(1) SF~* <+ Ty. Same proof as before, using |z,| = ... = |zx].
2 S(JCV ~! & Uy. Here “isometry” must be taken in an affine complex sense.
3 S(]CV 1 K. Trickier as before, best viewed by passing via Ty.

)
(2)
(3)
(4) Ty <> Uy. Coming from the fact that Ty ~ TV is a maximal torus of Uy.
(5) Ty +» Ky. Once again, maximal torus argument, and Ky = Ty ¢ Sy.

(6)

6) Uy <> Ky. Trickier as before, best viewed by passing via Ty. U
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As a conclusion, our (S,T,U, K) philosophy seems to work, in the sense that these 4
objects, and the relations between them, encode interesting facts about RY,CY. Our
plan in what follows will be that of leaving aside the complete understanding of what has
been said above, and going directly for the noncommutative case. We will see that in the
noncommutative setting things are more rigid, and therefore, simpler.

In order to talk about noncommutative geometry, the idea will be that of defining our
quantum spaces X as being abstract manifolds, whose coordinates 1, ..., zy do not nec-
essarily commute. Thus, we are in need of some good algebraic geometry correspondence,
between such abstract spaces X, and the corresponding algebras of coordinates A. Fol-
lowing Heisenberg, von Neumann and many others, we will use here the correspondence
coming from operator algebras. A first idea is that of using “continuous coordinates”,
with each quantum space X corresponding to a certain C*-algebra, via:

A=C(X)

With this idea in mind, getting back to our (S, T, U, K) philosophy, we would like to
have C*-algebras with correspondences between them, as follows:

C(S) C(T)

o) O(K)

A second idea, which is viable as well, and is probably more far-reaching, in view of
the loads of uncertainty and probability theory involved with quantum mechanics, but
which is technically more complicated to develop, is that of using L* coordinates for our
manifolds, according to a formula of the following type:

A" = L¥(X)

With this second idea in mind, in connection with our (S, T, U, K) program, we would
like to have von Neumann algebras with correspondences between them, as follows:

L=(S) L=(T)

L>(U) L>(K)

In what follows we will use both the above ideas, which are both fruitful. To be more
precise, our plan will be that of developing first the continuous theory, and leaving the
more advanced aspects, involving von Neumann algebras and probability, for later.
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In order to get started now, we will need a number of preliminaries on operators and
operator algebras. Let us begin with the following standard definition:

Definition 1.5. A Hilbert space is a complex vector space H, given with a scalar product
< x,y >, satisfying the following conditions:

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

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

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

(4) H is complete with respect to the norm ||z|| = /< z, 2 >.

Here the fact that ||.|| is indeed a norm comes from the Cauchy-Schwarz inequality,
| <x,y > | <||z||-|ly||, which comes from the fact that the following degree 2 polynomial,
with t € R and w € T, being positive, its discriminant must be negative:

f(t) = llz + wtyl?

In finite dimensions, any algebraic basis { f1, ..., fx} can be turned into an orthonormal
basis {e1,...,ex}, by using the Gram-Schmidt procedure. Thus, we have H ~ CV, with
this latter space being endowed with its usual scalar product:

The same happens in infinite dimensions, once again by Gram-Schmidt, coupled if
needed with the Zorn lemma, in case our space is really very big. In other words, any
Hilbert space has an orthonormal basis {e;}ic;, and we have:

H ~ I*(I)
Of particular interest is the “separable” case, where I is countable. According to the
above, there is up to isomorphism only one Hilbert space here, namely:
H = [*(N)

All this is, however, quite tricky, and can be a bit misleading. Consider for instance
the space H = L?[0,1] of square-summable functions f : [0,1] — C, with:

<fg >=/0 f(x)g(x)da

This space is of course separable, because we can use the basis f, = 2" with n € N,
orthogonalized by Gram-Schmidt. However, the orthogonalization procedure is something
non-trivial, and so the isomorphism H =~ [*(N) that we obtain is something non-trivial as
well. Doing some computations here is actually a very good exercise.

In what follows we will be interested in the linear operators 7' : H — H which are
bounded. Regarding such operators, we have the following result:
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Theorem 1.6. Given a Hilbert space H, the linear operators T : H — H which are

bounded, in the sense that
17| = sup |[Tz]]

[lz]|<1

is finite, form a complex algebra B(H), having the following properties:

(1) B(H) is complete with respect to ||.||, so we have a Banach algebra.

(2) B(H) has an involution T — T*, given by < Tx,y >=< z,T*y >.
In addition, the norm and involution are related by the formula ||TT*|| = ||T|[?.
Proof. The fact that we have indeed an algebra follows from:

IS+ T <SI+ITI 5 (XTI = AT ST < 1ISI]- 1T
(1) Assuming that {7,,} C B(H) is Cauchy then {T,z} is Cauchy for any x € H, so
we can define indeed the limit T' = lim,, , T}, by setting:
Tx = lim T,x

n—o0

(2) Here the existence of T* comes from the fact that ¢(z) =< Tz,y > being a linear
form H — C, we must have p(z) =< z,T*y >, for a certain vector T*y € H. Moreover,
since this vector is unique, 7™ is unique too, and we have as well:

(S+T)y =5"+T , (NI)'=XT* , (ST)"=T*S* , (T*)"=T
Observe also that we have indeed T* € B(H), because:

||T|| = sup sup < Tz,y>= sup sup <z, Ty >=||T"||
llz|[=1 [lyl|=1 llyll=1|=||=1

Regarding now the last assertion, we have:
||| < 17| - 11T = ||T1]*
We have as well the following estimate:

IT||>= sup | <Tx, Tz >|= sup | <z, T*Tx > | <||T*T||
ll||=1 ll||=1

By replacing T" — T™ we obtain from this:
|T1)? < ||TT*|]
Thus, we have proved the last equality, and we are done. Il

Observe that when H comes with an orthonormal basis {e; };cs, the linear map 7' — M
given by M;; =< Te;j, e; > produces an embedding as follows:

B(H) € My(C)
Moreover, in this picture the operation 7" — T™ takes a very simple form, namely:
(M*)i; = My,

The conditions found in Theorem 1.6 suggest the following definition:
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Definition 1.7. A C*-algebra is a complex algebra A, having:
(1) A norm a — ||a||, making it a Banach algebra.
(2) An involution a — a*, satisfying ||aa*|| = ||a||?.

Generally speaking, the elements a € A are best thought of as being some kind of
“generalized operators”, on some Hilbert space which is not present. By using this idea,
one can emulate spectral theory in this setting, as follows:

Proposition 1.8. Given a € A, define its spectrum as being the set
o(a) = {)\ c @(a g A—l}

and its spectral radius p(a) as the radius of the smallest centered disk containing o(a).

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

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

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

Proof. Our first claim is that for any polynomial f € C[X], and more generally for any
rational function f € C(X) having poles outside o(a), we have:

o(f(a)) = f(o(a))

This indeed something well-known for the usual matrices. In the general case, assume
first that we have a polynomial, f € C[X]. If we pick an arbitrary number A\ € C, and
write f(X) —A=c¢(X —ry)... (X — 1), we have then, as desired:

Ngo(fla) > fla)—reA
< cla—r)...(a—r;) € A}
= a—r1,...,a—1 €A
= r,...,1 ¢ 0(a)
— A& [f(o(a))

Assume now that we are in the general case, f € C(X). We pick A € C, we write

f=P/Q, and we set ' = P — A\Q. By using the above finding, we obtain, as desired:
Aea(f(a)) F(a) ¢ A7

0€o(F(a))

0€ F(o(a))

du € o(a), F(p) =0

A€ flo(a))

Regarding now the assertions in the statement, these basically follows from this:

117111
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(1) This comes from the following formula, valid when ||a|| < 1:

=1l4+a+d>+...

1—a
(2) Assuming a* = a~!, we have the following norm computations:
lall = Vlaa*]| = V1 =1
la™! |l = lla*|| = llal| = 1
If we denote by D the unit disk, we obtain from this, by using (1):
lla|| =1 = o(a) C D
la™'||=1 = o(a')C D
On the other hand, by using the rational function f(z) = z~
olayc D = o(a) c D!

1 we have:

Now by putting everything together we obtain, as desired:
ola)c DND =T

(3) This follows by using (2), and the rational function f(z) = (z + it)/(z — it), with
t € R. Indeed, for t >> 0 the element f(a) is well-defined, and we have:

(a+it)* a—it <a+it)1
a—it a+ 1t a—1it

Thus f(a) is a unitary, and by (2) its spectrum is contained in T. We conclude that we
have f(o(a)) = o(f(a)) C T, and so o(a) C f~1(T) = R, as desired.

(4) We have p(a) < ||a|| from (1). Conversely, given p > p(a), we have:

2" -
/ dz = E (/ z"_k_ldz> a¥ =a"!
j2|=p 2 — @ =0 \Jlzl=p

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

p> lim [la"|[V"
n—oo
In the case a = a* we have ||a”|| = ||a||" for any exponent of the form n = 2%, and by
taking n-th roots we get p > ||a||. This gives the missing inequality, namely:
pla) = [lal]

In the general normal case, aa* = a*a, we have a™(a™)* = (aa*)", and so:
p(a)® = p(aa®)
Now since aa* is self-adjoint, we get p(aa*) = ||a||?, and we are done. O

We can now formulate a key theorem, from [88], as follows:
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Theorem 1.9 (Gelfand). If X is a compact space, the algebra C(X) of continuous func-
tions f: X — C is a commutative C*-algebra, with structure as follows:

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

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

Conversely, any commutative C*-algebra is of the form C(X), with its “spectrum” X =
Spec(A) appearing as the space of characters x : A — C.

Proof. In what regards the first assertion, almost everything here is trivial. We have
indeed a commutative algebra, with norm and involution, the Cauchy sequences inside are
well-known to converge, and the condition ||f f*|| = || f||? is satisfied. Conversely, given a
commutative C*-algebra A, we can define X to be the set of characters y : A — C, with
the topology making continuous all the evaluation maps ev, : x — x(a). Then X is a
compact space, and a — ev, is a morphism of algebras:

ev:A— C(X)
We first prove that ev is involutive. We use the following formula:

a+a* . ila—a¥)

2 2
Thus it is enough to prove the equality ev,« = ev} for self-adjoint elements a. But this
is the same as proving that a = a* implies that ev, is a real function, which is in turn
true, because ev,(x) = x(a) is an element of o(a), contained in R.
Since A is commutative, each element is normal, so ev is isometric:

|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. [

The Gelfand theorem suggests formulating the following definition:
Definition 1.10. Given a C*-algebra A, not necessarily commutative, we write
A=C(X)
and call the abstract object X a “compact quantum space”.

We will be back to this, with examples, and with some technical comments as well.
Let us discuss now the other basic result regarding the C*-algebras, namely the GNS
representation theorem. We will need some more spectral theory, as follows:

Proposition 1.11. For a normal element a € A, the following are equivalent:

(1) a is positive, in the sense that o(a) C [0,00).
(2) a=10?, for some b € A satisfying b = b*.
(3) a = cc*, for some c € A.
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Proof. This is something very standard, as follows:

(1) = (2) Since our element a is normal the algebra < a > that is generates is
commutative, and by using the Gelfand theorem, we can set b = \/a.

(2) = (3) This is trivial, because we can set ¢ = b.

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

dd* + d*d = 2(2* + y*) > 0

Thus d*d > 0. But this contradicts the elementary fact that o(dd*),o(d*d) must

coincide outside {0}, which can be checked by explicit inversion. U

Here is now the representation theorem from [89], along with the idea of the proof:

Theorem 1.12 (GNS theorem). Let A be a C*-algebra.

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

Proof. Let us first discuss the commutative case, A = C(X). Our claim here is that if we
pick a probability measure on X, we have an embedding as follows:

C(X)C B(L*(X)) . f— (9 f9)

Indeed, given a function f € C(X), consider the operator Ty(g) = fg, acting on
H = L*(X). Observe that T} is indeed well-defined, and bounded as well, because:

1fgllz = \/ /X (@) lg(@)dz < [[f]]aoll9]]:

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

In general, we can use a similar idea, with the algebraic aspects being fine, and with
the positivity issues being taken care of by Proposition 1.8 and Proposition 1.11.

Indeed, assuming that a linear form ¢ : A — C has some suitable positivity properties,
making it analogous to the integration functionals [, : A — C from the commutative
case, we can define a scalar product on A, by the following formula:

< a,b>= p(ab")
By completing we obtain a Hilbert space H, and we have an embedding as follows:
ACB(H) , a— (b—ab)

Thus we obtain the assertion (1), and a careful examination of the construction A — H,
outlined above, shows that the assertions (2,3) are in fact proved as well. U
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With the above formalism is hand, we can go ahead, and construct two free quadru-
plets (S, T,U, K), in analogy with those corresponding to the classical real and complex
geometries. Let us begin with the spheres. Following [5], [32], we have:

Definition 1.13. We have free real and complex spheres, defined via

x; :xf,Zx? = 1)
C(Sé\fll) = C* (mh...,x]\,‘ szxj = fo[m, = 1)

where the symbol C* stands for universal enveloping C*-algebra.

c(syhy =c (xl,...,xN

All this deserves some explanations. Given an integer N € N, consider the free complex
algebra on 2N variables, denoted z1,...,zy and z7, ..., 2%:

* *
A= <x1,...,:17N,x1,...,a:N>

In other words, the elements of A are the formal linear combinations, with complex
coefficients, of products between our variables x;, x}, and of the unit 1.
This algebra has an involution % : A — A, given by:

Now let us consider the following *-algebra quotients of our x-algebra A:

Ap = A/<xi:mf,2x?:1>
Ac = A/<szxf22xf1‘1:1>

Since the first relations imply the second ones, we have quotient maps as follows:

A— Ao — Ap

Our claim now is both Ags, Ag admit enveloping C*-algebras, in the sense that the
biggest C*-norms on these x-algebras are bounded. We only have to check this for the
bigger algebra Ac. But here, our claim follows from the following estimate:

il P = JJzsaf|| < |1 wiaf|| = 1
7

Summarizing, our claim is proved, so we can define C(Sﬁ jrl), C(Sg jrl) as being the
enveloping C*-algebras of Ar, A¢, and so Definition 1.13 makes sense.

In order to formulate some results, let us introduce as well:
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Definition 1.14. Given a compact quantum space X, its classical version is the usual
compact space X ,5s C X obtained by dividing C(X) by its commutator ideal:

C(Xeass) =C(X)/ T, T=<la,b] >
In this situation, we also say that X appears as a “liberation” of X.

In other words, the space X..ss appears as the Gelfand spectrum of the commutative
C*-algebra C'(X)/I. Observe in particular that X, is indeed a classical space. As a
first result now, regarding the above free spheres, we have:

Theorem 1.15. We have embeddings of compact quantum spaces, as follows,

N—-1 N—-1
Sp+ — Scr

SN_l Sé\f—l
R =
and the spaces on top appear as liberations of the spaces on the bottom.

Proof. The first assertion, regarding the inclusions, comes from the fact that at the level
of the associated C*-algebras, we have surjective maps, as follows:

C(Sz:") C(SEh)

C(S2 ) C(s¢ )

For the second assertion, we must establish the following isomorphisms, where the
symbol C stands for “universal commutative C*-algebra generated by”:

comm
x; =], E ri = 1)
i
N—l * * *
C(Se ) =Crm (:L‘l,...,CCN‘ g T = g xixi:1>
i i

As a first observation, it is enough to establish the second isomorphism, because the
first one will follow from it, by dividing by the relations z; = z}.

So, consider the second universal commutative C*-algebra A constructed above. Since
the standard coordinates on Sév ~! satisfy the defining relations for A, we have a quotient
map of as follows, mapping standard coordinates to standard coordinates:

A— (S

C’(Sﬁlfl) =C (ml, TN
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Conversely, let us write A = C(S5), by using the Gelfand theorem. The variables
71, ...,ox become in this way true coordinates, providing us with an embedding S ¢ CV.
Also, the quadratic relations become Y, |2;|* = 1, so we have S C SN~ Thus, we have
a quotient map C' (S(JCV 1) = A, as desired, and this gives all the results. Il

Summarizing, we are done with the spheres. Before getting into tori, let us talk about
algebraic manifolds. By using the free spheres constructed above, we can formulate:

Definition 1.16. A real algebraic manifold X C S(]Cv’jrl 15 a closed quantum subspace
defined, at the level of the corresponding C*-algebra, by a formula of type

C(xX) = C(SY:N) [ (S, . ow) = 0)
for certain family of noncommutative polynomaials, as follows:
fieC<uzy,...,oNn >
We denote by C(X) the x-subalgebra of C(X) generated by the coordinates x1,...,xy.

As a basic example of such a manifold, we have the free real sphere S]fgf jrl. The classical

spheres S(]CV -1 S]{{ ~!and their real submanifolds, are covered as well by this formalism.
At the level of the general theory, we have the following version of the Gelfand theorem,
which is something very useful, and that we will use many times in what follows:

Theorem 1.17. If X C S(]C\fjrl 1s an algebraic manifold, as above, we have

Xclass - {$ € S(]Cv_l fi(qjla cee ,ZE'N) = O}

and X appears as a liberation of X -

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

C(Xclass) — C( ! )

class

Conversely now, from X C S(]CV ;1 we obtain X, C Sg 1. Now since the relations
defining X/, .. are satisfied by X.ss, we obtain an inclusion Xgass C X, Thus, at
the level of algebras of continuous functions, we have a quotient map of C*-algebras as

follows, mapping standard coordinates to standard coordinates:

C( ! ) — C(Xclass>

class

Thus, we have constructed a pair of inverse morphisms, and we are done. O

Finally, once again at the level of the general theory, we have:
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Definition 1.18. We agree to identify two real algebraic submanifolds X,Y C Sé\fjrl when
we have a x-algebra isomorphism between *-algebras of coordinates

f:CY)—C(X)
mapping standard coordinates to standard coordinates.

Let us go back now to our general (S,7T,U, K) program. Now that we are done with
the free spheres, we can introduce as well free tori, as follows:

Definition 1.19. We have free real and complex tori, defined via

C(Ty)=C" (xl, C TN

1

where the symbol C* stands for universal enveloping C*-algebra.

The fact that these tori are indeed well-defined comes from the fact that they are
algebraic manifolds, in the sense of Definition 1.16 above. In fact, we have:

Proposition 1.20. We have inclusions of algebraic manifolds, as follows:

N—1 N—-1
Sgy — 5S¢+

Ty Ty
In addition, this is an intersection diagram, in the sense that Ty, = T N Sﬁ;l.

Proof. All this is clear indeed, by using the equivalence relation in Definition 1.18, in
order to get rid of functional analytic issues at the C*-algebra level. O

In analogy with Theorem 1.15, we have the following result:

Theorem 1.21. We have inclusions of algebraic manifolds, as follows,

Ty Ty

TN TN

and the manifolds on top appear as liberations of those of the bottom.
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Proof. This follows exactly as Theorem 1.15, and best here is to invoke Theorem 1.17
above, which is there precisely for dealing with such situations. O

Summarizing, we have free spheres and tori, having quite similar properties. Let us
further study the tori. Up to a rescaling, these are given by algebras generated by uni-
taries, so studying the algebras generated by unitaries will be our next task. The point
is that we have many such algebras, coming from the following construction:

Theorem 1.22. Let T be a discrete group, and consider the complex group algebra C[T'],
with involution given by the fact that all group elements are unitaries, g* = g 1.

(1) The maximal C*-seminorm on C[I'] is a C*-norm, and the closure of C[I'| with
respect to this norm is a C*-algebra, denoted C*(I).

(2) When T is abelian, we have an isomorphism C*(T') ~ C(G), where G =T is its
Pontrjagin dual, formed by the characters x : I' — T.

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

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

m:CIlc B(H) , =(g)(h)=gh

Indeed, since m(g) maps the basis {h}ner into itself, this operator is well-defined,
bounded, and is an isometry. It is also clear from the formula 7w(g)(h) = gh that g — 7(g)
is a morphism of algebras, and since this morphism maps the unitaries g € I" into isome-
tries, this is a morphism of x-algebras. Finally, the faithfulness of 7 is clear.

(2) Since T' is abelian, the corresponding group algebra A = C*(I') is commutative.
Thus, we can apply the Gelfand theorem, and we obtain A = C'(X), with:

X = Spec(A)
But the spectrum X = Spec(A), consisting of the characters x : C*(I') — C, can be
identified with the Pontrjagin dual G = I, and this gives the result. O

The above result suggests the following definition:
Definition 1.23. Given a discrete group I, the compact quantum space G given by
C(G)=Cc*(I)
is called abstract dual of I', and is denoted G = T.

This is in fact something which is not very satisfactory, in general, due to amenability
issues. However, in the case of the finitely generated discrete groups I' =< ¢1,..., gy >,
which is the one that we are interested in here, the corresponding duals appear as algebraic
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submanifolds T Sg jrl, and the notion of equivalence from Definition 1.18 is precisely

the one that we need, identifying full and reduced group algebras.

We can now refine our findings about tori, as follows:

Theorem 1.24. The basic tori are all group duals, as follows,

—

T T} zs" Fy
Ty Ty zy TV

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

Proof. The basic tori appear indeed as group duals, and together with the Fourier trans-
form identifications from Theorem 1.22 (2), this gives the result. O

Following [19], let us try now to understand the correspondence between the spheres S
and tori 7. We first have the following result, summarizing our knowledge so far:

Theorem 1.25. The four main quantum spheres produce the main quantum tori

N-—1 N-—1 + +
SR,Jr S(C,+ TN TN

Sg ' ——— 50! Ty

Ty
via the formula T = S N'TY,, with the intersection being taken inside Sg;l.

Proof. This comes from the above results, the situation being as follows:
(1) Free complex case. Here the formula in the statement reads T} = Sg S'NTY. But

this is something trivial, because we have T} C S8 ;"

(2) Free real case. Here the formula in the statement reads Ty = S3 ~'NT}. But this
is something that we already know, from Proposition 1.20 above.

(3) Classical complex case. Here the formula in the statement reads Ty = S& ™' NT}.
But this is clear as well, the classical version of T} being Ty.

(4) Classical real case. Here the formula in the statement reads Ty = Sg ' N T4. But
this follows by intersecting the formulae from the proof of (2) and (3). O

The correspondence S — T found above is not the only one. In order to discuss this,
let us start with a general result, as follows:
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Theorem 1.26. Given an algebraic manifold X C ngrl, the category of toral subgroups

T C T} acting affinely on X, in the sense that ®(z;) = x; ® g; defines a morphism
. C(X)—C(X)®C(T)
has a universal object, denoted T (X), and called toral isometry group of X .

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

C(X) = C(8X:1) /(Jaler, . on) = 0)
Consider now the following variables:
Xi=2,®g; € C(X)®CO(Ty)

Our claim is that the torus 7= T (X) in the statement appears as follows:

O(T) = C(T;)/<fa(xl, L Xy) = 0>

In order to prove this claim, we have to clarify how the relations f,(Xi,...,Xy) =0
are interpreted inside C(T4), and then show that 7' is indeed a toral subgroup.
So, pick one of the defining polynomials, f = f,, and write it as follows:

f(xh”'ax]\f) :Z Z )‘Txﬂxllr
rooay.al,
With X; = x; ® g; as above, we have the following formula:
f(Xy,..., XN) = Z Z AriLig oo Tip @ Gir .. Gir,
o,

Since the variables on the right span a certain finite dimensional space, the relations
f(Xi,...,Xn) = 0 correspond to certain relations between the variables g;. Thus, we
have indeed a subspace T' C T};, with a universal map, as follows:

d:C(X) = C(X)0(T)
In order to show now that 7" is a group dual, consider the following elements:
9i=9®g , Xi=x0g
Then from f(Xi,...,Xx) =0 we deduce that, with A(g) = g ® g, we have:
fX, ., Xy) = (d@A) f(X,...,XN) =0
Thus we can map g; — ¢., and it follows that T is a group dual, as desired. O

We will be back to this in section 3 below, with a full discussion of the various types
of quantum isometries an algebraic manifold X C Sg jrl can have. Now with the above
toral isometry group formalism in hand, we can formulate a second result regarding the
spheres and tori, which is complementary to Theorem 1.25, as follows:
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Theorem 1.27. The four main quantum spheres produce via
T =T7%(9)
the corresponding four main quantum tori.

Proof. This is something elementary, which can be established as follows:

(1) Free complex case. Here is there is nothing to be proved, because we obviously have
an action T} ~ Sg ;1, and this action can only be universal.

(2) Free real case. Here the situation is similar, because we have an obvious action
Ty ~ Sy 7', and it is clear that this action can only be universal.

(3) Classical complex case. Once again, we have a similar situation here, with the
obvious action, namely Ty Sév ~! being easily seen to be universal.

(4) Classical real case. Here the obvious action, namely Ty ~ S§ ' is universal as
well, the reasons for this coming from (2) and (3) above. O

As a conclusion now, following [19], we can formulate:

Definition 1.28. A “baby noncommutative geometry” consists of a quantum sphere S
and a quantum torus T, which are by definition algebraic manifolds as follows,

Syt s cspt
Ty CT C Ty
which must be subject to the following compatibility conditions,

T=SNT}=T7"(S)
with the intersection being taken inside Sg;l, and T being the toral isometry group.
With this notion in hand, our main results so far can be summarized as follows:
Theorem 1.29. We have 4 baby noncommutative geometries, as follows,

RY cy

RY Cc¥
with each symbol K standing for the corresponding pair (S, T).
Proof. This follows indeed from Theorem 1.25 and Theorem 1.27. O

In what follows we will extend our baby theory, with pairs of type (U, K), consisting of
unitary and reflection groups. This will lead to a theory which is more advanced.
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2. QUANTUM GROUPS

We have seen so far that the pairs sphere/torus (S5,7") corresponding to the real and
complex geometries, of RY, CV, have some natural free analogues. Our objective now
will be that of adding to the picture a pair of quantum groups (U, K), as to reach to a
quadruplet of objects (S, T, U, K), with relations between them, as follows:

S T

U K

The quantum group axioms that we need, coming from [148], are as follows:

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

Aluy) = ug @ury , elug) =65 ,  Sluy) = uj,
k

define morphisms of C*-algebras as follows,
AtA—-ARA |, e:A—-C |, S:A— AP
called comultiplication, counit and antipode.

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

We say that A is cocommutative when XA = A, where ¥(a ® b) = b® a is the flip. We
have the following result, which justifies the terminology and axioms:
Theorem 2.2. The following are Woronowicz algebras:
(1) C(G), with G C Ux compact Lie group. Here the structural maps are:

A(p) = (g,h) — »(gh)
e(p) = (1)

Se)=g—¢lg)
(2) C*(T"), with Fx — T finitely generated group. Here the structural maps are:

Alg)=g®yg
e(g) =1
S(g)=g"

Moreover, we obtain in this way all the commutative/cocommutative algebras.
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Proof. In both cases, we have to exhibit a certain matrix w:

(1) Here we can use the matrix u = (u;;) formed by matrix coordinates of G:

uii(g) ... win(g)
g= 5 :
uni(g) - unn(g)
(2) Here we can use the diagonal matrix formed by generators of I':
g1 0
u= -
0 gnN

Finally, the last assertion follows from the Gelfand theorem, in the commutative case.
In the cocommutative case, this is something more technical, to be explained below. [J

In general now, the structural maps A, e, S have the following properties:

Proposition 2.3. Let (A, u) be a Woronowicz algebra.
(1) A e satisfy the usual axioms for a comultiplication and a counit, namely:
(A ®id)A = (id® A)A
(e®id)A = (id®e)A =id
(2) S satisfies the antipode aziom, on the x-subalgebra generated by entries of u:
m(S ®id)A =m(id® S)A =¢(.)1
(3) In addition, the square of the antipode is the identity, S* = id.
Proof. Observe first that the result holds in the case where A is commutative. Indeed, by
using Theorem 2.2 (1) we can write:
A=m?T | e=dt , S=il
The 3 conditions in the statement come then by transposition from the basic 3 group
theory conditions satisfied by m, u, 7, namely:
m(m x id) = m(id x m)
m(id x u) = m(u X id) = id
m(id x i)0 = m(i x id)d = 1

Here 6(g) = (g,9). Observe also that the last condition, S? = id, is satisfied as well,
coming from the identity i = id, which is a consequence of the group axioms.

Observe also that the result holds as well in the case where A is cocommutative, by
using Theorem 2.2 (1). Indeed, the 3 formulae in the statement are all trivial, and the
condition S? = id follows once again from the group theory formula (¢7')~! = g.
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In the general case now, the proof goes as follows:

(1) We have the following computation:

(A ® id)A(uy) Z Auy) @ wj = Z Uty @ Uy @ Uy
Kl

We have as well the following computation, which gives the first formula:

(id ® A)A(us;) Z ik ® A(ug)) Z Uik ® Upg & Uy

On the other hand, we have the following computation:

(1d ® ) A(u;y) Z Uik @ €(ug;)

We have as well the following computation, which gives the second formula:

(e ®id)Aw;j) = Z e(uik) @ ugj = Uy

(2) By using the fact that the matrix u = (u;;) is unitary, we obtain:
m(id @ S)A(u;;) Z WireS (k) Z Ui Uy, = (uu®);; = 0y
k

We have as well the following computation, which gives the result:

m(S ® id)A(ui;) ZS Wik ) Ukj = Zuzluk] = (u*u);; = 0y
k

(3) Finally, the formula S? = id holds as well on the generators, and we are done. [J
Let us record as well the following technical result:

Proposition 2.4. Given a Woronowicz algebra (A, u), we have ut = @1, so u is biuni-

tary, in the sense that it is unitary, with unitary transpose.

Proof. We have the following computation, based on the fact that u is unitary:

k

*
= E Uiy = 0y
K

= (u'a); = &y
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Similarly, we have the following computation, once agan using the unitarity of w:

(W) =6 = > S(ujurg) =
k

*
— E ujkuik = 51']'
k

E=54 (ﬂut)ji = 51
Thus, we are led to the conclusion in the statement. U

Summarizing, the Woronowicz algebras appear to have nice properties. In view of
Theorem 2.2 and of Proposition 2.3, we can formulate the following definition:

Definition 2.5. 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 aAnd I' are usual abelian groups,
dual to each other. In general, we still agree to write G = I',I' = G, but in a formal sense.
With this picture in mind, let us call now corepresentation of A any unitary matrix
v € M, (A) satisfying the same conditions are those satisfied by u, namely:

Alvg) =Y vn®uyy , elvy) =65 , S(vy) =0}
k

These corepresentations can be thought of as corresponding to the representations of
the underlying compact quantum group G. Following Woronowicz [148], we have:

Theorem 2.6. Any Woronowicz algebra A = C(G) has a Haar integration functional,

(/G®id>A:(id®/G>A:/G(.)1

which can be constructed by starting with any faithful positive form ¢ € A*, and setting
1 n
= lim — ©**

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

(id@/G>v:P

where P is the orthogonal projection onto the corresponding fixed point space:

Fiz(v) = {5 e C™"\w¢ zﬁ}
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Proof. Following [148], 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, we can assume, by linearity, that a is the coefficient of a corepresentation:
a= (1T ®id)v

But in this case, an elementary computation shows that we have the following formula,
where P, is the orthogonal projection onto the 1-eigenspace of (id ® ¢)v:

Gd@l)v:Rp

(2) Since v§ = ¢ implies [(id ® ¢)v]¢ = £, we have P, > P, where P is the orthogonal
projection onto Fiz(v). The point now is that when ¢ € A* is faithful, by using a posi-
tivity trick, one can prove that we have P, = P. Thus our linear form f(p is independent

of ¢, and is given on the coefficients of corepresentations a = (7 ® id)v by:

Qd®L)U:p

(3) With the above formula in hand, the left and right invariance of | c = fcp is clear
on coefficients, and so in general, and this gives all the assertions. See [148]. U

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

Once again following [148], we have the following result:

Theorem 2.7. We have the following Peter-Weyl type results:

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

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

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

Proof. All these results are from [148], the idea being as follows:

(1) Given v € M,(A), its intertwiner 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 = vy + ... + v,., as desired.
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(2) Consider indeed the Peter-Weyl corepresentations, u®* with k colored integer, de-
fined by u® = 1, u® = u, u® = @ and multiplicativity. The coefficients of these
corepresentations span the dense algebra A4, and by using (1), this gives the result.

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

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

We refer to [148] for full details on all the above, and for some applications as well.
Let us just record here the fact that in the cocommutative case, we obtain from (4) that
the irreducible corepresentations must be all 1-dimensional, and so that we must have
A = C*(I") for some discrete group I', as mentioned in Theorem 2.2 above. At a more
technical level now, following [51], we have the following result:

Theorem 2.8. Let Ay, be the enveloping C*-algebra of A, and let A,.q be the quotient
of A by the null ideal of the Haar integration. The following are then equivalent:

(1) The Haar functional of Ay is faithful.

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

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

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

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

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

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

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

(3) <= (4) Here = is clear, coming from ¢(N — Re(x(u))) = 0, and the converse
can be proved by doing some standard functional analysis. O

Yet another important technical result is Tannakian duality, as follows:

Theorem 2.9. The following operations are inverse to each other:

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

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



NONCOMMUTATIVE GEOMETRY 31

Proof. This is something quite deep, going back to [149] in a slightly different form, and
to [106] in the simplified form presented above. The idea is as follows:

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

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

Regarding now the bijection claim, some elementary algebra shows that C' = Cjy,
implies A = A¢,, and also that C' C C}, is automatic. Thus we are left with proving
Ca, C C. But this latter inclusion can be proved indeed, by doing some algebra, and
using von Neumann’s bicommutant theorem, in finite dimensions. See [106]. U

As a concrete consequence of the above result, we have:
Theorem 2.10. We have an embedding as follows, using double indices,

2_ U4
GCSN L N Tij = J

CH+ JN

making G an algebraic submanifold of the free sphere.

Proof. The fact that we have an embedding as above follows from the fact that u = (u;;)
is biunitary, that we know from Proposition 2.4. As for the algebricity claim, this follows
from Theorem 2.9. Indeed, assuming that A = C'(G) is of the form A = A, it follows
that GG is algebraic. But this is always the case, because we can take C' = Cly. U

Let us get back now to our original objective, namely constructing pairs of quantum
unitary and reflection groups (OF, HY) and (U, K}, as to complete the pairs (Sg' ', T
and (Sg jrl, T}) that we already have. Following Wang [140], we have:

Theorem 2.11. The following constructions produce compact quantum groups,
C(OE) = (" ((uij)i7j:1,,,,,N‘u = ﬂ, ut u*1>
CUy) = ¢ ((Uzj)z‘,jzl,...,N

which appear respectively as liberations of the groups Oy and Uy.

w =yt = H_l)

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

A E € __ S __ %
k

Regarding now the matrix u® = 1y, this is clearly biunitary. Finally, regarding the
matrix v°, there is nothing to prove here either, because its unitarity its clear too. Finally,

observe that if u is real, then so are the above matrices u®, u®, u”.
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Thus, we can define morphisms A, e, S as in Definition 2.1, by using the universal
properties of C'(O}), C(Uy). As for the second assertion, this follows exactly as for the
free spheres, by adapting the sphere proof from section 1 above. Il

The basic properties of O3, Uy can be summarized as follows:

Theorem 2.12. The quantum groups Oy, Uy have the following properties:

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

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

(3) We have as well embeddings Ly C O;\r, and F\N - UJJ\;, where Ly s the free product
of N copies of Zo, and where Fy s the free group on N generators.

Proof. All these assertions are elementary, as follows:

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

(2) This follows from the Gelfand theorem. To be more precise, this shows that we
have presentation results for C(Oy),C(Uy), similar to those in Theorem 2.11, but with
the commutativity between the standard coordinates and their adjoints added:

COn) = Clm ((Uz’j)z‘,jzl,...,fv’u = U, u’ = u_1>

O(UN) = C:omm ((uij)i,jzl,...,N‘U* = u_l,ut = ﬂ_1>

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

(3) This follows from (1) and from Theorem 2.2 above, with the remark that with
u = diag(gi,- .., gn), the condition u = @ is equivalent to g? = 1, for any i. O

The last assertion in Theorem 2.12 suggests the following construction:

Proposition 2.13. Given a closed subgroup G C Uy, consider its “diagonal torus”, which
is the closed subgroup T' C G constructed as follows:

(1) = C(G) [ (uig = 0|vi # j)

This torus is then a group dual, T = /A\, where A =< g1, ...,gy > 1S the discrete group
generated by the elements g; = u;;, which are unitaries inside C(T).

Proof. Since u is unitary, its diagonal entries g; = u;; are unitaries inside C'(T"). Moreover,
from A(u;j) = Y, 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'= A, as claimed. U
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With this notion in hand, Theorem 2.12 (3) reformulates as follows:

Theorem 2.14. The diagonal tori of the basic unitary groups are the basic tori:

O} Uy T TX

On Un TN

In particular, the basic unitary groups are all distinct.

Tn

Proof. This is something clear and well-known in the classical case, and in the free case,
this is a reformulation of Theorem 2.12 (3) above, which tells us that the diagonal tori of

O}, Uy, in the sense of Proposition 2.13, are the group duals Ly, Fy. O
There is an obvious relation here with the considerations from section 1 above, that we

will analyse later on. As a second result now regarding our free quantum groups, relating
them this time to the free spheres constructed in section 1, we have:

Proposition 2.15. We have embeddings of algebraic manifolds as follows, obtained in
double indices by rescaling the coordinates, x;; = u”/\/w

o i S sy
_)
N2-1 N2-1
ON UN S]R —— S(C
Moreover, the quantum groups appear from the quantum spheres via
G=SnU

with the intersection being computed inside the free sphere Sg i_l.

Proof. As explained in Theorem 2.10 above, the biunitarity of the matrix u = (u;;) gives
an embedding of algebraic manifolds, as follows:

2_
Uy c S¢t

Now since the relations defining Oy, Oy, Uy C Uy are the same as those defining
ngfl, Sﬁi’l, L‘S'(]CVZ’1 C Sgi:l, this gives the result. O

Summarizing, in connection with our (S, T, U, K') program, we have so far triples of type
(S,T,U), along with some correspondences between S, T, U. In order to introduce now
the reflection groups K, things are more tricky, involving quantum permutation groups.
Following Wang [141], these quantum groups are introduced as follows:
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Theorem 2.16. The following construction, where “magic” means formed of projections,
which sum up to 1 on each row and column,

c(sy) =c" ((Uz‘j)z‘,y‘:l,...,N
produces a quantum group liberation of Sn. Moreover, the inclusion
Sy C S]-i\_]

is an isomorphism at N < 3, but not at N > 4, where S3; is not classical, nor finite.

U = magic)

Proof. The quantum group assertion follows by using the same arguments as those in the
proof of Theorem 2.11. Consider indeed the following matrix:

Uij = Z Uik & Uk
k
As a first observation, the entries of this matrix are self-adjoint:
Ui = Uy
In fact the entries U;; are orthogonal projections, because we have as well:

2
Uij = E Uik Ui @ Up; U5

Kl

= E Uik & Uk
k
Ui;

In order to prove now that the matrix U = (U,;) is magic, it remains to verify that the
sums on the rows and columns are 1. For the rows, this can be checked as follows:

ZUij = Zulk ® U5
J

For the columns the computation is similar, as follows:
D Uiy = 3w @
i ik
= D 10uy
k

= 1®1

Thus the U = (U;;) is magic, and so we can define a comultiplication map by using the
universality property of C'(Sf;), by setting A(u;;) = Uy;. By using a similar reasoning,
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we can define as well a counit map by (u;;) = d;;, and an antipode map by S(u;;) = ;i
Thus the Woronowicz algebra axioms from Definition 2.1 are satisfied, and this finishes
the proof of the first assertion, stating that Sy is indeed a compact quantum group.

Observe now that we have an embedding of compact quantum groups Sy C S}, ob-
tained by using the standard coordinates of Sy, viewed as an algebraic group:

U5 = X (O’ S SN’O'(]) = Z)
By using the Gelfand theorem and working out the details, as we did with the free
spheres are free unitary groups, the embedding Sy C Sy is indeed a liberation.

Finally, regarding the last assertion, the study here is as follows:

Case N = 2. The result here is trivial, the 2 x 2 magic matrices being by definition as
follows, with p being a projection:

-(2, '7)
I—p p

Indeed, this shows that the entries of a 2 x 2 magic matrix must pairwise commute,
and so the algebra C(S,) follows to be commutative, which gives the result.

Case N = 3. This is more tricky, and we present here a short proof from [105]. By
using the same abstract argument as in the N = 2 case, and by permuting rows and
columns, it is enough to check that w1, uss commute. But this follows from:

U Uy = UriUgp(Unr + Ui + Ui3)
U1 U22UT1 + Uy U2U13
= UnUgU + Un(l — U21 — U23)U13
= UpU22U31
Indeed, by applying the involution to this formula, we obtain from this:
U2U11 = U1 U22ULL
Thus we obtain w1t = uguq1, as desired.

Case N =4. In order to prove our various claims about S, consider the following
matrix, with p, ¢ being projections, on some infinite dimensional Hilbert space:

P 1—-p O 0
_|(1=-» p 0 0
U= 0 0 g 1—gq
0 0 1—g¢q q
This matrix is magic, and if we choose p,q as for the algebra < p,q > to be not

commutative, and infinite dimensional, we conclude that C'(S;) is not commutative and
infinite dimensional as well, and in particular is not isomorphic to C(Sy).



36 TEO BANICA

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

_ U 0
0 1y

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

With the above result in hand, we can now introduce the quantum reflections:

Theorem 2.17. The following constructions produce compact quantum groups,
C(Hy) = C” ((Uij)z’,jﬂ,...,N i
C(Ky) = C” ((Uz’j)z‘,jzl,...,zv‘[Uz'jyuz}] =0, (ujuy;) = magic)

which appear respectively as liberations of the reflection groups Hy and Ky .

(uf,) = magic)

Uiy = U

Proof. This can be proved in the usual way, with the first assertion coming from the fact
that if u satisfies the relations in the statement, then so do the matrices u®, v, v°, and
with the second assertion coming as in the sphere case. See [15], [20]. O

Summarizing, we are done with our construction task for the quadruplets (S, T, U, K),
in the free real and complex cases, and we can now formulate:

Proposition 2.18. We have a quadruplet as follows, called free real,

N-1 +
SR,+ — 1y

O — Hy

and a quadruplet as follows, called free complex:

St ———Tf
Uy — Ky

Proof. This is more of an empty statement, coming from the constructions above. U
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Going ahead now, we must construct correspondences between our objects (S, T, U, K),
completing the work for the pairs (S,T') started in section 1 above. This will take some
time, and we will need some preliminaries. To start with, let us record the following
result, which refines the various liberation statements formulated above:

Theorem 2.19. The quantum unitary and reflection groups are as follows,

H+/KN of; /
T

and in this diagram, any face P C QQ, R C S has the property P = Q N R.

Uy
Uy

Proof. The fact that we have inclusions as in the statement follows from the definition of
the various quantum groups involved. As for the various intersection claims, these follow
as well from definitions. For some further details on all this, we refer to [14]. O

In order to efficiently deal with the above quantum groups, we will need Tannakian
duality results, in the spirit of the Brauer theorem [54]. Following [37], we have:

Definition 2.20. Associated to any partition m € P(k, 1) between an upper row of k points
and a lower row of | points is the linear map Ty : (CN)®* — (CN)®! given by

T,r(eh@...@eik)zz(sﬂ(ji j’;)eh@...@ejl

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, = 0 otherwise. This construction is motivated by:

Proposition 2.21. The assignement m — T is categorical, in the sense that we have
Tﬂ' & To - ,-T[Tro]
T.T, = N“CTy,
T: — TW*

where c(m,a) are certain integers, coming from the erased components in the middle.
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Proof. This follows from some routine computations, as follows:
(1) The concatenation axiom follows from the following computation:

(T, @T,)(€, ®...Q€, ey, ®... R ex,)

= > D 5ﬁ(2 ;'p>6"(l11 l)eh@...@ejq@eh@...@els
q s

j1~~jq ll---ls
= 225[7“7}(]1 jp lll l>6j1®...®€jq®el1®“.®els
J1--Jg l1..ls q s

- T[ﬂ’o‘](eil Q... ®€ip ®6k1 X ... ®€k'r)
(2) The composition axiom follows from the following computation:

T,TTg(eil ® Ce ® €ip)

B 1 ... 1 Jji o--- 7
LS ) el e on

jl--~jq k:l...k:,«
_ Z Nemo) s oy ®...®
2] k k €k, e €k,
ki..ky Lo

= NI (e ®@...®e;)
(3) Finally, the involution axiom follows from the following computation:
Ti(ej, ®...®ej,)
= Z <Tre;; ®...Q¢€j,),6,Q...Q€, >e, &...0¢€,

i1...0p
= 571- /L.l Z.p €i1®...®€i
— Juo-- Jg P
11...0p
= T ®...®6;)
Summarizing, our correspondence is indeed categorical. See [37]. O

We have the following notion, from [37], [127]:

Definition 2.22. 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,0) — [wo].
(2) Stability under vertical concatenation (m,0) — [2], with matching middle symbols.
(3) Stability under the upside-down turning x, with switching of colors, o <> e.
(4) Each set P(k,k) contains the identity partition ||...||.
(5)

The sets P((),0e) and P (), e0) both contain the semicircle N.



NONCOMMUTATIVE GEOMETRY 39

We can now formulate a key result, from [37], as follows:

Theorem 2.23. Each category of partitions D = (D(k, 1)) produces a family of compact
quantum groups G = (Gy), one for each N € N, via the formula

Hom/(u®* u®") = span <T7r T E D(kz,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”.

Proof. This follows indeed from Woronowicz’s Tannakian duality, in its “soft” form from
[106], as explained in Theorem 2.9 above. Indeed, let us set:
C(k,1) = span (TW € D(k, l))

By using the axioms in Definition 2.22, and the categorical properties of the operation
m — T, from Proposition 2.21, we deduce that C' = (C(k,l)) is a Tannakian category.
Thus the Tannakian duality result applies, and gives the result. Il

We can now formulate a general Brauer theorem, as follows:

Theorem 2.24. The basic quantum unitary and quantum reflection groups, namely

Ky

_'>0+/

B :
% a

are all easy. The corresponding categories of partitions form an intersection diagram.

Hy
Hy

Proof. This is well-known, the corresponding categories being as follows, with P.,., being
the category of partitions having even blocks, and with Peyen(k, 1) C Poyen(k, 1) consisting
of the partitions satisfying #o0 = #e in each block, when flattening the partition:

NCeven NC,
S /
NCepen Ny
Peven P
S /
Peven Py
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To be more precise, the proof goes as follows:

(1) The quantum group Uy is defined via the following relations:

u=a""!

But these relations tell us precisely that the following two operators must be in the
associated Tannakian category C":
T, T= [

? oe

T, T= !

; oo
Thus the associated Tannakian category is C' = span(T,|r € D), with:
D=< [, [l >=NC,
Thus, we are led to the conclusion in the statement.
(2) The quantum group O, C Uy, is defined by imposing the following relations:
Ujj = Usj
But these relations tell us that the following operators must be in the associated Tan-

nakian category C"
T, , w=}

T. , w=1}
Thus the associated Tannakian category is C' = span(T,|r € D), with:
D =< NCQ,T,I >= NCQ

Thus, we are led to the conclusion in the statement.
(3) The group Uy C Uy is defined via the following relations:

[wij, upt] =0

[wij, U] = 0
But these relations tell us that the following operators must be in the associated Tan-

nakian category C"

T. , m=%
. , ==%
Thus the associated Tannakian category is C' = span(T;|m € D), with:

D =< NC3, X, >=P,
Thus, we are led to the conclusion in the statement.
(4) In order to deal now with Oy, we can simply use the following formula:
Oy =05 NUy
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At the categorical level, this tells us indeed that the associated Tannakian category is
given by C' = span(T,|r € D), with:

D =< NCy, Py >= P,
Thus, we are led to the conclusion in the statement.

(5) The proof for the reflection groups is similar, by adding and interpreting the reflec-
tion relations. We refer here to [20] and [15], for full details.

(6) As for the second assertion, which will be of use later on, this is something well-
known and standard too. We refer here to [15], [20], [23], and to [14], [37] as well. O

Getting back now to our axiomatization questions, we must establish correspondences
between our objects (S,T,U, K), as a continuation of the work started in section 1, for
the pairs (S, 7). Let us start by discussing the following correspondences:

U—K-—T

We know from Theorem 2.14 that the correspondences U — T appear by taking the
diagonal tori. In fact, the correspondences K — T appear by taking the diagonal tori as
well, and the correspondences U — K are something elementary too, obtained by taking
the “reflection subgroup”. The complete statement here is as follows:

Theorem 2.25. For the basic quadruplets (S,T,U, K), the correspondences

Oy

Uy Hy,

Ky Ty

Ty

On

Un Hy

Ky TN

Ty

appear in the following way:

(1) U — K appears by taking the reflection subgroup, K = U N Ky .
(2) U — T appears by taking the diagonal torus, T = U N T},.
(3) K — T appears as well by taking the diagonal torus, T = K NT},.

Proof. This follows from the results that we already have, as follows:

(1) This follows from Theorem 2.24, because the left face of the cube diagram there
appears by intersecting the right face with the quantum group Ky;.

(2) This is something that we already know, from Theorem 2.14 above.

(3) This follows exactly as in the unitary case, via the proof of Theorem 2.14. O
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As a conclusion now, with respect to the “baby theory” developed in section 1 above,
concerning the pairs (S5, 7T), we have some advances. First, we have completed the pairs
(S,T) there into quadruplets (S,7T,U, K). And second, we have established some corre-
spondences between our objects, the situation here being as follows:

S T

U K

There is still a long way to go, in order to establish a full set of correspondences, and
to reach to an axiomatization, the idea being that the correspondences S <+ U can be
established by using quantum isometries, and that the correspondences 7' — K — U can
be established by using advanced quantum group theory, and with all this heavily relying
on the easiness theory developed above. We will discuss this in sections 3-4 below.
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3. AFFINE ISOMETRIES

We have seen so far that we have quadruplets (S, T, U, K) consisting of a sphere S, a
torus 7', a unitary group U and a reflection group K, corresponding to the four main
geometries, namely real and complex, classical and free, which are as follows:

RY cy

RN (CN

We have to work out now the various correspondences between our objects (S, T, U, K).
We know from sections 1-2 that we already have 4 such correspondences, namely S — T
and U — K — T. In this section we discuss 3 more correspondences, namely S <> U and
T — K, as to reach to a total of 7 correspondences, as follows:

S T

U K

In order to connect the spheres and tori (S, T) to the quantum groups (U, K), the idea
will be that of using quantum isometry groups. Let us start with:

Proposition 3.1. Given an algebraic manifold X C S(]Cv’l, the formula
G(X) = {U e UN)U(X) — X}

defines a compact group of unitary matrices, or isometries, called affine isometry group
of X. For the spheres Sﬂgfl, Sgil we obtain in this way the groups Oy, Uy.

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

Observe that in the case of the spheres, the affine isometry group G(X) leaves invariant
the Riemannian metric, because this metric is equivalent to the one inherited from C¥,
which is preserved by our isometries U € Uy. Thus, we could have constructed as well
G(X) as being the group of metric isometries of X, with of course some extra care in
relation with the complex structure, as for the complex sphere X = S(]CV ~! to produce
G(X) = Uy instead of G(X) = Oay. However, in the noncommutative setting, all this
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becomes considerably more complicated, and we prefer to use the above construction, as
such. We will be back later to metric aspects, at the end of the present section.
We have the following quantum analogue of Proposition 3.1:

Theorem 3.2. Given an algebraic manifold X C ng, the category of the closed sub-

groups G C Uy acting affinely on X, in the sense that the formula
(I)(ZEZ) = Z(L’j & Ui
J

defines a morphism of C*-algebras
O:C(X) = CX)CO(G)
has a universal object, denoted G*(X), and called affine quantum isometry group of X.

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

(P ®id)® = (id® A)P
(id®e)® =1id

In order to prove now the result, assume that X C Sg

+

C(X) = C(S2) [ (falwr, . an) = 0)
Consider now the following variables:

Xi =Y z;@u; € C(X)®C(US)

J

1 comes as follows:

Our claim is that the quantum group in the statement G = G (X) appears as:
C(G) = CUR) [ {fal X1, Xn) = 0)

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

f(xla---axN):Z Z Ar Tip o Ty

Tyl
With X; = > ;T @ uy; as above, we have the following formula:

f(X17...,XN) = E E )\r E l‘j{...l‘j;ﬂ ®uj{,-§...uj;rigr

P, P
rooay.dl, J1---J&y
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Since the variables on the right span a certain finite dimensional space, the relations
f(X1,...,Xn) = 0 correspond to certain relations between the variables w;;. Thus, we
have indeed a subspace G C U}, with a universal map:

o:CX)—CX)®C(G)
In order to show now that G is a quantum group, consider the following elements:

A%y, A e _ 5. S _
k

Consider as well the following elements, with v € {A, ¢, S}:
X] = Z T; ® u}z
J
From the relations f(Xi,..., Xy) =0 we deduce that we have:

(XY, 0, X)) =(idey)f(X1,...,Xn) =0
Thus we can map u;; — u;yj for any v € {A, g, S}, and we are done. O

Before getting further, we should clarify the relation between Proposition 3.1, Theorem
3.2, and the “toral isometry” constructions from section 1 above. By adding as well into
the picture the reflection groups, we are led to the following statement:

Theorem 3.3. Given an algebraic manifold X C S(]C\fjrl, the category of the closed sub-

groups G C G acting affinely on X, with G being one of the following quantum groups,

Ty Ky Uy
TN KN UN
has a universal object, denoted respectively as follows,
T(X) KT (X) GT(X)
T(X) K(X) G(X)

which appears by intersecting G*(X) and G, inside Uy;.

Proof. Here the assertion regarding G*(X) is something that we know, from Theorem
3.2, and all the other assertions follow from this, by intersecting with G. O
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In connection with our axiomatization questions for the quadruplets (S,7T,U, K), we
can construct now the correspondences S — U, in the following way:

Theorem 3.4. The quantum isometry groups of the basic spheres,

N-1 N-1
S]R,+ i S(C,+

SNfl SNfl
R = OC
are respectively the basic unitary quantum groups, namely

O Uy

On

modulo identifying, as usual, the various C*-algebraic completions.

Un

Proof. We have 4 results to be proved, and we can proceed as follows:

S(]C\f jrl. Let us first construct an action Uy ~ S(]C\f jrl. We must prove here that the

variables X; = > ; j @ uy; satisty the defining relations for Sg ;1, namely:
szxf = foxl =1

By using the biunitarity of u, we have the following computation:

* _ * *
> X X[ =) wa @ uuj
%

ijk
= E T @1
J

= 1®1

Once again by using the biunitarity of u, we have as well:

* * *
A

ijk

_ *

= E :cjxj®1
J

= 1®1
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Thus we have an action Uy ~ SF7!, which gives G*(SE ') = Uy, as desired.

S@{ jrl. Let us first construct an action O} ~ S]fg jrl. We already know that the variables

X, = Zj xj ® uy; satisfy the defining relations for Sg;l, so we just have to check that

these variables are self-adjoint. But this follows from u = u, as follows:
X = Z@k ® uj; = Z:Ej ® uj; = X,
J J

Conversely, assume that we have an action G ~ S]f{y jrl, with G C Uy;. The variables
X; = Zj xj; ® uj; must be then self-adjoint, and the above computation shows that we

must have v = @. Thus our quantum group must satisfy G C O, as desired.
Sév ~!. The fact that we have an action Uy S(]CV ~!is clear. Conversely, assume that

we have an action G Sév_l, with G C Uy;. We must prove that this implies G C Uy,
and we will use a trick from [44]. We have:

(I)($Z) = ij (059 Ujs;
J

By multiplying this formula with itself we obtain:
O(zxy) = Z Tir; Q UjiUyg
jl
O(xpx;) = Z x5 @ U
jl

Since the variables z; commute, these formulae can be written as:

(I)(Z'ZiCk) = Z T ® (uﬂ-ulk + uh-ujk) + Z fE? ® UjiUjk

g<i J
q)(‘ )— . ®< Ty .)_|_ 2 QUi
Tilk) = T Uik Uyjs UjrUls x]’ UjkUj;
J<i J

Since the tensors at left are linearly independent, we must have:
UjiUig + U Uik = UgkUj; + Ujply;

By applying the antipode to this formula, then applying the involution, and then rela-
belling the indices, we succesively obtain:

Uk Ui; + WUy = Ui Uy + Uy
Ui Uk + U Uk = UpiUsj + Up U
UjiUig + WjpUyy = UgkUss + WUk
Now by comparing with the original formula, we obtain from this:

Uy Ujre = UjpUl;
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In order to finish, it remains to prove that the coordinates u;; commute as well with
their adjoints. For this purpose, we use a similar method. We have:

*\ * *
O(zzy) = E :xjxl & Ujiyy,

j
* _ * *
P (zp;) = E TpTj Q Uy Ui
j
Since the variables on the left are equal, we deduce from this that we have:
* * * *
E T @ wjiug, = E LTy & Uy yi
Jl gl
Thus we have uj;uj, = uj,uj;, and so G C Uy, as claimed.

SN=!. The fact that we have an action Oy ~ S§~' is clear. In what regards the
converse, this follows by combining the results that we already have, as follows:

GASyt = S s
— GCO?\},UN
— GCO]—"\}HUN:ON

Thus, we conclude that we have G+ (S92 ') = Oy, as desired. O

Summarizing, in relation with our plan for this section, we are done with the corre-
spondences S — U, modulo the fact, which is of importance, but not directly related to
our axiomatization, that we still have to clarify the metric aspects of the actions U ~ S
that we constructed. We will discuss this at the end of this section.

Let us discuss now the construction U — S. In the classical case the situation is very
simple, because S appears by rotating the point x = (1,0,...,0) by the isometries in U.
Equivalently, S = SN¥~1 appears from U = Uy as an homogeneous space, as follows:

SN = Uy /Un_1

In functional analytic terms, all this becomes even simpler, the correspondence U — S
being obtained, at the level of algebras of functions, as follows:

C(SN_I) C C(UN) , Xy — U

In general now, let us start with the following observation:
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Proposition 3.5. For the basic spheres, we have a diagram as follows,

C(S) 2. 08)®CU)
c(U) 2. o) e CU)

where the map on top is the affine coaction map,
(I)(.TZ) = Zl’j ® uji
J

and the map on the left is given by a(z;) = uy;.

Proof. The diagram in the statement commutes indeed on the standard coordinates, the
corresponding arrows being as follows:

X Z]- X X Uy
U4 Zj Uy j & U
Thus by linearity and multiplicativity, the whole the diagram commutes. U

We therefore have the following result:
Theorem 3.6. We have a quotient map and an inclusion as follows,
U—SyCS
with Sy being the first row space of U, given by
C(Sy) =< uy; >C C(U)
at the level of the corresponding algebras of functions.
Proof. At the algebra level, we have an inclusion and a quotient map as follows:
C(S)— C(Sy) c C(U)
Thus, we obtain the result, by transposing. Il

We will prove in what follows that the inclusion Sy C S is an isomorphism. This will
produce the correspondence U — S that we are currently looking for. In order to do so,
we will use the uniform integration over S, which can be introduced as follows:
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Definition 3.7. We endow each of the algebras C(S) with its integration functional
/ :C(S)—-CU)—C
s

obtained by composing the morphism given by x; — uy; with the Haar integral of U.

In order to efficiently integrate over the sphere S, we need to know how to efficiently
integrate over the corresponding quantum group U. Following [23], [37], we have:

Theorem 3.8. Assuming that a compact quantum group G C U} is easy, coming from a
category of partitions D C P, we have the Weingarten formula

/Gugllh e lk]k - Z 5 WkN(W U)

m,0eD(k)
for any indices i,,j, € {1,..., N} and any exponents e, € {(,*}, where § are the usual
Kronecker type symbols, and where
Win = Gy

is the inverse of the matriz Gy (m,0) = NI™l.

Proof. Let us arrange indeed all the integrals to be computed, at a fixed value of the
exponent k = (e; ...e), into a single matrix, of size N¥ x N* as follows:

B igroin = / uzljl e ’ufzfjk
G
By [148], this matrix P is the orthogonal projection onto the following space:
Fiz(u®*) = span (&r e D(k))
Consider now the following linear map:

E(LC) = Z <m7€Tr >£7r

meD(k)

Consider as well the inverse W of the restriction of EF to:

ﬂWGD%D

span (
By a standard linear algebra computation, it follows that we have:
P=WEFE

But the restriction of E is the linear map corresponding to Gy, so W is the linear
map corresponding to Wiy, and this gives the result. See [23], [37]. O

Following [4], [32], we can now integrate over the spheres S, as follows:
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Proposition 3.9. The integration over the basic spheres is given by

/xfll e’“—E g Win(m, o)
s

m o<kers
with 7,0 € D(k), where Wiy = G, is the inverse of Gy(m, o) = N7Vl

Proof. According to our conventions, the integration over S is a particular case of the
integration over U, via x; = uy;. By using the formula in Theorem 3.8, we obtain:

€1 €L _ e e
S

= Z 5 WkN(TF O')

m,oeD (k)
= Z 5 WkN 7T O')
m,oeD (k)

Thus, we are led to the formula in the statement. U
Following now [32], we have the following key result:

Theorem 3.10. The integration functional of S has the ergodicity property

(id@/U)@(x):/Sx

where ® : C(S) — C(S) @ C(U) is the universal affine coaction map.

Proof. In the real case, x; = x7, it is enough to check the equality in the statement on an
arbitrary product of coordinates, x;, ...x; . The left term is as follows:

(Zd® /) (I)(xzl . 'xlk Z Tjp e - / Wjpiq - - - Wjpi
U

Ji---Jk

Z Z 07 ()0s () Win(m,0)xj, ... Tj,

Ji-jr moeD(k
= Z 9o ( WkN (m, 0 Z 0 (J), -
moeD(k J1--Jk
Let us look now at the last sum on the rlght. The situation is as follows:
(1) In the free case we have to sum quantities of type z; ...xz;,, over all choices of

multi-indices 7 = (j1,...,Jx) which fit into our given noncrossing pairing =, and just by
using the condition ), 7 = 1, we conclude that the sum is 1.

(2) The same happens in the classical case. Indeed, our pairing 7 can now be crossing,
but we can use the commutation relations z;x; = x;x;, and the sum is again 1.
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Thus the sum on the right is 1, in all cases, and we obtain:

(id@/{})@(azil...x% = Z 6, (1) Win (m, 0)

mo€D(k

On the other hand, another application of the Welngarten formula gives:

/*Til Ly, = / U4y - - - Ulgy,
S

= Z (5 WkN(T(' O')

m,o€D(k

= Z 5 WkN’/TO')

m,o€D(k

Thus, we are done with the proof of the result, in the real case. In the complex case
the proof is similar, by adding exponents everywhere. O

We can now deduce an abstract characterization of the integration, as follows:
Theorem 3.11. There is a unique positive unital trace tr : C(S) — C satisfying
(tr @ id)®(x) = tr(z)1
where ® is the coaction map of the corresponding quantum isometry group,
O:C(S)—=C(S)CU)
and this is the canonical integration, as constructed in Definition 3.7.

Proof. First of all, it follows from the Haar integral invariance condition for U that the
canonical integration has indeed the invariance property in the statement, namely:

(tr ® id)®(x) = tr(z)1

In order to prove now the uniqueness, let tr be as in the statement. We have:

. <¢d®/U) O(r) — /U(tr®z'd)<1>(a:)
= [

= tr(z)

On the other hand, according to Theorem 3.10, we have as well:

r(id@/{J)@(x):tr(/Sx):/sx

We therefore conclude that tr equals the standard integration, as claimed. ]

Getting back now to our axiomatization questions, we have:
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Theorem 3.12. We have correspondences between the basic unitary groups

O} Uy

On

and the basic noncommutative spheres,

N—-1 N—-1
S]R,-i— S(C,+

R o
obtained via the operation U — Sy .

Proof. We use the ergodicity formula from Theorem 3.10, namely:

(s )~

We know that [, is faithful on C(U), and that we have:
(id®@e)® =id
The coaction map @ follows to be faithful as well. Thus for any x € C(S) we have:

/ ' =0 = =0
S
Thus [ is faithful on C(S). But this shows that we have:
S =5y
Thus, we are led to the conclusion in the statement. U

Summarizing, in relation with our plan for this section, we have satisfactory correspon-
dences S <+ U. It remains to discuss the correspondence T' — K. Normally this can be
obtained as well via affine isometries, because in the classical case, we have:

K = G(T)

In the free case, however, things are quite tricky, with the naive formula K = G*(T)
being wrong. In order to discuss this, and find the fix, we must compute the quantum
isometry groups of the tori that we have. We will need the following construction:
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Theorem 3.13. The following constructions produce compact quantum groups,
C(ON) — C(O;{,)/<umukl = iukluij>

with the signs corresponding to anticommutation of different entries on same rows or same
columns, and commutation otherwise, and where 1 stands for u or for u.

Proof. This is something well-known, coming from [20] and subsequent papers, where
these quantum groups were first introduced, the idea being as follows:

(1) First of all, the operations Oy — On and Uy — Uy in the statement, obtained
by replacing the commutation between the standard coordinates by some appropriate
commutation/anticommutation, should be thought of as being ¢ = —1 twistings.

(2) However, this is not exactly the ¢ = —1 twisting in the sense of Drinfeld [83] and
Jimbo [94], which produces non-semisimple objects, and so the result must be checked as
such, independently of the ¢ = —1 twisting literature related to [83], [94].

(3) But this is something elementary, which follows in the usual way, by considering
the matrices u®,u®,u”, and proving that these matrices satisfy the same relations as wu.
We will be back later to all this, in section 11 below, with full details. Il

Now back to our axiomatization questions, the quantum isometry groups of the main
tori that we have are given by a quite surprising result, as follows:

Theorem 3.14. The quantum isometry groups of the basic tori

Ty TY

TN TN
are the following quantum groups,

Hy Ky

On Un

where Oy, Uy are the standard ¢ = —1 twists of Oy, Un.
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Proof. In all cases we must find the conditions on a closed subgroup G C O5; such that
the following formula defines a coaction:

9i —>Zgj®uji
J

Since the coassociativity of such a map is automatic, we are left with checking that the
map itself exists, and this is the same as checking that the following variables satisfy the
same relations as the generators ¢g; € G:

G = Zgj @ Uy
J

(1) For I' = ZY the relations to be checked are as follows:
G:=1 , GG;=GG;
We have the following formula, for the squares:

G? = Z IkGr @ UkiUi
Kl

= 1+ Z Ik g1 ® (Upiuyi + ;)
k<l

We have as well the following formula, for the commutants:

Gi,Gil = ) gkg ® (wriug; — upgus)
K

= E kg ® (Upitly; — WkjUy; + Uty — Uy Uk;)
k<l

From the first relation we obtain ab = —ba for a # b on the same column of u, and by
using the antipode, the same happens for rows. From the second relation we obtain:

[k, wij] = (g, w] . Yk #1
Now by applying the antipode we obtain from this:

(Wi, wj] = (g, ug] ., Yk #I
By relabelling, this gives the following formula:

[uri, wiy] = [wiug] , Vi# g
Summing up, we are therefore led to the following conclusion:

(Ui, wij] = [ugj,uu] =0, Vi#jk#I

Thus we must have G C Oy, and this finishes the proof.

(2) For T' = Z~ the proof is similar, as explained in [8].
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(3) For T' = Z3" the only relations to be checked are G = 1. We have:
G? = Z Ikt & UpiUy;

kl

= 1+ Z GG @ Up;Uy;
k£l

Thus we obtain G C Hy;, as claimed.

(4) For I' = Fy the proof is similar, as explained in [8]. O

The above result is not exactly what we want, but we can “recycle” it, as follows:
Theorem 3.15. The basic noncommutative tori, namely

Ty Ty

Ty

Tn
produce the basic quantum reflection groups, namely

Hy Ky

Hy Ky
via the operation T — G(T) N K.
Proof. The operation in the statement produces the following intersections:

Hy Ky

Uv N K}

On N Hf;

But a routine computation, coming from the fact that commutation + anticommutation
means vanishing, gives the quantum groups in the statement. See [8]. U

As a conclusion to all this, we have now correspondences between the pairs (S5,7)
constructed in section 1, and the pairs (U, K) constructed in section 2, and together with
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the correspondences already established in sections 1-2, our diagram looks as follows:

S T

U K

We will be back to this in the next section, with the construction of the correspondences
which are left, and with the axiomatization of the quadruplets of type (S,T,U, K).

Following [32] and subsequent papers, let us comment now on the “metric” aspects of
our quantum isometry group constructions. To start with, we have:

Definition 3.16. Given a compact Riemannian manifold X, we denote by Q'(X) the
space of smooth 1-forms on X, with scalar product given by

<w,n >= / <w(z),n(x) >dx
X

and we construct the Hodge Laplacian A : L*(X) — L*(X) by setting
A=dd
where d : C*(X) — QY(X) is the usual differential map, and d* is its adjoint.

According to a standard differential geometry result, whose proof is elementary, the
classical isometry group G(X) of our Riemannian manifold X is then the group of diffeo-
morphisms ¢ : X — X whose induced action on C*°(X) commutes with A.

In view of this, following now Goswami [90], we can formulate:

Definition 3.17. Associated to a compact Riemannian manifold X are:
(1) DT(X): the category of compact quantum groups acting on X .
(2) GH(X) € DH(X): the universal object with a coaction commuting with A.

Here the coactions maps ® : C'(X) — C(G)®C(X) that we consider in (1) must satisfy
by definition the usual axioms for the algebraic coactions, namely:

(P ®id)® = (id® A)D
(id®@e)® =id
In addition, these are subject as well to the following smoothness assumption:
O(C*(X)) C C(G) ® C*(X)

As for the commutation condition with A in (2) above, this regards the canonical
extension of the action to the space L?*(X). For details here, see [90].
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Before getting further, we should mention that Definition 3.17 above does not really
bring new examples of compact quantum groups, and this due to a non-trivial result of

Goswami, stating that when the compact Riemannian manifold X is connected we have
GT(X) = G(X). We refer here to [90], [91], [92] and subsequent papers.

Let us discuss now the case of the noncommutative Riemannian manifolds. We will use
in what follows some very light axioms, inspired from Connes’ ones from [66]:

Definition 3.18. A baby spectral triple X = (A, H, D) consists of the following:

(1) A is a unital C*-algebra.

(2) H 1is a Hilbert space, on which A acts.

(3) D is an unbounded self-adjoint operator on H, with compact resolvents, such that
(D, ¢] has a bounded extension, for any ¢ in a dense x-subalgebra A C A.

The guiding examples come from the compact Riemannian manifolds X. Indeed, asso-
ciated to any such manifold X are several triples (A, H, D), with the dense *-subalgebra
A C A being the algebra C*(X) C C(X), as follows:

(1) H is the space of square-integrable spinors, and D is the Dirac operator.
(2) H is the space of forms on X, and D is the Hodge-Dirac operator d + d*.
(3) H = L*(X,dv), dv being the Riemannian volume, and D = d*d.
In this list the first example is the most interesting one, and by far, and this because
under a number of supplementary axioms, a reconstruction theorem for X holds, in terms

of the associated triple (A, H, D). We refer to Connes’ paper [68] for a proof of this fact,
and for the definition of the “true” spectral triples as well.

In view of Definition 3.17 (2), however, the last example in the above list will be in fact
the one that we will be interested in. Once again following Goswami [90], we have:

Definition 3.19. Associated to a baby spectral triple X = (A, H, D) are:
(1) DT(X): the category of compact quantum groups acting on (A, H).
(2) GH(X) € DH(X): the universal object with a coaction commuting with D.

In other words, G*(X) must have a unitary representation U on H which commutes
with D, satisfies Ul4 = 1 ® 14, and is such that ady maps A” into itself.

Now back to our spheres, we will construct a baby spectral triple, in the sense of
Definition 3.18, and then compute the corresponding quantum isometry group, in the
sense of Definition 3.19, with the result that this is in fact the affine isometry one.

The idea is to use the inclusion S§ * C S]fgf !, and to construct the Laplacian filtration
as the pullback of the Laplacian filtration for Sg ~1 as follows:



NONCOMMUTATIVE GEOMETRY 59

Proposition 3.20. Associated to any real sphere S]]Rx;l is the baby triple (A, H, D), where
A= C’(Sﬁ;l), and where D acting on H = L*(A,tr) is defined as follows:

(1) Consider the following linear space:

T

Hy. = span <x“xl 7°<l<;)

(2) Define Ey = H, N Hi- |, so that we have:

H=E:
k=0
(3) Finally, set Dx = \yx, for any x € Ey, where N, are distinct numbers.

Proof. We have to show that the operator [D,T;] is bounded, where T; is the left mul-
tiplication by z;. Since x; € A is self-adjoint, so is the corresponding operator T;. Now
since we have T;(Hy) C Hyy1, by self-adjointness we get:

T,(Hy) C Hiy
Thus we have inclusions as follows:
Ti(Ex) C Ex1 ® E, ® Eyq
This gives a decomposition of the following type:
T=T"+T'+T/
We have then [D, Tf] = oT? for any o € {—1,0, 1}, and this gives the result. O

Summarizing, what we constructed above is some kind of algebraic structure on our
spheres, coming from the eigenspaces of the Laplacian. This structure misses however the
fine geometric aspects, coming from the eigenvalues, at least in the above formulation.

However, with our formalism, we can now prove, following [32]:
Theorem 3.21. We have the quantum isometry group formula
G'(Sex") = Oy
with respect to the baby spectral triple structure constructed above.
Proof. Consider the universal affine coaction map on our sphere:
®:C(SR) = COF) @ C(SgLh)

This coaction map extends to a unitary representation on the GNS space H, that we
denote by U. We have then an inclusion, as follows:

O(H,) C C(0%) ® Hy
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Now observe that this formula reads U(Hy) C Hy. By unitarity we obtain as well
U(Hi) C Hi, so each space Ej, is U-invariant, and U, D must commute. We conclude
that ® is isometric with respect to D. Finally, the universality of Oy is clear. U

There are several interesting questions in relation with the above. First, we have the
question of understanding what happens for the complex spheres, and also for the tori,
real or complex. Also, we have the question of understanding what the eigenvalues of the
Laplacian are, and whether this resulting Laplacian can be used in order to formulate
basic PDE over our spheres. We refer here to [75] and related papers, for a discussion.
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4. AXIOMATIZATION

We finish here our axiomatization work. We recall that our goal is that of axiomatizing
the quadruplets (5,7, U, K) consisting of a quantum sphere, torus, unitary group and
reflection group, with a full set of correspondences between them, as follows:

S T

U K

In order to discuss all this, we first need precise definitions for all the objects involved.
So, let us start with the following general definition:

Definition 4.1. We call quantum sphere, quantum torus, quantum unitary group and
quantum reflection group the intermediate objects as follows,

Sgtcscsit

Ty CT C Ty
Oy CUCUy
Hy C K C K},

with S being an algebraic manifold, and T, U, K being compact quantum groups.

Here, as usual, all the objects are taken up to the standard equivalence relation for the
noncommutative algebraic manifolds, discussed in section 1 above.

As a first observation, the above definition, with intermediate objects ranging between
classical real and free complex, brings us into the “hybrid” zone, between real and complex.
One reason for doing so is that we would like to deal at the same time with the real and
complex cases, in order to simplify our axiomatization work.

Also, and importantly, at a more advanced level, we will see later on that we have an
isomorphism between the free real and complex projective spaces, as follows:
Py’ =Py

This isomorphism is something quite interesting, the conclusion being that in the free
setting, the usual R/C dichotomy tends to become “blurred”. Thus, it is a good idea to
forget about this dichotomy, and formulate things as above.

We will be back to projective geometry questions in section 15 below, with more expla-
nations regarding the above isomorphism, and with other results as well.

At the level of the basic examples, the situation is as follows:
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Proposition 4.2. We have “basic” quadruplets (S,T,U, K) as follows:

(1) A classical real and a classical complex quadruplet, as follows:

SN Ty [ A P

Oy — Hy Uy — Ky
(2) A free real and a free complex quadruplet, as follows:

N-1 n N—1 +
Sk + Ty S, — Ty

Of — Hy Uy — Ky

Proof. This is more or less an empty statement, with the various objects appearing in the
above diagrams being those constructed in sections 1 and 2 above. O

Regarding now the correspondences between our objects (S, 7T, U, K), we would like to
have all 12 of them axiomatized. There is still quite some work to be done here, and in
order to get started, let us begin with a summary of what we have so far:

Theorem 4.3. For the basic quadruplets, we have correspondences as follows,

S T
U K
constructed via the following formulae:

(1) S =Sp.

2)T=SNTL{=UNTL=KnNT}.

(3) U=G"(5).

(4) K=UNKy=K(T).

Proof. This is a summary of what we already have, with the fact that the 7 correspon-

dences in the statement work well for the 4 basic quadruplets, from Proposition 4.2,
coming from the various results established in sections 1-3 above:
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(1) The formula S = Sy is from section 3, with the proof being based on an ergodicity
result, ultimately coming from easiness, and the Weingarten formula.

(2) The formula T'= SNT} is from section 1, and this is something elementary, coming
from definitions.

(3) The formula T = U N T} is from section 2, and this is once again something
elementary, coming from definitions.

(4) The formula T = K N'T}, is once again from section 2, coming as before essentially
from the definitions.

(5) The formula U = GT(S) is from section 3, with the proof being something quite
standard, based on the tricks from [32].

(6) The formula K = U N Ky, is from section 2, and this is something elementary,
coming from definitions.

(7) The formula K = KT (T) is from section 3, and this is definitely something quite
tricky, involving ¢ = —1 twists. U

Our goal is that of having a full set of correspondences between our objects (S, T, U, K).
In view of the above result, a key problem is that of passing from the discrete objects
(T, K) to the continuous objects (S,U). We will solve this by doing some work at the
quantum group level, in relation with the quantum groups 7', K, U. To be more precise,
what we would like to have are correspondences as follows:

T—-K-—=U

In order to discuss this, we need some preliminaries, in relation with the intersection
and generation operations for the compact quantum groups. Let us start with:

Proposition 4.4. The closed subgroups of Uy are subject to operations as follows:

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

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

C(H) =C(Ux)/T
C(K)=C(Uy)/J
We can then construct our two universal quantum groups, as follows:
CHNK)=C0Uy)/ <I,J>
C(< H/K>)=C(Uy)/(INJ)
Thus, we obtain the result. O

In practice, the operation N can be usually computed by using:
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Proposition 4.5. Assuming H, K C G, the intersection H N K is given by
C(HNK)=C(G)/{R,P}
whenever we have formulae of type
C(H) =C(G)/R
C(K)=0C(G)/P
with R, P being sets of polynomial x-relations between the standard coordinates.

Proof. This follows from Proposition 4.4 above, or rather from its proof, and from the
following trivial fact, regarding relations and ideals:

I=<R>J=<P> = <I,J>=<R,P>
Thus, we are led to the conclusion in the statement. O

In relation with the generation operation, let us call Hopf image of a representation
C(G) — A the smallest Hopf algebra quotient C'(L) producing a factorization:

C(G) = O(L) — A

The fact that such a quotient exists indeed is routine, by dividing by a suitable ideal.
This notion can be generalized to families of representations, and we have:

Proposition 4.6. Assuming H, K C G, the quantum group < H, K > is such that
CG)—CHNK)—C(H),C(K)
is the joint Hopf image of the following quotient maps:
C(G) — C(H),C(K)

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

C(G)—=C(L)— C(H),C(K)
Thus L =< H, K >, which leads to the conclusion in the statement. See [59]. 4

In the Tannakian setting now, we have the following result:

Theorem 4.7. The intersection and generation operations N and < ,> can be constructed
via the Tannakian correspondence G — Cg, as follows:

(1) Intersection: defined via Cogng =< Cq,Cy >.
(2) Generation: defined via Ccq ps = Ce N Ch.

Proof. This follows from Proposition 4.4, or rather from its proof, by taking I,.J to be
the ideals coming from Tannakian duality, in its soft form, from section 2 above. O

In relation now with easiness, we first have the following result:
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Proposition 4.8. Assuming that H, K are easy, then so is H N K, and we have
Dynxk =< Dy, Dg >
at the level of the corresponding categories of partitions.
Proof. We have indeed the following computation:
Cunk = <Cqy,Cg >
= < span(Dpy), span(Dy) >
= span(< Dy, Dk >)
Thus, by Tannakian duality we obtain the result. U

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

Proposition 4.9. Assuming that H, K are easy, we have an inclusion
<H,K>C{H,K}
coming from an inclusion of Tannakian categories as follows,
Cy N Cxk D span(Dy N D)
where {H, K} is the easy quantum group having as category of partitions Dy N Di.
Proof. This follows from the general properties of the generation operation, and from:
Ceurs> = CpnCg
= span(Dg) N span(Dk)
D span(Dy N D)
Indeed, by Tannakian duality we obtain from this all the assertions. U

Summarizing, we have some problems here, and we must proceed as follows:

Theorem 4.10. The intersection and easy generation operations N and {,} can be con-
structed via the Tannakian correspondence G — D¢, as follows:

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

Proof. Here (1) is an result coming from Proposition 4.8, and (2) is more of an empty
statement, related to the difficulties that we met in Proposition 4.9. U

With the above notions in hand, let us go back to the various quantum groups of type
T,U, K that we are interested in. We have the following summary of the results that we
have so far, regarding these quantum groups, established in sections 2-3 above, along with
a few new things, in relation with the intersection and generation operations:
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Theorem 4.11. The basic quantum unitary and reflection groups,

| /KNJ(T/

form an intersection and easy generation diagram, and their diagonal tori

Uy
Un

T / N T /

form an intersection and generation diagram.

+
TN
N

Proof. We have two assertions here, the idea being as follows:

(1) We know from section 2 above that the quantum unitary and reflection groups are
all easy, the corresponding categories of partitions being as follows:

NCeien NC,
e /
NCepen Ny
Peven P
e /
Peven Py

Now since these categories form an intersection and generation diagram, it follows that
the quantum groups form an intersection and easy generation diagram, as claimed.
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(2) Regarding now the corresponding diagonal tori, we know from section 2 that these
are indeed the tori in the statement. As for the fact that these tori form an intersection
and generation diagram, this is something well-known, and elementary. O

It is conjectured that the above quantum group diagram should be actually a plain
generation diagram. We will be back to this later.

As a first consequence of the above result, in connection with our axiomatization ques-
tions for the quadruplets (S, 7T, U, K), we have the following result:

Proposition 4.12. The unitary quantum groups appear from their classical versions

O% Uy
: :
On Uy
via the easy liberation formula
G= {Gclassv K}

where K C G is the quantum reflection group, given by K = G N K};.
Proof. We have two formulae to be established, the idea being as follows:

(1) For the quantum group OF the classical version is Oy, and the corresponding
reflection group is Hy;, and from the fact that the front face of the quantum group
diagram in Theorem 4.11 is an easy generation diagram we obtain, as desired:

0% = {On, HY}

(2) For the quantum group Uy the classical version is Uy, and the corresponding
reflection group is K3, and from the fact that the rear face of the quantum group diagram
in Theorem 4.11 is an easy generation diagram we obtain, as desired:

Uy ={Un,K}}
Thus, we are led to the conclusion in the statement. Il

We can further reformulate the above result, in the following way:
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Proposition 4.13. The unitary quantum groups appear from their reflection subgroups
HY

Ky O Uy

Hy Ky On Un

via the following easy generation formula

U={O0n,K}
computed inside the quantum group Uy
Proof. This is a reformulation of Proposition 4.12, as follows:

(1) In the classical orthogonal case the formula to be proved is trivial, namely:
On = {On, Hy}

(2) In the free orthogonal case the formula etablished in Proposition 4.12 is precisely
the one that we need, namely:
O]J\r[ - {ON7 HJJ\;}
(3) In the classical unitary case now, the formula in the statement is as follows, coming

from the fact that the bottom face of the quantum group diagram in Theorem 4.11 is an
easy generation diagram:

Uy = {ON, KN}

(4) In the free unitary case, we have the following computation, based on the unitary
formula established in Proposition 4.12, and on the formula in (3) above:

Uy = {Un K}
- {{ON7KN}7KJJ\FJ}
= {Ow {Ky Ki}}
= {0 Ky}

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

We can now update our main result so far, as follows:
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Theorem 4.14. For the basic quadruplets, we have correspondences as follows,

S T
U K
constructed via the following formulae:
(1) S =Sy.
(2) T=SNTL{=UNT},=KNT,.
(3) U=G*(S)={0Oy,K}.
(4) K=UNK{ =K"T).
Proof. This is an update of Theorem 4.3, taking into account Proposition 4.13. O

Regarding the missing correspondences, namely 7" — S, U and S < K, the situation
here is more complicated, and we will discuss this later. We can however compose the
correspondences that we have, and formulate, as a conclusion to what we did so far:

Definition 4.15. 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 = Sowrrmy = Sv = Sk
SNT = T = UNT{ = KnT}
GT(S) = {On,K*(I)} = U = {Oy K}
KtS) = KYT) = UnkKj = K

with the usual convention that all this is up to the equivalence relation.

As a first remark, if we plug the data from any axiom line into the 3 other lines, we
obtain axiomatizations in terms of S, T, U, K alone, that we can try to simplify afterwards.
It is of course possible to axiomatize everything in terms of ST, SU,SK,TU,TK,UK as
well, and also in terms of STU, STK, SUK,TUK, and try to simplify afterwards.

In what follows we will not bother much with this, and use Definition 4.15 as it is. We
will need that 12 correspondences, as results, and whether we call such results “verifica-
tions of the axioms” or “basic properties of our geometry” is irrelevant.

Regarding now the basic examples, these are of course the classical and free, real and
complex geometries. To be more precise, we have the following result:
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Theorem 4.16. We have 4 basic easy geometries, denoted

RY cy

RY (o

which appear from quadruplets as above, as follows:

(1) Classical real: produced by (S§ *, Tn,On, Hy).

(2) Classical complex: produced by (S{ ', Tn, Un, Kn).
(3) Free real: produced by (Sg’;l,Tf\?,O;, HY).

(4) Free complex: produced by (S¢ ', Tx, Ux, KY).

Proof. This is something that we already know, which follows from Theorem 4.14, as
explained in the discussion preceding Definition 4.15. (|

It is possible to construct some further easy geometries in the above sense, and also to
work out some structure and classification results. We will be back to this.

Moving ahead now, if we want to improve all the above, we have two problems which
are still in need to be solved, namely: (1) understanding the operation K — U, without
reference to easiness, and (2) understanding the operation T — U. In short, we are
back to the problem mentioned after Theorem 4.3, namely understanding the following
operations, and this time without reference to easiness:

T—-K-—=U

This is something quite subtle, which will take us into advanced quantum group theory.
Let us start our discussion with the following definition:

Definition 4.17. Consider a closed subgroup G C Uy, and let
TCKcCG

be its diagonal torus, and its reflection subgroup. The inclusion G qss C G is called:

(1) A soft liberation, when G =< Gugss, K >.
(2) A hard liberation, when G =< Ggss, T >.
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As a first remark, given G C Uy, we have a diagram as follows, which is an intersection
diagram, in the sense that any subsquare P C @), R C S satisfies P = Q N R:

T K G

Tclass Kclass Gclass

With this picture in mind, the soft liberation condition states that the square on the
right P C @, R C S is a generation diagram, < ), R >= S. As for the hard liberation
condition, which is stronger, this states that the whole rectangle has this property.

We have the following key result, coming from [53], [58], [60]:

Theorem 4.18. The following happen:

(1) O%, Uy appear as soft liberations of Oy, Uy.

(2) O%, Uy appear as well as hard liberations of Oy, Uy.
(3) Hy, Kj; appear as soft liberations of Hy, K.

(4) Hy, Kf; do not appear as hard liberations of Hy, K.

Proof. This result, while being fundamental for us, is something quite technical. In the
lack of a simple proof for all this, here is the idea:

(1) This simply follows from (2) below. Normally there should be a simpler proof for
this, by using Tannakian duality, but this is something which is not known yet.

(2) A key result from [58], [60], whose proof is quite technical, not to be explained here,
states that we have the following generation formula, valid at any N > 3:

OX[ =< Oy, O]tffl >

With this in hand, the hard liberation formula O} =< Oy, Ty > can be proved by
recurrence on N. Indeed, at N = 1 there is nothing to prove, at N = 2 this is something
well-known, and elementary, as explained for instance in [58], [60], and in general, the
recurrence step N — 1 — N can be established as follows:

O} = <ON,0f_, >
<On,On_1, TN | >
<Oy, Ty | >
<On,Tn,TH_ | >

= <Oy, Ty >
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Regarding now the hard liberation formula U}, =< Uy, T} >, this basically follows
from OF, =< Oy, Ty >, via the following standard isomorphism:

PO = PU},
Indeed, as explained for instance in [58], [60], this latter isomorphism shows that we
have an isomorphism as follows:
Uy =< Uy,0% >
By using this isomorphism, we obtain:
Uy = <Uy,0f >
= < Uy,On, Ty >
= < Uy, Ty >
= < Uy, T} >
(3) This is something trivial, because Hy;, K3 equal their reflection subgroups.

(4) This result, which is something quite surprising, is well-known, coming from the
fact that the quantum group H ][\?o I c H7; constructed in [120], and its unitary counterpart
K ][f;o N K3, have the same diagonal subgroups as Hy, K3;. Thus, the hard liberation
procedure stops at H ][\?O I K ][\?o I and cannot reach HY Ky O

Before going further, let us make some comments on all this. As a first comment,
in constrast to what happens in the classical case, the correspondence T" — K cannot
be constructed via the hard generation formula K =< Hy,T >, because this formula
is wrong in the free case, due to the negative result from Theorem 4.18 (4), and more

specifically to the intermediate quantum reflection groups H][\?O], K][ﬁol used there, in the
proof. Thus, our formula K = K*(T') is the only solution to the 7' — K probem.

As a second comment, the above is interesting in connection with the cube formed by
the quantum unitary and reflection groups. Let us recall from Theorem 4.11 that these
quantum groups form an intersection and easy generation diagram, as follows:

Ky

7LO/

Un
Uy

/
d

HY
Hy
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It is conjectured that this diagram should be a generation diagram too, and the above
results prove this conjecture for 5 of the faces. For the remaining face, namely the one on
the left, the corresponding formula K}, =< Ky, Hy; > is not proved yet.

As yet another comment, the material in Theorem 4.18 is definitely waiting for more
study. Indeed, we have the following Tannakian formulae:

Chrg =< Cu,Ck >
Cengs=CuypNCk

Thus, from a Tannakian viewpoint, all the above results ultimately correspond to doing
some combinatorics. To be more precise, the soft and hard generation properties in
Definition 4.17 amount respectively in proving the following formulae:

Cqo =< Og,CUN > NCgk
CG =< Cg,CUN > NCr

In the easy case now, where Cg = span(D), which is the case for the various quantum
groups from Theorem 4.18, these two equalities reformulate as follows:

span(D) = span(D, ) N Ck
span(D) = span(D,¥) N Cr
Thus, we are led into some combinatorics, which remains to be understood, in a direct

way, without reference to algebra and recurrence methods.

Getting back now to our axiomatization questions, the soft and hard liberation can be
thought of as being refinements of the easy liberation, and Theorem 4.18 can be regarded
as being a refinement of Proposition 4.12. With this idea in mind, we have the following
refinement of Proposition 4.13, dealing this time with hard liberation:

Proposition 4.19. The unitary quantum groups appear from their diagonal subgroups

Ty O

Ty Uy

Ty

Tn On

Un
via the following hard generation formula
U=<0Opy,T>

computed inside the quantum group Uy.
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Proof. This comes from the results in Theorem 4.18, as follows:
(1) In the classical real case the condition is Oy =< Op, Ty >, which is trivial.

(2) In the free real case the condition is OF; =< Oy, Ty >, which is exactly the hard
liberation property of Oy C OF, as explained in Theorem 4.18.

(3) In the classical complex case the condition is Uy =< Oy, Ty >. But this is
something well-known, coming for instance from the fact that the inclusion of compact
Lie groups TOy C Uy is maximal. For more details here, we refer to [21].

(4) In the free complex case the condition is Uy, =< Oy, T} >. But this comes from
the hard liberation formula Uy, =< Uy, Ty > from Theorem 4.18, as follows:

Uy = <Uy, Tk >
= <Oy, Ty, Tk >
= < Op,TL >
Thus, we are led to the conclusions in the statement. U

Generally speaking, the same comments as those after Theorem 4.18 apply. In Tan-
nakian formulation, the equalities to be proved are as follows:

Cy = span(Py) N Ck
Cy = span(Py) N Cr

Thus, we are led into some combinatorics, of basically the same type as the combina-
torics needed for Theorem 4.18, which remains to be understood.

We can now update our main result from the general, non-easy case, as follows:

Theorem 4.20. For the basic quadruplets, we have correspondences as follows,

S T
U K
constructed via the following formulae:

(1) S =Sy.
2)T=SNTL{=UNTL=KnT}.

(3) U=G*(S)=<Op,T >=< Oy, K >.
(4) K=UNK}=K¥T).

Proof. This is an update of Theorem 4.3, taking into account Proposition 4.19. O
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As already mentioned before, in section 1 and afterwards, in what regards the missing
correspondences, T" — S and S <> K, the situation here is quite complicated. In short,
we have to give up now with our general principle of constructing all the correspondences
independently of each other, and compose what we have. We are led to:

Definition 4.21. A quadruplet (S,T,U, K) is said to produce a noncommutative geometry
when one can pass from each object to all the other objects, as follows,

S = Scopnr> = N = Sconk>
SNTy = T = UNTy = KnTf
GY(S) = <On,T> = U = <Opn K>
K*(S) = KHYT) = UnKf = K

with the usual convention that all this is up to the equivalence relation.

The same comments as those made after Definition 4.15 apply. To be more precise, if
we plug the data from any axiom line into the 3 other lines, we obtain axiomatizations
in terms of S,T,U, K alone, that we can try to simplify afterwards. It is of course
possible to axiomatize everything in terms of ST, SU, SK,TU, TK,UK as well, and also
in terms of STU, STK,SUK,TUK, and try to simplify afterwards. In what follows we
will not bother much with this, and use Definition 4.21 as it is. We will need that 12
correspondences, as results, and whether we call such results “verifications of the axioms”
or “basic properties of our geometry” is irrelevant.

Observe also that the above definition is independent from Definition 4.15, in the sense
that an easy geometry in the sense of Definition 4.15 does not automatically satisfy the
above axioms, or vice versa. However, we do not know counterexamples here.

As another technical comment, the previous work in [19] was based on (S, T, U) triples,
but as explained there, this formalism, missing a lot of restrictions coming from K,
is a bit too broad. As for the subsequent work in [13], this was based on sextuplets
(S,S8,T,U,U, K), with the bars standing for twists, which is perhaps something quite
natural, but which leads to too many correspondences between objects, namely 30.

Regarding now the basic examples, these are of course the classical and free, real and
complex geometries. To be more precise, we have the following result:
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Theorem 4.22. We have 4 basic easy geometries, denoted

R)

cy

RY (o

which appear from quadruplets as above, as follows:

(1) Classical real: produced by (Sg *,Tn,On, Hy).

(2) Classical complex: produced by (S¥ Ty, Uy, Ky).
(3) Free real: produced by (S§ ', Ty, 0%, Hy).

(4) Free complex: produced by (S(é\fjrl, TS, Us, K.

Proof. This is something that we already know, which follows from Theorem 4.20, as
explained in the discussion preceding Definition 4.21. O

We will be back to more examples in sections 9-12 below, and with some classification
results as well, the idea being that of looking for intermediate geometries on the horizontal,
and on the vertical of the above diagram, and then combining these constructions.

The conclusion there will be that the 4-diagram of geometries from Theorem 4.22 can
be extended into a 9-diagram of geometries, as follows:

RY TRY cy
RY TRY cy
RV TRV cy

Getting back to abstract things, and to the axioms from Definition 4.21 above, let us
recall that the correspondences there were partly obtained by composing.

Here is an equivalent formulation of our axioms, which is more convenient, and that we
will use in what follows, cutting some trivial redundancies:
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Theorem 4.23. A quadruplet (S,T,U, K) produces a noncommutative geometry when

S = Su
SNTL = T = KNT§
Gt(S) = <On,T> = U
KHT) = UNK{ = K

with the usual convention that all this is up to the equivalence relation.

Proof. This follows indeed by examining the axioms in Definition 4.21 above, by cutting
some trivial redundancies, and then by rescaling the whole table. U

We will use many times the above result, in what follows, so let us comment now, a
bit informally, on the 7 axioms that we have, arranged in increasing order of complexity,
based on the 4 computations that we have already:

1
2
3

(
(
(
(4

)
)
)
)

(7)

T = SN T} is usually something quite trivial, and easy to check.
T = K N'T} is once again something quite trivial, and easy to check.
K = U nN K} is of the same nature, usually some trivial algebra.

U = G7(S) is something more subtle, of algebraic geometric nature, and which
usually requires some tricks, in the spirit of [44]. These tricks can actually get very
complicated, and for many examples of quantum spheres S, the corresponding
quantum isometry groups G*(.S) are not known yet.

K = K™(T) is something in the same spirit, but more complicated, with even
the simplest possible non-trivial cases, namely the free real and complex ones,
requiring subtle ingredients, such as a good knowledge of the ¢ = —1 twisting.

S = Sy is something fairly heavy, requiring a good knowledge of the advanced
representation theory and probability theory of compact quantum groups. Note
that this is our only way here of getting to the sphere S.

U =< Op,T > is something heavy too, requiring an excellent knowledge of the
advanced representation theory of compact quantum groups. In fact, this is the
key axiom, beating in complexity all the previous axioms, taken altogether.

Regarding now further work on these axioms, with new examples of geometries, and will
classification results, we will discuss this later, in sections 9-12 below. We will see there,
among others, that under strong supplementary axioms, called “purity” and “uniformity”,
the 4 main geometries, from Theorem 4.22 above, are the only ones.
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In view of this, the question of developing the real and complex free geometries, which
are the “main” non-classical geometries, appears. We will discuss this in sections 5-8
below, with the construction of various “free homogeneous spaces”, and we will come
back to this later as well, in sections 13-16 below, with more advanced results.



NONCOMMUTATIVE GEOMETRY 79

5. Free integration

We have seen so far that the two basic geometries, namely those of RV, CV, have free
analogues, namely those of RN CY. The question of “developing” these new geometries
appears. To be more precise, each of our free geometries consists so far of 4 objects,
namely a sphere S, a torus T, a unitary group U, and a reflection group K. We must on
one hand study S, T, U, K, from a geometric perspective, and on the other hand construct
other “free manifolds”, like suitable homogeneous spaces, and study them as well.

Following the operator algebra tradition, coming from von Neumann, and then Connes,
Jones, Voiculescu, we will primarily regard our various manifolds X as “quantum mea-
sured spaces”, corresponding to von Neumann algebras L>°(X). From this perspective,
the main question to be investigated is the computation of the Haar functional:

tr: LX) —C

We will investigate this question in this section, for S,7T, U, K. Later on, in sections
6-8 below, we will introduce other manifolds, such as quotient spaces X = G/H coming
from quantum groups H C G C U, and compute their integration functional as well.

In practice now, our first task will be that of explaining how to integrate over S, T, U, K.
In order to integrate over U, K, we can use the Weingarten formula [63], [143], whose
quantum group formulation, from [23], [37], is as follows:

Theorem 5.1. Assuming that a compact quantum group G C U} is easy, coming from a
category of partitions D C P, we have the Weingarten formula

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

for any indices i,,j, € {1,..., N} and exponents e, € {{),*}, where § are Kronecker type
symbols, and where the Weingarten matriz

Win = Gy
is the inverse of the Gram matriz Gy (m,0) = NI™v°l.

Proof. This is a formula that we know from section 3, the idea being that the matrix
formed by the integrals in the statement is the projection on the following space:

Fiz(u®*) = span (@r TE D(k))

By doing the linear algebra, this gives the result, as explained in section 3. U

Regarding now the integration over the torus 7', this is something very simple, because
we can use here the following fact, coming again from [148]:
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Theorem 5.2. Given a finitely generated discrete group I' =< g1, ..., gn >, the integrals
over the corresponding torus T =T are given by

el € — § .
N — 1 €k
/Tg” i = Ogif gt

for any indices i, € {1,..., N} and any exponents e, € {0, *}, with the Kronecker symbol
on the right being a usual one, computed inside the group I'.

Proof. This is something standard, coming from the fact that the Haar integration over
the torus T' =TI is given by the following formula:

/92691
T

Indeed, this formula defines a functional on the algebra C(T") = C*(I"), which is left
and right invariant. For details on all this, we refer to [148]. O

Finally, regarding the associated spheres .S, here the integrals appear as particular cases
of the integrals over the corresponding unitary groups U, as explained in section 3 above,
and in the easy case, we have a Weingarten formula, as follows:

Theorem 5.3. The integration over a noncommutative sphere S, coming from a category
of pairings D, is given by the Weingarten formula

/Sa:flle: :Z Z Win(m,0)

7w o<keri
with 7,0 € D(k), where Wiy = G, is the inverse of Gy(m, o) = NI™vol.

Proof. This follows from the definition of the integration functional over S, as being the
composition of the morphism C(S) — C(U) with the Haar integration over U:

/ . O(S) = C(U) = C

Indeed, with this description of the integration functional in mind, we can compute this
functional via the Weingarten formula for U, from Theorem 5.1, as follows:

e1 €L __ €1 €L
/ xil e a:ik = / ulil .. .ulik
S U

= Z Z Win(m, o)

m o<keri

Thus, we are led to the formula in the statement. U
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Let us discuss now the explicit computation of the various integrals over our manifolds,
with respect to the uniform measure. In order to formulate our results in a conceptual
form, we use the modern measure theory language, namely probability theory. In the
noncommutative setting, the starting definition is as follows:

Definition 5.4. Let A be a C*-algebra, given with a trace tr.

(1) The elements a € A are called random variables.
(2) The moments of such a variable are the numbers My(a) = tr(a®).
(3) The law of such a variable is the functional p : P — tr(P(a)).

Here k = oeeo... is as usual a colored integer, and the powers a* are defined by the
usual formulae, namely a? = 1, a° = a,a® = o* and multiplicativity. As for the polynomial
P, this is by definition a noncommuting *-polynomial in one variable:

PeC< X, X*>

Observe that the law is uniquely determined by the moments, because:
P(X) =) MX" = u(P) = A\eMy(a)
k k

In the self-adjoint case, the law is a usual probability measure, supported by the spec-
trum of a. This follows indeed from the Gelfand theorem, and the Riesz theorem.

There are many things that can be said, at this general level, so as a more concrete
objective, let us try to understand how the main result in classical probability, namely
the Central Limit Theorem (CLT), can be extended in the noncommutative setting.

Let us start with the usual formulation of the CLT, which is as follows:

Theorem 5.5 (CLT). Given real random variables 1, xs, x3, . .., which are i.i.d., cen-
tered, and with variance t > 0, we have, with n — 0o, in moments,

1 n
%ZI%N%

where g; 1s the Gaussian law of parameter t, having as density:
1

e = \ 27t

Proof. This is something standard, the proof being in three steps, as follows:

2
e~ /QtdZC

(1) Linearization of the convolution. It well-known that the log of the Fourier transform
F,(€) = E(e%*) does the job, in the sense that if z,y are independent, then:

Fopy = FLF,
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(2) Study of the limit. We have the following formula for a general Fourier transform
F,(€) = E(e%%), in terms of moments:

(o, ¢] -k
F(6) =" % ¢k
k=0 '

It follows that the Fourier transform of the variable in the statement is:

o - (5]

'S PN
~ 2

(3) Gaussian laws. The Fourier transform of the Gaussian law is given by:

1 2 -
F,(x) = eV 2ty g
g( ) /_27rt/]R Yy
_ / o~ /VE— i —ta?2
V21t Jr
1 _ 2—t 2/2
= e % T2\ /otd s
V27t /R

1 —t 2/2/ _ .2
= —e * e 7 dz
VT R
1
= eV

e—tx2/2

Thus the variables on the left and on the right in the statement have the same Fourier
transform, and we obtain the result. U

Following Voiculescu [132], [133], in order to extend the CLT to the free setting, our
starting point will be the following definition:

Definition 5.6. Given a pair (A,tr), two subalgebras B,C C A are called free when the
following condition is satisfied, for any x; € B and y; € C':

tr(xz;) =tr(y;)) =0 = tr(xiy1xayz...) =0

Also, two noncommutative random variables b,c € A are called free when the C*-algebras
B =<b>, C =< c > that they generate inside A are free, in this sense.

As a first observation, there is a similarity here with the classical notion of indepen-
dence. Indeed, modulo some standard identifications, two subalgebras B, C' C L*(X) are
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independent when the following condition is satisfied, for any x € B and y € C:
tr(z) =tr(y) =0 = tr(zy) =0

Thus, freeness appears as a kind of “free analogue” of independence. As a basic result
now regarding the notion of freeness, which provides us with a useful class of examples,
which can be used for various modelling purposes, we have:

Theorem 5.7. We have the following results, valid for group algebras:
(1) C*(I"),C*(A) are independent inside C*(I" x A).
(2) C*(T"),C*(A) are free inside C*(T" x A).
Proof. In order to prove these results, we can use the fact that each group algebra is

spanned by the corresponding group elements. Thus, it is enough to check the indepen-
dence and freeness formulae on group elements, which is something clear. U

There are many things that can be said about the analogy between independence and
freeness. We have in particular the following result, due to Voiculescu [133]:

Theorem 5.8. Given a real probability measure i, consider its Cauchy transform
dp(t)
G = [ —=
(0= [
and define its R-transform as being the solution of the following equation:

1
Gu (Ru(g) + g) = f
The operation 1 — R,, linearizes then the free convolution operation.

Proof. In order to prove this, we need a good model for the free convolution. The best
here is to use the semigroup algebra of the free semigroup on two generators:

A=C"(NxN)

Indeed, we have some freeness in the semigroup setting, a bit in the same way as for
the group algebras C*(I" x A), from Theorem 5.7 (2), and in addition to this fact, and to
what happens in the group algebra case, the following two key things happen:

(1) The variables of type S*+ f(S), with S € C*(N) being the shift, and with f € C[X]
being a polynomial, model in moments all the distributions p : C[X] — C. This is indeed
something elementary, which can be checked via a direct algebraic computation.

(2) Given f, g € C[X], the variables S* + f(S5) and T* + ¢(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 + ¢)(S). This follows indeed by using a 45° argument.

With these results in hand, we can see that the operation y — 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. O
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We can now state and prove a free analogue of the CLT, from [132], as follows:

Theorem 5.9 (FCLT). Given self-adjoint variables 1, xs, 3, . .., which are f.i.d., cen-
tered, with variance t > 0, we have, with n — 0o, in moments,

1 n
= Z Li ™~V
VS
where v, is the Wigner semicircle law of parameter t, having density:
1
Y = ﬂ V 4t2 — x2dx
0

Proof. At t = 1, the R-transform of the variable in the statement can be computed by
using the linearization property with respect to the free convolution, and is given by:

R(€) = nR, (%) ~

On the other hand, some elementary computations show that the Cauchy transform of
the Wigner law v satisfies the following equation:

1
G’Yl (£+E) :g

Thus we have R, (§) = £, which by the way follows as well from:
S*+ S5~ T
But this gives the result. The passage to the general case, ¢ > 0, is routine. U

Let us discuss now the complex versions of the main limiting theorems. In the classical
case, we recall that the complex Gaussian law of parameter ¢ > 0 is defined as follows,
with a, b being independent, each following the law g¢;:

G, = law <%(a + ib))

With this convention, we have the following result:

Theorem 5.10 (CCLT). Given complex classical random variables xq,xs, 23, ..., which
are i.i.d., centered, and with variance t > 0, we have, with n — 0o, in moments,

1 n
L3 nna
Vi i=1
where Gy 1s the complexr Gaussian law of parameter t.

Proof. This follows indeed from the real CLT, without new computations needed, just by
taking real and imaginary parts. U
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In the free case, the Voiculescu circular law of parameter ¢ > 0 is defined as follows,
with «, 8 being independent, each following the law ~,:

Iy = law (%(a + zB))

With this convention, we have the following result:

Theorem 5.11 (FCCLT). Given noncommutative random variables x1, s, T3, . .., which
are f.i.d., centered, and with variance t > 0, we have, with n — 00, in moments,

1 n
LS
v i=1
where Ty is the Voiculescu circular law of parameter t.

Proof. This follows indeed from the free real CLT, without new computations needed,
just by taking real and imaginary parts. O

With these ingredients in hand, let us go back now to our quantum groups. We can
compute the character laws for the unitary groups, as follows:

Theorem 5.12. With N — oo, the main characters

N
X = Z Wij
i=1

for the basic unitary quantum groups are as follows:

(1) On: real Gaussian, following g .

(2) O%: semicircular, following ;.

(3) Un: complex Gaussian, following G\ .
(4) Uy: circular, following Ty.

Proof. Following [1], [23], we use the moment method. For an arbitrary closed subgroup
Gy C Uy, we have, according to the general Peter-Weyl type results from [148]:

/G = dim(Fin ()

In the easy case now, where G = (G) comes from a certain category of partitions D,
the fixed point space on the right is spanned by the vectors T, with = € D(k). Now since
by [104] these vectors are linearly independent with N — oo, we have:

lim [ x*=|D(k)|

N—oo GN

Thus, we are led into some combinatorics, and the continuation is as follows:
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(1) For Ox we have D = P», so we obtain as even asymptotic moments the numbers
|Py(2k)| = KV, which are well-known to be the moments of the Gaussian law.

(2) For O, we have D = NCy, so we obtain as even asymptotic moments the Catalan
numbers |NC5(2k)| = Cy, which are the moments of the Wigner semicircle law.

(3) For Uy we have D = P, and we can conclude as in the real case, involving Oy, by
using this time moments with respect to colored integers, as in Definition 5.4.

(4) For Uy we have D = NC,, and once again we can conclude as in the real case,
involving O}, by using moments with respect to colored integers, as in Definition 5.4. [

Summarizing, we have seen so far that for Oy, O%, Uy, Uy, the asymptotic laws of the
main characters are the laws g;, v, G1,'1 coming from the various CLT. This is certainly
nice, but there is still one conceptual problem, coming from:

Proposition 5.13. The above convergences law(x,) — g1,71,G1, 1 are as follows:

(1) They are non-stationary in the classical case.
(2) They are stationary in the free case, starting from N = 2.

Proof. This is something quite subtle, which can be proved as follows:

(1) Here we can use an amenability argument, based on the Kesten criterion. Indeed,
On, Uy being coamenable, the upper bound of the support of the law of Re(y.,,) is precisely
N, and we obtain from this that the law of y,, itself depends on N € N.

(2) Here the result follows from the fact that the linear maps 7 associated to the
noncrossing pairings are linearly independent, at any N > 2. U

Fortunately, the solution to the convergence question is quite simple. The idea will
be that of improving our gy, 1, Gy, 'y results with certain g, v, G¢, I'y results, which will
require N — oo in both the classical and free cases, in order to hold at any ¢. Following
[23], the definition that we will need is as follows:

Definition 5.14. Given a Woronowicz algebra (A, u), the variable

[tN]

Xt = Z Ui
i=1

is called truncation of the main character, with parameter t € (0, 1].

Our purpose in what follows will be that of proving that for Oy, Ok, Uy, Uy, the
asymptotic laws of the truncated characters x; with ¢t € (0,1] are the laws g;, v, Gy, T
This is something quite technical, but natural, motivated by the findings in Proposition
5.13 above, and also by a number of more advanced considerations, to become clear later
on. In order to study the truncated characters, we can use:
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Theorem 5.15. The moments of the truncated characters are given by

/ (Ui + -+ 1) = Tr(WinGis)
G

and with N — oo this quantity equals (s/N)*|D(k)|.

Proof. The first assertion follows from the following computation:

L(U11+...+Uss)k = ZZ/U““U%%

=1 ip=1
= ) Winlmo)d ..> 6:(6)d(i)
m,oeD(k) 11=1 =1
= Z Win (7, 0)Gys(o, )
m,0€D(k)
= TT(WkNGkS>

We have Gyn(m,0) = NF for 7 = o, and Gyn(m,0) < N¥! for 7 # 0. Thus with
N — oo we have Gn ~ N¥1, which gives:

/G (w4 4 u)t = TrGAGR)

Tr((N*1) ™' Gys)
= N *Tr(Gi)
= N7"SD(k)|
Thus, we have obtained the formula in the statement. See [23]. U

In order to process the above moment formula, we will need some more probability
theory. Following [124], [125], given a random variable a, we write:

log Fu(§) = Y _ kn(a)¢"

Ro(€) =D rn(a)¢"

We call the above coefficients k,(a), £, (a) the cumulants, respectively free cumulants
of our variable a. With this notion in hand, we can define then more general quantities
kr(a), kr(a), depending on arbitrary partitions 7 € P(k), which coincide with the above
ones for the 1-block partitions, and then by multiplicativity over the blocks.

With these conventions, we have the following result, from [124]:
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Theorem 5.16. We have the classical and free moment-cumulant formulae

My(a) = > ki(a)
)

weP(k
Mi(a)= Y #ala)
TeNC(k)
where ky(a), kr(a) are the generalized cumulants and free cumulants of a.

Proof. This is standard, either by using the formulae of F,, R,, or by doing some direct
combinatorics, based on the Mobius inversion formula. U

Following [23], we can now improve our results about characters, as follows:

Theorem 5.17. With N — oo, the laws of truncated characters are as follows:

(1) For Oy we obtain the Gaussian law g;.

(2) For O} we obtain the Wigner semicircle law ;.
(3) For Uy we obtain the complex Gaussian law Gy.
(4) For Uy we obtain the Voiculescu circular law Ty.

Proof. With s = [tN] and N — oo, the general moment formula in Theorem 5.15 above
gives the following estimate:

lim F = Z ¢!
N=eoJay reD(k)

By using now the formulae in Theorem 5.16, and doing a number of standard compu-
tations, this gives the results. See [23]. O

As an interesting consequence, related to [40], let us formulate as well:
Theorem 5.18. The asymptotic laws of truncated characters for the liberation operations
ON — Oj\}

UN—>UJJ\?

are in Bercovici-Pata bijection, in the sense that the classical cumulants in the classical
case equal the free cumulants in the free case.

Proof. This follows indeed from the computations in the proof of Theorem 5.17, and from
the combinatorial interpretation of the Bercovici-Pata bijection [40]. u

Let us discuss now the integration over the spheres. A basic probabilistic question
regarding the spheres concerns the computation of the associated hyperspherical laws.
We have here the following result, from [8], [32]:
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Theorem 5.19. With N — oo, the rescaled coordinates of the various spheres
VNz; € C(SY1)

are as follows, with respect to the uniform integration:

(1) S¥~*: real Gaussian.

(2) SY 1. semicircular.

(3) SE1: complex Gaussian.
(4) SX1: circular.

Proof. This follows from Theorem 5.17, but we can use as well the Weingarten formula
for the spheres, from Theorem 5.3 above. Indeed, we have the following estimate:

/N—l Tiy .. xy, do o~ N7F/2 Z do(1)
Sx o€ P (k)

With this formula in hand, we can compute the asymptotic moments of each coordinate
x;. Indeed, by setting 7; = ... = 1 = i, all Kronecker symbols are 1, and we obtain:

/SN_1 a¥ de ~ N2\ Py (k)|

But this gives the results, modulo the same combinatorics as before. See [4], [32]. O

In order to discuss now the quantum reflection groups, we will need some more theory,
namely Poisson limit theorems. In the classical case, we have the following result:

Theorem 5.20 (PLT). We have the following convergence, in moments,
t t *n
(T
n n

1 <=t

et k!
k=0

the limiting measure being
Pt =

which is the Poisson law of parameter t > 0.
Proof. We recall that the Fourier transform is given by:

Fy(x) = E(e™)
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We therefore obtain the following formula:

tk
E,(r) = e_tZEng@)

= exp(—t) exp(e™t)
= exp ((” — 1)t)
Let us denote by u,, the measure under the convolution sign:

t t
fin = (1——>5o+—51
n n

We have the following computation:

. ¢ t
Fs (z)=¢€¢"" = F, (x)= <1 — —) + —e”

=  Fun(x) = <1 + @)n

—  F(z) =exp ((”" — 1))
Thus, we obtain the Fourier transform of p,;, as desired.

In the free case, the result is as follows:

Theorem 5.21 (FPLT). We have the following convergence, in moments,

Hn
((1—£> 50+£51> — Tt
n n

the limiting measure being the Marchenko-Pastur law of parameter t > 0,

VAt — (x —1—1t)?

2rx

dx

7 = max(1 —¢,0)dy +
also called free Poisson law of parameter t > 0.

Proof. Consider the measure in the statement, appearing under the convolution sign:

t t
M:(l——)50+—(51
n n
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The Cauchy transform of this measure is elementary to compute, given by:

t\1 t 1
G =(1-=)+ . -
o= (1-0) e e
By using the linearization results for the free convolution explained above, we want to
compute the following R-transform:
R=R,.(y) =nR,(y)

The equation for this function R is as follows:

(1 — E) 1 + L ! =Y
n)y1l'+R/n n y'4+R/n-—1
By multiplying by n/y, this equation can be written as:
t+yR t
1+yR/n  14+yR/n—y
With n — oo we obtain the following formula:

t
t+yR=——
I—y

Thus R = -, = R,,, which gives the result. O
In order to get beyond this, let us introduce the following notions:

Definition 5.22. Associated to any compactly supported positive measure p on C are the

probability measures
1 *1,
p, = lim <<1 — E) do + —p)
n—00 n n

c 1\™
7, = lim ((1 — —) do + —p)
n—00 n n
where ¢ = mass(p), called compound Poisson and compound free Poisson laws.

In what follows we will be interested in the case where p is discrete, as is for instance
the case for p = td; with t > 0, which produces the Poisson and free Poisson laws. The
following result allows one to detect compound Poisson/free Poisson laws:

Theorem 5.23. For a discrete measure, written as p = Zle ci0y, with ¢; > 0 and z; € R,

we have the formulae
F,,(y) = exp (Z ci(e — 1))

i=1
- Ci%zi
R, =
) 2 —m
where F, R denote respectively the Fourier transform, and Voiculescu’s R-transform.




92 TEO BANICA

Proof. Let i, be the measure appearing in Definition 5.22, under the convolution signs:

c 1
un=<1——)5o+—p
n n

In the classical case, we have the following computation:

c 1< v
Fu.(y) = <1_ﬁ>+gzcieyl
i=1

c 1< , "
— F n — (1__) - Z‘z:L/zZ'
) ( > )

=1

—  F, (y) =exp (Z ci(e — 1))

i=1

In the free case now, we use a similar method. The Cauchy transform of ,, is:

enl 1S ¢
Gun(© = (1-2) 2+ = ’
l‘n(f) n €+n;£_zz
Consider now the R-transform of the measure p", which is given by:

Ryon(y) =Ry, (y)

The above formula of G, shows that the equation for R = R @n is as follows:
c 1 1< c
G N N S
( n/ y= '+ R/n n;y_l—i-R/n—zi Y

c 1 1 C;
— 1——)— l i —1
( n 1+yR/n+nzl+yR/n—yzi

i=1

Now multiplying by n, rearranging the terms, and letting n — oo, we get:
c+yR i C;
1+yR/n = 1+yR/n—yz

— ¢t yR.,(y) =)

i=1

&

1—yz

Ciz;

= Rﬂp(y) = Z

prit i £

This finishes the proof in the free case, and we are done.

g

We also have the following technical result, providing a useful alternative to Definition

5.22, in order to detect the classical and free compound Poisson laws:
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Theorem 5.24. For a discrete measure, written as p =y ;| ¢;0,, with ¢; > 0 and z; € R,
we have the classical/free formulae

Pp/ T, = law (Z ziai)
i=1

where the variables o are Poisson/free Poisson(c;), independent/free.

Proof. Let o be the sum of Poisson/free Poisson variables in the statement:

S

o = E Z2; 0

=1

By using some well-known Fourier transform formulae, we have:

Fo(y) = exp(ci(e¥ = 1)) = Fiq,(y) = exp(ei(e”™ — 1))

— Fuly) = exp (Z (e — 1>>

=1

Also, by using some well-known R-transform formulae, we have:

C; Cizi
R..(y) = — R..(y) =
() T ) T
> CiZi
— Ra —
(v) 2;1_9%
Thus we have indeed the same formulae as those which are needed. Ol

We refer to [40], [133], [136] for the general theory here, to [23], [27], [63] for representa-
tion theory aspects, and to [109], [135], [145] for random matrix aspects. In what follows
we will only need the main examples of classical and free compound Poisson laws, which
are the classical and free Bessel laws. These laws are constructed as follows:

Definition 5.25. The Bessel and free Bessel laws are the compound Poisson laws

bf = Dtes 9 Bf = Teg
where €, is the uniform measure on the s-th roots unity. In particular:

(1) At s =1 we obtain the usual Poisson and free Poisson laws, py, .
(2) At s =2 we obtain the “real” Bessel and free Bessel laws, denoted by, 3.
(3) At s = oo we obtain the “complex” Bessel and free Bessel laws, denoted By, B;.

There is a lot of theory regarding these laws, involving classical and quantum reflection
groups, subfactors and planar algebras, and free probability and random matrices. We
refer here to [15], where these laws were introduced. Let us just record here:
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Theorem 5.26. The moments of the various central limiting measures, namely

B, —— I}

e

ﬁt Tt

B, Gy

v

b —————a

are always given by the same formula, involving partitions, namely

=y

weD(k)

with the sets of partitions D(k) in question being respectively

Nceven -~ NC2

EUETL

and with |.| being the number of blocks.

even

E’UETL

Proof. This follows by putting together the various moment results that we have. We
refer here to [15]. O

Getting back now to our quantum reflection groups, we first have:

Theorem 5.27. With N — oo, the laws of characters are as follows:

(1) For Hy we obtain the Bessel law b,.

(2) For Hy, we obtain the free Bessel law B;.

(3) For Ky we obtain the complex Bessel law B .

(4) For K}; we obtain the complex free Bessel law B;.

Proof. This is routine indeed, by counting the partitions, a bit as in the continuous case,
in the proof of Theorem 5.12 above. For the full proof here, we refer to [15]. g

At the level of truncated characters, we have:
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Theorem 5.28. With N — oo, the laws of truncated characters are as follows:

(1) For Hy we obtain the Bessel law by.

(2) For H}, we obtain the free Bessel law B;.

(3) For Ky we obtain the complex Bessel law By.

(4) For K}, we obtain the complex free Bessel law B;.

Also, we have the Bercovici-Pata bijection for truncated characters.

Proof. Once again this is routine, by using the Weingarten formula, as in the continuous
case, in the proof of Theorem 5.17 above. For the full proof here, we refer to [15]. O

The results that we have so far, for the quantum unitary and refelection groups, are
quite interesting, from a theoretical probability perspective, because we have:

Theorem 5.29. The laws of the truncated characters for the basic quantum groups,

Ky Un

Hy

On

and the various classical and free central limiting measures, namely
B, —— Iy
B 4’7 Ve
By 4*‘ Gy
b —————— o
in the N — oo limit.

Proof. This follows indeed by putting together the various results obtained above. U
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Regarding now the tori, the situation here is more complicated, no longer involving the
Bercovici-Pata bijection. Let us recall indeed that the basic tori are as follows:

Ty Ty
Tn Ty

These tori appear by definiton as duals of the following discrete groups:
5N Fy

7/

We are interested in the computation of the laws of the associated truncated characters,
which are the following variables:

Xt =091+ g2+ ...+ ggn

By dilation we can assume ¢ = 1. For the complex tori, Ty C T}, we are led into the
computation of the Kesten measures for Fiy — Z*, and so into the Meixner /free Meixner
correspondence. As for the real tori, Ty C Ty, here we are led into the computation of
the Kesten measures for Z3;N — ZY and so into a real version of this correspondence.

Summarizing, we have some nice liberation results for S, T, U, K, with a technical prob-
lem, however, coming from the fact that those for S, U, K come from the Bercovici-Pata
bijection, while those for T' come from the Meixner/free Meixner correspondence.
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6. QUOTIENT SPACES

In this section and in the next two ones we develop the real and complex free geometry.
We will extend the family of objects (5,7, U, K) that we have, first by unifying S, U via
a homogeneous space construction, involving row algebras for C'(U), and then by further
building on this construction, first with more general explicit homogeneous spaces, of
“quantum partial isometries”, and then with even more abstract manifolds, emerging
from our study, that we will call “affine homogeneous spaces”. We will also discuss, at
the end of section 8, the axiomatization problem for the “free manifolds”.

The present section and the next two ones are relatively independent and self-contained,
based respectively on the papers [36], then [10], then [11]. However, as explained above,
the constructions that we will present will generalize each other, and often in a quite
substantial and abstract way, so typically for understanding the main examples of the
“higher” constructions, you have to go back to the “lower” constructions.

Let us begin with some generalities regarding the quotient spaces, and more general
homogeneous spaces. Regarding the quotients, we have the following construction:

Proposition 6.1. Given a quantum subgroup H C G, with associated quotient map
p:C(G) = C(H), if we define the quotient space X = G/H by setting

C(X) = {f c C(G)‘(p@z’d)Af _ 1®f}

then we have a coaction ® : C(X) — C(X) ® C(G), obtained as the restriction of the
comultiplication of C(G). In the classical case, we obtain the usual space X = G/H.

Proof. Observe that C(X) C C(G) is indeed a subalgebra, because it is defined via a
relation of type ¢(f) = ¥(f), with ¢, morphisms. Observe also that in the classical
case we obtain the algebra of continuous functions on X = G/H, because:
(pRiIAf=10f <= (pxid)Af(h,g9)=(1® f)(h,g),Yh € HVge G
—  flhg) = f(g).¥h € HVg € G
<~ f(hg) = f(kg),Yh,k € HVg € G
Regarding now the construction of ®, observe that for f € C'(X) we have:
(p@id®id)(A@id)Af = (p®id®id)(id @ A)Af
= ([d®A)(p®id)Af
= (idoA)(1® f)
1@ Af

Thus f € C'(X) implies Af € C(X) ® C(G), and this gives the existence of ®. Finally,
the other assertions are clear. O
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As an illustration, in the group dual case we have:

Proposition 6.2. Assume that G = [ is a discrete group dual.

(1) The quantum subgroups of G are H A with ' — A bemg a quotient group.
(2) For such a quantum subgroup A CT, we have F/A O, where © = ker(I' — A).

Proof. This is well-known, the idea being as follows:

(1) In one sense, this is clear. Conversely, since the algebra C(G) = C*(T") is cocom-
mutative, so are all its quotients, and this gives the result.

(2) Consider a quotient map 7 : I' — A, and denote by p : C*(I') — C*(A) its extension.
With f=3" Ay - g € C*(I') we have:
fECT/A) <= (p@idA(f)=1® f

— Z)‘g'r<g)®9:z)‘g'1®

gerl ger
= N 1(9)=X,-1,Vgel
<~ supp(f) C ker(r)
But this means I'/A = ©, with © = ker(I' — A), as claimed. O

Given two noncommutative compact spaces X, Y, we say that X is a quotient space of
Y when we have an embedding of C*-algebras o : C'(X) C C(Y). We have:

Definition 6.3. We call a quotient space G — X homogeneous when
A(C(X)) c C(X)® C(G)
where A : C(G) — C(G) @ C(G) is the comultiplication map.
In other words, an homogeneous quotient space G — X is a noncommutative space

coming from a subalgebra C(X) C C(G), which is stable under the comultiplication.

The relation with the quotient spaces from Proposition 6.1 is as follows:

Theorem 6.4. The following results hold:

(1) The quotient spaces X = G/H are homogeneous.
(2) In the classical case, any homogeneous space is of type G/H.
(3) In general, there are homogeneous spaces which are not of type G/H.

Proof. Once again these results are well-known, the proof being as follows:
(1) This is clear from Proposition 6.1 above.

(2) Consider a quotient map p : G — X. The invariance condition in the statement
tells us that we must have an action G ~ X, given by g(p(¢')) = p(gg’). Thus:

p(d) =pld") = plgg') =plgg"), Vg€ G
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Now observe that the following subset H C G is a subgroup:
H = {g € G(p(g) = p(l)}

Indeed, g,h € H implies p(gh) = p(g) = p(1), so gh € H, and the other axioms are
satisfied as well. Our claim is that we have X = G/H, via:

plg) — Hyg

Indeed, the map p(g) — Hg is well-defined and bijective, because p(g) = p(¢') is
equivalent to p(¢~t¢’) = p(1), and so to Hg = Hg', as desired.

(3 ) Given a discrete group I' and an arbitrary subgroup © C I', the quotient space
[ — Ois homogeneous. Now by using Proposition 6.2 above, we can see that if © C I" is
not normal, the quotient space T — © is not of the form G JH. O

Let us try now to understand the general properties of the homogeneous spaces G — X,
in the sense of Theorem 6.4. We recall that any compact quantum group G has a Haar
integration functional [ : C(G) — C, having the following invariance properties:

(/@z’d)A:(id@/)A:/(.)l

We have the following result, which is once again well-known:

Proposition 6.5. Assume that a quotient space G — X is homogeneous.
(1) The restriction ® : C(X) — C(X) ® C(G) of A is a coaction.
(2) We have ®(f) =f®1 = f€Cl, and (id® [)f = [ f.
(3) The restriction of [ is the unique unital form satisfying (17 @ id)® = 7(.)1.

Proof. These results are all elementary, the proof being as follows:
(1) This is clear from definitions, because A itself is a coaction.
(2) If f € C(G) is such that A(f) = f ® 1, then by applying the counit we obtain:
(e ®@id)Af = (e ®id)(f ®1)
We conclude from this that we have, as desired:
f=e(M

As for the second assertion, (id ® [)®f = [ f, this follows from the left invariance
property (id ®@ [)Af = [ f of the Haar functional of C(G), by restriction to C'(X).

(3) By using the right invariance property ([ ®id)Af = [ f of the Haar functional of
C(G), we obtain that tr = f‘C(X) is G-invariant, in the sense that:

(tr @ id)®f = tr(f)1
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Conversely, assuming that 7 : C(X) — C satisfies (7 ® id)®f = 7(f)1, we have:

(T o ) o) = [(rwideq) = [ =)

On the other hand, we can compute the same quantity as follows:

(T o f ) o(f) = 7 (m / ) O(f) = r(tr(F)1) = tr(/)

Thus we have 7(f) = tr(f) for any f € C(X), and this finishes the proof. O

Summarizing, we have a notion of noncommutative homogeneous space, which perfectly
covers the classical case. In general, however, the group dual case shows that our formalism
is more general than that of the quotient spaces G/H.

Let us discuss now an extra issue, of analytic nature. The point is that for one of the
most basic examples of actions, Of ~ S'", the associated morphism a : C(X) = C(G)
is not injective. In order to include such examples, we must relax our axioms:

Definition 6.6. An extended homogeneous space consists of a morphism of C*-algebras
a:C(X) = C(G), and a coaction map ¢ : C(X) — C(X) ® C(G), such that

C(X) - C0(X)® (@)
C(G) 2. (@) 2 C(G)
commutes, and such that
C(X) . C(X)®C(G)
e Wd® [
€(G) ————C(X)

commutes as well, where [ is the Haar integration over G. We write then G — X.

When « is injective we obtain an homogeneous space in the previous sense. The ex-
amples with « not injective, which motivate the above formalism, include the standard
action OF, ~ S§'’7', and the standard action Uy ~ SET1

Here are a few general remarks on the above axioms:
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Proposition 6.7. Assume that we have morphisms of C*-algebras o : C(X) — C(G)
and @ : C(X) = C(X) ® C(G), satisfying (o ® id)® = Aa.

(1) If « is injective on a dense x-subalgebra A C C(X), and ®(A) C A® C(G), then
® is automatically a coaction map, and is unique.

(2) The ergodicity type condition (id® [)® = [ a(.)1 is equivalent to the existence of
a linear form X : C(X) — C such that (id® [)® = A(.)1.

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

(1) Assuming that we have a dense x-subalgebra A C C(X) as in the statement,
satisying ®(A) C A ® C(G), the restriction ®|4 is given by:

CI)‘A = (Oé|A X id)_lAOqA

This restriction and is therefore coassociative, and unique. By continuity, ® itself
follows to be coassociative and unique, as desired.

(2) Assuming (id ® [)® = A\(.)1, we have (¢ ® [)® = A(.)1. On the other hand, we

have as well the following formula:

(o5 [)a- (s [) 30~ [ain

Thus we obtain A\ = f a, as claimed. U

Given an extended homogeneous space G — X, with associated map o : C'(X) — C(G),
we can consider the image of this latter map:

a:C(X)—CY)cCG)

Equivalently, at the level of the associated noncommutative spaces, we can factorize
the corresponding quotient map G — Y C X. With these conventions, we have:

Proposition 6.8. Consider an extended homogeneous space G — X.
(1) o(f)=f®l = feCl.

(2) tr = [« is the unique unital G-invariant form on C(X).
(3) The image space obtained by factorizing, G — 'Y, is homogeneous.

Proof. We have several assertions to be proved, the idea being as follows:

(1) This follows indeed from (id @ [)®(f) = [ a(f)1, which gives:

f= [atin
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(2) The fact that tr = [« is indeed G-invariant can be checked as follows:
(tr @id)df = (fa®id)df
= ([ ®id)Aaf

= [a(f)l
= tr(f)1

As for the uniqueness assertion, this follows as before.

(3) The condition (o ® id)® = Ac«, together with the fact that ¢ is injective, allows us
to factorize A into a morphism V¥, as follows:

C(X) 2 C(X) ® C(G)
a a®id
N — - C(Y) ® C(G)
i i®id
C(G) = C(G)® C(G)
Thus the image space G — Y is indeed homogeneous, and we are done. U

Finally, we have the following result:

Theorem 6.9. Let G — X be an extended homogeneous space, and construct quotients
X = X', G — G’ by performing the GNS construction with respect to [ «, [. Then «
factorizes into an inclusion o/ : C(X') — C(G'), and we have an homogeneous space.

Proof. We factorize G — Y C X as above. By performing the GNS construction with
respect to [ia, [, [, we obtain a diagram as follows:

C(X) - C(X)
C(Y) : C(Y") C
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Indeed, with ¢r = [ «, the GNS quotient maps p, ¢, are defined respectively by:
tr(f'f) = 0}
kerg = {feC)|/(f'f) =0}
keerr = {feC(@)|/(f'f) =0}

Next, we can define factorizations ', o/ as above. Observe that i’ is injective, and that
o’ is surjective. Our claim now is that o' is injective as well. Indeed:

kerp = {f € C(X)

a'p(f)=0 = qa(f)=0
— [alrn=o
= tr(f*f)=0
— p(f)=0
We conclude that we have X’ = Y”, and this gives the result. O

Summarizing, the basic homogeneous space theory from the classical case extends to
the quantum group setting, with a few twists, both of algebraic and analytic nature.

Following [22], let us discuss now some basic examples of homogeneous spaces, which
unify the spheres S with the unitary quantum groups U they come form.

We first discuss the construction in the classical case. Given a closed subgroup G C Uy
and a number k£ < N, we can consider the compact group H = G N Uy, computed inside
Un, where the embedding Uy C Uy that we use is given by:

g 0
1= (& 1)

We can form the homogeneous space X = GG/H, and we have the following result:

Proposition 6.10. Let G C Uy be a closed subgroup, and construct as above the group
H =GnNU,. Then the subalgebra

C(G/H) Cc C(G)
that we obtain is generated by the last N — k rows of coordinates on G.

Proof. Let u;; € C(G) be the standard coordinates on G, given by w;;(g) = ¢, and
consider the following subalgebra of C(G):

A= <ul-j

z‘>k:,j>0>
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Since each coordinate function u,;; with ¢ > k is constant on each coset Hg € G/H, we
have an inclusion as follows, between subalgebras of C'(G):

ACC(G/H)

In order to prove that this inclusion in a isomorphism, we use the Stone-Weierstrass
theorem. Indeed t is enough to show that the functions {u;;|i > k,j > 0} separate the
cosets {Hg|g € G}. But this is the same as saying that Hg # Hh implies that ¢;; # h;;
for some 7 > k,j > 0, or, equivalently, that g;; = h;; for any ¢ > k,j > 0 implies that we
have Hg = Hh. Now since Hg = Hh is equivalent to gh~' € H, the result follows from
the usual matrix formula of gh™!, and from the fact that g, h are unitary. g

In the quantum case now, let k¥ < N, and consider the embedding U,f C Uy given by
the same formula as before, namely:

g 0
1= (& 11)

That is, at the level of algebras, we use the quotient map C(Uy) — C(U) given by
the following formula, where v is the fundamental corepresentation of U,':

_ v 0
Y 0 In—s

With this convention, we have the foloowing definition:

Definition 6.11. Associated to any quantum subgroup G C U, and any k < N are:

(1) The compact quantum group H =G NU,".
(2) The algebra C(G/H) C C(G) constructed above.
(3) The algebra Cx(G/H) C C(G/H) generated by {u;;|i > k,j > 0}.

Regarding (3), let u, v be the fundamental corepresentations of G, H, so that the quo-
tient map 7 : C(G) — C(H) is given by u — diag(v, 1y_x). We have then:

{Zs<kvis®u5j ZS k

(@ id) Alug) = Z?T(uis) s = 1 ® >k

s

In particular we see that the equality (7 ® id)Af = 1 ® f defining C(G/H) holds on
all the coefficients f = w;; with ¢ > k, and this justifies the inclusion appearing in (3).

Let us first try to understand what happens in the group dual case. We will do our
study here in two steps, first in the “diagonal” case, and then in the general case.

We recall that given a discrete group I' =< ¢y, ..., gy >, the matrix D = diag(g;) is
biunitary, and produces a surjective morphism C'(Uy) — C*(I'). This morphism can be

viewed as corresponding to a quantum embedding T c Uy, that we call “diagonal”.
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We recall also that the normal closure of a subgroup A C TI' is the biggest subgroup
A" C T containing A as a normal subgroup. Note that A’ can be different from the
normalizer N(A). With these conventions, we have the following result:

Proposition 6.12. Assume that G = f, with I' =< ¢1,...,9n >, diagonally embedded,
and let H=GNU,.

) H=0, where © =T/ < grr1=1,...,gv =1 >.
2) Cx(G/H) = C*(N), where A =< ggi1,...,9n >.
3) C(G/H) = C*(N\), where “prime” is the normal closure.
4) Cyx(G/H)=C(G/H) if and only if A<T.

(1
(
(
(

Proof. We use the standard fact that for any group I' =< a;,b; >, the kernel of the
quotient map I' — I'/ < a; = 1 > is the normal closure of the subgroup < a; >C T

(1) Since the map C(Uy) — C(U}") is given on diagonal coordinates by u;; — vy for
1 < k and u;; — 1 for 7 > k, the result follows from definitions.

(2) Once again, this assertion follows from definitions.

(3) From the above and from (1) we get G/H = A/, where A’ = ker(I' — ©). By the
above observation, this kernel is exactly the normal closure of A.

(4) This follows from (2) and (3). O

Let us try now to understand the general group dual case. We recall that the subgroups
I c Uy appear by taking a discrete group I' =< g¢i,...,gn > and a unitary matrix
J € Uy, and constructing the morphism C(Uy) — C*(T') given by u — JD.J*, where
D = diag(g;). With this in hand, Proposition 6.12 generalizes as follows:

Theorem 6.13. Assume that G = f, with I' =< ¢1,...,g9n >, embedded via u — JDJ*,
and let H=GNU,/.

) H=0, where © =T/ < g, = 1|13i > k, Ji # 0 >, embedded wij — (JDJ*)j.
) Cx(G/H) = C*(A), where A =< g,.|3i >k, Ji #0 >.

) C(G/H) = C*(\'), where “prime” is the normal closure.

) Cx(G/H) =C(G/H) if and only if A<T.

(1
(2
(3
(4

Proof. We basically follow the proof of Proposition 6.12 above:

(1) Let A =< ¢g1,...,9n >, let J € Uy, and consider the embedding AC Uy corre-
sponding to the morphism C(U};) — C*(A) given by v — JDJ*, where D = diag(g;).

Let G = AN U,f. Since we have G C /AX the algebra C'(G) is cocommutative, so we have
G = O for a certain discrete group ©. Moreover, the inclusion © C A must come from a

group morphism ¢ : A — ©. Also, since © C U, ,:r , we have a morphism C(U;") — C*(©)
given by v — V| where V' is a certain k x k biunitary over C*(0).



106 TEO BANICA

With these observations in hand, let us look now at the intersection operation. We
must have a group morphism ¢ : A — © such that the following diagram commutes:

CUy) C(Uy)

cr(A) ¢(©)
Thus we must have (id ® ¢)(JDJ*) = diag(V, 1n_k), and with f; = ¢(g;), we get:

: L it <k
ZJirirfr:{Vj nhJ

0;; otherwise

Now since J is unitary, the second part of the above condition is equivalent to “f, =1
whenever there exists ¢ > k such that J;,. # 0”. Indeed, this condition is easily seen to be

“__

equivalent to the “= 1" conditions, and implies the “= 0" conditions. We claim that:

@:A/<gr:1‘5|i>k,Jir7éO>

Indeed, the above discussion shows that © must be a quotient of the group on the
right, say ©g. On the other hand, since in C*(©y) we have J;.g, = J;,-1 for any i > k,
we obtain that (JDJ*);; = d;; unless i,j < k, so we have JDJ* = diag(V,1y_y), for a
certain matrix V. But V must be a biunitary, so we have a morphism C(U,") — C*(0,)
mapping v — V', which completes the proof of our claim.

(2) Let Aj; = >, JirLrgr with ¢ > k,7 > 0 be the standard generators of Cyx(G/H).
Since > i AijJim = Jimgm we conclude that Cy(G/H) contains any g, such that there
exists ¢ > k with J;,. # 0, i.e. contains any g, € A. Conversely, if g. € I' — A then
Jirgr = 0 for any ¢ > k, so g, doesn’t appear in the formula of any of the generators A;;.

(3,4) The proof here is similar to the proof of Proposition 6.12 (3,4). O

Going now towards the easy case, and the examples of quotient spaces that are inter-
ested in, we will need the following key result, coming from [29], [36], [37]:

Theorem 6.14. For an easy quantum group Gx C Uy, the following are equivalent:
(1) G = (Gy) is uniform, in the sense that Gy NU,} = Gy, for any k < N.
(2) The corresponding category D = (D(k, 1)) is stable under removing blocks.

Proof. We will prove that Gy N U" = G, where G’ = (Gy) is the easy quantum group
associated to the category D’ generated by all subpartitions of the partitions in D.

We know that the correspondence between categories of partitions and easy quantum
groups comes from Woronowicz’s Tannakian duality in [148]. More precisely, the quantum
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group Gy C O} associated to a category of partitions D = (D(s)) is obtained by imposing
to the fundamental representation of O}, the fact that its s-th tensor power must fix &,
for any s € N and 7 € D(s). Thus, we have the following presentation result:

C(Gy) = C’(O;{,)/<£7r € Fix(u®®),Vs, Vr € D(s)>

Now since &, € Fiz(u®®) means u®*({, ® 1) = & ® 1, this condition is equivalent to

the following collection of equalities, one for each multi-index i € {1,..., N}*:
Z (5,,(j)ui1j1 e Uiy, = 57|-(Z)1
J1-dis

Summarizing, we have the following presentation result:

C(Gn) = C’(O;{,)/ < Z Or (F)Wiy gy - - Uigs, = 02(2)1, Vs, YV € D(s), Vi>
J1owds

Let now k& < N, assume that we have a compact quantum group K C O, with
fundamental representation denoted u, and consider the N x N matrix @ = diag(u, 1y_g).
Our claim is that for any s € N and any 7 € P(s), we have:

& € Fin(i®) < & € Fiz(u®),Va' C =

Here ' C m means that 7’ € P(s') is obtained from 7w € P(s) by removing some of its
blocks. The proof of this claim is standard. Indeed, when making the replacement v —
and trying to check the condition &, € Fiz(u®*), we have two cases:

— 0.(i) = 1. Here the > k entries of ¢ must be joined by certain blocks of 7, and we
can consider the partition 7’ € D(s") obtained by removing these blocks. The point now
is that the collection of d,(i) = 1 equalities to be checked coincides with the collection of
6.(1) = 1 equalities expressing the fact that we have &, € Fiz(u®*), for any n’ C .

—0,(i) = 0. In this case the situation is quite similar. Indeed, the collection of §,(i) = 0
equalities to be checked coincides, modulo some 0 = 0 identities, with the collection of
6.(1) = 0 equalities expressing the fact that we have &, € Fiz(u®*), for any n’ C .

Our second claim is that given a quantum group K C O}, with fundamental represen-
tation denoted v, the algebra of functions on H = K N O} is given by:

C(H) = C(0}) / <§ € Fiz(a®), V¢ € Fz’x(v®s)>

This follows indeed from Woronowicz’s results in [148], because the algebra on the right
comes from the Tannakian formulation of the intersection operation.

Now with the above two claims in hand, we can conclude that we have Gy NU, = G},

where G' = (G’y) is the easy quantum group associated to the category D’ generated
by all the subpartitions of the partitions in D. In particular we see that the condition
Gy NU =G for any k < N is equivalent to D = D', and this gives the result. O
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Let us study now the following inclusions of algebras, constructed in Definition 6.11
above, where G = (G,,) is a uniform easy quantum group:

CX(GN/Gk) C C(GN/Gk)

We recall from [37] that the basic examples are the classical groups S,0, H, B, and
their free analogues S*, 0%, H", B*. In addition, it is known that in the free case the list
of such quantum groups is precisely ST, O, H*, BT. See [37]. We have:

Proposition 6.15. The defining relations for C(G) are as follows, in terms of the stan-

dard generators u;;:

(1) G = Of;: u is orthogonal, i.e. u;; are self-adjoint, and u* = u™"'.

(2) G = S¥: u is magic, i.e. orthogonal, with u;; being projections.

(3) G = Hy: w is cubic, i.e. orthogonal, with xy =0 on rows and columns.

(4) G = Bj;: u is bistochastic, i.e. orthogonal, with sum 1 on rows and columns.
Proof. We refer to [37] for a full discussion of these relations. O

Observe that we have “magic = cubic + bistochastic”, which follows from definitions,
by using basic C*-algebra tricks. This shows that we have inclusions as follows:

Hy O

Sn

Let us go back now to the inclusions Cy (Gn/Gy) C C(Gn/G). We first work out a
few simple cases, where these inclusions are isomorphisms:

By

Proposition 6.16. For the basic easy quantum groups, the inclusion of algebras
Cyx(Gy/Gy) C C(Gn/Gy)
is an isomorphism at N =1, at k =0, at k = N, as well as in the following special cases:
(1) G=B": atk=1.
(2) G=S*:atk=1, and at k =2, N = 3.

Proof. First, the results at N = 1, at £ = 0, and at kK = N are clear from definitions.
Regarding now the special cases, the situation here is as follows:

(1) Since the coordinates of By sum up to 1 on each column, we have the formula
u; =1—3,., u, and so the inclusion Cy (By/B{) C C(BY) is an isomorphism. Thus
the inclusion Cy (By;/By") € C(By/B;) must be as well an isomorphism.

(2) By using the same argument we obtain that the inclusion Cy (S5 /S{) € C(S%/ST)
is as well an isomorphism. In the remaining case k = 2, N = 3, or more generally at any
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k € Nand N < 4, it is known from Wang [141] that we have Sy = S}, so the inclusion
in the statement is C'(Sy/Sk) C C(Sn/Sk), and we are done again. O

The axiomatization of the algebras Cy(Gn/Gy) is a quite tricky task, because these
algebras have a rectangular matrix of generators, which is a transposed isometry, but not
much is known about the remaining conditions to be satisfied by the generators.

However, we can axiomatize some bigger algebras, as follows:

Definition 6.17. Associated to k < N is the universal C*-algebra C.(Gn/Gy) generated
by the entries of a rectangular matrix

b= (pij)i>k,j>0
ubject to the following conditions:

(1) G = Of;: p is a transposed “orthogonal isometry”, in the sense that its entries p;;
are self-adjoint, and pp' = 1.

(2) G = S%: pis a transposed “magic isometry”, in the sense that p' is an orthogonal
isometry, and p;; are projections, orthogonal on columns.

(3) G = Hy: pis a transposed “cubic isometry”, in the sense that p' is an orthogonal
isometry, with xy = 0 for any x # y on the same row of p

(4) G = B;: p is a transposed “stochastic isometry”, in the sense that p' is an
orthogonal isometry, with sum 1 on rows.

Observe that, since the entries p;; of our various rectangular matrices are assumed to
be self-adjoint, we have p* = p’. Thus the condition pp’ = 1 reads (p')*p' = 1, so the
transposed matrix ¢ = p' must indeed satisfy the isometry condition ¢*q = 1.

Observe also that the cubic condition on transposed orthogonal isometry p is equivalent

to the fact that the entries x = p;; satisfy the “cubic” condition z?* = x.

Note also that we have by definition surjective maps, as follows:
Ci(Gn/Gr) = Cx(Gn/Gr)

Finally, observe that in the case G = Ot and kK = N — 1 we obtain the algebra of
functions on the free sphere. This will be actually our guiding example. We will need:
Proposition 6.18. For a transposed orthogonal isometry p, the following are equivalent:

(1) p is magic.

(2) p is cubic and stochastic.

Proof. At k = N this result is well-known. In the general case the proof is similar, by
using some basic C*-algebra tricks:
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(1) = (2). Assume indeed that p is magic. The transposed isometry condition
pp' = 1 tells us that we have Zj PijPk; = Oik. At 1 =k we get Zj p?j = 1, and since the
elements p;; are projections, this condition becomes ) by =1 Thus p is stochastic.

With this observation in hand, and since projections summing up to 1 must commute,
we conclude that the elements p;; mutually commute on rows, so p is cubic as well.

(2) = (1). Assume that p is cubic and stochastic. Since the elements p;1, ..., p;y are
self-adjoint, satisfy xy = 0, and sum up to 1, they are projections, and we are done. [J

We have the following result:

Theorem 6.19. The algebras C(Gn/Gy) and Cyx(Gn/Gy) have the following properties:

(1) They have coactions of Gy, given by o(pij) =D, Pis @ Us;-
(2) They have unique Gy -invariant states, which are tracial.
(3) Their reduced algebra versions are isomorphic.

(4) Their abelianized versions are isomorphic.

Proof. We follow the proof in [32], where the above result was proved for G = O" and
k = N — 1. The only problems, requiring some new ideas, will appear in (4) for G =
ST, H*, and we will follow here the proof in [22]. In practice now:

(1) For C (G y/Gy) this is clear, because this algebra is “embeddable”, and the coaction
of Gy is simply the restriction of the comultiplication map.
For the algebra C(Gy/Gy), consider the following elements:

N
b= Zpis ® Us;
s=1

We have to check that these elements satisfy the same relations as those in Definition
6.17, presenting the algebra C, (G, /Gy), and the proof here goes as follows:

O™ case. First, since p;j, u;; are self-adjoint, so is P;;. Also, we have:

Z PP = Zpisprt & U Ut
J

jst

= Zpisprt X 6st
st

= Zpisprs ®1
s

— 5

H case. The condition zy = 0 on rows is checked as follows (j # r):

[)z'j-Pi'r - Zpispit & Ugj Uty = szs ® UsjUsy = 0
s

st
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BT case. The sum 1 condition on rows is checked as follows:
Z]Dij = Zpis®usj = szs® 1=1
J Js s
St case. Since P! is cubic and stochastic, we just check the projection condition:
= Zpispit @ UgjUp; = Zpis ®ug; = b,
S

st

Summmarizing, P satisfies the same conditions as p, so we can define a morphism of
C*-algebras, as follows:

a: CL(Gn/Gy) = C4(Gn/Gr) ® C(Gw)

a(pij) = P

We have the following computations:

(Oé & Zd)()[(pw) == Z (67 pzs ® usg szt & Uts X usg
(ld &® A)Oé(pm) = Zplt & A uzg szt ® Uts ® Usj

Thus our map « is coassociative. The density conditions can be checked by using dense
subalgebras generated by p;; and ug, and we are done.

(2) For the existence part we can use the following composition, where the first two
maps are the canonical ones, and the map on the right is the integration over G y:

C+(GN/Gk) — CX(GN/Gk) C C(GN) — C

Also, the uniqueness part is clear for the algebra C. (G y/Gy), as a particular case of
the general properties of “embeddable” coactions, i.e. those coactions that can be realized
as coactions on subalgebras of C'(G), via the restriction of the comultiplication.

Regarding now the uniqueness for C;(Gy/Gy), let [ be the Haar state on Gy, and ¢
be the G y-invariant state constructed above. We claim that « is ergodic:

(z’d@/) o= ()1

Indeed, let us recall that the Haar state is given by the following Weingarten formula,
where Wy = G;]\lf, with GsN(ﬂ'7 0‘) = NlmVel.

/uiljl .. .uisjs = Z 5 (7'(' O')

m,0€D(s)
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Now, let us go back now to our claim. By linearity it is enough to check the above
equality on a product of basic generators p;,j, ... pi,j,- The left term is as follows:

(’id@ /> a(piyjy - - -Pigj,) = Z Disly - - - il /Uzljl c Ul

l1...0s

= Z Pivty - - - Pigls Z 5W(l)50(j)W5N(7T’ U)

li..0s m,0€D(s)
= Z 50(j)W8N<7T’ U) Z 57r(l)pi1l1 - Digls
m,0€D(s) li..ls

Let us look now at the sum on the right. We have to sum the elements of type
Diyly - - - Pils, over all multi-indices I = (4, ..., [s) which fit into our partition = € D(s). In
the case of a one-block partition this sum is simply >, p;,; ... pig, and we claim that:

Z Disl - - - Pig = 0r(1)
]

Indeed, by using the explicit description of the sets of diagrams D(s) given above, the
proof of this formula goes as follows:

O™ case. Here our one-block partition must be a semicircle, 7 = N, and the formula to
be proved, namely )", pyp; = d;;, follows from pp’ = 1.

ST case. Here our one-block partition can be any s-block, 1, € P(s), and the formula
to be proved, namely >, p;; ... pig = ..., follows from orthogonality on columns, and
from the fact that the sum is 1 on rows.

BT case. Here our one-block partition must be a semicircle or a singleton. We are
already done with the semicircle, and for the singleton the formula to be proved, namely
>, pi = 1, follows from the fact that the sum is 1 on rows.

H™ case. Here our one-block partition must have an even number of legs, s = 2r, and
due to the cubic condition the formula to be proved reduces to >, p7 = 1. But since

p¥ = p?, independently on r, the result follows from the orthogonality on rows.

In the general case now, since m noncrossing, the computations over the blocks will not
interfere, and we will obtain the same result, namely:

Zpill - Pig = 0 (i)
I
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Now by plugging this formula into the computation that we have started, we get:

(m /) g -Pig) = 5:(0)8,() Wan(m.0)

m,0€D(s)

= /uiljl "‘uisjs

= @(Pij - Pij.)
This finishes the proof of our claim. So, let us get back now to the original question.
Let 7 : C4(Gn/Gg) — C be a linear form as in the statement. We have:

(it [ato) = (v [)ats

_ / (r @ id)a(z)

- [

= 7(z)

On the other hand, according to our above claim, we have as well:

T (id@ /) alz) =7(p()l) = ¢(x)
Thus we get 7 = ¢, which finishes the proof of the uniqueness assertion.

(3) This follows from the uniqueness assertions in (2), and from some standard facts
regarding the reduced versions with respect to Haar states, from [148].

(4) We denote by G~ the classical version of G, given by G~ = O, S, H, B in the cases
G = O",S8T, HT, B*. We have surjective morphisms of algebras, as follows:

Ci(Gn/Gr) = Cx(G/Gr) = Cx(Gy /Gy ) = C(Gy/Gy)
Thus at the level of abelianized versions, we have surjective morphisms as follows:
CJr(GN/Gk)comm — CX (GN/Gk)comm — C(G]_\[/G];>

In order to prove our claim, namely that the first surjective morphism is an isomorphism,
it is enough to prove that the above composition is an isomorphism.

Let 7 = N — k, and denote by Ay, the algebra on the left. This is by definition the
algebra generated by the entries of a transposed N x r isometry, whose entries commute,
and which is respectively orthogonal, magic, cubic, bistochastic. We have a surjective
morphism Ay, = C(Gy/G}, ), and we must prove that this is an isomorphism.

ST case. Since #(Sn/Sk) = N!/k!, it is enough to prove that dim(Ay,) = N!/kL
Let p;; be the standard generators of Ay,. By using the Gelfand theorem, we can write
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pij = X(Xi;), where X;; C X are certain subets of a given set X. Now at the level of
sets the magic isometry condition on (p;;) tells us that the matrix of sets (X;;) has the
property that its entries are disjoint on columns, and form partitions of X on rows.

So, let us try to understand this property for N fixed, and r =1,2,3,...

— At r = 1 we simply have a partition X = X; U...U Xy. So, the universal model can
be any such partition, with X; # 0 for any .

— At r = 2 the universal model is best described as follows: X is the NV x N square in
R?, regarded as a union of N? unit tiles, minus the diagonal, the sets X;; are the disjoint
unions on rows, and the sets Xy, are the disjoint unions on columns.

— At r > 3, the universal solution is similar: we can take X to be the N” cube in R",
with all tiles having pairs of equal coordinates removed, and say that the sets X,; for s
fixed are the various “slices” of X in the direction of the s-th coordinate of R".

Summarizing, the above discussion tells us that dim(Ay,) equals the number of tiles
in the above set X C R". But these tiles correspond by definition to the various r-tuples
(i1,...,3,) € {1,..., N}" with all iy different, and since there are exactly N!/k! such
r-tuples, we obtain dim(Ay,) = N!/k!, and we are done.

H™ case. We can use here the same method as for S¥,.. This time the functions p;; take
values in {—1,0, 1}, and the algebra generated by their squares pfj coincides with the one

computed above for S}, having dimension N!/k!. Now by taking into account the N — k
possible signs we obtain dim(Ay,) < 2V "*N!/k! = #(Hy/Hy), and we are done.

O* case. We can use the same method, namely a straightforward application of the
Gelfand theorem. However, instead of performing a dimension count, which is no longer
possible, we have to complete here any transposed N X r isometry whose entries commute
to a N x N orthogonal matrix. But this is the same as completing a system of r orthogonal
norm 1 vectors in R¥ into an orthonormal basis of RY, which is of course possible.

BT case. Since we have a surjective map C(O}) — C(Bj;), we obtain a surjective map
C(0%/O;) — Ay, and hence surjective maps as follows:

O(ON/Ok> — AN,T — C(BN/Bk)
Now since this composition is the canonical map C(Oy/Oy) — C(By/Bg), by looking

at the column vector & = (1,...,1)", which is fixed by the stochastic matrices, we conclude
that the map on the right is an isomorphism, and we are done. U
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7. PARTIAL ISOMETRIES

In what follows we discuss the formalism in [10], which is quite broad, while remaining
not very abstract. We will study the spaces of the following type:

X = (GM X GN)/(GL X GM—L X GN—L)

These spaces cover indeed the quantum groups and the spheres. And also, they are
quite concrete and useful objects, consisting of certain classes of “partial isometries”.

We begin with a study in the classical case. Our starting point will be:

Definition 7.1. Associated to any integers L < M, N are the spaces
O@N:{T;E-+F1wmmwﬁchNchRM¢mm@2: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.

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 Ofy are the
isometries T : E — R, with £ C R" one-dimensional. But such an isometry is uniquely
determined by T-!(1) € RY, which must belong to S§ . Thus, we have O}y = Sy '.
Similarly, in the complex case we have Uly = S& ™!, and so our results here are:

Oiy=5" , Un=5""

Yet another interesting specialization is L = N = 1. Here the elements of Of, are the
isometries T : R — F', with ' C RM one-dimensional. But such an isometry is uniquely
determined by 7T'(1) € R™, whichmust belong to S§'~*. Thus, we have O}, = S3''.

Similarly, in the complex case we have U}, = Sg ~! and so our results here are:
1 _ gM-1 1 _ oM-1
Oy = Sy , Uw =S¢

In general, the most convenient is to view the elements of O%,, UL\ as rectangular
matrices, and to use matrix calculus for their study. We have indeed:

Proposition 7.2. We have identifications of compact spaces

Oz%mv ~ {U € MMxN(R)‘UUt = projection of trace L}

Ul v =~ {U € MMxN((C)‘UU* = projection of trace L}

with each partial isometry being identified with the corresponding rectangular matriz.
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Proof. We can indeed identify the partial isometries T': £ — F' with their corresponding
extensions U : RY — RM U : CN — CM, obtained by setting Uz = 0. Then, we can
identify these latter linear 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]fg_l, S(]CV_l, as row
spaces over the corresponding groups Oy, Uy. Finally, at L = N = 1 we obtain the usual
description of S]{g -1 S(]CV ~1as column spaces over the corresponding groups Oy, Uy.

Now back to the general case, observe that the isometries T': E — F, or rather their
extensions U : K¥ — KM, with K = R, C, obtained by setting Uz. = 0, can be composed
with the isometries of KM, K" according to the following scheme:

A

KN B* KN ““““““ U ------- > KM KM

10— - B Foo -~ A(F)

With the identifications in Proposition 7.2 made, the precise statement here is:
Proposition 7.3. We have an action map as follows, which is transitive,
On x On ~ Oy
(A, B)U = AUB?
as well as an action map as follows, transitive as well,
Uy x Uy ~ Ul
(A, B)U = AUB*
whose stabilizers are respectively:
Op X Op—r X On_1,
Up x Uy—r X Un_1,

Proof. We have indeed action maps as in the statement, which are transitive. Let us
compute now the stabilizer G of the following point:

-3

Since (A, B) € G satisfy AU = UB, their components must be of the following form:

=) o)
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Now since A, B are both unitaries, these matrices follow to be block-diagonal, and so:

G:{(A,B>\A= (SS 2)’32 (g 2)}

The stabilizer of U is then parametrized by triples (z,a,b) belonging respectively to:
Op X Op—r, X On_1,
Up x Uy—r x Un_1,

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

Finally, let us work out the quotient space description of OF v, UL \,. We have here:

Theorem 7.4. We have isomorphisms of homogeneous spaces as follows,
O]I\'4N = (OM X ON)/(OL X OM—L X ON—L)
UJ@N = (UM X UN)/(UL X UM—L X UN—L)

with the quotient maps being given by (A, B) — AU B*, where:

10
7= (o3
Proof. This is just a reformulation of Proposition 7.3 above, by taking into account the

fact that the fixed point used in the proof there was U = (§ §). O

Once again, the basic examples here come from the cases L =M = N and L = M = 1.
At L = M = N the quotient spaces at right are respectively:

On,Un
At L = M =1 the quotient spaces at right are respectively:
On/On-1 , Un/Un-
In fact, in the general orthogonal L = M case we obtain the following spaces:
Oy = (Om x Ox)/(On X On-nr)
= On/On-u
Also, in the general unitary L = M case we obtain the following spaces:
Upin' = (Unr x Ux)/(Unt X Uy-ar)
= Un/Un-um

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:

Oy = (Oum x Ox)/(Om x Onr—n)
= On/Ou-nN
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In the unitary case, we obtain the following spaces:
Uy = (Un xUn)/(Unt X Up—n)
= Un/Un-n
We can liberate the spaces O\, UL\, as follows:

Definition 7.5. Associated to any integers L < M, N are the algebras

O(ij}v) = ((Uij)izl,.“’MJ‘:L“"N’u = @, wu' = projection of trace L)
C’(UAL/[J?V) = (" (<uz‘j)i:17_n7M7j:17m7N‘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:

* *
E uijuij = E uijuij =L
ij ij
We have inclusions between the various spaces constructed so far, as follows:

L+ L+
OMN UMN

L
OMN

At the level of basic examples now, we first have the following result:

L
UMN

Proposition 7.6. At L = M =1 we obtain the diagram

N—1 N—-1
Sgy — 5S¢+

SNfl SNfl
R e
and at L = N =1 we obtain the diagram:

M-1
S+

M—-1 M-—1
S
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Proof. We recall that the various spheres involved are constructed as follows, with the
symbol x standing for “commutative” and “free”, respectively:

zi:z:,g z?:1>

i
g zzzl*zg zfzi:1>
i i

Now by comparing with the definition of O3, U5, this proves our first claim.
As for the proof of the second claim, this is similar, via standard identifications. O

C(S]g’;l) = C:Z (Zl,...,ZN

C(Sé\f;l) = C} <21,...,zN

We have as well the following result:

Proposition 7.7. At L = M = N we obtain the diagram

O} Uy

On

Un
consisting of the groups Oy, Uy, and their liberations.

Proof. We recall that the various quantum groups in the statement are constructed as
follows, with the symbol x standing once again for “commutative” and “free”:

C(Ozxv) = C} <(Uij)i,j:1,...,N‘U =u, wu! = vlu = 1>
CUy) = C5 <(uij)i,j:1,.,.,N‘uu* =vu*u = 1,0’ =v'u = 1)

On the other hand, according to Proposition 7.2 and to Definition 7.5 above, we have
the following presentation results:

coyx) = ¢ ((uij)i,jzl,m,N‘u = @, uu’ = projection of trace N)
cugy) = o ((uij)i,j:17.__,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(u'a)

Tr(uu') = Tr(u*u)
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We therefore obtain the following formulae:
C(O%Kr) = 5 ((uij)i,jzl,..A,N)U = u, uu', u'u = projections of trace N)
O(UJJ\\TIJ\X/) = (% ((uij)i,j:17...7N’Uu*, u*u, uu', u't = projections of trace N)

Now observe that, in tensor product notation, and by using the normalized trace, the
conditions at right are all of the form:

(tr@id)p =1
To be more precise, p is a follows, for the above conditions:
p = wu*, vy, aut, vt
We therefore obtain, for any faithful state ¢:

(tr@e)(1—p)=0
It follows from this that the projections p = uu*, u*u, tu!, u'u must be all equal to the
identity, as desired, and this finishes the proof. U
Regarding now the homogeneous space structure of 0%, Uiy, the situation here is
more complicated in the free case than in the classical case. We have:
Proposition 7.8. The spaces Ufﬁv have the following properties:
(1) We have an action U, x US ~ Usly, given by:
Uiy —> Z U @ ag; & by
kl

(2) We have a map Uy, x U — ULX,, given by:

*
Ujj — E Ap; @ brj
r<L

Similar results hold for the spaces O]@XN, with all the x exponents removed.

Proof. In the classical case, consider the action and quotient maps:
Uy x Uy Uy
Uy x Uy — Uy
The transposes of these two maps are as follows, where J = ({ 9):
¢ — ((U,AB) = ¢(AUB"))
¢ — ((4,B) = p(4JB))

But with ¢ = wu;; 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:
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(1) Assuming uu*u = u, let us set:

UU = Z Upl Q Ag; X bzk]
kl

We have then:
(UU*U)i; = Z Z U Uy Ust @ Qi Qg Qsg @ bbby

pq klmnst
* *
= Z Uk Uppyy Umtt & Qfe; & btj
klmt
*
= E Ukt ® ag; @ by
kt
Also, assuming that we have . ujuj; = L, we obtain:
* _ * * * .
ij ij  kist

= Z uklu};l RI®1
kl
= L

(2) Assuming uu*u = u, let us set:

Vi; = Zari ® by

r<L

We have then:
(VV*V) Z Z iy Uzg @ b} bypb7

pq z,y,2<L

= D i ®b,

<L
= ‘/z’j
Also, assuming that we have . u;uj; = L, we obtain:

D ViV = 3L ) aal @b
ij

ij r,s<L

Z 1
I<L

= L

By removing all the % exponents, we obtain as well the orthogonal results.

121
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Let us examine now the relation between the above maps. In the classical case, given
a quotient space X = G/H, the associated action and quotient maps are given by:

a:XxG—X : (Hg,h)— Hgh
p:G—=X : g— Hyg

Thus we have a(p(g),h) = p(gh). In our context, a similar result holds:
Theorem 7.9. With G = Gy x Gy and X = Gk, where Gy = O%, Uy, we have

G x G s G
pxid P
X x G = X

where a,p are the action map and the map constructed in Proposition 7.8.

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:

C(X) 2 C(X x G)
« a®id
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},
kl

= > ) 0 @b ®a @b,

kl r<L

On the other hand, when going down, and then right, the composition is as follows,
where Fys is the flip between the second and the third components:

A?T(Uij) = FQg(A & A) Z Ari & bi]

r<L
_ P (z S o o o 1 b;;)
r<L kl

Thus the above diagram commutes indeed, and this gives the result.
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Let us discuss now some extensions of the above constructions. We will be mostly
interested in the quantum reflection groups, so let us first discuss, with full details, the
case of the quantum groups Hy, Hy". We use the following notion:

Definition 7.10. Associated to any partial permutation, o : I ~ J with I C {1,..., N}
and J C {1,..., M}, is the real/complex partial isometry

1€ ]> — span <ej

T, : span (ei j € J)
giwen on the standard basis elements by T, (e;) = €q(;).-

We denote by S%, the set of partial permutations ¢ : I ~ J as above, with range
I c{1,...,N} and target J C {1,..., M}, and with L = |I| = |J|. In analogy with the
decomposition result Hy = Z; ! Sy, we have:

Proposition 7.11. The space of partial permutations signed by elements of Zs,
Hik = {T(ei) = wie,)|0 € Shn, Wi € Zs}
1s 1somorphic to the quotient space
(Hy x HY)/(HE < Hy_p, x HY_p)
via a standard isomorphism.

Proof. This follows by adapting the computations in the proof of Proposition 7.3 above.
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
"= 0)

The stabilizer of this point follows to be the following group:
Hp x Hy_; x Hy_p

To be more precise, this group is embedded via:
xz 0 x 0
o= (5 0)- (0 3)]
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™ = Zg 1. Sy in [15]. The result here is as follows:
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Proposition 7.12. The compact quantum space ijf\} associated to the algebra
C(H;H) = C(UJ\LHV)/ (uiju; = ujug; = pi; = projections, uf; = p;;)
has an action map, and is the target of a quotient map, as in Theorem 7.9 above.

Proof. We must show that if the variables w;; satisfy the relations in the statement, then
these relations are satisfied as well for the following variables:

Uij = Z Ukl X Qe; X b?}
kl
Vg =Y an @b
r<L
We use the fact that the standard coordinates a;;, b;; on the quantum groups Hy/, H'
satisfy the following relations, for any = # y on the same row or column of a, b:
xy=uzy" =0
We obtain, by using these relations:
UZ]U;; = Z uklu;n X akia;‘m» & bzﬁjbm]‘
klmn
= Z Uy @ agiay; @ by;bi
kl
We have as well the following formula:
ViV = ) aay @bjby
rt<L
r<L
Consider now the following projections:
Tij = QijQy
Yij = bizby;
Pij = Wijt;
In terms of these projections, we have:

Ui;Us; = Zpkz ® Tri  yyj

kl
ViiVii = Z%i ® Yrj
r<L
By repeating the computation, we conclude that these elements are projections. Also,
a similar computation shows that Uj;U;;, V;;Vi; are given by the same formulae.
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Finally, once again by using the relations of type xy = xy* = 0, we have:

s _ E: * *
Uij = uklll...uksls®akli...aksi®bl1j...blsj

krly

= Z up ® ag; @ (b;)°
We have as well the following formula:

s __ * *
Vij - Z Apyi o Qryi & bru bra]

Thus the conditions of type uj; = p;; are satisfied as well, and we are done. O
Let us discuss now the general case. We have the following result:

Proposition 7.13. The various spaces G%,\ constructed so far appear by imposing to

the standard coordinates of U, the relations
€s __ Vo
Z Z 5 74131"'uisjs—L‘ |
i1.0ls J1.0-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 G%, 5 can be
written as follows, with ¢ ranging over a family of generators, with no upper legs, of the
corresponding category of partitions D:

Z 5 1131 o fssjs = 5U(i)
Jl ]9
We therefore obtain the relations in the statement, as follows:

€s . es
2:2:5 lel U, = 2:6 2:5 z1j1" U,

0105 J1--Js 11...0s J1---Js

= Z 6 (1)05 (1)

11...0s

_ LITI’\/O’|

As for the converse, this follows by using the relations in the statement, by keeping m
fixed, and by making o vary over all the partitions in the category. U

In the general case now, where G = (Gy) is an arbitary uniform easy quantum group,
we can construct spaces G,y by using the above relations, and we have:
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Theorem 7.14. The spaces G\ C UL+ constructed by imposing the relations
€s TNo
D s (usy, . ugy, = LI
11...1s ]1 ]s
with 7,0 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 7.9.

Proof. We proceed as in the proof of Proposition 7.8. We must prove that, if the variables
u;; satisfy the relations in the statement, then so do the following variables:

UU = Z Upl Q Ag; X bzk]
kl

Vg =) an @b
r<L
Regarding the variables Uij, the computation here goes as follows:

Z Z 5 Ulelljl' Ulessjs

i1..0s J1---Js

= 2D D D Ui, @000, (7)aky, g, @ (b, B

1105 J1.-Js k1. ks 1.5

_ es __ 7|mVvol
= DD sk (Dugly, - uizy, = L

k.. ks 1.1
For the variables V;; the proof is similar, as follows:

SN a8V, -V,

11.ls J1e--Js

= > > > 60)d.(G)ary, - af @ (b )

11.0ds J1.0-Js U1, ls <L

= ) 6:(1)6,(1) = LI™

llv-"vlsSL

Thus we have constructed an action map, and a quotient map, as in Proposition 7.8
above, and the commutation of the diagram in Theorem 7.9 is then trivial. U

Let us discuss now the integration over G%;5. We have:

Definition 7.15. The integration functional of G% is the composition
/ C(G%MN)—)C(GMXGN)ﬁC
a

L
MN

of the representation u;; — ZKL Ari ® bjj with the Haar functional of Gy X Gy .
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Observe that in the case L = M = N we obtain the integration over Gy. Also, at
L=M=1,orat L =N =1, we obtain the integration over the sphere. In the general
case now, we first have the following result:

Proposition 7.16. The integration functional of Gy has the invariance property

(/G ®id>¢(m):/GL .

MN MN
with respect to the coaction map:

(I)(UZJ> = Z Ukl X Qi X b?}
kl

Proof. We restrict the attention to the orthogonal case, the proof in the unitary case being
similar. We must check the following formula:

/ ® id | P(uiyy, - - ij,) Z/ WUiyjy - - - Wi,
GLMN Gt

MN

Let us compute the left term. This is given by:

. >k >k
X = (/ X Zd) E Ukqly - - - Ukgl, 0% Alyiq + - - Agig X blljl - 04,
Glrn

kals
_ . . * * >k *k
e E E aklzl ...akszs ®bl1]1 bls]s/ arlkl ...a/»f-sks/ Tlll ”'brsls
kaly e <L Gm GnN
_ k k * >k
= E E a“klil .« e aksis / arlkl e arsks ® E blljl o e blsjs / Tlll .« e br.sls
o<l ky G Lo G

By using now the invariance property of the Haar functionals of G/, Gy, we obtain:

X = Z (/GM® id) A(aryiy - Grgiy) ® (/GN® id) Ay, - 07)

re<L
>k *

= E / arlil e arsis / lejl o .. b"'sjs

roa<L” GM GnN
_ . i >k *
= (/ ®/ ) E Ay - gy @Oy 5o UL

Gum GN/ <L
But this gives the formula in the statement, and we are done. O

We will prove now that the above functional is in fact the unique positive unital invariant
trace on C'(G%,y). For this purpose, we will need the Weingarten formula:
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Theorem 7.17. We have the Weingarten type formula
/ Wirjy - Wigjy = Z L™768,(3)6, () Wept (7, 0)Wen (1, 1)
G%\/[N ToOTV
where the matrices on the right are given by Wy = Gs_]\}, with Gy (7, 0) = MI™Vel,

Proof. We make use of the usual quantum group Weingarten formula, for which we refer
to [23], [37]. By using this formula for G, Gy, we obtain:

/L Wiy gy -+ - - Uiy
G

MN

o E * *
— / a’llZl . 57/.9 / bl1j1 te blsjs
Gy GnNn

11..1s<L

= Z Z(S SMWUZ(S Win (T, V)

11...l1s<L 7wo

= Z( Z (Sﬂ(l)éT(l)) 5g(i)5u<j)WsM<7T70>WsN(T7V)

motv \ly...1s<L

The coefficient being LI™7!, we obtain the formula in the statement. U

We can now derive an abstract characterization of the integration, as follows:
Theorem 7.18. The integration of G¥;x is the unique positive unital trace
C(GEky) = C
which is invariant under the action of the quantum group Gy X Gy.

Proof. We use a standard method, from [32], [36], the point being to show that we have
the following ergodicity formula:

(z‘d@/GM@@/GN) @(x):/%mx

We restrict the attention to the orthogonal case, the proof in the unitary case being
similar. We must verify that the following holds:

<Zd (29 / / ) ull]l . ulsjs) / uiljl RN uisjs
Gy GnN GL

MN
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By using the Weingarten formula, the left term can be written as follows:

* %
X = E E Uk 14 "'uksls/ Akqdq ...ak,sis/ bl1j1 "'blsjs
Gu Gn

ki..ksly...ls

= E E uklll . uk ls E 5 U sM T, O’ E 5 sN(T V)
ki...ksly...ls

= E 5 sM(7T O' sN T, V E E (5 uklll. Ukl
ToOTV ki..ksly...1ls

By using now the summation formula in Theorem 7.14, we obtain:

X = Z Ll’TVT‘é (W (7, 0)Wen (T, V)

ToOTV

Now by comparing with the Weingarten formula for G%,,, this proves our claim.

Assume now that 7 : C(G%,\) — C satisfies the invariance condition. We have:

(e f,of ) = (e[ o] ot
_ (LM®LN)<T®¢d)@(x)
_ T(({C;M@/GN) (r(2)1)

On the other hand, according to the formula established above, we have as well:

. (z‘d@ /G K /G ) o) = r(tr())

= tr(x)
Thus we obtain 7 = tr, and this finishes the proof. O
As a main application, we have:

Proposition 7.19. For a sum of coordinates

which do not overlap on rows and columns we have

/ XSE _ Z K\WVT\L|U\/V|WSM(7T7 O')WSN(T, V)
G

L
MN TOTV

where K = |E| is the cardinality of the indezxing set.
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Proof. With K = |E|, we can write E = {(a(1), 5(7))}, for certain embeddings:
a:{l,....,K} c{l,...,.M}
p:A{L,...,K}c{l,...,N}

In terms of these maps «, §, the moment in the statement is given by:

= [ (o
Gin i<K

By using the Weingarten formula, we can write this quantity as follows:

M

- /G D Malinstn) - Ualinst)

MN 41...is<K

= > > LYs(alin),. .., alis)d(B(i), .. ., Blis)) W (7, 0) Wen (7, 1)

i1...is<K moTVv

- Z( > ) L Wogs(,0) W (7.1

ToTV \i1...1s <K
But, as explained before, the coefficient on the left in the last formula is:
C = K|7TVT|
We therefore obtain the formula in the statement. O

We can further advance in the classical/twisted and free cases, where the Weingarten
theory for the corresponding quantum groups is available from [15], [23], [23], [37]:

Theorem 7.20. In the context of the liberation operations
Oyin — Oxiix
Unin — Usi
Hypy — Hyfy

the laws of the sums of non-overlapping coordinates,

XE = Z (2%}

(ij)eF
are in Bercovici-Pata bijection, in the
|E| = kN,L = AN,M = uN

regime and N — oo limit.
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Proof. We use the general theory in [15], [23], [23], [37]. According to Proposition 7.19,
in terms of K = |E|, the moments of the variables in the statement are given by:

]\4S _ Z K|7FVT|L‘O’\/V‘WSM(7T7 U)WSN(T7 l/)

We use now two standard facts, namely:

(1) The fact that in the N — oo limit the Weingarten matrix Wy is concentrated on

the diagonal.
(2) The fact that we have an inequality as follows, with equality precisely when © = o
ryol < [Tt
- 2

For details on all this, we refer to [23].

Let us discuss now what happens in the regime from the statement, namely:
K=kN,L=AN,M =uN,N —

In this regime, we obtain:

M, ~ Z ol aZany il Vel

T

~ Z K7l I =1l =l

SO

™

In order to interpret this formula, we use general theory from [15], [23], [23]:

(1) For Gx = Oy, On/O};, the above variables yg follow to be asymptotically Gauss-
ian/semicircular, of parameter "‘7’\, and hence in Bercovici-Pata bijection.

(2) For Gy = Uy, Ux /Uy the situation is similar, with yz being asymptotically com-
plex Gaussian/circular, of parameter "7’\, and in Bercovici-Pata bijection.

(3) Finally, for Gy = Hy,/H3', the variables x g are asymptotically Bessel/free Bessel
of parameter ’L—)‘, and once again in Bercovici-Pata bijection. U

The convergence in the above result is of course in moments, and we do not know
whether some stronger convergence results can be formulated. Nor do we know whether
one can use linear combinations of coordinates which are more general than the sums yg
that we consider. These are interesting questions, that we would like to raise here.

Also, there are several possible extensions of the above result, for instance by using
quantum reflection groups instead of unitary quantum groups, and by using twisting
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operations as well. We refer here to [9], and to [36] as well, for a number of supplementary
results, which can be obtained by using the stronger formalism there.
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8. HIGHER MANIFOLDS

We discuss in this section an abstract extension of the constructions of quantum alge-
braic manifolds that we have so far. The idea will be that of looking at certain classes of
algebraic manifolds X C SC » which are homogeneous spaces, of a special type.

Following [11], [12], let us formulate the following definition:
Definition 8.1. An affine homogeneous space over a closed subgroup G C Uy is a closed

subset X C S(c+ , such that there exists an index set I C {1,..., N} such that

OZ.CCZ‘

TS
O(x;) = ij ® uj;
J

define morphisms of C*-algebras, satisfying:

<id®/G><I>:/Ga(.)1

Observe that Uy — Sg;l is indeed affine in this sense, with I = {1}. Also, the 1/4/|!]

constant appearing above is the correct one, because:

¥ (Su) (Su) - £Xu

i jeI kel i jkel

= ) (uu)u

j,kel

= |
As a first general result about such spaces, we have:

Theorem 8.2. Consider an affine homogeneous space X, as above.

(1) The coaction condition (P ® id)® = (id @ A)® is satisfied.
(2) We have as well the formula (o @ id)® = Aa.

Proof. The coaction condition is clear. For the second formula, we first have:

(a@id)®(z;) = Y _ o) @ up

k

= \/’TZZUm@UM

J€elI
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On the other hand, we have as well:

Aa(z;) = \/|TZA ji)

= \/|TZZ Ujk @ Ui

Jjel  k

Thus, by linearity, multiplicativity and continuity, we obtain the result. O

Summarizing, the terminology in Definition 8.1 is justified, in the sense that what we
have there are indeed certain homogeneous spaces, of very special, “affine” type. As a
second result regarding such spaces, which closes the discussion in the case where « is
injective, which is something that happens in many cases, we have:

Theorem 8.3. When « is injective we must have X = Xg?f]‘, where:

(X <¢|7§; wji|i = ,...,N>co(G)

Moreover, Xmm is affine homogeneous, for any G C Uy, and any I C {1,...,N}.

Proof. The first assertion is clear from definitions. Regarding now the second assertion,
consider the variables in the statement:
Z u;; € C(G

]EI
In order to prove that we have X7’ v S(C ., observe first that we have:
T L3
7 i j,kel
= 1 Z uu*
J,kel
=1

We have as well the following computation:

2 XX = mzzuj"“’“

i g,kel

- urZ

J,kel
=1
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Thus X" € S{7'. Finally, observe that we have:

A(XZ) = \/|TZZ ]k®ukz

jel  k

= ZXk@)Uki
k

Thus we have a coaction map, given by ® = A. As for the ergodicity condition, namely
(id® [,)A = [,(.)1, this holds as well, by definition of the integration functional [,

Our purpose now will be to show that the affine homogeneous spaces appear as follows,
a bit in the same way as the discrete group algebras:

szn C X C de.r

We make the standard convention that all the tensor exponents k£ are “colored integers”,
that is, k = e1...e; with e; € {0, e}, with o corresponding to the usual variables, and
with e corresponding to their adjoints. With this convention, we have:

Proposition 8.4. The ergodicity condition, namely

(ias [ Yo~ [atn

®k _ . .
(Pr™")iy. iy = —— E P ipgvge > VRN, 0

15 equivalent to the condition

where
P — €1 €k
P'Ll---zkajl---.jk - / U’jlil ujklk
G
e1

and where ($®k)i1.,.ik =T - xf:

Proof. We have the following computation:

. el €L _ el €L el €L
(zd@/c) O(xf) .. w5F) = E Ly /Gujlil"'ujk-ik

J1---Jk

= Z B iggrein (x®k)j1---jk

J1---Jk

= (Pa®);

110k
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On the other hand, we have as well the following computation:

€1 €k —
/Ga(xil s Izk) - § : / J1Z1 T ]k'Lk

Jl Je€l
= B, AksJ1Jk
J1 Je€l
But this gives the formula in the statement, and we are done. U

As a consequence, we have the following result:

Theorem 8.5. We must have X C XZ9", as subsets of SN where:

-|— )

max — 1 . .
C(X ) = C(Sg+1>/ <(P$®k)“@k = \/W Z Pil...ik,jl.--jk‘VI{?vzl? e Zk>

J1...gk€el
Moreover, XZ9" is affine homogeneous, for any G C Uy, and any I C {1,...,N}.

Proof. Let us first prove that we have an action G ~ X7'7". We must show here that the
variables X; = . x; ® uy; satisfy the defining relations for X@4". We have:

®k)
Zl Al lk ly...0g

1.0,

_ o e1 ek ek
- Z P““-’k’ll'“lk Z TR ®uj1l1 Uy

(PX@k)iL--ik

Ll J1-Jk
_ E e1 er Rk pt
Tk
. _ €1 €k 3
Since by Peter-Weyl the transpose of P, i, 1. i, = Jo U, - - Ui, 18 the orthogonal

projection onto Fiz(u®*), we have u®* Pt = P!. We therefore obtain:

®k _ § ek
(PX )21% - Rl RN TR IR 31 "'xjk

J1---Jk
= (P:E@k)h g

- \/—| Z B i grein

Ji--Jr€l
Thus we have an action G ~ X9, and since this action is ergodic by Proposition 8.4,
we have an affine homogeneous space, as claimed. O

We can now merge the results that we have, and we obtain:
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Theorem 8.6. Given a closed quantum subgroup G C Uy, and a set I C {1,...,N}, if
we consider the following C*-subalgebra and the following quotient C*-algebra,

oxgy) = < ﬁz »

jel

C(Xgy) = C(SETY /<(Px®’f)il...lk— NIl > Piriciiic| TR, Vi, >

J1---Jk€l

,...,N>C(J(G)

then we have maps as follows,
G % szn mam C S

the space G — X@9" is affine homogeneous, and any aﬁﬁne homogeneous space G — X
appears as X¢' mnc X C X5 G

Proof. This follows indeed from Theorem 8.3 and Theorem 8.5 above. U

We will need one more general result from [11], namely an extension of the Weingarten
integration formula [23], [63], [143], to the affine homogeneous space setting:

Theorem 8.7. Assuming that G — X is an affine homogeneous space, with index set
I C{1,...,N}, the Haar integration functional [, = [, is given by

where {&;m € D} is a basis of Fix(u®*), Wiy = G with
GkN(ﬂ-7 U) =< 67!’7 ga' >

15 the associated Weingarten matriz, and:

\/— § : fw J1-Jk
Ji--gk€l

Proof. By using the Weingarten formula for the quantum group G, we have:

el er
/ Lig oLy = /I Z / 1121” ka
X | J1-.

Jr€el

K[(T(')

L Win(m, o)

]1 JrEl ™ JGD

But this gives the formula in the statement, and we are done. O

Let us go back now to the “minimal vs maximal” discussion, in analogy with the group
algebras. Here is a natural example of an intermediate space X7 mnc X C X5 G
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Theorem 8.8. Given a closed quantum subgroup G C Uy, and a set I C {1,...,N}, if
we consider the following quotient algebra

1
C(Xmed) /<Z §71 JeLgy - ]k = \/W Z gjl---jk

J1---Jk Ji--Jr€l

Vk, V¢ € F@'a:(u®k)>

we obtain in this way an affine homogeneous space G — X¢ 1.

Proof. We know from Theorem 8.5 above that X¢&'9" C S¢ N _1 is constructed by imposing
to the standard coordinates the conditions Px®* = P7, Where

. . . . f— 81 ek
P’Ll...lk,jl...]k - / ujlil e ujklk
G

I
Pil...lk - \/7 E : U1 Bk, J1 Tk

Jr-grel
According to the Weingarten integration formula for G, we have:

(Px®k)i1---ik = Z Z (gﬁ)jl---jk@h...ikWkN(ﬂ-vO-)xji e CL’;:

J1-- jk moeD
I —
Py = Wi (m, 0)
]1 Jr€l T, UED
Thus Xg'9" € XZ%*, and the other assertions are standard as well. u

We can now put everything together, as follows:

Theorem 8.9. Given a closed subgroup G C Uy, and a subset I C {1,..., N}, the affine
homogeneous spaces over G, with index set I, have the following properties:
(1) These are exactly the intermediate subspaces Xmm C X C XZ9" on which G acts
affinely, with the action being ergodic.
(2) For the minimal and mazimal spaces X””” and XZ'7", as well as for the interme-
diate space X5 constructed above, these conditions are satisfied.
(3) By performmg the GNS construction with respect to the Haar integration functional
[x = Jo o we obtain the minimal space XZ'f".

We agree to identify all these spaces, via the GNS construction, and denote them X 1.

Proof. This follows indeed by combining the various results and observations formulated
above. Once again, for full details on all these facts, we refer to [11]. g

Let us discuss now some basic examples of affine homogeneous spaces, namely those
coming from the classical groups, and those coming from the group duals. We will need
the following technical result:
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Proposition 8.10. Assuming that a closed subset X C Sg’jrl 15 affine homogeneous over
a classical group, G C Uy, then X itself must be classical, X C S(]Cv_l.

Proof. We use the well-known fact that, since the standard coordinates w;; € C'(G) com-
mute, the corepresentation u°°*® = u®? ® u®? has the following fixed vector:

52261‘@6]'@61'@6]'
1j

With k£ = o 0 e e and with this vector &, the ergodicity formula reads:

i,j€1

* * _ 1
%: T = —\/W Z 1
1

By using this formula, along with ) . ;27 = ). «fz; = 1, we obtain:
Z(mi:vj — x57;) (5] — 27 7])
ij
= Z LTG0 — T — T A T
ij
- 1-1-1+1
=0
We conclude that for any 4, 7 we have:
[%i, Ij] =0

By using now this commutation relation, plus once again the relations defining S(]C\f ;1,
we have as well:

Z(mlxj — ix;)(xr; — 7))

ij
= E XL — LT — LT+ T T
ij

= E TiTGX T — Tk XL — XL 0T, + T8
ij

= 1-1-1+1
=0

Thus we have [z, 7] = 0 as well, and so X C SN as claimed. O

We can now formulate the result in the classical case, as follows:
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Theorem 8.11. In the classical case, G C Uy, there is only one affine homogeneous
space, for each index set I = {1,..., N}, namely the quotient space

X =G/(GNCL)

where C§ C Uy is the group of unitaries fiving the following vector:

6[ = ! (5i61)i

VI
Proof. Consider an affine homogeneous space G — X. We already know from Proposition
8.10 above that X is classical. We will first prove that we have X = Xailn, and then we

will prove that X7’ equals the quotient space in the statement.

(1) We use the well-known fact that the functional E = (id ® [,)® is the projection
onto the fixed point algebra of the action, given by:

CX)*={f¢ C(X)@( )=f®l}
Thus our ergodicity condition, namely E = [« o @(.)1, shows that we must have:
C(X)* =Cl1

Since in the classical case the condition ®(f) = f®1 reads f(gx) = f(x) forany g € G
and x € X, we recover in this way the usual ergodicity condition, stating that whenever
a function f € C(X) is constant on the orbits of the action, it must be constant.

Now observe that for an affine action, the orbits are closed. Thus an affine action which
is ergodic must be transitive, and we deduce from this that we have X = X7 i

(2) We know that the inclusion C(X) C C(G) comes via:

%

Thus, the quotient map p: G — X C S(JCV ~1is given by the following formula:

o= (5

In particular, the image of the unit matrix 1 € G is the following vector:

= (e )
1

- (m%)Z
=&

XT; =
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But this gives the result, and we are done. U

Let us discuss now the group dual case. Given a discrete group I' =< ¢1,..., gy >, we
can consider the embedding I' C Uy given by u;; = d;;g;. We have then:

Theorem 8.12. In the group dual case, G = T withT =< J1,---,9N >, we have
X =T,
I'y=<gliel>CTl
for any affine homogeneous space X, when identifying full and reduced group algebras.

Proof. Assume indeed that we have an affine homogeneous space G — X. In terms of the
rescaled coordinates h; = \/|I|z;, our axioms for «, ® read:

a(h;) = dicrgi
®(hi) = h; ® gi
As for the ergodicity condition, this translates as follows:

(¢d®/)@(h;;...hjp):/a(h:f...hjp)
G ! G ?

== (id@/) (hf;...hflf@gfll...gf;):/(5¢161...5ip61gfll...gf;’
G G

€1 Cp — . .
<~ 59:11...95571hi1 e th - 69511_”9;57152161 “e 57,1,6[

= [g;; g =1 = BB = e ..5%6,]
Now observe that from g¢;g] = g7 g; = 1 we obtain in this way:

hih = hih; = 0icr
Thus the elements h; vanish for i ¢ I, and are unitaries for ¢ € I. We conclude that we

have X = K, where A =< h;|i € I > is the group generated by these unitaries.
In order to finish the proof, our claim is that for indices i, € I we have:

gfll...gf:zl — hfllhflle

Indeed, = comes from the ergodicity condition, as processed above, and <= comes
from the existence of the morphism «, which is given by a(h;) = g;, for i € 1. O

Let us go back now to the general case, and discuss a number of further axiomatization
issues, based on the examples that we have. We will need the following result:

Proposition 8.13. The closed subspace Cit C Uy, defined via
C(CR) = CUR) [ (uy = &)
1

where £ = \/m(éig)i, is a compact quantum group.
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Proof. We must check Woronowicz’s axioms, and the proof goes as follows:
(1) Let us set U;; = >, wir, ® ug;. We have then:

(&) = ﬁz

J€el

- NZZ Uik & Uk

Jjel  k
= Zuik@@(uff)k
k

Since the vector &; is by definition fixed by u, we obtain:
(U&)i = Z i, @ (1)
k

= (uér)i®1
= (5})1 ®1

Thus we can define indeed a comultiplication map, by A(u;;) = Uj;.

(2) In order to construct the counit map, e(u;;) = d;;, we must prove that the identity
matrix 1 = (;;);; satisfies 1{; = &;. But this is clear.

(3) In order to construct the antipode, S(u;) = uj;, we must prove that the adjoint
matrix u* = (u};);; satisfies «*¢; = &;. But this is clear from ué; = &;. O

Based on the computations that we have so far, we can formulate:

Theorem 8.14. Given a closed quantum subgroup G C Uy and a set I C {1,...,N}, we
have a quotient map and an inclusion map as follows:

G/(GNCY) — X&T C XBT
These maps are both isomorphisms in the classical case. In general, they are both proper.

Proof. Consider the quantum group H = G N C4,, which is by definition such that at the
level of the corresponding algebras, we have:

C(H) = C(G) [ (ugs = &)

min

In order to construct a quotient map G/H — X@'T', we must check that the defining
relations for C'(G/H) hold for the standard generators z; € C(XZ""). But if we denote
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by p: C(G) — C(H) the quotient map, then we have, as desired:

(id® p)Az; = (id® p) (\/‘TZI;UZ,C@WJ
= Zuik®(51)k

In the classical case, Theorem 8.11 shows that both the maps in the statement are
isomorphisms. For the group duals, however, these maps are not isomorphisms, in general.
This follows indeed from Theorem 8.12, and from the general theory in [36]. U

We discuss now a number of further examples. We will need:
Proposition 8.15. Given a compact matriz quantum group G = (G, u), the pair
G'= (G, u")
where (u');; = wji, is a compact matriz quantum group as well.

Proof. The construction of the comultiplication is as follows, where ¥ is the flip map:
A'(u")y] = Z( Dik @ (u')j
< At (uji) Zum & Ujp,

— Al=Y%A

As for the corresponding counit and antipode, these can be simply taken to be (g,.5),
and the axioms are satisfied. Il

We will need as well the following result, which is standard as well:

Proposition 8.16. Given two closed subgroups G C U, and H C U}, with fundamental
corepresentations denoted u = (u;;) and v = (vg), their product is a closed subgroup

G x HcCUy,
with fundamental corepresentation wiq j, = Uij @ Vgp.
Proof. Our claim is that the corresponding structural maps are:
Al ® f) = Ala)13A(5)24
ela® f) = e()e(p)
S(a® f) = 5(a)S(B)
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The verification for the comultiplication is as follows:
A(wia,jb) = A(Uij)13A(Uab)24
= Z Uit X Vge @ Uk X Vep

ke
- Z Wia, ke X Wke,jb
ke
For the counit, we have:
e(Wiagp) = €(uij)e(Vap)
5ij5ab
5ia,jb

For the antipode, we have:

S(Wiagy) = S(uij)S(va)

*
71
= (UjiVpa)”

_ *
= Wjpia

_ *
= Up U

We refer to Wang’s paper [140] for more details regarding this construction. U

Let us call a closed quantum subgroup G C Uj; self-transpose when we have an auto-
morphism 7" : C(G) — C(G) given by T'(u;;) = uj;. Observe that in the classical case,
this amounts in G' C Uy to be closed under the transposition operation g — g*.

With these notions in hand, let us go back to the affine homogeneous spaces. As a first
result here, any closed subgroup G C Uy, appears as an affine homogeneous space over an
appropriate quantum group, as follows:

Theorem 8.17. Given a closed subgroup G C Uy, we have an identification X&”}” ~ (G,
gwen at the level of standard coordinates by x;; = \;—Nuij, where:

(1) 6=G"xG C U;\;Q, with coordinates Wi, ji, = Wji @ Ugp-

(2) I C{1,...,N}? is the diagonal set, I = {(k,k)|[k =1,...,N}.
In the self-transpose case we can choose as well G = G x G, with Wiq j, = Uij @ Ugp-

Proof. As a first observation, our closed subgroup G' C U appears as an algebraic sub-
manifold of the free complex sphere on N? variables, as follows:

Gc Sy

1
VN

Tij = Uij
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Let us construct now the affine homogeneous space structure. Our claim is that, with
G=G"xGand I ={(k,k)} as in the statement, the structural maps are:

a=A

P = (S ®id)A?

Indeed, in what regards o« = A, this is given by the following formula:

afuj) = Z Uik @ Ug;
k
= Z Wk, ij
k
Thus, by dividing by v/N, we obtain the usual affine homogeneous space formula:
1
i) = —= > Wik
VI
Regarding now ® = (X ® id)A®), the formula here is as follows:

P(uy) = (E®id) Z U @ Ugy @ wy
kl

= Zukl @ Uk, & Uy

kl
= Z Ul Q W 45
kl
Thus, by dividing by v/ N, we obtain the usual affine homogeneous space formula:
O (z45) = Zﬂsz & Wi
kl

The ergodicity condition being clear as well, this gives the first assertion.

Regarding now the second assertion, assume that we are in the self-transpose case, and
so that we have an automorphism 7" : C'(G) — C(G) given by T'(u;;) = w;;.

With w;q jp = uij @ ugp, the modified map a = (7' ® id)A is then given by:

k
= Z Up; @ U
k
= Z Wkk,ij
k
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As for the modified map ® = (id ® T ® id)(X ® id)A?), this is given by:

P(uy) = (id®T ®id) Z Upy @ g, @ Uy
i

= E Ul @ Upi & Uy

Kl
= g U Q Wi i5
kl

Thus we have the correct affine homogeneous space formulae, and once again the er-
godicity condition being clear as well, this gives the result. O

Let us discuss now the generalization of the above result, to the context of the spaces
introduced in [36]. We recall from there that we have the following construction:

Definition 8.18. Given a closed subgroup G C Uy, and an integer M < N we set
C(GMN) = <uij

and we call row space of G the underlying quotient space G — Gy -

ie{l,...,M},je{l,...,N}>CC(G)

As a basic example here, at M = N we obtain G itself. Also, at M = 1 we obtain the
space whose coordinates are those on the first row of coordinates on G. See [36].

Given Gy C Uy and an integer M < N, we can consider the quantum group Gy =
Gy NU;,;, with the intersection taken inside U}, and with U,; C Uy given by:

u = diag(v, Ly-a)

Observe that we have a quotient map C'(Gy) — C(Gu), given by u;; — vjj.
We have the following extension of Theorem 8.17:

Theorem 8.19. Given a closed subgroup Gy C Uy, we have an identification Xg“}”
Gy, gwen at the level of standard coordinates by x;; = \/Lﬂuij, where:

12

(1) G = Gy x Gy C Uy, where Gy = Gy NUY;, with coordinates wiq jp = wji @ Vgp.
(2) I c{l,...,M} x{1,...,N} is the diagonal set, I = {(k,k)|k=1,...,M}.

In the self-transpose case we can choose as well G = Gy X Gy, with Wig jp = Uij @ Vgp-

Proof. We will prove that the space X = Gy, with coordinates x;; = \/LMUJU, coincides

with the space X&”}" constructed in the statement, with its standard coordinates.
For this purpose, consider the following composition of morphisms, where in the middle
we have the comultiplication, and at left and right we have the canonical maps:

C(X) C C(Gy) = C(Gy) ® C(Gy) = C(Grr) ® C(Gy)
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The standard coordinates are then mapped as follows:

Tij = =l

Thus we obtain the standard coordinates on the space ng}”, as claimed. Finally, the

last assertion is standard as well, by suitably modifying the above morphism. U

Let us discuss now the liberation operation, in the context of the affine homogeneous
spaces, and probabilistic aspects. In the easy case, we have the following result:

Proposition 8.20. When G C Uy, is easy, coming from a category of partitions D, the
space Xa,1 C ngrl appears by imposing the relations

> balin. . ig)aft . aft = IR VE Ve € D(k)

i1
where D(k) = D(0, k), and where |.| denotes the number of blocks.

Proof. We know by easiness that Fiz(u®*) is spanned by the vectors &, = Ty, with
7w € D(k). But these latter vectors are given by:

g Or(iy .. ik)e, ® ... Qe

110

We deduce that X¢g r C Sg jrl appears by imposing the following relations:

> Oaliy i)tk = > 0:(jr.-Gr), Yk Vr € D(k)
741 1k / k 9 9
110k | J1-Jr€l
Now since the sum on the right equals ||I™!, this gives the result. O

More generally now, in view of the examples given above, making the link with [36],
it is interesting to work out what happens when G is a product of easy quantum groups,
and the index set I appears as [ = {(c,...,c)|c € J}, for a certain set J.

The result here, in its most general form, is as follows:
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Theorem 8.21. For a product of easy quantum groups, G = Gg\l,l) X ... X G ~, and with
I'={(c,...,c)|c € J}, the space X¢, C S(]C\{jrl appears by imposing the relatwns

Z Or (1. i) 2k = | J|Imvevmsl=k2 5ok e e DO(K) x ... x D9 (k)
iy i

where D) C P is the category of partitions associated to G%} C UJJ\?T, and where the
partition
mV...V7s € P(k)

is the one obtained by superposing 71, ..., .
Proof. Since we are in a direct product situation, G = G(l) coo X Gg{z, the general

theory in [140] applies, and shows that a basis for F' im(u®k) is provided by the vectors
Pr=E&r ® ... ® &, associated to the following partitions:

7= (my,...,ms) € DO(k) x ... x D¥(k)

We conclude that the space X¢g ; C S(]C\f jrl appears by imposing the following relations
to the standard coordinates:

> Onlin . ig)af L ak = DR , V.V € DO(k) x ... x D (k)

i1 /—
110k J1---Jr€l

Since the conditions ji,...,jr € I read j1 = (L, .., l1), -, jk = (g, ..., lg), for certain
elements [y, ...l; € J, the sums on the right are given by:

ST 6l ge) = D Ol ey L)

Ji--Jr€l ly..0y€J
= > nlh ) b (L )
l1...lxeJ
= Z 57r1V...V7rs (ll cee lk:)
li..lyed
Now since the sum on the right equals |.J|/"1VV7s| this gives the result. U

Finally, let us discuss probabilistic aspects. Following [11], we first have:
Proposition 8.22. The moments of the variable x = Zz‘gT xi.; are gien by

foestn_ 5 )

7€DM (k)N...n D) (k)

in the N; — oo limit, Vi, where M = |I|, and N = Ny ... Nj.
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Proof. We have the following formula:

1
W(lez) = \/_M Z Uire @ ... @ Ui e
ceJ

For the variable in the statement, we therefore obtain:

Now by raising to the power k and integrating, we obtain:

/ Xr — / Uiieq -« - - ulkck ...... / Ujieq - - - Uz‘kck
X 1) G(s)

21 4p<T cy...c,€J

- FZZ&H 5or (Wi, (m1,01) . 07, (D)0, (OWy, (., )

’c o

m1V..VTs o1V..Vog 1 s
= \/WZT' Ve Vsl pploaVe.v ‘Wk(]\;l(m,al)...Wk(]\;s(ﬂs,as)

We use now the standard fact that the Weingarten functions are concentrated on the
diagonal. Thus in the limit we must have m; = o; for any 7, and we obtain:

1 _
ko [TV V| 4 flm V.. V| |71 —|ms]
X7 =~ T M N ... N,
/X r v MF Zﬂ: '

1
> M (N N

- \/W reDMN...ND()
B 1 Z (@) |7
\/W reDMN...ND() N
But this gives the formula in the statement, and we are done. U

As a consequence, we have the following result:

Theorem 8.23. In the context of a liberation operation for quantum groups, G — G+
the laws of the variables v/ M xr are in Bercovici-Pata bijection, in the N; — oo limit.

Proof. Assume indeed that we have easy quantum groups G, ..., G®), with free versions
G+ . GO+ At the level of the categories of partitions, we have:

(PPN NC) = (ﬂD”) NNC

i
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Since the intersection of Hom-spaces is the Hom-space for the generated quantum group,
we deduce that at the quantum group level, we have:

<GWF GOt >=< GV ... G¥ >t

Thus the result follows from Proposition 8.22, and from the Bercovici-Pata bijection
result for truncated characters for this latter liberation operation [37], [127]. O
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9. Half-liberation

We have seen in section 4 that the quadruplets of type (S, T, U, K) can be axiomatized,
and that at the level of basic examples we have 4 such quadruplets, corresponding to the
usual real and complex geometries RV, CV, and to the free versions of these:

RY cy

RY cN
Our purpose in what follows will be that of extending the above diagram, with the
construction of some supplementary examples. There are two methods here:

(1) Look for intermediate geometries RY C X C Rﬂ\: , and their complex analogues.
(2) Look for intermediate geometries RN C X C C¥, and their free analogues.

We will see that, in each case, there is a “standard” solution, and that these solutions
can be combined. Thus, we will end up with a total of 3 x 3 =9 solutions, as follows:

RY TRY cy
RY TRY cy
RN TRV cV

We will see afterwards, in section 10 below, that under certain strong axioms, of com-
binatorial type, these 9 geometries are conjecturally the only ones.

Let us focus on the first question to be solved, namely finding the intermediate geome-
tries RV € X C RY. Since such a geometry is given by a quadruplet (S, T,U, K), we are
led to 4 different intermediate object questions, as follows:

Sgtcscsy!
T CT CTy
Oy CU C O},
Hy C K C Hy,

At the sphere and torus level, there are obviously uncountably many solutions, without
supplementary assumptions, and it is hard to get beyond this, with bare hands. Thus,
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our hopes will basically come from the unitary and reflection quantum groups, where
things are more rigid than for spheres and tori. Let us record, however, the following fact
regarding the spheres, from [33], which will appear to be relevant, later on:

Theorem 9.1. The algebraic manifold S® C S@{;l obtained by imposing the relations

ay...ar = ag...a; to the standard coordinates of Sﬁ;l 15 as follows:

(1) Atk =1 we have S® = Sg’;l.

(2) Atk =2,4,6,... we have S® = S¥1.

(3) Atk =3,5,7,... we have S = S,
Proof. As a first observation, the commutation relations ab = ba imply the following
relations, for any k > 2:

ay...adr = Qg ...aq
Thus, for any k > 2, we have an inclusion S@ < S®). Tt is also elementary to check

that the relations abc = cba imply the following relations, for any & > 3 odd:

a...aqr = ag ...0A1

Thus, for any k& > 3 odd, we have an inclusion S©® c S®). Our claim now is that we
have S*+2) < S®) for any k > 2. In order to prove this, we must show that the rela-
tions ay ...akro = Ario...a; between xq,...,xy imply the relations ay...ar = ag...ay
between x1,...,xy. But this holds indeed, because:

_ 2 _ .2
xil"‘xik+2_xik+2"'xi1 S xllxlkxj—:vjxlkx”
Tiy - - - Ty, i = Ijx’lk R
J J

— Ly oo LTy, = T4y, + - - Ty

Summing up, we have proved that we have inclusions as follows:

S@ cS®csWcs?
S@ c S cs®cst
Thus, we are led to the conclusions in the statement. Il

Let us focus now on the quantum groups. We will see that there is a lot more rigidity
here, which makes things simpler. At the quantum group level, our goal will be that of
finding the intermediate objects as follows:

On C U C OF

Hy C K C Hy,
Quite surprisingly, these two questions are of quite different nature. Indeed, regarding
Oy CUC O]J\r,, there is a solution here, denoted O}, coming via the relations abc = cba,

and conjecturally nothing more. Regarding Hy C K C Hj;, here it is possible to use for
instance crossed products, in order to construct uncountably many solutions.
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In short, in connection with our intermediate geometry question, we do have in principle
our solution, coming via the relations abc = cba, and this is compatible with our above
SG) guess for the spheres. In order to get started, let us recall that we have:

Theorem 9.2. The basic quantum unitary and reflection groups, namely
Ky Uy

/7 /!

Ky Un

are all easy, coming from certain categories of partitions.

Proof. This is something that we already discussed, in section 2 above, the corresponding
categories of partitions being as follows:

NCeven NC,
% vl
Peven P
Peven/ /
Thus, we are led to the conclusion in the statement. Il

Getting back now to the half-liberation question, let us start by constructing the solu-
tions. The result here, which is well-known as well, is as follows:

Theorem 9.3. We have quantum groups as follows, obtained via the “half-commutation”
relations abc = cba, which fit into the diagram of basic quantum groups:

Ky Un

Hy Oy

These quantum groups are all easy, and the corresponding categories of partitions fit into
the diagram of categories of partitions for the basic quantum groups.
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Proof. This is standard, from [37], [39], the idea being that the half-commutation relations
abc = cba come from the operator T, associated to the half-liberating partition:

x € P(3,3)

Thus, the quantum groups in the statement are indeed easy, obtained by adding * to the
corresponding categories of noncrossing partitions. We obtain the following categories,
with * standing for the fact that, when relabelling clockwise the legs ceoce. .., the formula
#o = #e must hold in each block:

* *
Pefuen PQ

* *
Peven P2

Finally, the fact that our new quantum groups and categories fit well into the previous
diagrams of quantum groups and categories is clear from this. See [14]. U

The point now is that we have the following result, from [39]:
Theorem 9.4. There is only one proper intermediate easy quantum group
On C G C O}
namely the half-classical orthogonal group O}, .

Proof. According to our definition for the easy quantum groups, we must compute here
the intermediate categories of pairings, as follows:

NCy,CcDCPh
But this can be done via some standard combinatorics, in three steps, as follows:
(1) Let m € P, — NC%, having s > 4 strings. Our claim is that:
— If m € P, — PJ, there exists a semicircle capping ©’ € P, — Py
—If m € Py — NCj, there exists a semicircle capping ©’ € Py — NCs.
Indeed, both these assertions can be easily proved, by drawing pictures.
(2) Consider now a partition m € Py(k,l) — NCs(k,1). Our claim is that:
—If 7 € Py(k,l) — P;(k,l) then <7 >= P5.
~If 7€ Pj(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.
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(3) Finally, assume that we are given an easy quantum group Oy C G C O, coming
from certain sets of pairings D(k,l) C Pa(k,l). We have three cases:

~If D ¢ Py, we obtain G' = Oy.

-t DC P, D¢ NC,, we obtain G = O3,.

~If D C NCy, we obtain G = Of,.

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

It is actually believed that the above result could still hold, without the easiness as-
sumption. We refer here to [21]. Thus, under a certain natural “easiness” assumption,
and perhaps even in general, we can only have an intermediate geometry between classical
real and free real, namely half-classical real. In practice now, what we have to do is to
construct this geometry, and its complex analogue as well, and check the axioms from
section 4. Let us begin by constructing the corresponding quadruplets. We have:

Proposition 9.5. We have a quadruplet as follows, called half-classical real,

S —T%
Oy — Hy
and a quadruplet as follows, called half-classical complex,
e — T
Uy —— Ky

obtained by imposing to the standard coordinates the relations abc = cba.

Proof. This is more or less an empty statement, with the quantum groups appearing in
the above diagrams being those constructed above, and with the corresponding spheres
and tori being constructed in a similar way, by imposing the half-commutation relations
abc = cba to the standard coordinates, and their adjoints. U

In order to check now our noncommutative geometry axioms, we are in need of a better
understanding of the half-liberation operation, via some supplementary results. Let us
start with the following simple observation, regarding the real spheres:
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Proposition 9.6. We have a morphism of C*-algebras as follows,

_ _ 0 Zi
C(SYY) = My(C(SYY) xi—>(gi 0)

where z; are the standard coordinates of Sév_l.

Proof. We have to prove that the matrices X; on the right satisfy the defining relations
for Sﬁf -'. But these matrices are self-adjoint, and we have:

S-S ) -2 )6 )

As for the half-commutation relations, these follow from the following formula:

B _ 0 = 0 Zj 0 =z . 0 Zizjzk
XngXk—(zi 0) (Zj 0) (Zk 0>_<zizjzk 0 )

Indeed, the quantities on the right being symmetric in ¢, k, this gives the result. U
Regarding the complex spheres, the result here is similar, as follows:

Proposition 9.7. We have a morphism of C*-algebras as follows,

C(S{C\f*_l) — My(C(SEtx SEYY))y i — (; Z(;)

where y;, z; are the standard coordinates of Sgil X S(JCV*I.

Proof. We have to prove that the matrices X; on the right satisfy the defining relations
for Sg - We have the following computation:

S-x(05) (¢8-S0 -0 )

We have as well the following computation:

Sax=x (3 86820 ) -6 )

As for the half-commutation relations, these follow from the following formula:

0 z 0 =z 0 2z 0 Zili 2k
X, X: X, = J = J
7k (yz 0) (Z/j 0) (yk 0) (yizjyk 0 )

Indeed, the quantities on the right being symmetric in ¢, k, this gives the result. U

Our goal now will be that of proving that the morphisms constructed above are faithful,
up to the usual equivalence relation for the quantum algebraic manifolds. For this purpose,
we will use some projective geometry arguments, the idea being that of proving that the
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above morphisms are indeed isomorphisms, at the projective version level, and then lifting
these isomorphism results, to the affine setting.

We recall that Pﬂé\f ~1is the space of lines in RY passing through the origin. We have
a quotient map S§ ' — P, which produces an embedding C(PY ™) c C(SY™), and
the image of this embedding is the algebra generated by the variables p;; = z;z;.

The complex projective space P(év ~! has a similar description, and we have an embedding
C(PY) c C(SF™), whose image is generated by the variables p;; = 7,7;.

The spaces P2 ~!, P~ have the following functional analytic description:

Theorem 9.8. We have presentation results as follows,
C(PE™Y) = Gl ((pz‘j)i,jzl,...,zv‘p =p*=p* Tr(p) = 1)

C(Pﬂj{v_l) = C:Omm <(pij)i,j=l,.,.,N‘p =p= p* = p27 T’f’(p) - 1)

where by C%,. . we mean as usual universal commutative C*-algebra.

Proof. We use the fact that P(év -1 Pﬂév ~! are respectively the spaces of rank one projections
in My(C), My(R). 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,
Ac, Ag. These algebras being both commutative, by the Gelfand theorem we can write,
with X, Xr being certain compact spaces:

Ac =C(Xe)
AR = C(XR)

Now by using the coordinate functions p;;, we conclude that X, X are certain spaces
of rank one projections in My (C), My(R). In other words, we have embeddings:

Xc c PA!
XpC P!
Bsy transposing we obtain arrows —, as desired. U

The above result suggests constructing free projective spaces Pﬂg;l, Pg;l, simply by
lifting the commutativity conditions between the variables p;;. However, there is some-
thing wrong with this, and more specifically with Pﬂg;l, coming from the fact that if
certain noncommutative coordinates zq,...,xy are self-adjoint, then the corresponding

projective coordinates p;; = x;x; are not necessarily self-adjoint:
r, =x] > v = (viz;)"
In short, our attempt to construct free projective spaces Pﬂgtl, Pg;l as above is not
exactly correct, with the space Pﬂé\fil being rather “irrelevant”, and with the space Pg;l
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being probably the good one, but being at the same time “real and complex”. Observe
that there is some similarity here with the following key result, from section 4 above:

PO} = PUY;
To be more precise, we have good evidence here for the fact that, in the free setting,
the projective geometry is at the same time real and complex.
In view of all this, let us formulate the following definition:

Definition 9.9. Associated to any N € N is the following universal algebra,
C(Piv_l) =C" ((pij>i,j:l,..,,N’p =p'= p2,T7“(p) = 1)
whose abstract spectrum is called “free projective space”.

Observe that we have embeddings of noncommutative spaces, as follows:
Py tcplitcpit

Let us compute now the projective versions of the noncommutative spheres that we
have, including the half-classical ones. We use the following formalism here:

Definition 9.10. The projective version of S C Sg;l is the quotient space S — PS
determined by the fact that

C(PS) c C(S)

*

is the subalgebra generated by pi; = x;x}, called projective coordinates.

In the classical case, this fits with the usual definition. We will be back with more
details in section 15 below, which is dedicated to the study of projective geometry. We
have the following result, coming from [5], [32], [33]:

Theorem 9.11. The projective versions of the basic spheres are as follows,

N-1 N-1 N-1 N-1
SRF*‘ SC,-&- P+ P+

N-1 N-1 N-1 N-1
S]R,* S(C,* - e Fc

N-1 N-1 N-1 N-1
S2 S& Py e

modulo, in the free case, a GNS construction with respect to the uniform integration.
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Proof. The formulae on the bottom are true by definition. For the formulae on top, we
have to prove first that the variables p;; = z;27 over the free sphere SN 1 satisfy the

J C+
defining relations for C(Py~!). We first have:
(p")ij = P = (x;27)" = w2} = pyj

We have as well the following computation:
(PQ)z'j = sz‘kpkj = Z%ﬁ%ﬁ = %ﬁj = Dij
k k

Finally, we have as well the following computation:
Tr(p) = Zpkk = Zxkxz =1
k k

Thus, we have embeddings of algebraic manifolds, as follows:
PSSyt PSSt c PY!

Regarding now the GNS construction assertion, this follows by reasoning as in the case
of the free spheres, the idea being that the uniform integration on these projective spaces
comes from the uniform integration over the following quantum group:

PO}, = PU}

All this is quite technical, and we will not need this result, in what follows. We refer
here to [33], and we will back to this in section 15 below. Finally, regarding the middle
assertions, concerning the projective versions of the half-classical spheres, it is enough to
prove here that we have inclusions as follows:

Pt e St PSI c P
But this can be done in 3 steps, as follows:

(1) Pt C PS@{ -!. In order to prove this, we recall from Proposition 9.6 that we have
a morphism as follows, where z; are the standard coordinates of S(]cv -1

Now observe that this model maps the projective coordinates as follows:

pij — Pij = ( O] Zizj)

Thus, at the level of generated algebras, our model maps:

C(SYTY = My(C(SEY) xi—>(0 Z)

< py >—< Py >=C(PN™)
We conclude from this that we have a quotient map as follows:
C(PSg ) — C(PE)
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Thus at the level of corresponding spaces, we have, as desired, an inclusion:
N-1 N-1
P C PS5y,

(2) PS]g? e PS(JC\Z ~!. This is something trivial, coming by functoriality of the operation
S — PS, from the inclusion of spheres:

Sp e set
(3) PSé\f -t ¢ PY7' This follows from the half-commutation relations, which imply:
ab*cd* = cb*ad* = cd*ab”
Indeed, this shows that the projective version PSg -1 s classical, and so:
PS({:\T*_I C (Pjrv_l)class - P(]ZV_I
Thus, we are led to the conclusion in the statement. U
We can go back now to the spheres, and we have the following result:

Theorem 9.12. We have a morphism of C*-algebras as follows,

— _ 0 Z
C(SYTh) € My(C(SYTY) xi—>(§i O)

where z; are the standard coordinates of Sg_l.

Proof. We know from Proposition 9.6 that we have a morphism as in the statement, and
the injectivity follows from Theorem 9.11, by using a standard grading trick. U

In the case of the complex spheres we have a similar result, as follows:

Theorem 9.13. We have a morphism of C*-algebras as follows,

C(SNY) = My(C(SY 1 x SYY) x—>(5 g)

where y;, z; are the standard coordinates of Sgil X S(JCV*I.

Proof. We know from Proposition 9.7 that we have a morphism as in the statement, and
the injectivity follows from Theorem 9.11, by using a standard grading trick. U

We will be back later to the above results, which are quite similar to each other, with
a number of unifications and generalizations.

Summarizing, we have some interesting affine and projective geometry results regarding
the half-classical case, that we will use in what follows.

The point now is that the same arguments apply to the tori, and to the quantum
groups. We first have the following result:
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Proposition 9.14. The real and complex half-classical quadruplets

N—-1 * N—-1 *
S]R,* TN S(C,* TN

Oy —— Hy Uy ——— Ky
have 2 x 2 matriz models, constructed by using antidiagonal matrices, as for the spheres.

Proof. This is something that we already know from the spheres. For the other objects,
this follows by suitably adapting the proof of Proposition 9.6 and Proposition 9.7. U

Next, we have the following result:

Theorem 9.15. The real and complex half-classical quadruplets have the same projective
version, which is as follows:

PY Tt — PTy

PUy — PKy

Proof. This is something that we already know from the spheres. For the other objects,
this follows from Proposition 9.14, by suitably adapting the proof of Theorem 9.11. [

Finally, we have the following result:

Theorem 9.16. The 2 x 2 antidiagonal matriz models for the real and complex half-
classical quadruplets, constructed above, are faithful.

Proof. This is something that we already know from the spheres. For the other objects,
this follows by suitably adapting the proof of Theorem 9.12 and Theorem 9.13. O

As already mentioned, all these results are part of a series of more general results,
regarding the half-liberation. We will be back to this, in section 12 below.

Let us check now the axioms, for these half-classical quadruplets. We first need some
quantum isometry group results:
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Theorem 9.17. The quantum isometry groups of the basic spheres are

N-1 N-1 + +
SR,+ S(C,+ ON UN
N—-1 N—-1
N-1 N-1
S]R S(C ON UN

modulo identifying, as usual, the various C*-algebraic completions.

Proof. We just have to prove the results in the middle.
Assume G Sév*_l. From ®(z,) = >, 2; ® u;, we obtain, with pg, = 2,2
D (pap) = Zpij ® UiqUy,
]
By multiplying two such arbitrary formulae, we obtain:
O(pasbed) = Y PijPrt @ Uiallylikeliyy
ijkl
P (paapss) = Zpilpkj @ UiqUpqUicUyy,
ijkl

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

Zpijpkl ® Uiq [Ujp, Uk, Ujg) = 0
ijkl
Now observe that the products of projective variables p;;jpi = 2;Z;21.Z; depend only on
the following two cardinalities:

i, k3, {0, 03 € {1,2}
The point now is that this dependence produces the only relations between our variables,
we are led in this way to 4 equations, as follows:

(1) wia[wfy, Ua, ujp] = 0, Va, b.

(2) UialW)y, Unas uig] + Uia[W)g, Uka, ujy) = 0, Va, Vb # d.

(3) ialWyy, Une, ufy] + Uic[WSy, Ura, ujy] = 0, Va # ¢, Vb.

(4) Wia([Wps Unes Wigl WS g, Une, wpp)) Ftic([Ufy, Ukas Uigl+[U]g, Uka, ujp]) = 0,Va # ¢, Vb # d.
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From (1,2) we conclude that (2) holds with no restriction on the indices. By multiplying
now this formula to the left by u},, and then summing over 7, we obtain:

[u;bv Uka,s uzkd] + [u;dv Uka, u;b] =0

By applying now the antipode, then the involution, and finally by suitably relabelling
all the indices, we successively obtain from this formula:

* k * * * *
[Udlauamubj] + [Ubhuak»udj] =0 = [udbuakaubj] + [ubl’uakvudj] =0
* * * *
= [ujy, Ura, Ujb] + [ujchukaa up) =0
Now by comparing with the original relation, above, we conclude that we have:
* * * *
[ujba Upq, Ujy] = [ujdvukaa up] =0
Thus we have reached to the formulae defining Uy;, and we are done.

Finally, in what regards the universality of the action Oy ~ Sﬂg -', this follows from
the universality of the following actions:

Ur ~ SE1

O% ~ S§!
Indeed, we have Uy N OF, = O}, and we obtain the result. U
Regarding now the tori, the computation here is as follows:

Theorem 9.18. The quantum isometry groups of the basic tori are

Ty T4 HY K}
T ™ = HY K,
Ty Ty Oy U

with all arrows being inclusions, and with no vertical maps at bottom right.

Proof. We just have to prove the results in the middle. In the real case, we must find the

conditions on G C Oﬁ such that g, — Y. go ® u;, defines a coaction.
In order for this map to be a coaction, the variables G, = >, g, ® u;, must satisfy the

following relations, which define the groups in the statement:
G2 =1
GaGch = GchGa
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In what regards the squares, we have the following formula:
G: = Zgigj ) UjqUja
]
=1 + Zgzg] & uiauja
i#]
As for the products, with the notation [z,y, z] = zyz — zyz, we have:
(G, Go, Gel = > 9193k @ [thias v, re]

ijk

From the first relations, G2 = 1, we obtain G C Hy. In order to process now the
second relations, G,GpG. = G.G,G,, we can split the sum over 7, j, k, as follows:

[Gaa Gba Gc] = Z 9:9;9k X [uim U b, ukc]

i,5,k distinct

+ Z 9i9i9i @ [Wia, Wjp, Uil

i#£j

+ Z gz ® [uiau ujbu U’]C]
i#j

+ Z Gk @ [Wia, Wip, Uge]
i£k

+ Z 9i @ [Uiq, Wip, Uic]

Our claim is that the last three sums vanish. Indeed, observe that we have:
[uim Uip, uic] = 6abcuia - 5abcuia =0
Thus the last sum vanishes. Regarding now the fourth sum, we have:
> lttias i, uke] = Y Uialliptike — Ukcliipllia
i#k i#k
= Z 5abu12auk:c - 5abukcuzza
i#k
= 5ab Z[U?M ukc]
ik
= 5ab [Z U?a, ukc]
i#k
= 50,6[]- - uza, ukc]
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The proof for the third sum is similar. Thus, we are left with the first two sums. By
using gig;9x = grg;g; for the first sum, the formula becomes:

[Ga, Gy, Gc] = Z 9i9i9k X ([uia>ujb>ukc] + [Ukaaujbauic])
i<k,jik
+ Z 9i959; & [Wia, Ujbs Uic)
i)

In order to have a coaction, the above coefficients must vanish. Now observe that, when
setting ¢ = k in the coefficients of the first sum, we obtain twice the coefficients of the
second sum. Thus, our vanishing conditions can be formulated as follows:

[Wiay Wity Uke) + [Uka, Ujp, Wic] = 0,V] #£ i,k

Now observe that at a = b or b = ¢ this condition reads 0 + 0 = 0. Thus, we can
formulate our vanishing conditions in a more symmetric way, as follows:

[uiaa ujba ukc] + [uka7ujb7uic] = O,Vj 7é ia k7Vb 7£ a,c

We use now the trick from [44]. We apply the antipode to this formula, and then we
relabel the indices i <+ ¢, 7 <> b, k <> a. We succesively obtain in this way:

[ucku Upj, uai] + [uci7 ubj7uak:] = O,VJ 7£ i7 k7Vb 7é a,c
[uiaa Ujb, ukc] + [uim Ujb, uka] - OJ\V/b 7é a,c, v] 7é ia k

Since we have [z, vy, z] = —[z,y, z|, by comparing the last formula with the original one,
we conclude that our vanishing relations reduce to a single formula, as follows:

[Wia, Wb, uke) = 0,V # i, k,Vb # a, c

Our first claim is that this formula implies G C H][\?O], where H][\?O] C O, is defined via
the relations xyz = 0, for any x # z on the same row or column of w. In order to prove
this, we will just need the ¢ = a particular case of this formula, which reads:

UiqUjpUka = uk:aujbuia;vj 7£ ia k7va 7é b

It is enough to check that the assumptions j # i,k and a # b can be dropped. But this
is what happens indeed, because at 7 = ¢ we have:

[Wia, Uip, Uka] = UiqUipUka — UkaUipUiq
2 2
- 5ab(umuka - ukauia)
0

Also, at 7 = k we have:
[Um, Ukb, Ulm] = UjqUkbUkq — UkaUkbUiq
2 2
= 6ab<uiauka - ukauia)
=0
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Finally, at a = b we have:

[uiau Uja, uka] = UjgUjqUkq — UkaUjaUia
_ 3 3
= Oijk (g — Uia)
= 0

Our second claim now is that, due to G C H][f;o], we can drop the assumptions j # i, k
and b # a, ¢ in the original relations [u;q, ;p, ug] = 0. Indeed, at j = ¢ we have:

[uiaa Usp, ukc] = UijqUipUkec — UkcUipUiq

2 2
5ab (uiaukc - ukCuia)
0

The proof at j = k and at b = a, b = ¢ being similar, this finishes the proof of our

claim. We conclude that the half-commutation relations [tu;q, wjp, ur] = 0 hold without
any assumption on the indices, and so we obtain G C Hy;, as claimed.
As for the proof in the complex case, this is similar. See [8]. O

By intersecting now with K}, as required by our (S, 7T, U, K) axioms, we obtain:

Theorem 9.19. The quantum reflection groups of the basic tori are

Ty Ty Hy Ky
TN — T — Hy Ky
TN TN HN KN

with all the arrows being inclusions.

Proof. We already know that the results on the left and on the right hold indeed. As for
the results in the middle, these follow from Theorem 9.18 above. Il

We can now formulate our extension result, as follows:



NONCOMMUTATIVE GEOMETRY 167

Theorem 9.20. We have basic noncommutative geometries, as follows,

RY cy
RN Ccx
RN CN

with each KY symbol standing for the corresponding (S,T,U, K) quadruplet.
Proof. We have to check the axioms from section 4, for the half-classical geometries.

The algebraic axioms are all clear, and the quantum isometry axioms follow from the
above computations. Next in line, we have to prove the following formulae:

Oy =< On, Ty >

Uy =< Uy, Ty >
By using standard generation results, it is enough to prove the first formula. Moreover,
once again by standard generation results, it is enough to check that:

HX/ =< HN,T;\} >

The inclusion D being clear, we are left with proving the inclusion C. But this follows
from the formula H} = T% % Sy, established in [120], as follows:

HYy = Ty xSy
= < Sy, Ty >
C < Hy, Ty >
Alternatively, these formulae can be established by using the technology in [48], or by
doing some combinatorial computations, using categories and easiness.

Finally, the axiom S = Sy can be proved as in the classical and free cases, by using the
Weingarten formula, and the following ergodicity property:

(M@L)M@:Lx

Our claim, which will finish the proof, is that this holds as well in the half-classical
case. Indeed, in the real case, where x; = z7, it is enough to check the above equality on
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an arbitrary product of coordinates, x;, ...x;, . The left term is as follows:

(id@/*> D(zyy ... x4,)

= E :%---xjk/ WUgyiy - - - Wiy,
*
J1---Jk
= E E (5 () Win (T, 0)z5, ... ),
J1-Jk 7ra€P
= E 3o () Wiy (T, 0) E Sr(f)xj, ...
m,0€ Py (k) Ji--Jk

Let us look now at the last sum on the right. We have to sum there quantities of type
xj, ...xj,, over all choices of multi-indices j = (ji, ..., ji) which fit into our given pairing
7 € P;(k). But by using the relations z;z;x, = x,2;2;, and then >, 27 = 1 in order to
simplify, we conclude that the sum of these quantities is 1. Thus, we obtain:

(id@/ ) O(zy .. ay,) = Z 3o () Wiy (T, 0)
N m,0€P5 (k)
On the other hand, another application of the Weingarten formula gives:

Liy oo gy, = U4y - - - ULgy,
SNfl *
R,*

N

Thus, we are done. In the complex case the proof is similar, by adding exponents. For
further details, we refer to [32] for the real case, and to [5] for the complex case. O

Summarizing, we have done so far half of our extension program.



NONCOMMUTATIVE GEOMETRY 169

10. HYBRID GEOMETRIES

In order to finish the extension program outlined in the beginning of the previous
section, we must discuss now the second question, concerning the “hybrid” case. To be
more precise, we have seen so far that have basic noncommutative geometries as follows,
with each K& symbol standing for the corresponding (S, T, U, K') quadruplet:

RY cy
RN CcN
RN CcN

We will see in this section that there are some privileged intermediate geometries be-
tween the real and the complex ones, as follows:

RY TRY cy
RY TRY o
RV TRV cV

We will see as well that, that under strong combinatorial axioms, of “easiness” and
“uniformity” type, these 9 geometries are the only ones.

In order to get started, an intermediate geometry RY C X c CV is given by a quadru-
plet (S,T,U, K), whose components are subject to the following conditions:
SEtcScsit
T CT CTy
Oy CUCUy
Hy C K C Ky

Our plan will be that of investigating first these intermediate object questions. Then,
we will discuss the verification of the geometric axioms, for the solutions that we found.
And then, afterwards, we will discuss the half-classical and the free cases as well.
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In what regards the Sp ' C S C S(]CV ~1 problem, there are obviously infinitely many
solutions. However, we have a “privileged” solution, constructed as follows:

Theorem 10.1. We have an intermediate sphere as follows,
SE Tt TSyt c syt
which appears as the affine lift of Pﬂév_l, inside the complex sphere Sg_l.

Proof. The projective version of the intermediate sphere TS " is given by:
PTSy ' =PSy ' =R

Conversely, assume that S C S(]CV ~! satisfies PS C Pﬂév ~!. For # € S the projective
coordinates p;; = ;Z; must be real, x;7; = 7;x;, Thus, we must have:

| X2 TN

I TN

Now if we denote by A € T this common number, we succesively have:

Li
= 27 =Nz
Thus we obtain € v/ASY ™!, and this gives the result. 4

In the case of the tori, we have a similar result, as follows:

Theorem 10.2. We have an intermediate torus as follows, which appears as the affine
lift of the Clifford torus PTn = Tx_1, inside the complex torus Ty :

Ty CTTy C Ty

More generally, we have intermediate tori as follows, with r € NU {oo},
Tn CZ, Ty C Ty

all whose projective versions equal the Clifford torus PTy = Tn_1.

Proof. The first assertion, regarding TTy, follows exactly as for the spheres, as in proof
of Theorem 10.1. The second assertion is clear as well, because we have:

PZ,Txy = PTy =Tn_1
Thus, we are led to the conclusion in the statement. Il

In connection with the above statement, an interesting question is that of classifying
the intermediate tori, which in our case are usual compact groups, as follows:

T CT CTy
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At the group dual level, we must classify the following intermediate quotients:
7N T — 7Y

There are many examples of such groups, and this even when imposing strong supple-
mentary conditions, such as having an action of the symmetric group Sy on the generators.
We will not go further in this direction, our main idea being anyway that of basing our
study mostly on quantum group theory, and on the related notion of easiness.

At the unitary group level now, the situation is of course much more rigid, and becomes
quite interesting. We have the following result from [21], to start with:

Theorem 10.3. The following inclusion of compact groups is maximal,
TON 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 group TSO.

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.

Let us denote by son, 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:

sony = uyn MN(R)
Also, it is easy to see that the Lie algebra of TSOy is soy @ iR.

Step 1. Our first claim is that if N > 2, the adjoint representation of SOy on the space
of real symmetric matrices of trace zero is irreducible.

Let indeed X € My (R) be symmetric with trace zero. We must prove that the following
space consists of all the real symmetric matrices of trace zero:

V = span {UXUt U e SON}

We first prove that V' contains all the diagonal matrices of trace zero. Since we may
diagonalize X by conjugating with an element of SOy, our space V' contains a nonzero
diagonal matrix of trace zero. Consider such a matrix:

D= dz’ag(dl, dg, ce ,dN)

We can conjugate this matrix by the following matrix:

0 -1 0
1 0 0 € SOyn
0 0 In_o

We conclude that our space V' contains as well the following matrix:
D/ = diag(dg, dl, dg, ce ,dN)
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More generally, we see that for any 1 < ¢,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 G be a connected compact group satisfying TSOy C G C Uy. Then G is a
Lie group. Let g denote its Lie algebra, which satisfies:

soy PR CgCuy

Let adg be the action of G on g obtained by differentiating the adjoint action of G on
itself. This action turns g into a G-module. Since SOy C G, g is also a SOpy-module.

Now if G # TSOy, then since G is connected we must have soy @ iR # g. It follows
from the real vector space structure of the Lie algebras uy and soy that there exists a
nonzero symmetric real matrix of trace zero X such that:

X €g

We know that the space of symmetric real matrices of trace zero is an irreducible
representation of SOx under the adjoint action. Thus g must contain all such X, and
hence g = uy. But since Uy is connected, it follows that G = Uy.

Step 3. Our claim is that the commutant of SOy in My(C) is as follows:

(07

(1) SO, = {(_5 g) o, € c}.
(2) If N >3, SOy = {aly|a € C}.

Indeed, at N = 2 this is a direct computation.

At N > 3, an element in X € SO/ commutes with any diagonal matrix having exactly
N — 2 entries equal to 1 and two entries equal to —1. Hence X is a diagonal matrix.

Now since X commutes with any even permutation matrix and N > 3, it commutes in
particular with the permutation matrix associated with the cycle (7, j, k) for any 1 < i <
j < k, and hence all the entries of X are the same.

We conclude that X is a scalar matrix, as claimed.

Step 4. Our claim is that the set of matrices with nonzero trace is dense in SOy.
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At N = 2 this is clear, since the set of elements in SO, having a given trace is finite.
So assume N > 2, and let:
T € SOy ~ SORM)
Tr(T)=0
Let £ C RY be a 2-dimensional subspace preserved by T, such that:
Tig € SO(E)

Let € > 0 and let S. € SO(F) with ||Tjg — S.|| < €, and with Tr(T|g) # Tr(S;), in the
N = 2 case. Now define T, € SO(RY) = SOy by:

Tip =95 , Typr=Tp:
It is clear that we have the following estimate:
1T = Te|| < [|Tie — Sel| < e
Also, we have the following estimate:
Tr(T:) =Tr(S.) +Tr(Tipr) #0
Thus, we have proved our claim.

Step 5. Our claim is that TOy is the normalizer of TSOy in Uy, i.e. is the subgroup
of Uy consisting of the unitaries U for which, for all X € TSOy:

U 'XU € TSOy

It is clear that the group TOy normalizes TSOy, so in order to prove the result, we
must show that if U € Uy normalizes TSOpx then U € TOy.
First note that U normalizes SOy. Indeed if X € SOy then:

U 'XU € TSOy

Thus U7'XU = \Y for some A € T and Y € SOy.
If Tr(X) # 0, we have A € R and hence:

\Y =U'XU € SOy

The set of matrices having nonzero trace being dense in SOy, we conclude that
U='XU € SOy for all X € SOy. Thus, we have:

X eSOy = (UXU MY (UXU™Y) =1y
— X'U'UX =U"U
= U'U € SOy

It follows that at N > 3 we have U'U = aly, with o € T, since U is unitary. Hence
we have U = o'/2(aV/2U) with:

aV2UeOy , UeTOy
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If N =2, (U'U)" = U'U gives again that U'U = aly, and we conclude as in the previous
case.

Step 6. Our claim is that the inclusion TOy C Uy is maximal in the category of
compact groups.

Suppose indeed that TOy C G C Uy is a compact group such that G # Uy. It is a
well-known fact that the connected component of the identity in GG is a normal subgroup,
denoted (Gy. Since we have TSOy C Gy C Uy, we must have:

Go =TSOxN

But since Gy is normal in G, the group G normalizes TSOp, and hence G C TOy,
which finishes the proof. U

Following [21], we have as well the following result:
Theorem 10.4. The following inclusion of compact groups is maximal,
POy C PUy
in the sense that there is no intermediate compact group in between.

Proof. This follows from Theorem 10.3. Indeed, if POy C G C PUy is a proper interme-
diate subgroup, then its preimage under the quotient map Uy — PUy would be a proper
intermediate subgroup of TOy C Uy, which is a contradiction. O

Finally, still following [21], we have as well the following result:
Theorem 10.5. The following inclusion of compact quantum groups is maximal,
On C Oy
in the sense that there is no intermediate compact quantum group in between.

Proof. The idea is that this follows from the result regarding POy C PUy, by taking
affine lifts, and using algebraic techniques. Consider indeed a sequence of surjective Hopf
x-algebra maps as follows, whose composition is the canonical surjection:

C(0%) L5 A% C(Oy)

This produces a diagram of Hopf algebra maps with pre-exact rows, as follows:

C— C(POy) ——=C(Oy) C(Zy) ——C
fi f

C PA A C(Zy) ——C
9 9

C
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Consider now the following composition, with the isomorphism on the left being some-
thing well-known, coming from [48], as explained in section 9 above:

C(PUy) =~ C(PO%) 5 PA 2 PC(Oy) =~ C(POY)

This induces, at the group level, the embedding POy C PUy. 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(PO%) — C(O%) C(Zy) —C
C———~ C(POY) A C(Zy) —C

Then f is an isomorphism. Similarly if g is an isomorphism, then g is an isomorphism.
For further details on all this, we refer to [21]. O

In connection now with our question, which is that of classifying the intermediate groups
On C G C Uy, the above results lead to a dichotomy, coming from:

PG € {POy, PUy}

In the lack of a classification result here, which is surely known, but that we were unable
to find in the literature, here are some basic examples of such intermediate groups:

Proposition 10.6. We have compact groups On C G C Uy as follows:
(1) The following groups, depending on a parameter r € N U {oo},

7,0y — {wU‘w €7,.Uc ON}

whose projective versions equal POy, and the biggest of which is the group TOy,
which appears as affine lift of POy.
(2) The following groups, depending on a parameter d € 2N U {oo},

Ud = {U e UN‘ detU € Zd}
interpolating between U and U = Uy, whose projective versions equal PUy.

Proof. All the assertions are elementary, the idea being as follows:

(1) We have indeed compact groups Z,Oy with r € NU{oco} as in the statement, whose
projective versions are given by:

PZ,0n = POy

At r = oo we obtain the group TO, and the fact that this group appears as the affine
lift of POy follows exactly as in the sphere case, by using the computation from the proof
of Theorem 10.1.
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(2) As a first observation, the following formula, with d € N U {oc}, defines indeed a
closed subgroup Ug C Uy:

Ul = {U c UN‘detU c Zd}

In the case where d is even, this subgroup contains the orthogonal group Oy. As for the
last assertion, namely PU$ = PUy, this follows either be suitably rescaling the unitary
matrices, or by applying the result in Theorem 10.3. U

The above results suggest that the solutions of Oy C G C Uy should come from
On, Uy, by succesively applying the following constructions:

G—7,G , G—=GnUY

These operations do not exactly commute, but normally we should be led in this way
to a 2-parameter series, unifying the two 1-parameter series from (1,2) above. However,
some other groups like Z NSOy work too, so all this is probably a bit more complicated.
As already mentioned, all this looks like quite standard group and Lie algebra theory, but
we unable to find a good reference here. So, in the lack of something better, the above
results will be our final saying on the subject, along with the reference to [21].

In what follows we will be mostly interested in the group TOy, which fits with the
spheres and tori that we already have. This group, and the whole series Z,Opy with
r € NU {oo} that it is part of, is easy, the precise result being as follows:

Theorem 10.7. We have the following results:

(1) TOy is easy, the corresponding category Py C Py consisting of the pairings having
the property that when flatenning, we have the global formula #o = #e.

(2) Z,Oy is easy, the corresponding category Py C Ps consisting of the pairings having
the property that when flatenning, we have the global formula #o = # e (r).

Proof. These results are standard and well-known, the proof being as follows:

(1) If we denote the standard corepresentation by u = zv, with z € T and with v = 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,l must 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.

(2) This is something that we already know at r = 1, 0o, where the group in question
is On, TOp. The proof in general is similar, by writing © = zv as above. O

Quite remarkably, the above result has the following converse:
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Theorem 10.8. The proper intermediate easy compact groups
Oy CG CUy
are precisely the groups Z,Oy, with r € {2,3,...,00}.

Proof. According to our conventions for the easy quantum groups, which apply of course
to the classical case, we must compute the following intermediate categories:

P,CDCP

So, assume that we have such a category, D # P,, and pick an element m € D — Py,
assumed to be flat. We can modify 7, by performing the following operations:

(1) 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 ¢ Py
means that at least one semicircle is colored black, or white.

(2) 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
Noo.... N, consisting of consecutive black or white semicircles.

(3) 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 m ¢ P, means that this latter partition is nonzero.

For 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:

cz{m a,beN}mD

According to the above, we have m €< C >. The point now is that we have:

(1) There exists r € NU {oo} such that C equals the following set:

C, = {ﬂ'ab a= b(r)}

This is indeed standard, by using the categorical axioms.

(2) We have the following formula, with Pj being as above:
<C >=PF;
This is standard as well, by doing some diagrammatic work.

With these results in hand, the conclusion now follows. Indeed, with r € N U {oo}
being as above, we know from the beginning of the proof that any = € D satisfies:

Te<SC >=<C, >=PF;
We conclude from this that we have an inclusion as follows:
DcP;
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Conversely, we have as well the following inclusion:
Py =<C,>=<C>C<D>=D
Thus we have D = Pj, and this finishes the proof. See [127]. O

As a conclusion, TOy is definitely the “privileged” unitary group that we were looking
for, with the remark that its arithmetic versions Z,Oy are interesting as well.

Finally, let us discuss the reflection group case. Here the problem is that of classifying
the intermediate compact groups Hy C G C Ky, and this looks of course well-known. In
practice, however, the situation is considerably more complicated than in the continuous
group case, with the expected 2-parameter series there being replaced by an expected
3-parameter series. So, instead of getting into this quite technical subject, let us just
formulate a basic result, explaining what the 3 parameters are:

Proposition 10.9. We have compact groups Hy C G C Ky as follows:
(1) The groups Z.Hy, with r € NU {co0}.
(2) The groups Hy; = Zs1 Sy, with s € 2N.
(3) The groups H3 = H N U, with d|s and s € 2N.

Proof. The constructions in the statement produce indeed closed subgroups G C Ky, for
all the possible values of the parameters.
Regarding now the condition Hy C G, the situation is as follows:

(1) Here this condition is automatic.
(2) Here this condition follows from s € 2N.
(3) Here this condition follows from d|s and s € 2N. O

The same discussion as in the continuous case applies, the idea being that the construc-
tions G — Z,G and G — G N H3? can be combined, and that all this leads in principle
to a 3-parameter series. All this is, however, quite technical, and we do not really know
if it is so. We will actually not need all this, so we will just stop our study here, and
recommend here [121] and subsequent papers.

As in the continuous case, a solution to these classification problems comes from the
notion of easiness. We have indeed the following result, coming from [15], [127]:

Theorem 10.10. The following groups are easy:
(1) Z,Hy, the corresponding category P .. C P.yen consisting of the partitions having

the property that when flatenning, we have the global formula #o = # e (r).

(2) H3 = Zs1 SN, the corresponding category Péién C P.yen consisting of the partitions

having the property that we have the formula #o = # e (s), in each block.
In addition, the easy solutions of Hy C G C Ky appear by combining these examples.
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Proof. All this is well-known, the idea being as follows:

(1) The computation here is similar to the one in the proof of Theorem 10.7, by writing
the fundamental representation v = zv as there.

(2) This is something very standard and fundamental, known since the paper [15], and
which follows from a long, routine computation, perfomed there.

As for the last assertion, things here are quite technical, and for the precise statement
and proof of the classification result, we refer here to paper [127]. g

Summarizing, the situation here is more complicated than in the continuous group case.
However, in what regards the “standard” solution, this is definitely T H .

With all this preliminary work done, let us turn now to our main question, namely
constructing new geometries. We have here the following result:

Theorem 10.11. We have correspondences as follows,

TSy TTy

TON THy

which produce a new geometry.

Proof. We have indeed a quadruplet (S,7,U, K) as in the statement, produced by the
various constructions above. Regarding now the verification of the axioms:

(1) We have the following computation:
P(TSY'NTL) = P(TSY'NTy)
C PTSy'NPTy
= PV 'nTy,
= TN
By lifting, we obtain from this that we have:
TSY ' NTY C TTy
The inclusion “D” being clear as well, we are done with checking the first axiom.
(2) The second axiom states that we must have:
THyNTY =TTy

The verification of this second axiom is similar.
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(3) The third axiom states that we must have:
TOy N K3 = THy

But can be checked either directly, or by proceeding as above, by taking projective
versions, and then lifting.

(4) The quantum isometry group axiom states that we must have:
GT(TSE ™) = TOx
The verification of this axiom is routine, and all this is explained for instance in [9].
(5) The quantum reflection group axiom states that we must have:
GT(TTy) N K, = THy

But this can be checked in a similar way, by adapting the computation from the classical
real case.

(6) Regarding now the hard liberation axiom, this is clear, because we have:

<OnN,TTy > = <Oy, T, Ty >
= <Opn,T>
= TOxn
(7) Finally, we have as well the last axiom, namely:
Sto, = TSE ™
But this completes the proof. U

Let us discuss now the half-classical and free extensions of Theorem 10.11, and of some
of the results preceding it. In order to have no redundant discussion and diagrams, we
will talk directly about the x9 extension of the theory that we have so far. We first need
to complete our collection of spheres S, tori T', unitary groups U, and reflection groups
K. In what regards the spheres, the result is as follows:

Proposition 10.12. We have noncommutative spheres as follows,

N-1 N-1 N-1
SYt - TSY T SN

SNt TSy 5N

* R,* Sk

¥ TS SH

with the middle vertical objects coming via the relations ab* = a*b.
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Proof. We can indeed construct new spheres via the relations ab* = a*b, and these fit into
previous 6-diagram of spheres as indicated. As for the fact that in the classical case we
obtain the previously constructed sphere ']I‘S]{g ~! this follows from Theorem 10.1 and its
proof, because the relations used there are precisely those of type ab = ab. O

There are many things that can be done with the above spheres. As a basic result here,
let us record the following fact, regarding the corresponding projective spaces:

Theorem 10.13. The projective spaces associated to the basic spheres are

N—-1 N—1 N—1
PNl pN-l . p)

N-1 N-—1 N—-1
P(C P(C P(C

P ——s P —— pl!
via the standard identifications for noncommutative algebraic manifolds.

Proof. This is something that we already know for the 6 previous spheres. As for the
3 new spheres, this follows from the defining relations ab* = a*b, which tell us that the
coordinates of the corresponding projective spaces must be self-adjoint. U

At the torus level now, the construction is similar, as follows:

Proposition 10.14. We have noncommutative tori as follows,

T TT} T,
T TT}, T%,
Ty TTy Ty

with the middle vertical objects coming via the relations ab* = a*b.

Proof. This is clear from Proposition 10.12, by intersecting everything with T . U

In what regards the unitary quantum groups, the result is as follows:
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Theorem 10.15. We have quantum groups as follows, which are all easy,

Ot — = TO} — U

Oy ——TOy —— Uy
with the middle vertical objects coming via the relations ab* = a*b.

Proof. This is standard, indeed, the categories of partitions being as follows:

NCQ<—NC2<—NCZ
Py P P
P2 pZ 7)2

Observe that our diagrams are both intersection diagrams.

Regarding the quantum reflection groups, we have here:

Theorem 10.16. We have quantum groups as follows, which are all easy,

Hf — ~TH} — K},

HY —=TH;, — K

Hy ——THy —— Kn

with the middle vertical objects coming via the relations ab* = a*b.
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Proof. This is standard, indeed, the categories of partitions being as follows:

NCeven I NOeven — Nceven

P~ P P

even even even

Peven -~ Peven -~ 7Deven

Observe that our diagrams are both intersection diagrams. O

Let us point out that we have some interesting questions, regarding the classification
of the intermediate compact quantum groups for the following 4 inclusions:

Ky
/ /
Oy
e /

Oy
In what regards the half-classical questions, these can be in principle fully investigated

by using the technology in [48], but we do not know what the final answer is. As for the
free questions, these are more delicate, but in the easy case, they are solved by [127].

Uy
Uy

Hy
Hy

Getting back now to the verification of the axioms, we first have:
Theorem 10.17. The quantum isometries of the basic spheres, namely

N-1 N—-1 N—-1
STt TSN SN

N-1 N-1 N-1
Sk —> TSp, —>5¢,

* s *

Y1 TSN —» SN

are the basic unitary quantum groups.
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Proof. This is routine, by lifting the results that we already have.

Regarding now the tori, we first have here:

Proposition 10.18. The quantum isometries of the basic tori are

Hf —=TH} — K}

Hy —THYy — K}

Oy —— TOy — Uy
with the bars denoting as usual Schur-Weyl twists.
Proof. The result follows by lifting the results that we already have.
By looking now at quantum reflections, we obtain:

Theorem 10.19. The quantum reflections of the tort,

Ty TT} T},
Ty TT} T,
TN TTN T N

are the basic quantum reflection groups.
Proof. This is indeed routine, by intersecting.
Finally, we have hard liberation results, as follows:
Theorem 10.20. We have hard liberation formulae of type
U=<0Opy,T>

for all the basic unitary quantum groups.
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Proof. We only need to check this for the “hybrid” examples, constructed in this section.
But for these hybrid examples, U = TOJ,, the results follow from:
TOy = <T,0y >
= <T,<On,T3 >>
= <Oy, <T, Ty >>
= <Oy, TTy >
Thus, we have indeed complete hard liberation results, as claimed. Il

We can now formulate our main result, as follows:

Theorem 10.21. We have 9 noncommutative geometries, as follows,

RY TRY c¥
RN —— TRY CcVN
RN TRY CcN

with each of the K* symbols standing for the corresponding quadruplet.

Proof. This follows indeed by putting everything together, a bit as in the proof of Theorem
10.11, the idea being that the intersection axioms are clear, the quantum isometry axioms
follow from the above computations, and the remaining axioms are elementary. O

Getting now into classification results, let us recall from section 4 that a geometry
coming from a quadruplet (S,7,U, K) is easy when U, K are easy, and when the easy
generation formula U = {Oy, K} is satisfied. Combinatorially, this gives:

Proposition 10.22. An easy geometry is uniquely determined by a pair (D, E) of cate-
gories of partitions, which must be as follows,

NC,CDcCP

NCefuen C E C Peven
and which are subject to the following intersection and generation conditions,

D=FN~k

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.
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Proof. This statement simply comes from the following conditions:
U={On, K}
K=UnK}
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={0OyN,K} < D=EnNPkh
K=UNK;} <= FE=<D,NCepen >
Thus, we are led to the conclusion in the statement. Il

Here is now a classification result, based on the above:

Theorem 10.23. There are exactly 4 geometries which are easy, uniform and pure, with
purity meaning that the geometry must be real, classical, complex or free, namely:

RY cy

RN (CN
When lifting the uniformity and purity conditions, and replacing them with a “slicing”
axiom, we have 9 such geometries, namely those in Theorem 10.21.

Proof. All this is quite technical, the idea being as follows:

(1) Assume first that we have an easy geometry which is pure, in the sense that it lies
on one of the 4 edges of the square in the statement. We know from Proposition 10.22
that its unitary group U must come from a category of pairings D satisfying:

D =< D,NCeopen > NPy

But this equation can be solved by using the results in [107], [108], [120], [127], and by
using the uniformity axiom, which excludes the half-liberations and the hybrids, we are
led to the conclusion that the only solutions are the 4 vertices of the square.

(2) Regarding the second assertion, this can be obtained by using the same technology,
by using the “slicing” axiom from [14], which amounts in saying that U, or the geometry
itself, can be reconstructed from its projections on the edges of the square. See [14]. O
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11. TWISTED GEOMETRY

We have seen so far that the abstract noncommutative geometries, taken in a “spherical”

sense, with coordinates bounded by [|z;|]|] < 1, can be axiomatized with the help of
quadruplets (S, T, U, K). There are 9 main such geometries, as follows:

REY TREY c¥
RY TRY cYy
RY TRY CcN
As a first related question, we would like to investigate the ¢ = —1 twists of these

geometries. In order to get started, the best is to deform first the simplest objects that
we have, namely the quantum spheres. This can be done as follows:

Theorem 11.1. We have quantum spheres as follows, obtained via the twisted commu-
tation relations ab = +ba, and twisted half-commutation relations abc = +cba,

N—-1 N—1 N—-1
Skt >~ TSp ; >~ 5S¢t

GN-—1 GN-1 GN-1
Sk — TSg. — S¢.

SNl - TN GY
with the precise signs being as follows:

(1) The signs on the bottom correspond to the anticommutation of distinct coordinates,
and their adjoints. That is, with z; = x;, ] and €;; = 1 — 05, the formula is:

ZiZj = (—1)5” 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:

222 = (_1)Ez‘j+fjk+5ik 2K25%

Proof. As a first observation, we are using here bars in order to denote the ¢ = —1 twists,
and this in view of the discussion above, leading us to ¢ = +1, and with the ¢ = —1
theory that we want to develop being different from the usual one.
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(1) Here there is nothing to prove, because we can define the spheres on the bottom by
the following formulae, with z; = x;, 2} and ¢;; = 1 — §;; being as above:

C(SY 1 = 0(syTh / <xxj = (—1)5%@

C(SE™) = O8N [ (o = (-1 22
(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;, 27 and €;; = 1 — d;; being as above:

zizjzp = (—1)Futenteny, 2oz

But this is something clear, coming from the following computation, inside of the quo-
tient algebras corresponding to the twisted spheres constructed in (1) above:

zizjze = (—1)%zz2
= (=1)%9 "%z 22
— (_1)6¢j+€jk+€¢kzkzjzi

Thus, we are led to the conclusion in the statement, the spheres being given by:

C(Sz. ) = C(Sﬁll)/@ﬂjxk = (—1)€i"+5j‘“+6ikxkﬂfﬂz’>

C(SET) = CSY) [ (e = (C1He oz
Thus, we have constructed our spheres, and embeddings, as desired. Il

With the above result in hand, let us go ahead now, and twist the whole quadruplets
(S, T,U, K) that we have. Things are quite tricky here, and let us start with the unitary
quantum groups U. We would like these quantum groups to act on the corresponding
spheres, U ~ S. Thus, we would like to have morphisms of algebras, as follows:

q)($z) = ij ® Ui
J

Now with 2; = x;, z] being as before, and with v;; = w;;, uj; constructed accordingly,
the above formula and its adjoint tell us that we must have:

q)(ZZ) = Z Zj (24 Uji
J

Thus the variables Z; = > ; %j @ vj; on the right must satisfy the twisted commutation
or half-commutation relations in Theorem 11.1, and this will lead us to the correct twisted
commutation or half-commutation relations to be satisfied by the variables v;;.
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In practice now, let us first discuss the twisting of Oy, Uy. Following [20] in the
orthogonal case, and then [5] in the unitary case, the result here is as follows:

Theorem 11.2. We have twisted orthogonal and unitary groups, as follows,

O} Uy

On Uy

defined via the following relations, with the convention o = a,a* and = b, b*:

3 —Ba for a,b € {u;;} distinct, on the same row or column of u
« =
Ba otherwise

These quantum groups act on the corresponding twisted real and complex spheres.

Proof. Let us first discuss the construction of the quantum group On. We must prove
that the algebra C(Oy) obtained from C(O%;) via the relations in the statement has a
comultiplication A, a counit €, and an antipode S. Regarding A, let us set:

Uij = Z Wik, @ Uy
k
For j # k we have the following computation:

UiijU, = E Uisuit®usjutk+g UjsUis @ UsjUgl

s#t s
= ) Uty @ Ukl + Y Uisllis @ (—Ugplly;)
s#t s
= —UiUi
Also, for i # k, 7 # | we have the following computation:
UijUkl = Z UjsUkt K Ugj Uy + Z UjsUks X UsjUs]
s#t s
= ) gty ® Uiy + Y (—Uksttis) ® (—ugti)
s#t s
= UnU;;
Thus, we can define a comultiplication map for C'(Oy), by setting:

A(uig) = Uy
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
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satisfied. We conclude that Oy is a compact quantum group, and the proof for Uy is
similar, by adding % exponents everywhere in the above computations.

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 [5] 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 11.3. We have intermediate quantum groups as follows,

Ot — = TO — U}

) [ 7%

Oy ——=TOy —— Uy
defined via the following relations, with o = a,a*, f = b,b* and v = ¢, c*,

—yfBa 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.

Proof. We use the same method as in the proof of Theorem 11.2, but with the combina-
torics being now more complicated. Observe first that the rules for the various commu-
tation and anticommutation signs in the statement can be summarized as follows:

r\¢e 1 2 3
1+ o+ -
2 4+ + -
3 — — +

Let us first prove the result for O%. We must construct here morphisms A, ¢, S, and
the proof, similar to the proof of Theorem 11.2, goes as follows:
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(1) We first construct A. For this purpose, we must prove that U;; = >, uy @ uy;
satisfy the relations in the statement. We have the following computation:

UianbUkc - E uixujyukz®u:cauybuzc

Tyz

= E :l:uk:zujyuiz & iuzcuybuaza

TYz

= :l:Ukojb Uia

We must show that, when examining the precise two + signs in the middle formula,
their product produces the correct 4 sign at the end. But the point is that both these
signs depend only on s = span(z,y, z), and for s = 1,2, 3 respectively, we have:

— For a (3,1) span we obtain +—, +—, —+, so a product — as needed.
— For a (2,1) span we obtain ++, ++, ——, so a product + as needed.
— For a (3,3) span we obtain ——, ——, ++, so a product + as needed.
— For a (3,2) span we obtain +—, +—, —+, so a product — as needed.
— For a (2,2) span we obtain ++, ++, ——, so a product + as needed.

Together with the fact that our problem is invariant under (r,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 e(u;;) = d;;, requires the Kronecker
symbols 0;; to commute/anticommute according to the above table. Equivalently, we
must prove that the situation 0,040, = 1 can appear only in a case where the above
table indicates “4-”. But this is clear, because 0;;030,q = 1 implies 7 = 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.

We conclude that O% is indeed a compact quantum group, and the proof for U} is
similar, by adding * exponents everywhere in the above computations.

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 abc = +cba, and to
have an action U ~ S on the corresponding half-classical twisted sphere, we are led to
the relations in the statement. We refer to [5] for further details on all this. O

The above results can be summarized as follows:
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Theorem 11.4. We have quantum groups as follows, obtained via the twisted commuta-
tion relations ab = +ba, and twisted half-commutation relations abc = +cba,

0 —~TOL — Ut

——TOy —— Uy

Qi
2*

Oy ——TOy —— Uy
with the various signs coming as follows:

(1) The signs for Oy correspond to anticommutation of distinct entries on rows and
columns, and commutation otherwise, with this coming from Oy ~ 51{{ -1

(2) The signs for O, Un,Ux come as well from the signs for S]{g]’l, either via the
requirement Ox C U, or via the requirement U ~ S.

Proof. This is a summary of Theorem 11.2 and Theorem 11.3, and their proofs. U

Moving ahead now, and back to our geometric program, we have twisted the spheres
and unitary groups S, U, and we are left with twisting the tori and reflection groups 7', K.
But these are “discrete” objects, which can only be rigid, so let us formulate:

Definition 11.5. The twists of the basic quantum torit and reflection groups,

Ty TT; T Hf — ~TH: — K,

T TT} T HY —=TH;, — K

Z*

TN TTN TN HN—>THN—>KN
are by definition these tori and reflection groups themselves.
With this definition in hand, we are done with our twisting program for the triples

(S,T,U, K), and we have now candidates R, CV and RY, C¥ for new noncommutative
geometries, to be checked from our axiomatic viewpoint, and then to be developed.

In order to discuss these questions, we must first review the above construction of the
twists of S, T, U, K, which was something quite ad-hoc, and replace all that has being said
above by something more conceptual. Let us start with:
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Proposition 11.6. The intermediate easy quantum groups
Hy CGCUy
come via Tannakian duality from the intermediate categories of partitions
Poyen D D D NCs
with Puyen(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 for quantum groups,
discussed in section 2 above. Indeed, as explained there, 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>DDON CQ
Now since this correspondence makes correspond Hy <> P.,.p,, Once again as explained
in section 2 above, we are led to the conclusion in the statement. Il

Summarizing, we must do some combinatorics, for the partitions having even blocks.
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 Sy C P (k, k), via the pairings having only up-to-down
strings. With these conventions, we have the following result:

Theorem 11.7. There is a signature map € : Poyen — {—1,1}, given by

(r) = (1)
where ¢ is the number of switches needed to make T noncrossing. In addition:

(1) For T € Sk, this is the usual signature.
(2) For T € Py we have (—1)¢, where ¢ is the number of crossings.
(3) For 7 <1 € NCeyen, the signature is 1.

Proof. In order to show that ¢ 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 non-
crossing partitions. More precisely, given 7,7 € NC,,, having the same block structure,
we must prove that the number of switches ¢ required for the passage 7 — 7’ is even.

In order to do so, observe that any partition 7 € P(k,[) can be put in “standard form”,
by ordering its blocks according to the appearence of the first leg in each block, counting
clockwise from top left, and then by performing the switches as for block 1 to be at left,
then for block 2 to be at left, and so on. Here the required switches are also uniquely
determined, by the order coming from counting clockwise from top left.
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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 € NCppen(k,1), each of the moves
required for putting a leg at left, and hence for putting a whole block at left, requires an
even number of switches. Thus, putting 7 is standard form requires an even number of
switches. Now given 7,7 € NC,,., having the same block structure, the standard form
coincides, so the number of switches ¢ required for the passage 7 — 7’ is indeed even.

Regarding now the remaining assertions, these are all elementary:

(1) For 7 € S the standard form is 7/ = id, and the passage 7 — id comes by composing

with a number of transpositions, which gives the signature.
2) For a general 7 € P,, the standard form is of type 7/ = |... |22, and the passage
g y N...0 g

7 — 7’ requires ¢ mod 2 switches, where ¢ is the number of crossings.

(3) Assuming that 7 € P.,e, comes from m € NCp, by merging a certain number of
blocks, we can prove that the signature is 1 by proceeding by recurrence. O

We define the kernel of a multi-index (;) to be the partition obtained by joining the
equal indices. Also, we write m < o if each block of 7 is contained in a block of o. With
these conventions, and the above result in hand, we can now formulate:

Definition 11.8. Associated to any partition ™ € Payen(k,l) is the linear map
T,T . (CN)®k N (CN)@)Z

given by the following formula, with ey, ..., ex being the standard basis of CV,
— < (i1 ... g
1---J1

and where 6, € {—1,0,1} is 6, = () if T > 7, and 6, = 0 otherwise, with:

7 = ker (Z>
J
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In other words, what we are doing here is to add signatures to the usual formula of 7.
Indeed, observe that the usual formula for 7T, can be written as folllows:

Tﬂ—(ei1®...®€ik): Z 6j1®...®€jl
j:ker(;-)Zﬂ'

Now by inserting signs, coming from the signature map ¢ : P, — {1}, we are led
to the following formula, which coincides with the one given above:

Telen ®...@e,)=> e(1) Y, €,0..0¢

T>T 7 ker(;.):T

We will be back later to this analogy, with more details on what can be done with it.
For the moment, we must first prove a key categorical result, as follows:

Proposition 11.9. The assignement m — T is categorical, in the sense that

Tw X Ta = T[ﬂ.a] , TWTU = NC(F’U)T[Z] , T; =T
where c(m,0) are certain positive integers.

Proof. We have to go back to the proof from the untwisted case, from section 2 above,
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, (T ) = Oy (T O
(jqu) (llls [o) J1---Jq llls

In the twisted case, it is enough to check the following formula:

o ker 112 ker ki...k, —  (xer 221...2'? ki...k,
Ji---Jq ly... 1 Ji---Jg Lol

Let us denote by 7, v the partitions on the left, so that the partition on the right is of
the form p < [rv]. Now by switching to the noncrossing form, 7 — 7" and v — v/, the
partition on the right transforms into p — p’ < [7'v/]. Now since the partition [7'2/] is
noncrossing, we can use Theorem 11.7 (3), and we obtain the result.

2. Composition. In the untwisted case, this was based on the following formula:

p ]qu c(m,o Zp
Z5<]1 )5"(kz1...kr> N 5[o<k1 k:)

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:

Qo)) e (i) == (i)
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Let 7, v be the partitions on the left, so that the partition on the right is of the form
p < [7]. Our claim is that we can jointly switch 7,v to the noncrossing form. Indeed, we
can first switch as for ker(j; ... j,) to become noncrossing, and then switch the upper legs
of 7, and the lower legs of v, as for both these partitions to become noncrossing. Now
observe that when switching in this way to the noncrossing form, 7 — 7" and v — v/,
the partition on the right transforms into p — p' < [7,]. Now since the partition [7,] is

noncrossing, we can apply Theorem 11.7 (3), and we obtain the result.
3. Involution. Here we must prove the following formula:
i () i (2
J1---Jq 1 ..
But this is clear from the definition of §,, and we are done. O

As a conclusion, our twisted construction 7 — T, has all the needed properties for
producing quantum groups, via Tannakian duality, and we can now formulate:

Theorem 11.10. Given a category of partitions D C Pyyepn, the construction

Hom(u®* u®") = span (Tﬂ

Te D(k:,l))

produces via Tannakian duality a quantum group G C Uy, for any N € N.

Proof. This follows indeed from the Tannakian results from section 2 above, exactly as in
the easy case, by using this time Proposition 11.9 as technical ingredient.

To be more precise, Proposition 11.9 shows that the linear spaces on the right form a
Tannakian category, and so the results in section 2 apply, and give the result. U

We can unify the easy quantum groups, or at least the examples coming from categories
D C P,,e,, with the quantum groups constructed above, as follows:

Definition 11.11. A closed subgroup G C Uy, is called q-easy, or quizzy, with deformation
parameter ¢ = £1, when its tensor cateqory appears as follows,

Hom/(u®* u®") = span (T7r

7w € D(k, 1))
for a certain category of partitions D C Peyen, where, for ¢ = —1,1:
T=T,T
The Schur-Weyl twist of G is the quizzy quantum group G C U obtained via ¢ — —q.

We will see later on that the easy quantum group associated to P.,., itself is the
hyperochahedral group Hpy, and so that our assumption D C P,,.,, replacing D C P,
simply corresponds to Hy C G, replacing the usual condition Sy C G.
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For the moment, our most pressing task is that of checking that, when applying the
Schur-Weyl twisting to the basic unitary quantum groups, we obtain the ad-hoc twists
that we previously constructed. This is indeed the case:

Theorem 11.12. The tunsted unitary quantum groups introduced before,

Ol — = TO} — U}

Qi
2*

——TOy —— Uy

Oy ——TOy —— Uy
appear as Schur-Weyl twists of the basic unitary quantum groups.
Proof. This is something routine, in several steps, as follows:

(1) The basic crossing, ker (Z) with ¢ # 7, comes from the transposition 7 € S5, so its

signature is —1. As for its degenerated version ker (Z), this is noncrossing, so here the
signature is 1. We conclude that the linear map associated to the basic crossing is:

— —e;®e; fori#j
Ty(e; @ e;) = !
e @es) {ej ®e;  otherwise

For the half-classical crossing, namely ker (fﬁ) with ¢, 7, k distinct, the signature is

once again —1, and by examining the signatures of the various degenerations of this
half-classical crossing, we are led to the following formula:

- —er®e; ®e; for i, 7,k distinct
TX(ez‘@@j@@k):{ fe /

er ®ej 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 11.2:

Ty € End(u®?) < G C Oy
Indeed, by using the formula of Ty found in (1) above, we obtain:

(Ty @ DuP(e; ®e; ®1) = Z ex @ e & UpiUk;
K

- E €1 & e & UkiUy
k#L
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On the other hand, we have as well the following formula:

[ iUk if 2 =9
U @1)(e®e;®1) = Do €l @ e @ wiuy, if i = j
— > e ®er @uyug ifi# g

For i = j the conditions are u3, = u?, for any k, and ugu; = —ujug; for any k # 1.

For i # j the conditions are uy;ui; = —uyju; for any k, and Ukiuy; = ugjuy; for any k # 1.
Thus we have exactly the relations between the coordinates of Oy, 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 11.3:

Ty € End(u®) < G C Oy
Indeed, by using the formula of 7y found in (1) above, we obtain:

(Ty @ u(e;®e; Qe ®1) = Z Ce @ €p @ €q & UqiUpjlck

abc not distinct

— E € X ey @ ey & Ug;Up;Uek

a,b,c distinct
On the other hand, we have as well the following formula:
u(Ty @ 1)(e; ® e; @ e, ® 1)
B Y abe €c @ €4 ® €4 © UekUpjUg; for ¢, 7, k not distinct
— D ube €c D €y @ €q @ UepUpjUg;  for 4, 7,k distinct
For 4, j, k not distinct the conditions are wq;upjter = UckUsjUqi for a, b, c not distinct, and
UgiUpjUeck = —UckUpjUq; for @, b, c distinct. For 7, j, k distinct the conditions are wq;uy;ucr, =

—UekUpjUqgi fOr a, b, ¢ not distinct, and wqup;ucy = UckUpjUqi for a,b, c distinct. Thus we
have exactly the relations between the coordinates of O3, and we are done.

(4) Now with the above results in hand, we obtain that the Schur-Weyl twists of On, Oy
are indeed the quantum groups Oy, O} from Theorem 11.2 and Theorem 11.3.

(4) 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, U} are indeed Uy, Uyx. O

Let us clarify now the relation between the maps T, T,. We recall that the Mobius
function of any lattice, and in particular of P.,.,, is given by:

1 ifo=m
plo,m) =< = i hilo,m) ifo<m
0 ifodn

With this notation, we have the following result:
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Proposition 11.13. For any partition © € P.,., we have the formula
=Yt
T<m

where ay =3 &(T)p(o, 7), with p being the Mdbius function of Peyen.

Proof. The linear combinations "= " ___«,T, acts on tensors as follows:

T<m

T(‘eil@"'@eik) = ZaT 611 ~®€ik>

T<m

- ZQTZ Z €j ® ... Q¢

7T o<T j: ker

_ Z(Z aT> Y @@

o<m \o<7<m j:ker(;):a

Thus, in order to have T, = >, __«,T,, we must have e(o) = > _____a,, for any
o < m. But this problem can be solved by using the Md&bius inversion formula, and we
obtain the numbers o, =) _____e(7)u(o, 7) in the statement. O

With the above results in hand, let us go back now to the question of twisting the
quantum reflection groups. It is convenient to include in our discussion two more quantum

groups, coming from [120] and denoted H ][\c;o }, K ][\C;O }, constructed as follows:

Proposition 11.14. We have intermediate liberations H][\?o}, K][\?O} as follows, constructed

by using the relations afy = 0 for any a # ¢ on the same row or column of u:

Ky K% K K3

Hy Hz, H Hi;

These quantum groups are both easy, with the corresponding categories of partitions, de-

noted Pe[qo,i}n C P.yen, and Pc[icé]n C Peven, being generated by n = ker(%)

Proof. 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 section 4 above, we refer to the paper of Raum-Weber [120]. 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 11.15. We have the following equalities,

P;ven - {ﬂ- S Peven 5(7—) = ]-7V7' <, |7'| = 2}
Phel = {7? € Poyen|o € P, ,No C 77}
‘Pe[?)z}n - {ﬂ-epeven 5<T>:1,VT§7T}

where € : Poen — {E1} is the signature of even permutations.
Proof. This is routine combinatorics, from [9], [120], the idea being as follows:

(1) Given ™ € Poyen, we have 7 < m, |7| = 2 precisely when 7 = 77 is the partition
obtained from 7 by merging all the legs of a certain subpartition § C 7, and by merging
as well all the other blocks.

Now observe that 7 does not depend on , but only on 3, and that the number of
switches required for making P noncrossing is ¢ = N, — N, modulo 2, where N, /N, is the
number of black/white legs of 3, when labelling the legs of 7 counterclockwise ceoc e ...

Thus e(7”) = 1 holds precisely when 3 € 7 has the same number of black and white
legs, and this gives the result.

oo

(2) This simply follows from the equality Pl =< n > coming from Proposition 11.14,
by computing < 1 >, and for the complete proof here we refer to [120].

(3) We use the fact, also from [120], that the relations g¢;g;9; = ¢;g:9; are trivially
satisfied for real reflections. Thus, we have:

Pe[ﬁ‘;]n(k;,l):{ker <Z.1 Z.’f)
T

In other words, the partitions in Pe[ﬁﬁ}n are those describing the relations between free
variables, subject to the conditions g7 = 1.

We conclude that Pe[;?zL appears from NC.,., by “inflating blocks”, in the sense that
each ™ € Pe[f,i}n can be transformed into a partition 7' € NCy,., by deleting pairs of
consecutive legs, belonging to the same block.

Now since this inflation operation leaves invariant modulo 2 the number ¢ € N of
switches in the definition of the signature, it leaves invariant the signature ¢ = (—1)°
itself, and we obtain in this way the inclusion “C” in the statement.

Conversely, given m € P, satisfying (1) = 1, V7 < 7, our claim is that:

Giy - - - i, = Gj, - - - gj, inside Z;N}

psocCTlpl=2 = c(p) =1

Indeed, let us denote by «, 8 the two blocks of p, and by 7 the remaining blocks of
7, merged altogether. We know that the partitions 71 = (a« A7, 8), 2 = (B A 7, q),
73 = (a, B,7) are all even. On the other hand, putting these partitions in noncrossing
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form requires respectively s+t, s’ +1t, s+ s+t switches, where ¢ is the number of switches
needed for putting p = («, #) in noncrossing form. Thus ¢ is even, and we are done.
With the above claim in hand, we conclude, by using the second equality in the state-

ment, that we have o € P* Thus we have 7 € Pe[ﬁn, which ends the proof of “2”. [

even-*
With the above result in hand, we can now prove:

Theorem 11.16. The basic quantum reflection groups, namely

Hf — > TH}, — K}

HY ——>TH) — K}

Hy—THy — Ky
equal their own Schur-Weyl twists.
Proof. This result, established in [8], basically comes from the results that we have:
(1) In the real case, the verifications are as follows:

— H]\L,. We know from Theorem 11.7 above that for 7 € NCeye, we have T, = T,, and
since we are in the situation D C NCyyep, the definitions of GG, G coincide.

- H ][\(;O }. Here we can use the same argument as in (1), based this time on the description
of P2, involving the signatures found in Proposition 11.15.

— Hy. We have HY = H][\?O] N O%, so Hy C H][\?O] is the subgroup obtained via the
defining relations for O%. But all the abc = —cba relations defining Hy are automatic,
of type 0 = 0, and it follows that HY C H ][\?O Jis the subgroup obtained via the relations
abc = cba, for any a,b, ¢ € {u;;}. Thus we have H} = H][\?O] NO% = H}, as claimed.

— Hy. We have Hy = H} N Oy, and by functoriality, Hy = ]:Ij(, NOy = Hy N On.
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 [9]. O

In relation now with the tori, we have the following result:
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Theorem 11.17. 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. U

Before getting into the spheres, let us discuss integration questions. The result here,
valid for any Schur-Weyl twist in our sense, is as follows:

Theorem 11.18. We have the Weingarten type formula
/ W =S baline i) G ) Win(m o)
G m,0€ Py (a)
where Wiy = Gin, with Gyn(m,0) = N™°l for .0 € D(k).

Proof. This follows exactly as in the untwisted case, the idea being that the signs will
cancel. Let us recall indeed from Definition 11.8 and the comments afterwards that the
twisted vectors &, associated to the partitions m € Py,en(k) are as follows:

EW:ZdT) Z e, Q...0e€;,

T>7 i:ker(i)=7

Thus, the Gram matrix of these vectors is given by:

<& e > = Z 5(7')2H(h,...,ik))keri:T}‘

T>mVo
= Z H(zl,,zk)‘ keri = TH
T>mNo
— pJMVﬂ
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. U

In relation now with the spheres, we have the following result:
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Theorem 11.19. 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 long and routine
computation, by adding signs where needed, and with the main technical ingredient,
namely the Weingarten formula, being available from Theorem 11.18 above. U

As a conclusion now, we have shown that the various quadruplets (S,T,U, K) con-
structed in sections 1-10 above have twisted counterparts (S, T, U, K). The question that
we would like to solve now is that of finding correspondences, as follows:

S T

U

In order to discuss this, let us get back to the axiomatics from section 4. We have seen
there that the 12 correspondences come in fact from 7 correspondences, as follows:

S T

K

U K

In the twisted case, 6 of these correspondences hold as well, but the remaining one,
namely S — T, definitely does not hold as stated, and must be modified. Let us begin
our discussion with the quantum isometry group results. We have here:

Theorem 11.20. We have the quantum isometry group formula
U=G"(S)
in all the 9 main twisted cases.

Proof. The proofs here are similar to those from the untwisted case, via a long and
routine computation, by adding signs where needed, which amounts in replacing the
usual commutators [a, b] = ab — ba by twisted commutators, given by:

[[a,b]] = ab + ba
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There is one subtle point, however, coming from the fact that the linear independence 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 11.18. For details here, we refer to [5]. U

Regarding now the K = G*(T') N K}, axiom, this is something that we already know.
However, regarding the correspondence S — T, things here fail in the twisted case. Our
“fix” for this, or at least the best fix that we could find, is as follows:

Theorem 11.21. Given an algebraic manifold X C S(]Cv;l, define its toral isometry group
as being the biggest subgroup of T}, acting affinely on X :

G"(X)=G"(X)NTy
With this convention, for the 9 basic spheres S, and for their twists as well, the toral
1sometry group equals the torus T'.

Proof. We recall from section 3 that the affine quantum isometry group G*(X) C Uy
of a noncommutative manifold X C Sév ;1 coming from certain polynomial relations P is
constructed according to the following procedure:

J
Similarly, the toral isometry group G (X) C T} is constructed as follows:
P(z;) =0 = P(x;®u;) =0
In the monomial case one can prove that the following formula holds:
G*(S) = G+(S)
By intersecting with T}, we obtain from this that we have:
G (S) =g"(9)
The result can be of course be proved as well directly. For SY ' we have:
Q(z;75) = 17 @ U,
O () = x2; @ uju,
Thus we obtain w;u; = —uj;u; for i # j, and so the quantum group is Ty.
The proof in the complex, half-liberated and hybrid cases is similar. Il

Regarding the hard liberation axiom, this seems to hold indeed in all the cases under
consideration, but this is non-trivial, and not known yet. As a conclusion, we conjec-
turally have an extension of our (5,7, U, K) formalism, with the S — T axiom needing a
modification as above, which covers the twisted objects (S,T,U, K) as well.
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12. MATRIX MODELS

We have seen in section 9 above that a useful technique for the study of the half-classical
manifolds, X C Sg*_l, is that of modelling the standard coordinates z1,...,zy € C(X) by
certain explicit variables, namely some suitable antidiagonal 2 x 2 matrices T1,...,Ty €
M5(C(Y)), over a certain classical manifold Y, associated to X.

In this section we discuss modelling questions for the general manifolds X C S(]C\f ;1. Let
us first recall the GNS representation theorem, in a detailed form:

Theorem 12.1. Any C*-algebra A appears as closed x-algebra of operators on a Hilbert
space, A C B(H), in the following way:

(1) In the commutative case, where A = C(X), we can set H = L*(X), with respect
to some probability measure on X, and use the embedding g — (9 — fg).

(2) In general, we can set H = L*(A), with respect to some faithful positive trace
tr: A — C, and then use a similar embedding, a — (b — ab).

Proof. This is something that we already know, from section 1 above, coming from basic
measure theory and functional analysis, the idea being as follows:

(1) This is something elementary, modulo the fact that any compact space X has a
probability measure, which follows from basic measure theory.

(2) Here the subtle point is the construction of the trace tr : A — C, which can be
done via abstract functional analysis methods. U

In the case of the algebras A = C(X) with X C Sg;l that we are interested in,
the above result tells us that we can always find operators T; € B(H) which model the
standard coordinates z; € C'(X). To be more precise, we have:

Proposition 12.2. Given an algebraic manifold X C ngrl,

O(X) = c<sg;1)/<fa(x1, T g 0>

we have a morphism of C*-algebras as follows, whenever the operators T; € B(H) satisfy
the relations Y . T; 17 = >, 1;T, = 1 and fo(Th, ..., Tn) =0,

7:C(X)— B(H) , z—1T

coming via

and we can always find a Hilbert space H and operators (T;) such that m is faithful.

Proof. Here the first assertion is more of an empty statement, explaining the definition
of the algebra C(X), via generators and relations, and the second assertion is something
non-trivial, coming as a consequence of the GNS theorem. O
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In practice, all this is a bit too general, and not very useful. However, and here comes
our point, by replacing the operator algebra models C(X) — B(H) by suitable models
of type C(X) — B, with B being a C*-algebra, not necessarily equal to a full operator
algebra over a Hilbert space, we are led to some interesting and useful theory.

In order to discuss this, we need a good family of target algebras B, that can we can
say that we understand very well. And here, we can use:

Definition 12.3. A random matriz C*-algebra is an algebra of type
B = My (C(T))
with T being a compact space, and K € N being an integer.

The terminology here comes from the fact that, in practice, the space T usually comes
with a probability measure on it, which makes the elements of B “random matrices”.
Observe that we can write our random matrix algebra as follows:

B = Mg(C)® C(T)

Thus, the random matrix algebras appear by definition as tensor products of the sim-
plest types of C*-algebras that we know, namely the full matrix algebras, My (C) with
K € N, and the commutative algebras, C(T'), with T being a compact space.

Getting back now to our modelling questions for manifolds, we can formulate:

Definition 12.4. A matriz model for a noncommutative algebraic manifold X C Sé\fjrl
15 @ morphism of C*-algebras of the following type,

m: C(X) — Mg(C(T))
with T being a compact space, and K € N being an integer.

As a first observation, when X happens to be classical, we can take K =1 and T = X,
and we have a faithful model for our manifold, namely:

id : C(X) — M,(C(X))

In general, we will be looking of course for faithful models for our manifolds, or at
least for models having some suitable, weaker faithfulness properties. For this purpose
we cannot use of course K = 1, and the smallest value K € N doing the job, if any, will
correspond somehow to the “degree of noncommutativity” of our manifold.

Before getting into all this, we would like to clarify a few more abstract issues. As
mentioned above, the C*-algebras of type B = Mg(C(T)) are called “random matrix
C*-algebras”. The reason for this is the fact that most of the interesting compact spaces
T come by definition with a natural probability measure of them. Thus, B is a subalgebra
of the algebra B"” = My (L*(T')), usually known as a “random matrix algebra”.
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This perspective is quite interesting for us, because most of our examples of manifolds
X C X(]C\{ ;1 appear as homogeneous spaces, and so are measured spaces too. Thus,
we can further ask for our models C(X) — Mg (C(T)) to extend into models of type
L>®(X) — Mg(L*(T)), which can help in connection with integration problems.

In short, time now to talk about L*-functions, in the noncommutative setting. In
order to discuss all this, we will need some basic von Neumann algebra theory, coming as
a complement to the C*-algebra theory from section 1 above. Let us start with:

Proposition 12.5. For an operator algebra A C B(H), the following are equivalent:

(1) A is closed under the weak operator topology, making each of the linear maps
T =< Tz,y > continuous.

(2) A is closed under the strong operator topology, making each of the linear maps
T — Tz continuous.

In the case where these conditions are satisfied, A is closed under the norm topology.
Proof. There are several statements here, the proof being as follows:

(1) It is clear that the norm topology is stronger than the strong operator topology,
which is in turn stronger than the weak operator topology. At the level of the subsets
S C B(H) which are closed things get reversed, in the sense that weakly closed implies
strongly closed, which in turn implies norm closed. Thus, we are left with proving that
for any algebra A C B(H), strongly closed implies weakly closed.

(2) But this latter fact is something standard, which can be proved via an amplification
trick. Consider the Hilbert space obtained by summing n times H with itself:

K=H®..0H

The operators over K can be regarded as being square matrices with entries in B(H),
and in particular, we have a representation 7 : B(H) — B(K), as follows:
T
m(T) =
T

Assume now that we are given an operator 7' € A, with the bar denoting the weak
closure. We have then, by using the Hahn-Banach theorem, for any x € K:

TeA = n(T)enr(A)
(Tx € m(A)x
(T € m(A)x

—

T x €
- re []-1]
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Now observe that the last formula tells us that for any z = (z1,...,2,), and any € > 0,
we can find S € A such that the following holds, for any :

||Sz; — Tai|| < e
Thus T" belongs to the strong operator closure of A, as desired. U

In the above statement the terminology, while standard, is a bit confusing, because the
norm topology is stronger than the strong operator topology. As a solution to this, we
agree to call the norm topology “strong”, and the weak and strong operator topologies
“weak”, whenever these two topologies coincide. With this convention, the algebras from
Proposition 12.5 are those which are weakly closed, and we can formulate:

Definition 12.6. A von Neumann algebra is a x-algebra of operators
AC B(H)
which 1s closed under the weak topology.

As basic examples, we have the algebra B(H) itself, then the singly generated von
Neumann algebras, A =< T >, with T" € B(H), and then the multiply generated von
Neumann algebras, namely A =< T; >, with T; € B(H). There are many other examples,
and general methods for constructing examples, and we will discuss this later.

At the level of the general results, we first have the bicommutant theorem of von
Neumann, which provides a useful alternative to Definition 12.6, as follows:

Theorem 12.7. For a *x-algebra A C B(H), the following are equivalent:

(1) A is weakly closed, so it is a von Neumann algebra.
(2) A equals its algebraic bicommutant A”, taken inside B(H).

Proof. Since the commutants are automatically weakly closed, it is enough to show that
weakly closed implies A = A”. For this purpose, we will prove something a bit more
general, stating that given a x-algebra of operators A C B(H), the following holds, with
A" being the bicommutant inside B(H), and with A being the weak closure:

A/l — A
We prove this equality by double inclusion, as follows:

“D” Since any operator commutes with the operators that it commutes with, we have
a trivial inclusion S C S”, valid for any set S C B(H). In particular, we have:

Ac A’
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Our claim now is that the algebra A” is closed, with respect to the strong operator
topology. Indeed, assuming that we have T; — T" in this topology, we have:

T, c A" = ST,=T,5, VScA
= ST =TS5 VSecA
= TecA

Thus our claim is proved, and together with Proposition 12.5, which allows us to pass
from the strong to the weak operator topology, this gives the desired inclusion:

AcA”
“C” Here we must prove that we have the following implication, valid for any 7' € B(H),
with the bar denoting as usual the weak operator closure:

TecA — TeA

For this purpose, we use the same amplification trick as in the proof of Proposition 12.5
above. Consider the Hilbert space obtained by summing n times H with itself:

K=H&...©oH

The operators over K can be regarded as being square matrices with entries in B(H),
and in particular, we have a representation 7 : B(H) — B(K), as follows:

T
n(T) =
T

The idea will be that of doing the computations in this representation. First, in this
representation, the image of our algebra A C B(H) is given by:

T
7(A) = | |rea
T

We can compute the commutant of this image, exactly as in the usual scalar matrix
case, and we obtain the following formula:

S ... S
m(A) = : : Si; € A
Sp1 oo San
We conclude from this that, given an operator T' € A” as above, we have:
T
e n(A)”

T
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In other words, the conclusion of all this is that we have:
TeA = =n(T) en(A)

Now given a vector x € K, consider the orthogonal projection P € B(K) on the norm
closure of the vector space m(A)z C K. Since the subspace m(A)x C K is invariant under
the action of m(A), so is its norm closure inside K, and we obtain from this:

P e n(A)
By combining this with what we found above, we conclude that we have:
TeA" = n(T)P=Pr(T)

Now since this holds for any = € K, we conclude that any 7" € A” belongs to the strong
operator closure of A. By using now Proposition 12.5, which allows us to pass from the
strong to the weak operator closure, we conclude that we have A” C A, as desired. O

As an interesting consequence of Theorem 12.7, we have the following result:

Proposition 12.8. Given a von Neumann algebra A C B(H), its center
Z(A)=AnA
regarded as an algebra Z(A) C B(H), is a von Neumann algebra too.

Proof. This follows from the fact that the commutants are weakly closed, that we know
from the above, which shows that A" C B(H) is a von Neumann algebra. Thus, the
intersection Z(A) = AN A’ must be a von Neumann algebra too, as claimed. O

In order to develop now some general theory, let us start by investigating the finite
dimensional case. Here the ambient operator algebra is B(H) = My(C), and any subspace
A C B(H) is automatically closed, for all 3 topologies from Proposition 12.5 above.

Thus, we are left with the question of investigating the x-algebras of usual matrices
A C My(C). But this is a purely algebraic question, whose answer is as follows:

Theorem 12.9. The x-algebras A C My(C) are exactly the algebras of the form
A=M,C)s...® M, (C)
depending on parameters k € N and ry,...,r, € N satisfying
r+...+r,=N
embedded into My (C) via the obvious block embedding, twisted by a unitary U € Uy.
Proof. We have two assertions to be proved, the idea being as follows:

(1) Given numbers rq,...,r, € N satisfying 1 + ... + 7, = N, we have an obvious
embedding of x-algebras, via matrix blocks, as follows:

M, (C)® ... M, (C) C My(C)
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In addition, we can twist this embedding by a unitary U € Uy, as follows:
M — UMU"
Thus, we have proved one of the implications.
(2) In the other sense now, consider an arbitrary x-algebra of the N x N matrices:
A C My(C)
Let us first look at the center of this algebra, which given by:
Z(A)=AnA
It is elementary to prove that this center, as an algebra, is of the following form:
Z(A) ~C*

Consider now the standard basis ej,...,e, € C¥, and let py,...,pr € Z(A) be the
images of these vectors via the above identification. In other words, these elements
P1, ..., P € A are central minimal projections, summing up to 1:

Pt t+pe=1

The idea is then that this partition of the unity will eventually lead to the block
decomposition of A, as in the statement. We prove this in 4 steps, as follows:

Step 1. We first construct the matrix blocks, our claim here being that each of the
following linear subspaces of A are non-unital *-subalgebras of A:

A= pz‘APi

But this is clear, with the fact that each A; is closed under the various non-unital
x-subalgebra operations coming from the projection equations p? = p; = p}.

Step 2. We prove now that the above algebras A; C A are in a direct sum position, in
the sense that we have a non-unital x-algebra sum decomposition, as follows:

A=A410...0 A

As with any direct sum question, we have two things to be proved here. First, by using
the formula p; + ...+ pr = 1 and the projection equations p? = p; = p}, we conclude that
we have the needed generation property, namely:

A+ + A=A

As for the fact that the sum is indeed direct, this follows as well from the formula
p1+ ...+ pr =1, and from the projection equations p? = p; = p;.

Step 3. Our claim now, which will finish the proof, is that each of the x-subalgebras
A; = p;Ap; constructed above is a full matrix algebra. To be more precise here, with
r; = rank(p;), our claim is that we have isomorphisms, as follows:
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In order to prove this claim, recall that the projections p; € A were chosen central and
minimal. Thus, the center of each of the algebras A; reduces to the scalars:

But this shows, either via a direct computation, or via the bicommutant theorem, that
the each of the algebras A; is a full matrix algebra, as claimed.

Step 4. We can now obtain the result, by putting together what we have. Indeed, by
using the results from Step 2 and Step 3, we obtain an isomorphism as follows:

A= Ad...0 A
~ M, (C)a...e M, (C)
Moreover, a careful look at the isomorphisms established in Step 3 shows that at the
global level, of the algebra A itself, the above isomorphism comes by twisting the standard

multimatrix embedding M,,(C) & ... ® M,, (C) C My(C), discussed in the beginning of
the proof, (1) above, by a certain unitary U € Uy. Thus, we obtain the result. O

As an application of Theorem 12.9, clarifying the relation with linear algebra, or oper-
ator theory in finite dimensions, we have the following result:

Proposition 12.10. Given an operator T € B(H) in finite dimensions, H = CV the
von Neumann algebra A =< T > that it generates inside B(H) = My(C) is

A=M,(C)&...®M,(C)

with the sizes of the blocks r1, ..., € N coming from the spectral theory of the associated
matriz M € My(C). In the normal case TT* = T*T, this decomposition comes from
T=UDU*

with D € My (C) diagonal, and with U € Uy unitary.

Proof. This is standard, by using the basic linear algebra theory and spectral theory for
the usual matrices M € My(C). 0

Let us get now to infinite dimensions, with Proposition 12.10 as our main source of
inspiration. We have here the following result:

Theorem 12.11. Given an operator T' € B(H) which is normal,
TTr* =TT
the von Neumann algebra A =<T > that it generates inside B(H) is
<T>=L*(T))
with o(T') being its spectrum, formed of numbers \ € C such that T'— X is not invertible.

Proof. This is standard as well, by using the spectral theory for the normal operators
T € B(H), coming from section 1 above. O
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More generally, along the same lines, we have the following result, dealing this time
with commuting families of normal operators:

Theorem 12.12. Given operators T; € B(H) which are normal, and which commute, the
von Neumann algebra A =< T, > that these operators generates inside B(H) is

<T;, >=L>(X)
with X being a certain measured space, associated to the family {T;}.

Proof. This is once again routine, by using the spectral theory for the families of com-
muting normal operators T; € B(H), coming from section 1 above. O

As an interesting abstract consequence of this, we have:

Theorem 12.13. The commutative von Neumann algebras are the algebras of type
A=L>X)
with X being a measured space.

Proof. We have two assertions to be proved, the idea being as follows:

(1) In one sense, we must prove that given a measured space X, we can realize the
commutative algebra A = L*(X) as a von Neumann algebra, on a certain Hilbert space
H. But this is something that we already know, coming from the multiplicity operators
Tt(g) = fg discussed in section 1 above, the representation being as follows:

L¥(X) © B(LA(X))

(2) In the other sense, given a commutative von Neumann algebra A C B(H), we must
construct a certain measured space X, and an identification A = L>°(X). But this follows
from Theorem 12.12, because we can write our von Neumann algebra as follows:

A=<T;,>

To be more precise, A being commutative, any element T" € A is normal. Thus, we can
pick a basis {T;} C A, and then we have A =< T; > as above, with T; € B(H) being
commuting normal operators. Thus Theorem 12.12 applies, and gives the result. O

The above result is not the end of the story with the commutative von Neumann
algebras, because we still have to understand how a given commutative algebra A =
L>(X) can be represented as an operator algebra, A C B(H), over the various Hilbert
spaces H. The answer here is that the commutative von Neumann algebras appear as
L>(X) C B(L*(X)), up to a certain multiplicity, but we will not need this here.

Moving ahead now, we can combine Proposition 12.8 with Theorem 12.13, and by
building along the lines of Theorem 12.9; but this time in infinite dimensions, we are led
to the following statement, due to Murray-von Neumann and Connes:
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Theorem 12.14. Given a von Neumann algebra A C B(H), if we write its center as
Z(A) = L™(X)

then we have a decomposition as follows, with the fibers A, having trivial center:

A:/Axdx
X

Moreover, the factors, Z(A) = C, can be basically classified in terms of the 11y factors,
which are those satisfying dim A = oo, and having a faithful trace tr : A — C.

Proof. This is something that we know to hold in finite dimensions, as a consequence of
Theorem 12.9 above. In general, this is something heavy, the idea being as follows:

(1) This is von Neumann’s reduction theory main result, whose statement is already
quite hard to understand, and whose proof uses advanced functional analysis.

(2) This is heavy, due to Murray-von Neumann and Connes, the idea being that the
other factors can be basically obtained via crossed product constructions. U

All the above was of course very brief. We recommend here the original papers of
Murray-von Neumann and Connes, [111], [112], [138], [139], and then [64], [65].

We can now extend our noncommutative space setting, as follows:

Theorem 12.15. Consider the category of “noncommutative measure spaces”, having as
objects the pairs (A, tr) consisting of a von Neumann algebra with a faithful trace, and
with the arrows reversed, which amounts in writing A = L>(X) and tr = .

(1) The category of usual measured spaces embeds into this category, and we obtain in
this way the objects whose associated von Neumann algebra is commutative.

(2) Each C*-algebra given with a trace produces as well a noncommutative measure
space, by performing the GNS construction, and taking the weak closure.

(3) In what regards the finitely generated group duals, or more generally the compact
matrix quantum groups, the corresponding identification is injective.

(4) Even more generally, for noncommutative algebraic manifolds having an inte-
gratiuon functional, like the spheres, the identification is injective.

Proof. This is clear indeed from the basic properties of the GNS construction, from The-
orem 12.1, and from the general theory from Theorem 12.14. U

Before getting into matrix modelling questions, we would like to formulate the following
result, that we announced long ago, in section 1 above, but had not discussed yet:
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Theorem 12.16. In the context of the noncommutative geometries coming from quadru-
plets (S,T,U, K), we have von Neumann algebras, with traces, as follows,

L>(S) L(T)

L>=(U) L>(K)
with L>(S) C L*(U) being obtained by taking the first row algebra.

Proof. This follows indeed from the results that we already have, by using the general
formalism from Theorem 12.15. U

In relation now with the modelling questions, we can now go ahead with our program,
and discuss von Neumann algebraic extensions. We have the following result:

Theorem 12.17. Given a matriz model 7 : C(X) — Mg (C(T)), with both X, T being
assumed to have integration functionals, the following are equivalent:

(1) m is stationary, in the sense that [, = (tr ® [p)T.
(2) m produces an inclusion ©' : Creq(X) C Mg (X(T)).
(3) m produces an inclusion 7" : L=(X) C Mg(L>(T)).
Moreover, in the quantum group case, these conditions imply that 7 is faithful.

Proof. This is standard functional analysis. Consider indeed the following diagram, with
all solid arrows being the canonical maps between the algebras concerned:

Mi(C(T) )
c(x) Crea(X) 1(X)

With this picture in hand, the implications (1) <= (2) <= (3) are all clear, coming
from the basic properties of the GNS construction, and of the von Neumann algebras.

As for the last assertion, this is something more subtle, coming from the fact that if
L>(@) is of type 1, as required by (3), then G must be coamenable. See [115]. O

The above result raises a number of interesting questions, notably in what regards the
extension of the last assertion, to the case of more general homogeneous spaces.

Before going further, we would like to record as well the following key result regarding
the matrix models, valid so far in the quantum group case only:
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Theorem 12.18. Consider a matriz model 7 : C(G) — Mg (C(T)) for a closed subgroup
G C Uy, with T being assumed to be a compact probability space.

(1) There exists a smallest subgroup G' C G, producing a factorization of type:
7:C(G) = C(G") = Mg (C(T))
The algebra C(G') is called Hopf image of m.
(2) When m is inner faithful, in the sense that G = G, we have the formula

k
f=m >
where ¢ = (tr @ [p)7, and ¢ x P = (¢ @ P)A.

Proof. All this is well-known, but quite specialized, the idea being as follows:

(1) This follows by dividing the algebra C'(G) by a suitable ideal, namely the Hopf ideal
generated by the kernel of the matrix model map 7 : C(G) — Mg (C(T)).

(2) This follows by suitably adapting Woronowicz’s proof for the existence and formula
of the Haar integration functional from [149], to the matrix model situation. O

The above result is quite important, for a number of reasons. Indeed, as a main
application of it, while the existence of a faithful matrix model 7 : C(G) C Mg (C(T))
forces the C*-algebra C(G) to be of type I, and so G to be coamenable, as already
mentioned in the proof of Theorem 12.17 above, there is no known restriction coming
from the existence of an inner faithful model 7 : C(G) — Mg (C(T)). See [17], [60].

In the general manifold setting, talking about such things is in general not possible,
unless our manifold X has some extra special structure, as for instance being an homo-
geneous space, in the spirit of the spaces discussed in sections 6-8 above.

Let us go back now to our basic notion of a matrix model, from Definition 12.4 above,
and develop some more general theory, in that setting. We first have:

Proposition 12.19. A 1 x 1 model for a manifold X C Sg;l must come from a map
p:T — Xopss CX

and 7 s faithful precisely when X = X 45, and when p is surjective.

Proof. According to our conventions, a 1 X 1 model for a manifold X C S(é\f ;1 is simply a
morphism of C*-algebras as follows:

m:C(X)— C(T)

Now since the algebra C'(T) is commutative, this morphism must factorize through the
abelianization of C'(X), as follows:

m: C(X) = C(Xeass) = C(T)
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Thus, our morphism 7 must come by transposition from a map p, as claimed. Il
In order to generalize the above trivial fact, we use the following definition:

Definition 12.20. Let X C Sé\fjrl. We define a closed subspace XK C X by

C(XH)) = (X)) Ik
where Jx is the common null space of matriz representations of C(X), of size L < K,
Jxg = ﬂ ﬂ ker(m)
L<K m:C(X)—ML(C)

and we call X5 the “part of X which is realizable with K x K models”.

As a basic example here, the first such space, at K = 1, is the classical version:

X(l) = Xclass
Observe that we have embeddings of quantum spaces, as follows:
XV x®cx® . cX

As a first result now on these spaces, we have the following well-known fact:

Theorem 12.21. The increasing union of compact quantum spaces
x (o) — U X (K)
K>1
equals X precisely when the algebra C(X) is residually finite dimensional.

Proof. This is something well-known, coming from the general theory from [139]. We refer
to [58] for a discussion on this topic, in the context of the quantum groups. U

Getting back now to the case K < oo, we first have, following [18]:

Proposition 12.22. Consider an algebraic manifold X C S(]C\fjrl.

(1) Given a closed subspace Y C X C Sg;l, we have Y C X5 precisely when any
irreducible representation of C(Y') has dimension < K.

(2) In particular, we have XK) = X precisely when any irreducible representation of
C(X) has dimension < K.

Proof. This follows by using the general C*-algebra theory, as follows:

(1) If any irreducible representation of C'(Y') has dimension < K, then we have Y C
X ) because the irreducible representations of a C*-algebra separate its points.

Conversely, assuming Y € X it is enough to show that any irreducible representation
of the algebra C/(X (X )) has dimension < K. But this is once again well-known.

(2) This follows indeed from (1). O
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The connection with the previous considerations comes from:
Theorem 12.23. If X C Sg;l has a faithful matriz model
C(X) = Mk(C(T))
then we have X = X&),

Proof. This follows from the above and from standard representation theory of the C*-
algebras. For full details on all this, we refer to [18]. O

We now discuss the universal KX x K-matrix model, constructed as follows:

Theorem 12.24. Given X C ngrl algebraic, the category of its K x K matriz models,
with K > 1 being fized, has a universal object as follows:

TK . C(X) — MK(C(TK))
That s, given a matriz model
p: C(X) = Mg (C(T)
we have a diagram of type

C(X) - M (C(Tk))

T

Mg (C(T))

where the map on the right is unique and arises from a continuous map T — Tk.

Proof. Consider the universal commutative C*-algebra generated by elements x;;(a), with
1<i,7 <K,ae O(X), subject to the relations (a,b € O(X), A€ C,1<4,j < K):

ZEZ']‘ (CL + )\b) = l’m‘(a) —|— /\l'”(b)
zij(ab) = wir(a)wi; (b)
k
z;j(1) = i

zij(a)” = xji(a”)

This is indeed well-defined because of the following relations:
Z Z Tip(2))rRi(2) = 1
Ik
Let Tk be the spectrum of this C*-algebra. Since X is algebraic, we have:

m(2k) = (wi(2))
By construction of Tk and 7, we have the universal matrix model. See [18]. u
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Getting now to the case of the algebraic manifolds, we first have here:
Proposition 12.25. Let X C S(]C\C:Ll with X algebraic and X 455 # 0, and let
m:C(X) = Mg(C(Tk))
be the universal matriz model. Then we have
C(X®H)) = C(X)/Ker(n)
and hence X = X5 if and only if X has a faithful K x K-matriz model.

Proof. We have to show that Ker(m) = Jg, the latter ideal being the intersection of the
kernels of all matrix representations C'(X) — M(C), for any L < K. For a & Ker(m),
we see that a € Ji by evaluating at an appropriate element of Tk .

Conversely, assume that we are given a € Ker(m). Let p : C(X) — ML(C) be a
representation with L < K, and let ¢ : C'(X) — C be a representation. We can extend p
to a representation p’ : C'(X) — Mg(C) by letting, for any b € C(X):

p(b) = (p E)b> €<b>?KL)

The universal property of the universal matrix model yields that p'(a) = 0, since
m(a) = 0. Thus p(a) = 0. We therefore have a € Ji, and Ker(mw) C Jk, and the first
statement is proved. The last statement follows from the first one. See [18]. O

Next, we have the following result, also from [18]:

Proposition 12.26. Let X C Sg;l be algebraic, and satisfying:
Xclass 7é @

Then X5 is algebraic as well.

Proof. We keep the notations above, and consider the following map:
7o : O(X) = Mg (C(Tk))
2 = (@i(21))
This induces a x-algebra map, as follows:
7o : C*(O(X)/Ker(m)) = Mg(C(Tk))

We need to show that 7 is injective. For this purpose, observe that the universal model
factorizes as follows, where p is canonical surjection:

m:C(X) 5 C*O(X)/Ker(m)) % My (C(Tk))
We therefore obtain Ker(mw) = Ker(p), and we conclude that:
C(x") = C(X)/Ker(p)
C*(O(X)/Ker(mp))
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Thus X %) is indeed algebraic. Since O(X)/Ker(m) is isomorphic to a *-subalgebra
of Mg(C(Tk)), it satisfies the standard Amitsur-Levitski polynomial identity:
SQK(SUl, Ce ,1’2[() =0

By density, so does C*(O(X)/Ker(m)).

Thus any irreducible representation of C*(O(X)/Ker(m)) has dimension < K. Now
if a € C*(O(X)/Ker(mp)) is a nonzero element, we can, by the same reasoning as in the
previous proof, find a representation as follows, such that p(a) # 0:

p:C*(O(X)/Ker(my)) — Mg (C)
Indeed, given algebra map ¢ : C'(X) — C induces an algebra map:
C(Tk) —» C
zij(a) — 0;¢(a)

This map enables us to extend representations similarly as before.
By construction the universal model space yields an algebra map as follows:

The composition of this map with mop = 7 is pp, so ©p(a) # 0, and 7y is injective. [
Summarizing, we have proved the following result:

Theorem 12.27. Let X C S(]C\fjrl be algebraic, satisfying:

Xclass % @
Then we have an increasing sequence of algebraic submanifolds
Xeass = XV c X® c xO . cX

where X5 is given by the fact that
C(X") € Mg(C(Tk))
is obtained by factorizing the universal matrix model.
Proof. This follows indeed from the above results. See [18]. O

As an illustration, let us discuss the half-liberation operation, which is connected to
X @) We restrict the attention to the real case. Let us start with:

Definition 12.28. The half-classical version of a manifold X is given by:
C(X") = C’(X)/ <abc = cba|Va,b,c € {xz}>
We say that X is half-classical when X = X*.

In order to understand the structure of X*, we use an old matrix model method, which
goes back to [48], and then to [47]. This is based on the following observation:
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Proposition 12.29. For any z € CV, the matrices
0 Zi
Xi = (zz 0)

Proof. This is something elementary, that we know from section 9 above. U

are self-adjoint, and half-commute.

In order to connect the algebra of the classical coordinates z; to that of the noncom-
mutative coordinates X;, we will need an abstract definition, as follows:

Definition 12.30. Given a noncommutative polynomial f € R < xq,...,xxy >, we define
a usual polynomial f° € Rlzy,..., 2N, 21, ..., 2n] by setting
f =Ty Ty TisTiy - .. = fo = 24, ZinZig Zig - -

in the monomial case, and then by extending this correspondence, by linearity.

As a basic example here, the polynomial defining the free real sphere Sﬂg ! produces in

+
this way the polynomial defining the complex sphere S(]CV -1

f=2i+.. . +25 = fP=|al’+...+ |/

Given a polynomial f € R < zq,...,xxy >, we can decompose it into its even and odd
parts, f = g + h, by putting into g/h the monomials of even/odd length. Observe that
with z = (21,..., 2y), these odd and even parts are given by:

f(z2)+ f(—= f(z)— f(—=
FENPLCEYICE IRV CEY(E

With these conventions, we have the following result:

Proposition 12.31. Given a manifold X, coming from a family of polynomials
{fa} CR<xq,...,2n >

we have a morphism of unital C*-algebras as follows,

r: O(X) = My(C) | w(xi):<0 Zi)

z 0
precisely when z = (z1,...,zy) € CV belongs to the real algebraic manifold
Y = {z e CNgo(z1,...,2n) = Ro(21, ..., 2n) = O,Va}

where fo = go + he is the even/odd decomposition of f.

Proof. Let X; be the matrices in the statement. In order for z; — X; to define a morphism
of algebras, these matrices must satisfy the equations defining X. Thus, the model space
Z in the statement consists of those points z = (21, ..., 2x) € CV satisfying:

fo(X1,...,.XN)=0 |, Va
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Now observe that the matrices X; in the statement multiply as follows:

) ) A o Ziy §j1 Ce Zik’gjk 0
X”le Y XZkX]k ( 0 21'1 Zjl Ce ziijk>
i 0 Zilgjl Ce zikéjkzikﬂ
X“X]l Ce szX]szk+1 - (Eilzjl L zikzjkzilwrl 0

We therefore obtain, in terms of the even/odd decomposition f, = g, + ha:

9o(z1, .y 2n) he(z1,...,2N)
fa(Xla R 7XN) =

he(z1,...,2n) 92(z1, .., 2N)

Thus, we obtain the equations for Y from the statement. O

Following now [47], we have the following result:

Theorem 12.32. Given a half-classical manifold X which is symmetric, in the sense that
all its defining polynomials f, are even, its universal 2 x 2 antidiagonal model,

m: C(X) = My(C(Y))
where Y is the manifold constructed in Proposition 12.31, is faithful. In addition, the
construction X — Y 1is such that X exists precisely when Y is compact.
Proof. We can proceed as in [47]. Indeed, the universal model 7 in the statement induces,
at the level of projective versions, a certain representation:
C(PX) — My(C(PY))
By using the multiplication formulae from the proof of Proposition 12.31, the image of

this representation consists of diagonal matrices, and the upper left components of these
matrices are the standard coordinates of PY. Thus, we have an isomorphism:

PX ~ PY
We can conclude as in [47], by using a grading trick. See [47]. O
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13. Free coordinates

We discuss here and in the next 3 sections a number of more specialized questions, of
algebraic, geometric, analytic and probabilistic nature. We will be interested in the main
9 examples of noncommutative geometries in our sense, which are as follows:

REY TREY c¥
RY TRY (O
RN TRN CcN
Our purpose will be that of going beyond the basic level, where we are now, with a
number of results regarding the coordinates x1,...,xy of such spaces:

(1) A first question, which is algebraic, is that of understanding the precise relations
satisfied by these coordinates. We will see that this is related to the question of
unifying the twisted and untwisted geometries, via intersection.

(2) A second question, which is analytic, is that of understanding the fixed N behavior
of these coordinates. This can be done via deformation methods. We will see as
well that there is an unexpected link here with quantum permutations.

Let us begin by discussing algebraic aspects. This is something quite fundamental.
Indeed, in the classical case, the algebraic manifolds X can be identified with the cor-
responding ideals of vanishing polynomials J, and the correspondence X < J is the
foundation for all the known algebraic geometric theory, ancient or more modern.

In the free setting, things are in a quite primitive status, and a suitable theory of
“noncommutative algebra”, useful in connection with our present considerations, is so far
missing. Computing J for the free spheres, and perhaps for some other spheres as well,
is a problem which is difficult enough for us, and that we will investigate here.

As a starting point, we know that the above 9 geometries are easy, and looking in detail
at this easiness property will be our first task. Let us first recall that we have:
Definition 13.1. A geometry (S,T,U, K) is called easy when U, K are easy, and

U = {ON, K}

with the operation on the right being the easy generation operation.
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In other words, the easiness condition asks of course for U, K to be easy, and asks as
well for the following condition to be satisfied:

< Opn,K >={Oy, K}

Here the operation on the right is the easy generation one, discussed in section 2 above,
given at the level of the associated categories of partitions by:

D{G,H} =DgsN Dy
The easy geometries in the above sense can be investigated by using:

Proposition 13.2. An easy geometry is uniquely determined by a pair (D, E) of cate-
gories of partitions, which must be as follows,

NCQCDCP2
NCe'Uen C E C Peven

and which are subject to the following intersection and generation conditions,
D=FENPk

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 statement simply comes from the following conditions:
U = {ON, K}
K=UnK}

To be more precise, let us look at Definition 13.1. The main condition there tells us
that U, K must be easy, coming from certain categories D, F.

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={0OyN,K} <= D=EnNPkh
K=UNK{ <= E=<D,NCeen>
Thus, we are led to the conclusion in the statement. U

Generally speaking, the idea now is that everything can be reformulated in terms of
(D, E), which must satisfy the conditions in Proposition 13.2.

Instead of discussing the full reformulation, let us work out at least the construction of
the quadruplet (S,7T,U, K). In what regards the quantum groups, these come from the
categories of partitions via Tannakian duality, as follows:
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Theorem 13.3. In the context of an easy geometry (S, T,U, K), we have:
CW) =CUy)/ <T7r € Hom(u®", u®’)‘Vk, I,vr € D(k, z)>
Also, we have the following formula:
C(K) = C(K})/ <T7r = Hom(u®k,u®l)“7k:, 1,vr € D(k, z)>
In fact, these formulae simply follow from the fact that U is easy.

Proof. This is clear indeed by applying Tannakian duality, in its “soft” form, to the
unitary quantum group U, and to the quantum reflection group K, with the remark that,
in what regards K, this appears indeed as a quantum subgroup of K.

To be more precise, the Tannakian duality from [149], in its soft form from [106],
which was discussed in section 2 above, states that for a closed subgroup G C Uy, with
fundamental corepresentation denoted v = (v;;), we have:

C(G)=C(UY)/ <T € Hom(u®* u®)|Vk, VT € Hom(v®k’v®l>>>

But in the easy case, and in particular for the quantum groups U, K that we are
interested in, this gives the formulae in the statement. U

Regarding now the associated torus 7', which is not exactly covered by the easy quantum
group formalism, the result here is a bit different, as follows:

Theorem 13.4. In the context of an easy geometry (S,T,U, K), we have:

r— FN/ <gi1...gik = g1 ..., Vi, j. k1,31 € D(k,1), 5, (;) ¢o>
In fact, this formula simply follows from the fact that U is easy.

Proof. Let us denote by ¢; = u;; the standard coordinates on the associated torus 7', and
consider the diagonal matrix formed by these coordinates:

g1
g =
gN

We have the following computation:

oT) = [O(U;)/ <T7r € Hom(u@f,u@l)]vw e Dﬂ /<uj — o|vi # j>
[C’(Um/ <u] - o‘vz 4 g>] /<T,r e Hom(u®k,u®l)’V7r c D>
- C*(FN)/ <Tﬂ € Hom(g®k,g®l)’V7r € D>
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Now observe that, with g = diag(gi, ..., gn) as before, we have:
T g% (e;, ®...Qe¢,)= Z O <j1 J];) ey ®...Q€j " Giy - Gi
Ji--di

On the other hand, we have as well:

g®lTﬂ(ei1®...®eik):Z&r(ji j];)ej1®-'~®@jz'9j1---gjz

1 ... g
Zéﬂ(jl jl>ej1®"'®€jl'gi1"'gik

Ji--di
i1 ... ik
B 25” (jl jl> €jr @ € Gji - Gy
J1---J1
Thus we obtain the formula in the statement, and the last assertion is clear. Il

Finally, regarding the sphere S, which is not a quantum group, but rather an homoge-
neous space, here the result is a bit more complicated, as follows:

Theorem 13.5. In the context of an easy geometry (S,T,U, K), we have

c(S) = C’(ngrl)/ <xi1 Ty =Ty 5, |V, G, kL 3T € D(K) N I, Ox (;) # 0>

where the set on the right, I, C Py(k, k), is the set of colored permutations.

Proof. This follows indeed from Theorem 13.3 above, by applying the construction U — S,
which amounts in taking the first row space. U

Let us discuss now an alternative take on these questions, following [33], based on the
notion of “monomiality”, which applies to the spheres, which are not easy.

Looking back at the definition of the spheres that we have, and at the precise relations
between the coordinates, we are led into the following notion:

Definition 13.6. A monomial sphere is a subset S C S(]C\fjrl obtained via relations of type

S I Y(iy,...,ix) € {1,...,N}*

le ™ lo(1) lo(k)

with o € Sy being certain permutations, and with e, f, € {1,*} being certain exponents.
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This definition is quite broad, and we have for instance the sphere Sg ! coming from
the relations ab*c = cb*a, corresponding to the following diagram:

(0] [ ] o
o [ ] o

This latter sphere is actually a quite interesting object, coming from the considerations
in [42], [43]. However, while being monomial, this sphere does not exactly fit with our
noncommutative geometry considerations here.

To be more precise, according to the work in [9], [19], this sphere is part of a triple
(SELTX, UR), satisfying a simplified set of noncommutative geometry axioms. However,

according to the work in [107], [108], the quantum group Uy has no reflection group
counterpart K. Thus, this sphere does not exactly fit with our axiomatics here.

In view of these difficulties, we will now restrict the attention to the real case. Let us
first recall, from the various classification results established above, that we have:

Theorem 13.7. There are exactly 3 real easy geometries, whose associated spheres, tori
and quantum unitary and reflection groups are as follows,

Sptasptasi!
Ty CTx C Ty
Ox C Oy C OF
Hy C Hy C Hy,
and whose associated categories of pairings and partitions D, E are as follows:
P, D> Py D NC,y
Peven D Peyen O NCeyen

EvEN

Proof. This is something that we already know, coming from the fact that G = O}, is the
unique intermediate easy quantum group Oy C G C OF,. O

Let us focus now on the spheres, and try to understand their “easiness” property. That
is, our objects of interest in what follows will be the 3 real spheres, namely:

Sﬁflcsﬁjcsﬁf

In order to talk about monomiality, it is convenient to introduce the following group:

Soe = | Sk

k>0
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To be more precise, this group appears by definition as an inductive limit, with the
inclusions Sy C Sky1 that we use being given by:

ceS, = ok+1)=k+1
In terms of S, the definition of the monomial spheres reformulates as follows:

Proposition 13.8. The monomial spheres are the subsets S C S]fg+ obtained via rela-

tions
Ly oo - Ty, = l‘ia(l) ...[L’ia(k), V(Zl,,lk) € {1,,N}k

associated to certain elements o € Sy, where k € N is such that o € S}.

Proof. We must prove that the relations z;, ...z; = Tiyyy - - - Tiggy,y ALE left unchanged

when replacing k — k + 1. But this follows from >, 2? = 1, because:

L v - .ﬁl}ikxik+1 = xl-g(l) .. .Iig(k)llikJrl
2 , 2
— 93,1 e x,kfﬁik+1 - ZL‘ (1) * :L' (k)xzk_'_l
; 72

Zx“ - L zk+1 sz ) Fiew Lig
ik+1 'Lk+1

— Ty ...y = Ligery - -+ xio’(k‘)

Thus we can indeed “simplify at right”, and this gives the result. U

Following [33], our goal in what follows will be that of proving that the 3 main spheres
are the only monomial ones, in our sense.

In order to prove this result, we will use group theory methods. We call a subgroup
G C Sy filtered when it is stable under concatenation, in the sense that when writing
G = (Gg) with Gy C Sk, we have the following formula:

0€Gp,meG = om € Gy

With this convention, we have the following result:

Theorem 13.9. The monomial spheres are the subsets Sg C S]fg’jrl given by

C(Sg) = C(Sﬁ{;l)/<$“ Ty, = Iio(l) oo xia(k),‘v’(il, “o ,Zk) S {]., e ,N}k,\V/O' € Gk>
where G = (Gy) is a filtered subgroup of Se = (Sk).

Proof. We know from Proposition 13.8 that the construction in the statement produces a

monomial sphere. Conversely, given a monomial sphere S C Sﬂg +1, let us set:

sz{aesk

Ly - Ty, = T4 ~xi0(k)7v(i17-~-7ik) € {1,,N}k}

With G = (G}) we have S = Sg. Thus, it remains to prove that G is a filtered group.

o(1)
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Since the relations x;, ...x;, = Tiyey - - - Ty CAL be composed and reversed, each G},
follows to be stable under composition and inversion, and is therefore a group.

Also, since the relations z;, ...z;, = Tiyeyy - - - Ty CAL be concatenated as well, our
group G' = (Gy) is stable under concatenation, and we are done. U

At the level of examples, the groups {1} C S, produce the following spheres:
Spt o SE!
In order to discuss now the half-liberated case, we will need:

Proposition 13.10. Let SI C S be the set of permutations having the property that
when labelling cyclically the legs @ o @ o ..., each string joins a black leg to a white leg.

(1) S% is a filtered subgroup of S, generated by the half-liberated crossing.
(2) We have Sy, ~ Sy, x Sk, and Sy, ~ Sk X Sk, for any k € N.

Proof. The fact that S is indeed a subgroup of S, which is filtered, is clear. Observe
now that the half-liberated crossing has the “black-to-white” joining property:

Thus this crossing belongs to S5, and it is routine to check, by double inclusion, that
the filtered subgroup of S, generated by it is the whole S% . Regarding now the last
assertion, observe first that S5, S} consist of the following permutations:

[ J ) (@] [ ] o [} @]
Thus we have S5 = S; x Sy and S; = Sy x Sy, with the first component coming
from dotted permutations, and with the second component coming from the solid line

permutations. The same argument works in general, and gives the last assertion. U

Now back to the main 3 real spheres, the result is as follows:
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Proposition 13.11. The basic monomial real spheres, namely
Sg st asgy!
come respectively from the filtered groups
S D S5, D {1}
via the above correspondence.

Proof. This is clear by definition in the classical and in the free cases. In the half-liberated
case, the result follows from Proposition 13.10 (1) above. 0

Now back to the general case, consider a monomial sphere S C Sﬂg ;1, with the filtered

group GG C S, taken to be maximal, as in the proof of Theorem 13.9. We have:

Proposition 13.12. The filtered group G C S associated to a monomial sphere S C
Sg’;l 15 stable under the following operations, on the corresponding diagrams:

(1) Removing outer strings.
(2) Removing neighboring strings.
Proof. Both these results follow by using the quadratic condition:
(1) Regarding the outer strings, by summing over a, we have:
Xa=Yae = Xd*>=Yd?
— X =Y
We have as well the following computation:
aX =aY = da’X =d*Y
= X=Y
(2) Regarding the neighboring strings, once again by summing over a, we have:
Xaby = ZabT = Xa’Y =Za’T
= XY =7T
We have as well the following computation:
Xaby = ZbaT = Xa’Y =Za’T
= XY =27ZT
Thus G = (Gy) has both the properties in the statement. O

We are now in position of stating and proving a main result, as follows:

Theorem 13.13. There is only one intermediate monomaial sphere
Sgtcscsyy!

namely the half-classical real sphere Sg’:l.
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Proof. We will prove that the only filtered groups G C S satisfying the conditions in
Proposition 13.12 are those correspoding to our 3 spheres, namely:

{1} C 8%, C S«
In order to do so, consider such a filtered group:
G C S
We assume this group to be non-trivial, G # {1}.

Step 1. Our first claim is that G contains a 3-cycle. Assume indeed that two permuta-
tions m,0 € S, have support overlapping on exactly one point, say:

supp(m) N supp(o) = {3}

The point is then that the commutator o~ 'n~lo7 is a 3-cycle, namely:

(i,07 (i), 7 (4)

Indeed the computation of the commutator goes as follows:

s o o \O< ° o o o
o o) o ° o o o

o 3 3 | >/
= o o e} ° o o o
= <
o o) o ° o) o o

0_—1 | : >\
o o o ° o o) o

Now let us pick a non-trivial element 7 € G. By removing outer strings at right and at
left we obtain permutations 7' € Gy, 7" € G having a non-trivial action on their right /left
leg, and the trick applies, with:

T=7 ®ids_4
o=1id,_1®T"

Thus, G contains a 3-cycle, as claimed.

Step 2. Our second claim is G must contain one of the following permutations:
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Indeed, consider the 3-cycle that we just constructed. By removing all outer strings,
and then all pairs of adjacent vertical strings, we are left with these permutations.

Step 3. Our claim now is that we must have S% C G. Indeed, let us pick one of the
permutations that we just constructed, and apply to it our various diagrammatic rules.
From the first permutation we can obtain the basic crossing, as follows:

O O

(@] (@]
SN
Also, by removing a suitable X shaped configuration, which is represented by dotted

lines in the diagrams below, we can obtain the basic crossing from the second and third
permutation, and the half-liberated crossing from the fourth permutation:

O
O
o o O O O O O (¢]

Thus, in all cases we have a basic or half-liberated crossing, and so, as desired:
S Cd

Step 4. Our last claim, which will finish the proof, is that there is no proper intermediate
subgroup as follows:

S, CGC Sy
In order to prove this, observe that S¥ C S is the subgroup of parity-preserving
permutations, in the sense that “i even = o(i) even”.

Now let us pick an element o € S — S}, with £ € N. We must prove that the group
G =< S%,0 > equals the whole S,. In order to do so, we use the fact that ¢ is not parity
preserving. Thus, we can find ¢ even such that o(7) is odd. In addition, up to passing to
o|, we can assume that o(k) = k, and then, up to passing one more time to |, we can
further assume that £ is even. Since both i, k are even we have:

(i,k) € S
We conclude that the following element belongs to G:
o(i,k)o~" = (o(i), k)

But, since o(7) is odd, by deleting an appropriate number of vertical strings, (o(7), k)
reduces to the basic crossing (1,2). Thus G = S, and we are done. U
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Our purpose now will be that of going beyond this, with a number of results regarding
the coordinates z1,...,zy of our real spheres.

To be more precise, a first question that we would like to solve, which is of purely alge-
braic nature, is that of understanding the precise relations satisfied by these coordinates
x1,...,xy over our real spheres. We will see that this is related to the question of unifying
the twisted and untwisted geometries, via intersection.

Let us begin by recalling the construction of the twisted real spheres, which was dis-
cussed in section 11 above. This is something very simple, as follows:

Definition 13.14. The subspheres S']fg_l, gﬁ{;l C S]fg;l are constructed by imposing the

following conditions on the standard coordinates x1,...,TN:
GN—1. _ S
(1) S~ '« wwy = —xjx, for any i # j.
(2) S]{{X*_l: T;x T, = —xRx;x; for any 1, j, k distinct, v,x;x, = xp7;2; otherwise.

Here the fact that we have indeed S’]{{ ¢ Sﬁf ~! comes from the following computations,

for a,b, c € {x;} distinct, where z,...,xy are the standard coordinates on S’Q_l:
abc = —bac = bca = —cba
aab = —aba = baa

We refer to section 11 for more details regarding the above spheres.

Summarizing, we have a total of 5 real spheres, or rather a total of 3 + 3 = 6 real
spheres, with the convention that the free real sphere equals its twist:

S+’ =Sy
The point now is that we can intersect these 3 + 3 = 6 spheres, and we end up with a
total of 3 x 3 =9 real spheres, in a generalized sense, as follows:

Definition 13.15. Associated to any integer N € N are the generalized spheres

N-1 N-1 N-1
SR SR,* S]Rﬂ.

N-1 ~ gN-1 N-1 ~ gN-1
Sg NS, — Sk, NOg,

S NS — S NS —— S

obtained by intersecting the 3 twisted real spheres and the 3 untwisted real spheres.
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In order to compute the various intersections appearing above, which in general cannot
be thought of as being smooth, let us introduce the following objects:

Definition 13.16. The polygonal spheres are real algebraic manifolds, defined as

s = {we sy

Tig .+ @i, = 0,Yig, - .. i distinct}

depending on integers 1 < d < N.

These spheres are not smooth in general, but recall that we are currently doing algebraic
geometry, rather than differential geometry. To be more precise, the point is that the
problem that we want to solve, namely understanding the precise relations satisfied by
the coordinates z, ..., xy for the real spheres, naturally leads into polygonal spheres.

More generally now, we have the following construction of “generalized polygonal
spheres”, which applies to the half-classical and twisted cases too:

C(Sy 1) = C(S’Hfg;l)/@o oy, = 0, Yo, .., ig distinct>
Here the fact that in the classical case we obtain the polygonal spheres from Definition
13.16 comes from a straightforward application of the Gelfand theorem.
With these conventions, we have the following result, dealing with all the spheres that
we have so far in real case, namely twisted, untwisted and intersections:

Theorem 13.17. The diagram obtained by intersecting the twisted and untwisted real
spheres, from Definition 13.15 above, is given by

N-1 N-1 N-1
SR SR,* SR,_F

N-1,1 N-1,1 N-1
S]R S]R,* SR*

N-1,0 alN—-1,1 QN-1
SR S]R SR

and so all these spheres are generalized polygonal spheres.
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Proof. We must prove that the 4-diagram obtained by intersecting the 5 main spheres
coincides with the 4-diagram appearing at bottom left in the statement:

N-1 ~ GN-1 N-1 ~ GN-1 N-1,1 N-1,1
Sg N S]R,* - S]R,* N S]R,* SR - S]R,*
N-1 ~ aGN-1 N-1 ~ GN-1 N-1,0 GN-1,1

But this is clear, because combining the commutation and anticommutation relations
leads to the vanishing relations defining the spheres of type Sﬂg ;Ld_l. More precisely:

(1) Syt M ST~ consists of the points x € S ' such that, for any i # j:

Iil’j = —ZEin
Now since we have as well z;z; = z;z;, for any ¢, j, this relation reads z;z; = 0 for
. . . N-1,0 .
© # j, which means that we have x € S ", as desired.

(2) S5 'n 5']{{;1 consists of the points z € S{'~* such that, for 4, , k distinct:
TiT;T = —TET;T;
Once again by commutativity, this relation is equivalent to x € Sg “b1as desired.
(3) SH]{’ o 51{5 ~!is obtained from 51{5 ~! by imposing to the standard coordinates the

half-commutation relations abc = cba. On the other hand, we know from Sy~ c S&'!

that the standard coordinates on gﬁf ~1 satisfy abc = —cba for a, b, ¢ distinct, and abc = cba
otherwise. Thus, the relations brought by intersecting with Sﬁf ~! reduce to the relations

abc = 0 for a, b, ¢ distinct, and so we are led to the sphere 5}{{‘1’1.

(4) SY 1N SY -t is obtained from S'HJ{X*’I by imposing the relations abc = —cba for a, b, ¢
distinct, and abc = cba otherwise. Since we know that abc = cba for any a, b, ¢, the extra
relations reduce to abc = 0 for a, b, ¢ distinct, and so we are led to S}JRX *_1’1. U

Summarizing, whether we want it or not, when talking about intersections between
twisted and untwisted geometries, we are led into polygonal spheres, and into non-smooth
objects in general. This will be of course not an issue, in what follows.

In view of this, and also in connection with general axiomatization questions, let us
find now a suitable axiomatic framework for the 9 spheres in Theorem 13.17.

We denote by P(k,l) the set of partitons between an upper row of k points, and a
lower row of [ points, we set P = |J,, P(k,l), and we denote by P, C P the subset of
partitions having all the blocks of even size. Observe that P, (k,1) =0 for k4 1 odd.
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We use the fact that there is a signature map e : P, — {—1,1}, extending the
usual signature of permutations, € : S, — {—1,1}. This map is obtained by setting
g(m) = (—1)¢, where ¢ € N is the number of switches between neighbors required for
making 7 noncrossing, and which can be shown to be well-defined modulo 2.

We have the following definition, once again from [6]:

Definition 13.18. Given wvariables x1,...,xn, any permutation o € Sy produces two
collections of relations between these variables, as follows:
(1) Untwisted relations, namely, for any iy, ..., ig:
Iil .. .Iik = JIiU(l) . xia(k)

(2) Twisted relations, namely, for any iy, ..., i:

i ... I
T .k, =€ | ker | . ) Ti .. T
71 U ( (Za(l) o Za(k))) Lo (1) Lo (k)

The untwisted relations are denoted R, and the twisted ones are denoted R,.

Observe that the untwisted relations R, are trivially satisfied for the standard coor-
dinates on S]{{ ~! for any permutation o € Sj,. A twisted analogue of this fact holds, in
the sense that the standard coordinates on Sﬂg ~! satisfy the relations R,, for any o € Sj.
Indeed, by using the anticommutation relations between the distinct coordinates of these
latter spheres, we must have a formula of the following type:

o(1) ° o(k)

But the sign 4 obtained in this way is precisely the one given above, namely:

:I:za(ker(.l1 e Tk )>
10(1) Za(k)

We have now all the needed ingredients for axiomatizing the various spheres appearing
so far, namely the twisted and untwisted ones, and their intersections:

Definition 13.19. We have 3 types of quantum spheres S C S]fgfjrl, as follows:

1

(1) Monomial, namely S’]{Qfg , with E C S, obtained via the following relations:

{R,
(2) Mized monomial, which appear as intersections as follows, with E, F C Sy :
Sepr =5k NSYE
(3) Polygonal, which are again intersections, with E, F C Sy, and d € {1,...,N}:

N-1,d-1 _ aN-1 N-1,d-1
SR,E,F = SR,E,F A SR,+

UEE}
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Here the subsphere Sg :Ll’d_l c Sy jrl appearing in (3) is constructed as in Definition

13.16 above, by imposing the following relations, with iy, ..., %4 distinct:
Lig -+ - Tjy = 0

With the above notions, we cover all spheres appearing so far. More precisely, the 5
basic spheres in are monomial, the 9 spheres in Theorem 13.17 are mixed monomial, and
the polygonal sphere formalism covers all the examples constructed so far.

Observe that the set of mixed monomial spheres is closed under intersections. The
same holds for the set of polygonal spheres, because we have the following formula:

N-1,d-1 N-1,d'—1 _ oN—1,min(d,d)—1
SR,E,F mS]R,E/,F' —SR,EUE/,FUF/

Let us try now to understand the structure of the various types of spheres, by using
the real sphere technology developed before.

We call a group of permutations G C S filtered if, with G, = G N Sg, we have
G X G; C Gy, for any k, .

We use the following simple fact, coming from [33]:

Proposition 13.20. The various spheres can be parametrized by groups, as follows:
(1) Monomial case: Sﬂgal, with G C Sy filtered group.
(2) Mized monomial case: SH]{X&,IH7 with G, H C S filtered groups.
(3) Polygonal case: Sga};_l, with G, H C Sy, filtered groups, and d € {1,...,N}.

Proof. This basically follows from the theory developed before, as follows:

(1) As explained before, in order to prove this assertion, for a monomial sphere S =
SR, g, we can take G C S, to be the set of permutations ¢ € S, having the property that
the relations R, hold for the standard coordinates of S. We have then £ C G, we have
as well S = Sﬂg 51, and the fact that G is a filtered group is clear as well.

(2) This follows from (1), by taking intersections.
(3) Once again this follows from (1), by taking intersections. d
The idea in what follows will be that of writing the 9 main polygonal spheres as in

Proposition 13.20 (2), as to reach to a “standard parametrization” for our spheres.

We recall from the beginning of this section that the permutations o € S, having the
property that when labelling clockwise their legs c @ 0o ® ..., and string joins a white leg
to a black leg, form a filtered group, denoted S% C S..
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This group comes from the general half-liberation considerations from section 9 above,
and its algebraic structure is very simple, as follows:

*
on =2 Sp X Sy,

*
ont1 ™ Sn X Snt

We call a mixed monomial sphere parametrization S = 51]123[, 5’1H standard when both
filtered groups G, H C S, are chosen to be maximal. In this case, Proposition 13.20 and
its proof tell us that G, H encode all the monomial relations which hold in S.

With these conventions, we have the following result from [6], [8], extending some
previous findings from above, regarding the untwisted spheres:

Theorem 13.21. The standard parametrization of the 9 main spheres is

Soc 5% {1} G/H
Sy Sat gyt {1}
S}g—lﬂ Sg;l’l Sﬁ;l »»»»»»»»»»»»»»»»»»»»» S

N-1,0 GN—1,1
Sp T ——=5 7

QN—-1
B N BN See

so these spheres come from the 3 x 3 =9 pairs of groups among {1} C S*, C S.

Proof. The fact that we have parametrizations as above is known to hold for the 5 un-
twisted and twisted spheres. For the remaining 4 spheres the result follows by intersecting,
by using the following formula, valid for any F, F' C S..:

N-1 N-1 _ aN-1
SR,E,F N SR,E/,F’ = SR,EUE/,FUF/

In order to prove now that the parametrizations are standard, we must compute the
following two filtered groups, and show that we get the groups in the statement:

G = {U € Soo‘the relations R, hold over S }

H= {0 € Soo‘the relations R, hold over S }
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As a first observation, by using the various inclusions between spheres, we just have to
compute G for the spheres on the bottom, and H for the spheres on the left:
X =gy 0 syt gl — G =S5 {1}
X =8y 0 gt Nt — g =5 55 {1}

The results for S{{f 19 being clear, we are left with computing the remaining 4 groups,
for the spheres Sg’l, Sg*, ngl’l, Sg*“. The proof here goes as follows:

(1) Sx~'. According to the definition of H = (H},), we have:
H, = {cr € Sk|xiy ... T, =€ (ker(i1 - b )) Tiyy -+ Tiggys Vil oo ,ik}

lo(1)-Lo(k)
- {a € Sile (kerg(j;l);;;i;fk))) —1,Viy, ... zk}
= {O’ € Skle(t) =1,V1 < a}

Now observe that for any o € Sk, 0 # 1, we can always find a partition 7 < o satisfying
e(1) = —1. We deduce that we have Hy, = {1;}, and so H = {1}, as desired.

(2) S&~'. The proof of G = {1} here is similar to the proof of H = {1} in (1) above,
by using the same combinatorial ingredient at the end.

(3) S}g—l’l. By definition of H = (Hj), a permutation o € Sy belongs to Hy when the
following condition is satisfied, for any choice of the indices iy, ..., i:

i1 ... g
Ti .. .xy =€ | ker | . ) Ti . T
" k ( (Zo‘(l) . ZO’(k))) Lo (1) Yo (k)

We have three cases here, as follows:
— When | keri| = 1 this formula reads z¥ = 2%, which is true.

— When |keri| > 3 this formula is automatically satisfied as well, because by using
the relations ab = ba, and abc = 0 for a, b, ¢ distinct, which both hold over Sﬂg_l’l, this
formula reduces to 0 = 0.

— Thus, we are left with studying the case |keri| = 2. Here the quantities on the left

Zi, . .. x; will not vanish, so the sign on the right must be 1, and we therefore have:

Hy = {a € Sk)e’f(T) =1,V7r <o, = 2}
Now by coloring the legs of o clockwise ceoce ..., the above condition is satisfied when
each string of o joins a white leg to a black leg. Thus Hy = S}, as desired.

(4) SY"'. The proof of G = S%, here is similar to the proof of H = S% in (3) above,
by using the same combinatorial ingredient at the end. U

We can now formulate a classification result, as follows:
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Theorem 13.22. The following hold:
(1) S§'~t ¢ Sﬂg;l - Sﬂgll are the only untwisted monomial spheres.
(2) S¥tc Sﬁ;l C Sﬁ;l are the only twisted monomial spheres.
(3) The 9 spheres in Theorem 13.21 are the only polygonal ones.

Proof. By using standard parametrizations, the above 3 statements are equivalent. Now
since (1) was proved before, all the results hold true. O
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14. POLYGONAL SPHERES
We have seen in the previous section that the study of the algebraic relations between
the coordinates x,...,xy of the real spheres Sﬂg e Sﬂg tc Sﬁfl naturally leads to

the twisted versions of these spheres, Sﬂg 1 Sﬂg tc Sﬁ:l, and more specifically to the
intersections between the twisted and untwisted spheres, which are as follows:

N-1 N-1 N-1
SR SR,* - SR,+

N-1 QN-1 N-1 QN-1 QN-1
SR ﬂ SR,* — SR,* m SR,* > SR,

*

Se NS =Sy tn ST — 5!

We have seen as well that these intersections all appear as “polygonal spheres”, which
are certain real algebraic manifolds, according to the following result:

Theorem 14.1. The 5 main spheres, and the intersections between them, are

N-1 N—-1 N-1
Sk Spe — Sk 1

N-1,1 N—1,1 GN—1
SR SR,* SR*

)

N-1,0 aN-1,1 GN—
Sp =05 ' ——— 5!

" N—1.d—1 “N—1 - . . . . ..
where SRX T C Sﬂgxl s obtained by assuming x;, ... x;, = 0, forig, ..., iq distinct.

Proof. This is something that we know from section 13, the idea being that commutation
and anticommutation produces vanishing relations. O

We refer to section 13 for more on these spheres, their algebraic axiomatization and
main properties, and the “standard parametrization” result there.

In this section we discuss the extension of the axiomatics that we have, in order to
cover both the twisted and untwisted cases, and the intersections.
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For this purpose, we are in need of some new quantum isometry group computations.
In order to deal with the polygonal spheres, we will need the following standard result:

Proposition 14.2. Assume that X C 53{{*1 is itnvariant under x; — —x;, for any i.
(1) If the coordinates x1, ..., xN are linearly independent inside C(X), then the group
G(X) =G (X)N Oy consists of the usual isometries of X .
(2) In addition, in the case where the products of coordinates {x;x;|i < j} are linearly
independent inside C(X), we have G (X) = G(X).
Proof. This follows from [44], [91], the idea being as follows:

(1) The assertion here is well-known, G(X) = G*(X) N Oy being by definition the
biggest subgroup G C Oy acting affinely on X. We refer to [91] for details, and for a
number of noncommutative extensions of this fact, with G(X) replaced by G (X).

(2) Here we must prove that, whenever we have a coaction ® : C'(X) — C(G) ® C(X),
given by ®(z;) = > ; Uij @ xj, the variables u;; commute. But this follows by using a
strandard trick, from [44], that we will briefly recall now. We can write:

)
O([;, z;]) = Z [k, wje] — [, wa]) @ (1 - g) Tk
k<l

Now since the variables {xyx;|k < [} are linearly independent, we obtain from this:

[k, sz] = [Ujkauil]
Moreover, if we apply now the antipode we further obtain:

[Uzpuki] = [y, ukj]
By relabelling, this gives the following formula:

[Uz’k, ujl] = [Uila Ujk]
We therefore conclude that we have a commutation relation, as follows:

Wik, wj] =0

Thus, we are led to the conclusion in the statement. See [44]. O

With the above notion in hand, let us investigate the polygonal spheres. We recall that
the quantum isometry groups of the 5 main spheres are as follows:

N-1 N-1 N-1 QN-1 QN-1
SR SR,* SR,—l- SR,* SR
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In the polygonal case now, we begin with the computations of the quantum isometry
groups in the classical case. We have here the following result, from [6]:

1,d—1

Theorem 14.3. The quantum isometry group of S]fg_ 15 as follows:

(1) At d =1 we obtain the free hyperoctahedral group Hy.
(2) Atd=2,...,N — 1 we obtain the hyperoctahedral group Hy.
(3) At d = N we obtain the orthogonal group Oy.

Proof. Observe first that the sphere S[{{ ~L4=1 gppears by definition as a union on (]C\lf)
copies of the sphere Sﬁé‘l, one for each choice of d coordinate axes, among the coordinate

axes of RY. We can write this decomposition as follows, with Iy = {1,..., N}:
N-1,d-1 d—1\1
Sg - U (Sr 1)
ICIN,‘”:d

(1) At d = 1 our sphere is S]]Ry 0= 73N, formed by the endpoints of the N copies of
[—1,1] on the coordinate axes of RY. Thus by [20] the quantum isometry group is Hy.

(2) Our first claim is that at d > 2, the elements {x;z;|i < j} are linearly independent.
Since Sp "' < Sp " we can restrict attention to the case d = 2. Here the above
decomposition is as follows, where T/} denote the various copies of T:

S]{qu,dq _ U Tiid}
i<j

Now since {22, 42, xy} are linearly independent over T C R?, we deduce from this that
{z;z;|i < j} are linearly independent over Sﬂg ~1471and we are done. Thus, our claim is
proved, and so Proposition 14.2 (2) above applies, and gives G*(X) = G(X).

We are therefore left with proving G(X) = Hy, for any d € {2,..., N — 1}.

Let us first discuss the case d = 2. Here any affine isometric action U ~ Sp "' must
permute the (g ) circles T!, so we can write U(T!) = T, for a certain permutation of the
indices I — I'. Now since U is bijective, we deduce that for any I, J we have:

U(M'nT’)=T"nT”

Since for [INJ| =0,1,2 we have T'NTY ~ (), {—1,1}, T, by taking the union over I, J
with |1 N J| = 1, we deduce that U(Z3") = Z$Y. Thus U € Hy, and we are done.

In the general case now, d € {2,..., N — 1}, we can proceed similarly, by recurrence.
Indeed, for any subsets I, J C Iy with |I| = |J| = d we have:

(S[éfl)l N (Sféfl)t] _ (S]gﬁﬂfl)]mt]
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By using d < N — 1, we deduce that we have the following formula:
Sg—l,d—Q _ U (S]gm\A)mJ
\I|=|J|=d,|INJ|=d—1
On the other hand, by using the same argument as in the d = 2 case, we deduce that

the space on the right is invariant, under any affine isometric action on Sﬁ[ “L4l D Thus
by recurrence we obtain G(Sp ") = G(Sy "*"?) = Hy, and we are done.

(3) At d = N the result is known since [32], with the proof coming from the equality
GT(X) = G(X), deduced from Proposition 14.2 (2), as explained above. O

The study in the twisted case is considerably more difficult than in the classical case,
and we have complete results only at d = 1,2, N, as follows:

—1,d-1

Theorem 14.4. The quantum isometry group of S]{g 15 as follows:

(1) At d =1 we obtain the free hyperoctahedral group Hy;.
(2) At d =2 we obtain the hyperoctahedral group Hy.
(3) At d = N we obtain the twisted orthogonal group Oy .

Proof. The idea is to adapt the proof of Theorem 14.3 above:

(1) At d = 1 we have Sy " = S0 = 72N and by Proposition 14.2 (1) above,
coming from [20], the corresponding quantum isometry group is indeed Hj;.

(2) As a first ingredient, we will need the twisted analogue of the trick from [44],
explained in the proof of Proposition 14.2 (2) above. This twisted trick was already worked
out in [7], for the sphere S3 ! itself, and the situation is similar for any closed subset
X C S, having the property that the variables {z;z;|i < j} are linearly indepedent.
More presisely, our claim is that if G C OF; acts on X, then we must have G C Oy.

Indeed, given a coaction ®(z;) = >_; u;; ® x;, we can write:

2
O (z,x) = E UipUjr & Tj + g (Uikj — uyujg) @ T
i k<l

We deduce that with [[a, b]] = ab+ ba we have the following formula:

([, 2)]) =D llwie, winl] @ 23 + > (win, ] — [, uje]) ©

k k<l
Now assuming i # j, we have [[z;, z;]] = 0, and we therefore obtain, for any k:
[[wir, uji]] = 0
We also have, for any k < [, the following formula:

[Uik, sz] = [Uil, ujk]
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By applying the antipode and then by relabelling, the latter relation gives:
Wik, ue] =0

Thus we have reached to the defining relations for the quantum group Oy, from section
11 above, and so we have G C Oy, as claimed.

Our second claim is that the above trick applies to any 5}{{ 471 with d > 2. Indeed,
by using the maps m;; : C(S‘g_l’d_l) — C(S%) obtained by setting z;, = 0 for k # i, j, we
conclude that the variables {z;x;|i < j} are indeed linearly independent over S{Q ~hd-1

Summarizing, we have proved so far that if a compact quantum group G C O} acts
on a polygonal sphere S}g 1471 with d > 2, then we must have G C Oy. We must now

adapt the second part of the proof of Proposition 14.2, and since this is quite unobvious
at d > 3, we will restrict now attention to the case d = 2, as in the statement.

So, c_onsider a compact quantum group G C Op. In order to have a coaction map
d:C(SY —= C(@) @ C(SYY), given as usual by ®(z;) = > Uij @ xj, the elements
X, = Zj u;; ® x; must satisfy the relations X; X;X; = 0, for any ¢, j, k distinct.

So, let us compute X;X; X}, for ¢, 7, k distinct. We have:
X X; X, = Z UiqWjpUke @ ToTpTe

abc

= E UiqUjpUkc QX TaTpXe

a,b,c not distinct

2
= § UjqUjqUkp & Ty Xp + E UjqUjpUg & TqTpTq

a#b a#b
+ Z uibujauka X ZEbZL'Z + Z uiaujauka ® Ii
a#b a
By using r,1pz, = —221 and zp22 = 2215, we deduce that we have:
XiX;Xe = ) (Uialjalny — Uialljpling + Uipljaling) @ ToTy
a#b

E /‘ 3
+ UiqUjaUka ® o
a

_ 2
= E (UiaUjaUikp — UiaUjpUka + UipUjolka) & Tolp
ab

By using now the defining relations for Oy, which apply to the variables u;;, this
formula can be written in a cyclic way, as follows:

2
X X; Xy = E (UiaUjaUkh + UjqUkaWib + UkaWigWjp) @ T5Tp
ab
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We use now the fact that the variables on the right z2x;, are linearly independent. We
conclude that, in order for our quantum group G C Oy to act on Sg ~b1its coordinates
must satisfy the following relations, for any ¢, j, k distinct:

UjgqUjqUkp T UjqUkaWip + UkqUigUjp = 0

By multiplying to the right by s, and then by summing over b, we deduce from this
that we have u;,u;, = 0, for any 7,j. Now since the quotient of C(Oy) by these latter

relations is C(Hy), we conclude that we have G+ (Sy ') = Hy, as claimed.

(3) At d = N the result is already known, and its proof follows in fact from the “twisted
trick” explained in the proof of (2) above, applied to Sy . O

In general now, the idea will be that the quantum isometry groups of the intersections
of the spheres will basically appear as intersections of the quantum isometry groups.

To start with, we must compute the intersections between the quantum orthogonal
groups and their twists. The result here, which is similar to the one for the corresponding
spheres, established in section 13 above, is as follows:

Proposition 14.5. The 5 orthogonal groups and their twists, and the intersections be-
tween them, are as follows, at any N > 3:

On Oy (0)
Hy H O%
HN HN ON
At N = 2 the same holds, with the lower left square being replaced by:
O, OF
H, O,

Proof. We have to study 4 quantum group intersections, as follows:

(1) Oy N Oy. Here an element U € Oy belongs to the intersection when its entries
satisfy ab = 0 for any a # b on the same row or column of U. But this means that our
matrix U € On must be monomial, and so we get U € Hy, as claimed.
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(2) On N O%. At N = 2 the defining relations for O} dissapear, and so we have the
following computation, which leads to the conclusion in the statement:

O0,NO0; =0,N0F =0,

At N > 3 now, the inclusion Hy C Oy N O}kv is clear. In order to prove the converse
inclusion, pick U € Op in the intersection, and assume that U is not monomial. By
permuting the entries we can further assume Uy, # 0,U;o # 0, and from Uy1U32U;3 = 0
for any ¢ we deduce that the third column of U is filled with O entries, a contradiction.
Thus we must have U € Hy, as claimed.

(3) Ox NOp. At N = 2 we have the following computation, as claimed:
03N 0y =05 N0y =04
At N > 3 now, the best is to use the result in (4) below. Indeed, knowing that we have
N N Oy = Hj, our intersection is then:
G =HyNOy

Now since the standard coordinates on Hj are known to satisf ab = 0 for a # b on
the same row or column of u, the commutation/anticommutation relations defining Oy
reduce to plain commutation relations. Thus G follows to be classical, G C Oy, and by
using (1) above we obtain the following formula, as claimed:

G = HyNOxNOy
= HyNHy
Hy
(4) O N O%. The result here is non-trivial, and we must use the half-liberation tech-
nology from [48]. The quantum group Hy = O} N Oy is indeed half-classical in the
sense of [48], and since we have Hx C HJ, this quantum group is not classical. Thus the

main result in [48] applies, and shows that H3 C O} must come, via the crossed product
construction there, from an intermediate compact group, as follows:

TcGCUy

Now observe that the standard coordinates on Hy are by definition subject to the
conditions abc = 0 when (r,s) = (< 2,3),(3,< 2), with the notations and conventions
from section 11 above. It follows that the standard coordinates on G are subject to
the conditions oy = 0 when (r,s) = (< 2,3),(3,< 2), where r,s = span(a, b, c), and
a=a,a*,=00"",v=c c". Thus we have an inclusion as follows:

G c Uy
We deduce that we have an inclusion as follows, with K3 = Uy N Uj:

G C K},
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But this intersection can be computed exactly as in the real case, in the proof of (2)
above, and we obtain K5 = Us, and K3 =TSy at N > 3.

But the half-liberated quantum groups obtained from U; and T ! Sy via the half-
liberation construction in [48] are well-known, these being O = OF and Hj. Thus by
functoriality we have Hy C Of and HY C Hj at N > 3, and since the reverse inclusions
are clear, we obtain H,' = Oy and Hy = Hj at N > 3, as claimed. O

Let us go back now to the sphere left, namely SHJ{X ;1’1. We will need:

Proposition 14.6. Let HJ[\C;O} C OF; 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.

Proof. We briefly recall the proof in [120], for future use in what follows. Our first claim
is that H ][50 ) comes, as an easy quantum group, from the following diagram:

Indeed, this diagram acts via the following linear map:
T (€iji) = Oineijk
We therefore have the following formulae:
TruPeae = Tr D €ijh ® ialljplize = Y _ €ijk @ Oipllialljptipe
ijk ijk
U Treahe = U5 00cCabe = Y _ €ijk @ Oacllialljplige
ijk
Thus the condition T, € End(u®?) is equivalent to the following relations:
(0ik — Oac)UigUjpte = 0

The non-trivial cases are i = k,a # ¢ and i # k,a = ¢, and these produce the relations
UigUjpUie = 0 for any a # ¢, and u; ujpur, = 0, for any ¢ # k. Thus, we have reached to
the standard relations for the quantum group H ][\?O !
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(1) The fact that we have inclusions Hy C H ][30 I c H}; comes from:

O O O O O (0] o o o o o O O
O O O O O ©) O @) @) @) @) O O

In the general case r > 2 the proof is similar, see [28] for details.

(3) We use here an idea from [120], [120]. By rotating 7, we obtain:

Let us denote by o the partition on the right. Since T} (e;jx) = d;j€xji, we obtain:
TouPeae = To Y eijk ® Wialljplike = Y _ hji @ Oijlialljplige
ijk ijk
u®3Toeabc = u®35abecba = Z €Lji & 5abukcujbuia
ijk
Thus T, € End(u®?) is equivalent to the following relations:
5ijuiaujbukc = 5abukcujbum
Now by setting j = i,b = a we obtain the commutation relation u2 ug. = ug.u?, in the
statement, which finishes the proof. O

The relation of H][\(;o] with the polygonal spheres comes from the following fact:

Proposition 14.7. Let X C Sﬂg;l be closed, let d > 2, and set X1 = X N Sﬁ;l’dﬂ.

Then for a quantum group G C H][\?O] the following are equivalent:
(1) @ = 3, uy ®@ a5 defines a coaction @ : C(X4) — C(G) @ C(X4).
(2) @ — > ui; @ x; defines a morphism d: C(X) = C(G) @ C(XY.
In particular, GH(X) N H][\?O] acts on X1, for any d > 2.
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Proof. The idea here is to use the relations in Proposition 14.6 (2) above:
(1) = (2) This is clear, by composing ® with the following projection map:
7 C(X) = C(X%

(2) = (1) In order for a coaction C(X9 1) — C(G)® C(X? 1) to exist, the variables
X; =~ uij®z; must satisfy the relations defining X, which hold indeed by (2), and must

satisfy as well the relations X, ... X;, = 0 for 4, ..., 144 distinct, which define Sﬂgf’d_l.
The point now is that, under the assumption G C H ][\?O }, these latter relations are
automatic. Indeed, by using Proposition 14.6 (2), for g, ..., i, distinct we obtain:
Xi0-~~Xid = Zuiojo...uidjdébxjo...xjd
Jo---Jd
= Z uiojo...uidjd®0 + Z 0®I’jo...l'jd
Jo...jq distinct Jo...jq mot distinct
= 0+0=0

Thus the coaction in (1) exists precisely when (2) is satisfied, and we are done.
Finally, the last assertion is clear from (2) = (1), because the universal coaction of

G = G*(X) gives rise to a map ® : C(X) — C(G) ® C(X¥ 1) as in (2). O
As an illustration, we have the following result:

Theorem 14.8. The compact quantum groups
HN7HN7H;[7H]>:[7H][\?O]

act respectively on the spheres

N—-1,d-1 gN-1,d-1 N—-1,d-1 gN-1,d-1 N—-1,d-1
SR ) S]R ) SR,* 3 S]R7* ) SR’J,_

at any d > 2.

Proof. We use Proposition 14.7. We know that the quantum isometry groups at d = N
are respectively equal to the following quantum groups:
ONaON7 }k\h _}k\faoj—i\_f
Our claim is that, by intersecting these quantum groups with H ][30 ], we obtain the
quantum groups in the statement. Indeed:

(1) O N Hj[ﬁo] = Hy is clear from definitions.

(2) Ox N H][\?o] = Hy follows from Oy N Hj; C Oy, which in turn follows from the
computation (3) in the proof of Proposition 14.5, with H} replaced by H.

(3) 0% N HE = Hy, follows from 0% N HY; = Hy,.
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(4) Oy N H ][\?o IS H3y; is clear, and the reverse inclusion can be proved by a direct
computation, similar to the computation (3) in the proof of Proposition 14.5.

(5) Oy NH ][\?O = H][\?O] is clear from definitions. O

Observe that the above result is “sharp”, in the sense that the actions there are the
universal ones, in the classical case at any d € {2,..., N — 1}, as well as in the twisted
case at d = 2. Indeed, this follows from the various results established above.

Let us discuss now the computation for Sg *_1’1. We know that the quantum group Hjy,

N—1.1 . . . .
acts on Sp, . This action, however, is not universal, because we have:
. e N N-1,1
Proposition 14.9. ZN acts on S, 7.

Proof. The standard coordinates on Sﬂg *_1’1 are subject to the following relations:

0 for 4, j, k distinct
TikiTy =
Pk xpx;x; otherwise

Thus, in order to have a coaction map & : C(Sﬁ;l’l) - C(G)® C’(Sﬁ;l’l), given by
O(x;) = Zj u;; ® xj, the variables X; = Zj u;; ® x; must satisfy the above relations.

For the group dual G = Z3" we have by definition u;; = d;;¢;, where g1, ..., gn are the
standard generators of Z3", and we therefore have:

XXXy = gi9i9rx ® 178

X X;Xi = gr9i9: @ Trpri;

Thus the formula X; X, X = 0 for ¢, j, k distinct is clear, and the formula X;X;X; =
X X;X, for 4, j, k not distinct requires g;g;9x = grg;9: for 7, j, k not distinct, which is clear
as well. Indeed, at ¢ = j this latter relation reduces to g, = g, at ¢ = k this relation is
trivial, ¢,9;9; = 9i9;9i, and at j = k this relation reduces to g; = g;. U

More generally, we have the following result:

1,1
.

Proposition 14.10. H][\?O] acts on Sﬁ
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Proof. We proceed as in the proof of Theorem 14.4 above. By expanding the formula of
X;X; X}, and by using the relations for the sphere Sﬁ;l’l, we have:

XszXk = E uiaujbukc®xaxbxc

abc

= § UiqUjpUkc & TaTpxe

a,b,c not distinct

2
= E (WiqWjqUkp + UipUjaUia) @ T5Typ

a#b

E E 3
+ UiqUjpUkq X TqTpTy + UiqUjqUka & X,

a#b a

Now by assuming G = H ][\?O }, and by using the various formulae in Proposition 14.6
above, we obtain, for any i, j, k distinct:

X X; X = Z(O Uy + U - 0) @ 222y + Z 0® xaxpry + Z(O Upe) @13 =0
aFb a#b a
It remains to prove that we have X;X;X; = X, X;X,, for 4,7,k not distinct. By

replacing ¢ <+ k in the above formula of X;X; X}, we obtain:

2
XpX; X = Z(ukau]’auib + UppUjalhia) @ T5Tp

a#b

E : § 3
+ UkaUjbUiq 0y TaTpTo + UkaUjqUiq ® X,

a#b a

Let us compare this formula with the above formula of X;X;X;. The last sum being 0
in both cases, we must prove that for any ¢, j, k not distinct and any a # b we have:

UjqUjaUkb + UipUjaUka = UkaUjaWib + UkpUjaUig

UiqUjpUka = UkaUjbUiq

By symmetry the three cases i = 7,7 = k,j = k reduce to two cases, i = 7 and 7 = k.
The case i = k being clear, we are left with the case ¢ = 7, where we must prove:

Ui WiaUkp + UipUiqUka = UkaUialip + UkpUiqUiq

UiqUipUka = UkaUibUiq

By using a # b, the first equality reads u? ug, + 0 « Upq = Ugq - 0 + upu?,, and since by

Proposition 14.6 (3) we have u? up, = upu?,, we are done. As for the second equality,

a’?

this reads 0 - U, = Upq - 0, which is true as well, and this ends the proof. O
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We will prove now that the action in Proposition 14.10 is universal. In order to do
so, we need to convert the formulae of type X;X;X; = 0 and X, X; X, = X, X;X; into

relations between the quantum group coordinates u;;, and this requires a good knowledge

3

N-1,1
» over the sphere Sp .

of the linear relations between the variables xsz, TaTpTg, T

So, we must first study these variables. The answer here is given by:

Proposition 14.11. The variables

a#b}

2 3
{xaxbv LqlpLa, T,

are linearly independent over the sphere Sg;l’l.

Proof. We use a trick from [48]. Consider the 1-dimensional polygonal version of the
complex sphere Sév ~1 which is by definition given by:

syt ={ze sy

zizizp = 0,V4, 7, k distinct}

We have then a 2 x 2 matrix model for the coordinates of Sﬁf 1 as follows:

0 Zi

Indeed, the matrices 7; on the right are all self-adjoint, their squares sum up to 1, they
half-commute, and they satisfy ;7,7 = 0 for ¢,j, k distinct. Thus we have indeed a
morphism C(Sp, ") = My(C(SX™"")) mapping z; — v, as claimed.

We can use this model in order to prove the linear independence. Indeed, the variables
T2Tp, TaTpTq, ¥ that we are interested in are mapped to the following variables:

0 |22
2 o a b

. 0 Zg 2p
Ya Vo Va = 22 2 0

a

3 0 ’Za‘QZa
To =\ |22z, O

Now observe that the following variables are linearly independent over S¢:
2 2 2. 22 2 2
|21[%22, |2a| 21, 21 22, 2321, [21] 21, [ 22] 22

Thus the upper right entries of the above matrices are linearly independent over S(JCV —b
Thus the matrices themselves are linearly independent, and this proves our result. Il

With the above result in hand, we can now reformulate the coaction problem into a
purely quantum group-theoretical problem, as follows:
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Proposition 14.12. A quantum group G C O} acts on S]]Rjj’l precisely when its standard
coordinates u;; satisfy the following relations:

(1) Uigujqurp + UipUjaure = 0 for any i, 7, k distinct.

(2) wiqujpure = 0 for any i, 7,k distinct.

(3) ui,ury = urpus,.

(4) UraUialip = UipUiaUka-

(5) UiaUiUra = UppUipUia-

Proof. We use notations from the beginning of the proof of Proposition 14.10, along with
the following formula, also established there:

2
XiX; X, = E (UiaUjaUkh + Uipljalra) @ ToTy

a#b

E E 3
+ UiqUjpUkq X TqTpTy + UiqUjqUka & X,

a#b a

In order to have an action as in the statement, these quantities must satisfy X; X, X, =
0 for 7,7,k disctinct, and X; X} X}, = X, X;X,; for 4,7,k not distinct. Now by using
Proposition 14.11, we conclude that the relations to be satisfied are as follows:

or 1,7, 1STINCL, € Iollowing maus olda:
A) For 4, j, k distinct, the following must hold
UigWjalUkb + UipUjaUka = 0,Va 7# b
UigWjpUkg = 0,Va # b
UigWjqUia = 0, Va
or 1w, 7, no 1STINCT, e Iollowing mus old:
B) For i, j, k not distinct, the following t hold
UiqWjqUkp + UibUjaUka = UkaWjaWip + UkbUjoliq, V& F b
UjqUjpUka = UkaUjbUia, Va #b
UjqUjaUka = UkaUjaWia, Va

In order to simplify this set of relations, the first observation is that the last relations
in both (A) and (B) can be merged with the other ones, and we are led to:

or 1,7, 1stinct, the following must hold:
A’) For i, j, k distinct, the following must hold
UiaWjaUkh + UipUjaUie = 0,Va,b

UiqUjpUkq = 0,Va,b

or 1,7, no 1st1nct, e Iollowing mus old:

B’) For i, j, k not distinct, the following t hold

UiqUjqUkp + UipUjaUkq = UkaUjqUib + UkpUjoUia, V0, b
UiqUjpUka = UkaUjbUia, Va,b

Observe that the relations (A’) are exactly the relations (1,2) in the statement.
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Let us further process the relations (B’). In the case i = k the relations are automatic,
and in the cases j = i,j = k the relations that we obtain coincide, via i <> k. Thus (B’)
reduces to the set of relations obtained by setting j = ¢, which are as follows:

Ui WiaUky + UipUiqUka = UkaUiaUip + UkpUiqUia

UjqUipUka = UkaUipUiq
Observe that the second relation is the relation (5) in the statement. Regarding now
the first relation, with the notation [z, vy, z] = zyz — zyz, this is as follows:
[Wias Wia, Urb] = [Ukas Wia, Wip)

By applying the antipode, we obtain [upk, Uai, Uai| = [Ubi, Uai, Uar], and then relabelling
a <> i and b <> k, this relation becomes [ugp, Uiq, Uia] = [Uka, Uia, Uip]. Now since we have
[x,y, 2] = —|z,y, x], by comparing this latter relation with the original one, a simplification
occurs, and the resulting relations are as follows:

[uiaa Ujq, ukb] - [ukaa Ujq, uib] = 0

But these are exactly the relations (3,4) in the statement, and we are done. U
Now by solving the quantum group problem raised by Proposition 14.12, we obtain:
Proposition 14.13. We have G*(S]fg*_l’l) = H][\?O].

Proof. The inclusion D is clear from Proposition 14.10. For the converse, we already have
the result at N = 2, so assume N > 3. We will use many times the conditions (1-5) in
Proposition 14.12. By using (2), for i # j we have:

UiqUjpUka = OJ\V/k 7£ Z7.] = uiaujbuia - 07 VEk ?é Zvj

= UigUjp (Z uia> =0,Vi#j

k#i,3
2 2 i . .
= UiaUsp(1 — vy, —uj,) = 0,Vi # j

Now by using (3), we can move the variable u;, to the right. By further multiply by
ujp to the right, and then summing over b, we obtain:

UigUjp(1 — ufa - u?a) =0,Vi#j
Uig(1 — ul, — u?a)uﬂ, =0,Vi#j
Uig(1 — 12, — u?a)u?b =0,Yi#j

ia

Uig(1 — 12, —u2) =0,Vi # j

ia ~ Yja

I
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We can proceed now as follows, by summing over j # i:

Uig(1 — U2, — ufa) =0,Vi#j
= uiaufa = Ujq — U3, Vi # ]
= w1 —ul,) = (N — 1) (us — uj,)

1aQ
3
:\/ ’um — Uw

Thus the standard coordinates are partial isometries, and so G C Hj,. On the other
hand, we know from the proof of Proposition 14.6 (3) that the quantum subgroup G C Hy;

obtained via the relations [a, b?] = 0 is H ][30 ], and this finishes the proof.

We have now complete results for the 9 main spheres, as follows:

Theorem 14.14. The quantum isometry groups of the 9 polygonal spheres are

On 0%, Ot
Hy a O3,
HX} Hy ON

where H;G,H][\?o] and Oy, Ox, Ox, OX are quantum versions of Hy, Ox.

Proof. This follows indeed by putting together the above results.

Let us discuss now a straightforward complex extension of the above results.

starting point will be the following definition:

Definition 14.15. The complex polygonal spheres, denoted

N—-1,d-1 gN-1,d-1 gN-1d-1 oN—1,d—1
Sc Se ,S(C,* >S<c,+

are constructed from S(]CV jrl in the same way as their real versions, namely

N—-1,d—1 gN-1,d-1 gN-1,d-1 N—-1,d-1
SR ) S]R ) SR,* ) S]R,+

0

g

Our

are constructed from Sﬁ jrl, namely by assuming that the corresponding vanishing relations

hold between the variables x; = z;, 2.
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As in the real case, we will restrict now the attention to the 5 main spheres, coming
from [9], and to their intersections. We have 9 such spheres here, as follows:

N-1
S(C

N-1 QN-—1 N—-1 QN—-1 QN-—1
S(C mS(C,>s< T 9OC« r_]S(C,* S(C

SEtn STt —— Sfc\f;l NSyt —— 8t

The intersections can be computed as in the real case, and we have:

Proposition 14.16. The 5 main spheres, and the intersections between them, are

N—-1 N-1 N-1
S(C S(C,* S(C,—i-

N—-1,1 N—-1,1 aN—
SN-LU__ L gN-tl_ L g

N-1,0 GN—1,1 GN—1
Sc > S¢ > 5¢
with all the maps being inclusions.

Proof. This is similar to the proof from the real case, by replacing in all the computations
there the variables x; by the variables z; = z;, 2. O

Next, we have the following result:
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Theorem 14.17. The quantum isometry groups of the 9 main complex spheres are

Uy Ui U
Ky K Uz
K § Ky Un

where Ky and its versions are the complex analogues of Hy and its versions.

Proof. The idea is that the proof here is quite similar to the proof in the real case, by
replacing Hy, On with their complex analogues Ky, Uy. U

As a conclusion, we have many technical results available, but there are still many
questions left, regarding the extension of our (5,7, U, K) formalism, as to cover the in-
tersections between the twisted and untwisted geometries.
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15. PROJECTIVE GEOMETRY

We discuss here analogues of the various structure results and axiomatization and
classification questions developed above, in the projective geometry setting. This section
will be quite elementary, with full details given, even for results that we already know,
to be repeated here, with the aim of making this presentation as independent as possible
from the previous sections, as a beginning of something new.

The point is that things become considerably simpler in the projective geometry setting.
Consider indeed the diagram of 9 main geometries, that we found above:

RY TRY c¥
RN — - TRY cy
RN TR cN

As explained in sections 9-10, when looking at the projective versions of the correspond-
ing spheres, the diagram drastically simplies, and becomes as follows:

N—-1 N-1 N—-1
P+ P+ P+

N—-1 N-1 N-1
P(C P(C P(C

N-—1 N—-1 N—1
P]R P]R 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 one:

Py tcplitcpt

We will discuss this in what follows, with analogues and improvements of the affine
results. Also, we would like to study the corresponding quadruplets (P, PT, PU, PK),
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and to axiomatize the projective geometries, with correspondences as follows:

P PT

PU PK

Summarizing, there is a lot of work to be done, on one hand in reformulating and
improving the results from the affine case, and on the other hand, in starting to develop
the projective theory independently from the affine theory.

Let us begin with a short summary of the various projective geometry results that we
have so far. We will give full details here, with the aim of making the present section as
independent as possible from the previous sections, as a beginning of something new.

Our starting point is the following functional analytic description of Pﬂév -1 Pév -1

Proposition 15.1. We have presentation results as follows,
CB™Y) = Chmm ((Pz‘j)i,j=1,...,N‘P =p=p' =p*Tr(p) = 1>

C(‘P(év_l) = O:omm ((pij)i,jzl,...,N‘p = p* = p2,TT(p) = ]_)
for the algebras of continuous functions on the real and complex projective spaces.

Proof. We use the fact that P(év - Pﬂév ~! are respectively the spaces of rank one projections
in My(C), My(R). 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,
Ac, Agr. These algebras being both commutative, by the Gelfand theorem we can write,
with X, Xr being certain compact spaces:

Ac = C(X¢)
AR = C(XR)

Now by using the coordinate functions p;;, we conclude that X, X are certain spaces
of rank one projections in My (C), My(R). In other words, we have embeddings:

Xo c P!

XpC B!

Bsy transposing we obtain arrows —, as desired. O

The above result suggests the following definition:
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Definition 15.2. Associated to any N € N is the following universal algebra,
C(PY) = O ((pig)sger,v|p = P = P2, Tr(p) = 1)
whose abstract spectrum is called “free projective space”.
Observe that we have embeddings of compact quantum spaces, as follows:
pPYtcplitcpit
Also, the complex projective space P(év ~1 is the classical version of Pfrv -1
Let us discuss now the relation with the spheres. Given a closed subset X C kaf :Ll, its

projective version is by definition the quotient space X — PX determined by the fact
that C(PX) C C(X) is the subalgebra generated by the following variables:

Dij = TiZj

In the classical case, we recover in this way the usual projective version.

In order to discuss now the relation with the quantum spheres, it is convenient to
neglect the material from section 10, regarding the “hybrid” case, the projective versions
of the spheres there bringing nothing new, for obvious reasons.

On the other hand, it is also convenient to neglect the material regarding the complex
quantum spheres, because, as explained in section 9, the projective versions of these
spheres bring nothing new, due to the various results worked out there.

Thus, we are left with the 3 real spheres, and we have the following result:

Proposition 15.3. The projective versions of the 3 real spheres are as follows,

N-1 N-1 N—1
SR —>SR,* —>SR,+

Pyt ——plt——— pY!
modulo the standard equivalence relation for the quantum algebraic manifolds.

Proof. The assertion at left is true by definition. For the assertion at right, we have to
prove that the variables p;; = 2;2; over the free sphere S]fg ;1 satisfy the defining relations
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for C(PY~"), from Definition 15.2. We first have the following computation:
(P = pji
= (52)
= ZiZj
= Dij

We have as well the following computation:

(pQ)ij = Zpikpkj
k
= Z zizzzj

k
= ZiZj

Dij
Finally, we have as well the following computation:

Tr(p) = Zpkk
= Zzi

k
=1

Regarding now the middle assertion, stating that we have PS@I = P(év ~! the inclusion
“C” follows from the relations abc = cba, which imply:

abed = cbad = cbda
In the other sense now, the point is that we have a matrix model, as follows:
m: O(SEY) = My(C(SE™)

i zZ 0

But this gives the missing inclusion “D>”, and we are done. See [32]. O

In addition to the above result, let us mention that, as already discussed above, passing
to the complex case brings nothing new. This is because the projective version of the free
complex sphere is equal to the free projective space constructed above:

PSSyt =Pyt

For details on all this, we refer to section 9 above.

In what regards the tori, we have the following result:
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Proposition 15.4. The projective versions of the 3 real tori are as follows,

Tx Ty T

PTy

PTy

PTy
modulo the standard equivalence relation for the quantum algebraic manifolds.
Proof. This follows by using the same arguments as for the spheres. U

In what regards the unitary groups, that we will call in what follows orthogonal groups,
because we are now in the real case, we have here the following result:

Proposition 15.5. The projective versions of the 3 orthogonal groups are as follows,

On o5, o7,

POy

PUy

PO,
modulo the standard equivalence relation for the compact quantum groups.
Proof. This follows by using the same arguments as for the spheres. O

Finally, in what regards the reflection groups, that we will call hyperoctahedral groups,
because we are now in the real case, we have here the following result:

Proposition 15.6. The projective versions of the 3 hyperoctahedral groups are as follows,

Hy H, Hj;

PHy PKy PH;;

modulo the standard equivalence relation for the compact quantum groups.
Proof. This follows by using the same arguments as for the spheres. U

In addition to the above results, let us mention that, as it was the case for the spheres,
passing to the complex case brings nothing new. This is because we have isomorphisms
PT}, = PTy and PUy, = PO}; and PK;;, = PH};, as explained in section 9 above.
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Getting back now to our general program, we are done with the construction work,
for the various projective geometry basic objects. Our next task will be that of working
out axiomatization and classification results, first in analogy with the affine results, and
then independently of what we already have, with a number of new results, of true pro-
jective nature. Let us begin with a summary of the constructions discussed above. As a
conclusion to what we did, we have 3 projective quadruplets, as follows:

Theorem 15.7. We have “basic” projective quadruplets (P, PT, PU, PK) as follows,

(1) A classical real quadruplet, as follows,

PN PTy

POy — PHy
(2) A classical complex quadruplet, as follows,

Pyt —— PTy

PUy ——— PKy
(3) A free quadruplet, as follows,

AR —

PO, ——— PH};

which appear as projective versions of the main 3 real quadruplets.

Proof. This follows from the results that already have. To be more precise:
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(1) Consider the classical affine real quadruplet, which is as follows:

SN,

Oy ——Hy
The projective version of this quadruplet is then the quadruplet in (1).

(2) Consider the half-classical affine real quadruplet, which is as follows:

N-1 *
SR,* TN

Oy —— Hy
The projective version of this quadruplet is then the quadruplet in (2).

(3) Consider the free affine real quadruplet, which is as follows:

Spy! ——— 1Ty
Oy —— Hy
The projective version of this quadruplet is then the quadruplet in (3). U

Getting back now to our general projective geometry program, we would like to have
axiomatization and classification results for such quadruplets.

In order to do this, following [33], we can axiomatize our various projective spaces, as
follows:

Definition 15.8. A monomial projective space is a closed subset P C Pfrv_l obtained via
relations of type

. . . k
pil’ig .. -pik,lik - pio_(l)io_(z) .. -pia(k_l)ig(k), V(Zl, e ,'lk) I~ {1’ ey N}

with o ranging over a certain subset of | Jycon Sk, which is stable under o — |o|.
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Observe the similarity with the corresponding notion for the spheres, from section
13. The only subtlety in the projective case is the stability under the operation o — |o|,
which in practice means that if the above relation associated to ¢ holds, then the following
relation, associated to |o|, must hold as well:

Digiy - - - Pigigy1r = PivigyPis(2)ioe) = * Pioe—2yioh—1)Piom) it
As an illustration, the basic projective spaces are all monomial:

Proposition 15.9. The 3 projective spaces are all monomial, with the permutations

(e] o o o @) o
(0] O (0] O @) o

producing respectively the spaces Pﬂév_l, P(év_l.

Proof. We must divide the algebra C' (PJ]FV ~1) by the relations associated to the diagrams
in the statement, as well as those associated to their shifted versions, given by:

@) ) O @) O O @) O O O
©) @) O ©) ) O ©) O O @)

(1) The basic crossing, and its shifted version, produce the following relations:

Pab = Pba

PabPcd = PacPbd
Now by using these relations several times, we obtain:

PabPed = PacPbd
PeaPdb
= PcdPab

Thus, the space produced by the basic crossing is classical, P C Pév ~!. By using one
more time the relations p,, = ppe We conclude that we have P = Pﬂév ~1 as claimed.

(2) The fattened crossing, and its shifted version, produce the following relations:
PabPed = 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:

zaszCZdzeff = zaédzeibzczf

Since these relations are automatic, we have P = P(év ~1 and we are done. U
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Following [33], we can now formulate our classification result, as follows:
Theorem 15.10. The basic projective spaces, namely
pYtc Pt c P!
are the only monomial ones.
Proof. We follow the proof from the affine case, from section 13 above.

Let R, be the collection of relations associated to a permutation o € S;, with k € 2N,
as in Definition 15.8. We fix a monomial projective space P C Pfrv ~1 and we associate to
it subsets Gy C Sy, as follows:

G — {o € Sk|R, hold over P} (k even)
b {o € Sk|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 in section 13 apply, and show that we have only 3 possible
situations, corresponding to the 3 projective spaces in Proposition 15.9 above. U

Let us discuss now similar results for the projective quantum groups. Given a closed
subgroup G C O, its projective version G — PG is by definition given by the fact that
C(PG) C C(G) is the subalgebra generated by the following variables:

Wij,ab = WUiaUjb
In the classical case we recover in this way the usual projective version:
PG =G/(GNZY)

Let us discuss now the analogues of the classification results in section 13, for the
quantum groups introduced above. First, we have the following key result, from [20]:

Theorem 15.11. We have the following results:

(1) The group inclusion TOx C Uy is mazimal.
(2) The group inclusion POy C PUy is mazimal.
(3) The quantum group inclusion Oy C O is mazimal.

Proof. The idea here is as follows:
(1) This can be obtained by using standard Lie group methods.
(2) This follows from (1), by taking projective versions.
(3) This follows from (2), via standard algebraic lifting results.
For details on all this, we refer to [20]. O
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Our claim now is that, under suitable assumptions, O3}, is the only intermediate object
On C G C O}, and PUy is the only intermediate object POy C G C POY..

In order to formulate a precise statement here, we recall the following notion, from [37]:

Definition 15.12. An intermediate compact quantum group
On C G C OF
15 called easy when the corresponding Tannakian category
span(NCs(k, 1)) € Hom(u®*,u®") C span(Py(k,1))
comes via the following formula, using the standard m — T, construction,
Hom/(u®*, u®") = span(D(k,1))
from a certain collection of sets of pairings D = (D(k,1)).

As explained in [37], by “saturating” the sets D(k,[), we can assume that the collection
D = (D(k,l)) is a category of pairings, in the sense that it is stable under vertical and
horizontal concatenation, upside-down turning, and contains the semicircle. See [37].

In the projective case now, we have the following related definition:

Definition 15.13. A projective category of pairings is a collection of subsets
NCy(2k,2l) C E(k, 1) C Py(2k,21)
stable under the usual categorical operations, and satisfying:
ceFE = |o|eFE

As basic examples here, we have the following projective categories of pairings, where
Pj is the category of matching pairings:

NCy;y C Py C P

This follows indeed from definitions. Now with the above notion in hand, we can
formulate the following projective analogue of Definition 15.12:

Definition 15.14. An intermediate compact quantum group
POy C H C PO},
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 m — T, construction,
Hom(v®* v = span(E(k,1))
for a certain projective category E = (E(k,1)).
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Observe that, given any easy quantum group Oy C G C O}, its projective version

POy C PG C PO}, is projectively easy in our sense.

In particular the quantum groups POy C PUy C POY; are all projectively easy, coming
from NCy C Py C P;.
We have in fact the following general result, from [33]:

Theorem 15.15. We have a bijective correspondence between the affine and projective
categories of partitions, given by

G — PG

at the quantum group level.
Proof. The construction of correspondence D — E is clear, simply by setting:
E(k,l) = D(2k,2l)

Indeed, due to the axioms for the categories of partitions, from [37], the conditions in
Definition 15.13 are satisfied.

Conversely, given E = (FE(k,1)) as in Definition 15.13, we can set:

(B (k,l even)
Dk, 1) = {{O’ Hloe BE(k+1,1+1)} (k1 odd)

Our claim is that D = (D(k,[)) is a category of partitions. Indeed:

(1) The composition action is clear. Indeed, when looking at the numbers of legs
involved, in the even case this is clear, and in the odd case, this follows from:

lo,|o' € E
= [7€FE
= J7€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 E = |oT€E
= o7€D
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— Regarding now the even/odd case, this can be solved as follows:
o lTel lo|,|T € E

lo||T € E

loT € E

or €D

L

— As for the remaining odd/odd case, here the computation is as follows:

lo,|T € E llo|,|T € E
llo||T € E
or € K

ocr €D

FELL

(3) Finally, the conjugation axiom is clear from definitions.

It is clear that both compositions D — F — D and F — D — E are the identities, as
claimed. As for the quantum group assertion, this is clear as well. U

We refer to [33] for further details, and comments on the above correspondence.

Now back to uniqueness issues, we have here the following result, also from [33]:

Theorem 15.16. We have the following results:

(1) Ox is the only intermediate easy quantum group, as follows:
Oy C G C O},
(2) PUy is the only intermediate projectively easy quantum group, as follows:
POy C G C POy,
Proof. The idea here is as follows:

(1) The assertion regarding Oy C O% C OF; is from [39], and this is something that
we already know, explained in section 11 above.

(2) The assertion regarding POy C PUy C PO}, follows from the classification result
in (1), and from the duality in Theorem 15.15. O

Summarizing, we have analogues of the various affine classification results, with the
remark that everything becomes simpler in the projective setting.

Let us discuss now the relation between the projective spaces and the projective or-
thogonal groups, with quantum isometry group computations.

We use the following action formalism, in the projective setting, which is quite similar
to the affine action formalism introduced in section 3 above:
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Definition 15.17. Consider a closed subgroup G C OF, and a closed subset X C S[@f;l-
(1) We write G ~ X when the formula

O(z;) = Z Ui @ Zg

defines a morphism of C*-algebras, as follows:
d:C(X) = CG)®C(X)
(2) We write PG ~ PX when the formula

D(z,25) = Z UiaWjp @ 242
a

defines a morphism of C*-algebras, as follows:
d:.C(PX)— C(PG)®C(PX)
Observe that the above morphisms @, if they exist, are automatically coaction maps.

Observe also that an affine action G ~ X produces a projective action PG ~ PX.

Finally, let us mention that given an algebraic subset X C Sﬁ jrl, it is routine to prove

that there exist universal quantum groups G C O acting as (1), and as in (2).

We have the following result, with respect to the above notions:

Theorem 15.18. The quantum isometry groups of the basic real spheres and projective
spaces, namely

N—-1 N—-1 N—-1
Sg =5k, — Sk

PNfl PNfl PNfl
R > Ic =y
are the following affine and projective quantum groups,

On o o,

POy

PUy

PO,

with respect to the affine and projective action notions introduced above.



272 TEO BANICA

Proof. The fact that the 3 quantum groups on top act affinely on the corresponding 3
spheres is known since [32], and is elementary. By restriction, the 3 quantum groups on
the bottom follow to act on the corresponding 3 projective spaces.

We must prove now that all these actions are universal. At right there is nothing to
prove, so we are left with studying the actions on Sﬂg -1 Sﬂg . and on Pﬂév -1 P(év -1

Pﬂév ~!. Consider the following projective coordinates:

Wia,jb = UiaUjb
Dij = Zizj
In terms of these projective coordinates, the coaction map is given by:
®(pij) = Z Wia,jb © Pab
ab
Thus, we have the following formulae:

Q(pij) = Z(wij,ab + Wijpa) ® Dab + Z Wij,aa & Paa

a<b

(p(p]z) = Z(wji,ab + wji,ba) & Pab + Z Wiji.aa @ Paa

a<b

By comparing these two formulae, and then by using the linear independence of the
variables p., = 2,2, for a < b, we conclude that we must have:

Wij.ab T Wijba = Wiiab + Wiiba
Let us apply now the antipode to this formula. For this purpose, observe that:
S(wijan) = S(wiatijp)
= S(uz)S(tia)
= UpjUg;
=  Wha,ji
Thus by applying the antipode we obtain:
Wha,ji T Wab,ji = Wha,ij + Wab,ij
By relabelling, we obtain the following formula:
Wi ba T Wijpa = Wjiab T Wijab
Now by comparing with the original relation, we obtain:
Wijab = Wi ba
But, with w;; 4 = wiqu;p, this formula reads:

UiqUjp = UjpUiq
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Thus our quantum group G C O}, must be classical:
G C Oy
It follows that we have PG C POy, as claimed.

Pév ~1. Consider a coaction map, written as follows, with pa, = 242

P (p;j) = Z UjqUjp @ Pab
ab

The idea here will be that of using the following formula:

PabPcd = PadPcb
We have the following formulae:

Q(pijpm) = Z Uiq U jpUkcUid & PabpPed
abed

Q(paprj) = Z UiqUigUkcUip & DadPeb
abed

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

E Wia [Wjb, Ukes Uig] @ PapPea = 0
abed

Now since the quantities pupppecda = ZaZpzcZq at right depend only on the numbers
{a, c}|, [{b,d}| € {1,2}, and this dependence produces the only possible linear relations
between the variables p,peq, we are led to 2 x 2 = 4 equations, as follows:

(1) wig[Wjp, Ukq, up) = 0, Va,b.
2) Uia[Wjp, Ua, Wia] + Uia[UWja, Uka, U] = 0, Va, Vb # d.

(2)
(3) Uia|Ujp, Ue, U] + Wic[tjp, Ua, un) = 0, Va # ¢, Vb.
(4)

g

ia | Wjb,s Uke, Wid) + Wia[Wjd, Uke, Uip) + Wic[Wjb, Uka, Wig) + Wic[tja, Uka, up] = 0, Ya # c,

We will need in fact only the first two formulae. Since (1) corresponds to (2) at b = d,
we conclude that (1,2) are equivalent to (2), with no restriction on the indices. By
multiplying now this formula to the left by wu;,, and then summing over 7, we obtain:

[Wjb, Ukas W] + [Wjd, Uk, up) = 0

We use now the antipode/relabel trick from [44]. By applying the antipode we obtain:
(Wt Uak, Upj] + [Upl, Uak, Ugj] = 0

By relabelling we obtain the following formula:

[Uid; U, Ujp] + [Wjd, Uk, up) = 0
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Now by comparing with the original relation, we obtain:
(Wit Uka, Wid] = [Ujds Uka, Uip) = 0
Thus our quantum group is half-classical:
G C Oy

It follows that we have PG C PUy, and we are done. O

The above results can be probably improved. As an example, let us say that a closed
subgroup G C Uy, acts projectively on PX when we have a coaction map as follows:

*
P(z;2) = E UigUgy @ 242
ab

The above proof can be adapted, by putting * signs where needed, and Theorem 15.18
still holds, under this general formalism. However, establishing general universality re-
sults, involving arbitrary subgroups H C POY};, looks like a quite non-trivial question.

Let us discuss now the axiomatization question for the projective quadruplets of type
(P, PT, PU, PK), in the spirit of the axiomatization from section 4 above.

We recall that we first have a classical real quadruplet, as follows:

PNt —— PTy

POy — PHy

We have then a classical complex quadruplet, which can be thought of as well as being
a real half-classical quadruplet, which is as follows:

PY ' — PTy

PUy — PKy
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Finally, we have a free quadruplet, which can be thought of as being the same time real
and complex, which is as follows:

pYyt— PT}

POy ——— PH};
In analogy with what happens in the affine case, the problem is that of axiomatizing

these geometries, with correspondences as follows:

P PT

PU PK

Modulo this problem, which is for the moment open, things are potentially quite nice,
because we seem to have only 3 geometries, namely real, complex and free.

Generally speaking, we are led here into several questions:

(1) We first need functoriality results for the operations <, > and N, in relation with
taking the projective version, and taking affine lifts, as to deduce most of our 7 axioms,
in their obvious projective formulation, from the affine ones.

(2) Then, we need quantum isometry results in the projective setting, for the projective
spaces themselves, and for the projective tori, either established ad-hoc, or by using the
affine results. For the projective spaces, this was done above.

(3) We need as well some further functoriality results, in order to axiomatize the in-
termediate objects that we are dealing, the problem here being whether we want to use
projective objects, or projective versions, perhaps saturated, of affine objects.

In short, we need functoriality results a bit everywhere, in connection with the various
questions to be solved. Modulo this, things are quite clear, with the final result being the
fact that we have indeed only 3 projective geometries, in analogy with the fact that we
have only 3 geometries. Technically, the proof should be using the fact that, in the easy
setting, POy C PUy C POY; are the only possible unitary groups.

Let us also mention that, in the noncommutative setting, there are several ways of
defining the projective versions, with the one used here being the “simplest”. As explained
in [9], [19], it is possible to construct a left projective version, a right projective version,
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and a mixed projective version, with all these operations being interesting. Thus, the
results and problems presented above are just the “tip of the iceberg”, with the general
projective space and version problematics being much wider then this.

Yet another question concerns the study of the projective spaces associated to the
twisted spheres, from section 13 above, and to the intersections studied in section 14.

Finally, at a more concrete level, the question of developing these projective geometries,
and notably the free one, remains open, and extremely interesting. There is of course a lot
of material which can be “imported” from the affine setting, but at the genuine projective
geometry level nothing much is known, passed a handful of quantum group results.
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16. HYPERSPHERICAL LAWS

We discuss in this final section a number of more advanced results, mixing algebra,
geometry, analysis and probability, twisted and untwisted objects, affine and projective
manifolds, and many more. At the core of all this will be a subtle twisting result, relating
the free projective orthogonal group PO% and the quantum permutation group S;Gz. We
believe that all this material should be relevant to certain questions in quantum physics,
but nothing much is known here for the moment. We will comment on this at the end.

We follow the papers [16], [22], [25], [26], [27], [32], [34], where these results were
found. As a starting point, we have the very natural question, first investigated in [32],
of computing the laws of individual coordinates of the main 3 real spheres, namely:

éﬁ”cS&*c%ﬁl

We already know from section 5 above the N — oo behavior of these laws, called
“hyperspherical”. To be more precise, for S]fg] ~! we obtain the normal law, and for S]{gf jrl

we obtain the semicircle law. As for the sphere S]fg !, this has the same projective version

as S(]CV ~1 where the corresponding law becomes complex Gaussian with N — oo, as
explained in section 5, and so we obtain a symmetrized Rayleigh variable. See [32].

The problem that we want to investigate here, and that will bring us into a lot of
interesting mathematics, is that of computing these hyperspherical laws at fixed values
of N € N. Let us begin with a full discussion in the classical case. At N = 2 the sphere
is the unit circle T, and with z = e the coordinates are cost,sint. The integrals of the
arbitrary products of such coordinates can be computed as follows:

Theorem 16.1. We have the following formula,

/2 e(p)e(q) !l
/ cosP tsin?t dt = <Z> S i L
0 2 (p+q+ 1N

where e(p) = 1 if p is even, and £(p) = 0 if p is odd, and where
mll=(m—1)(m—3)(m—2>5)...
with the product ending at 2 if m s odd, and ending at 1 if m is even.

Proof. This is standard calculus, with particular cases of this formula being very familiar
to everyone loving and teaching calculus, as we all should. Let us set:

w/2
I, = / cos? t dt
0
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We compute [, by partial integration. We have the following formula:
(cosP tsint)
= pcos? ' t(—sint)sint + cos” t cost
= pcosP™ t —pcosP Lt + cosP ¢
(p+1)cos?™ ¢t — pcos’ ' t
By integrating between 0 and /2, we obtain the following formula:
(p+ 1)]p+1 =pl,
Thus we can compute I, by recurrence, and we obtain:
p—1
Iy, = —— I
p—1 p—3
p p-2""
p—1 p—3 p—>5 I
. . ot
p pr—2 p—4

— I
(p+ 1w
Together with Iy = 7 and I; = 1, which are both clear, we obtain:

I <7r>€(p) p!!
PN\2 (p+ 1)

Summarizing, we have proved the following formula, with one equality coming from the
above computation, and with the other equality coming from this, via t = 7 — s:

/2 w/2 <(p) I
/ cosP tdt = / sin? t dt = (E> _pr
0 0 2 (p+ D!

In relation with the formula in the statement, we are therefore done with the case p =0
or ¢ = 0. Let us investigate now the general case. We must compute:

w/2
Ly = / cosP tsin? t dt
0

In order to do the partial integration, observe that we have:
(cosP tsin?t)’

pcosP ! t(—sint)sin?t

cosPt - gsin? ' tcost

= —pcosP Mtsin?™ t + gcosP tsin?

+
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By integrating between 0 and /2, we obtain, for p,q > 0:

pIp—l,q—i—l = qu-i—l,q—l
Thus, we can compute I, by recurrence. When ¢ is even we have:
q—1
Iyy = ——
p+1
q—1 q—3 I
P 4 1 P T 3 p+4,9—4
g—1 ¢=3 ¢=5
) ) Ipis
p+1 p+3 p+5

Ip+2,q—2

7q_6

Cplig!
BTt

But the last term was already computed above, and we obtain the result:

pllig!
b+ gl

pllg (7‘(‘)5(?"“1) (p+ !
~ (pt o (p+g+1)

Ipq

2

<7r>€(p)s(q) pllg!
\2 (p+q+ 1
Observe that this gives the result for p even as well, by symmetry. Indeed, we have
I,,; = I, by using the following change of variables:
T

t=——
5 S

In the remaining case now, where both p, ¢ are odd, we can use once again the formula
plp—14+1 = qlpt1,4-1 established above, and the recurrence goes as follows:

Ipq = ]%[p—m,q—z

a=1 q¢=3,

p-l-l p+3 p+4,9—4
q—l.q—3_q—5]
p+1 p+3 p+p PHo0

pllig! I
S (prg-ptTH
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In order to compute the last term, observe that we have:

w/2
I, = / cosP tsintdt
0

1 w/2
= —— (cosPTht) dt
p+1J
B 1
- op+1
Thus, we can finish our computation in the case p, ¢ odd, as follows:
pllg!!
G RS IR
pllg!! 1
 pta=D! ptg
pllg!!
g+
Thus, we obtain the formula in the statement, the exponent of /2 appearing there
being £(p)e(q) = 0-0 = 0 in the present case, and this finishes the proof. O

In order to discuss the higher spheres, we will use spherical coordinates:

Theorem 16.2. We have spherical coordinates in N dimensions,

(

T = rcost;

To = rsint; costs

Tny_1 = rsint;sinty...sinty_ocosty_g
ry = rsint;sinty...sinty_osinty_;

\

the corresponding Jacobian being given by the following formula:
J(r,t) = vV tsin® 2t sinV 3ty L. osin® ty_ssinty_o
Proof. The fact that we have coordinates is clear. Regarding the Jacobian, the proof is

similar to the one from 2 or 3 dimensions, by developing the determinant over the last
column, and then by proceeding by recurrence. Indeed, by developing, we have:

Jy = rsinty...sinty_sosinty_; X sinty_1Jn_1
+ rsint;...sinty_gcosty_1 X costy_1JIn_1
= rsin tl c. sintN_g(sin2 tN—l + COS2 tN—l)JN—l
= rsint;...sinty_oJn_1

Thus, we obtain the formula in the statement, by recurrence. U



NONCOMMUTATIVE GEOMETRY 281

With the above results in hand, we can now compute arbitrary polynomial integrals,
over the spheres of arbitrary dimension, the result being is as follows:

Theorem 16.3. The spherical integral of x;, ...x;, vanishes, unless each a € {1,..., N}
appears an even number of times in the sequence iy, ...,1i,. We have

/ L (N =Dl
GN-1 ! F (N + Xl — 1)”
R

with 1, being this number of occurrences.

Proof. First, the result holds indeed at N = 2, due to the following formula proved above,
where £(p) = 1 when p € N is even, and ¢(p) = 0 when p is odd:

/2 e(p)e(q) gl
/ cosP tsin?tdt = <E> _pra
0 2 (p+q+ D!

In general, we can restrict attention to the case [, € 2N, since the other integrals vanish.
The integral in the statement can be written in spherical coordinates, as follows:

N w/2 /2
I:—/ / 2ty Tdty . diy
4 0 0

In this formula, indeed:
— V is the volume of the sphere.
— J is the Jacobian.

— The 2% factor comes from the restriction to the 1/2V part of the sphere where all the
coordinates are positive.

The normalization constant in front of the integral is:

oV 2N r N+1
vV NnaN/2 2

_ (%)Wm (N —1)!

As for the unnormalized integral, this is given by:

w/2 /2
I'= / / (costy)"(sint; costy)™
0 0

(sintysinty...sinty_gcosty_1)~
(sintysinty...sinty_psinty_1)™
SiIlN_2 tl SiDN_3 tg e Sin2 tN_g sin tN_g
dty...dty_q



282 TEO BANICA

By rearranging the terms, we obtain:

w/2
I' = / coslt ¢y sin2tHINEN=2 ¢ qp
0

w/2
/ cos!? ty sin3 T HINEN=3 ¢ d¢,
0

w/2
/ cos!N=2 ¢t o sin V1IN Tl o dEn
0

w/2
/ COSZN*1 tN—l SiIllN tN—l dtN_l
0

Now by using the above-mentioned formula at N = 2, this gives:

o WM+ ... +ily+N-=2)! (z>a<N—2)
L+ IvEN-=DI N2
12"(l3++1N+N—3)" (W)E(N?’)

(la+... +iy+N -2 \2

2

I (Iyoy + I+ DIy e

(Ina +Iv_1 + Iy +2)!! (5)
In_1 ! NCO)

(In_1 + Iy + 1) (5)

Now observe that the various double factorials multiply up to quantity in the statement,
modulo a (N — 1)!! factor, and that the 7 factors multiply up to:

e <z> [N/2]
2

Thus by multiplying with the normalization constant, we obtain the result. U

In connection now with our probabilistic questions, we have:

Theorem 16.4. The even moments of the hyperspherical variables are

N — 1Nk
kdy = [V - Dite!
/S]gl Ti G (N + k-1

and the variables y; = xl/\/ﬁ become normal and independent with N — oo.
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Proof. The moment formula in the statement follows from Theorem 16.3. Now observe
that with N — oo we have the following estimate:

0 PR o ) LV AT
/Séylxl YT WNyk—nn”
~ NF2 x kN
N2 M (g1)

Thus, we have z;/ V'N ~ g1, as claimed. Finally, the independence assertion follows as
well from the formula in Theorem 16.3, via standard probability theory. U

In the case of the half-classical sphere, we have the following integration result:

Theorem 16.5. The half-classical integral of z;, ...x;, vanishes, unless each inder a
appears the same number of times at odd and even positions in iy, ...,1. We have

2N — D)Iy! .1,
/ xil...xikdx:4zzi( ) '
s 2N +326—1)!

where l, denotes this number of common occurrences.

Proof. As before, we can assume that k is even, k = 2[. The corresponding integral can
be viewed as an integral over Sév ~1 as follows:

I = / ziIZiQ ce Z12l71§i21 dz
GN-1
C

Now by using transformations of type p — Ap with |A| = 1, we see that I vanishes,
unless each z, appears as many times as Z, does, and this gives the first assertion.

Assume now that we are in the non-vanishing case. Then the [, copies of z, and the [,
copies of z, produce by multiplication a factor |z,|*«, so we have:

1:/ 22 o 2N dz
SN71

C

Now by using the standard identification S(]CV e SﬁN ~! we obtain:

Fo= [ R i) day)
Sﬂ?@N*l

= Z (ll) (ZN) / :Bfll_%yf” .. .:B%N_%Nyfvw d(z,y)
/]"1 SHQQN_I

N
r1...TN
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By using the formula in Theorem 16.3, we obtain:

1
2. (m)( ) (2N +231; — 1)

. Z ll lN (2N—1)'(27”1)'(QTN)'(Qll—QTl)'(2[]\[—27"]\[)'
B ri)  \on) CN+> L =Dl oory!l (=) Iy — )]
We can rewrite the sum on the right in the following way:
1

n S (2N—|— le — 1)'(7“1' . ..TN!(ll — 7"1)! e (lN — T‘N)!)2

_ Z 27”1 2[1—27”1 Z 2’/’]\[ QZN—2T’N (2N—1)'11'ZN'
r ll—'rl ,.-TN N lN—TN (2N+le—1)'

T1

N
T1...TN

T1..TN

The sums on the right being 4%, ... 4!~ this gives the formula in the statement. [J
As before, we can deduce from this a probabilistic result, as follows:

Theorem 16.6. The even moments of the half-classical hyperspherical variables are
— 1\ k!
/ o = 4F (2N — 1)k!

gy -1 (2N +k—-1)!

and the variables y; = x;/(4N) become symmetrized Rayleigh with N — oo.

Proof. The moment formula in the statement follows from Theorem 16.5. Now observe
that with N — oo we have the following estimate:

N —1)!
/Sﬂ&ledx = 4% x m x k!
~ 4F x NF x k!
(4N)*M(le])
Here ¢ is a standard complex Gaussian variable, and this gives the result. U
As a comment here, it is possible to prove, based once again on the general integration
formula from Theorem 16.5 above, that the rescaled variables y; = x;/(4N) become “half-

independent” with N — oo. For a discussion of the notion of half-independence, and
various related topics, we refer to the series of papers [28], [29], [30].

In the case of the free sphere now, the computations are substantially more complicated.
Let us start with the following result, that we basically know from section 5 above:
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Theorem 16.7. For the free sphere Sﬁ;l, the rescaled coordinates

yi = VN,
become semicircular and free, in the N — oo limit.

Proof. As explained in section 5 above, the Weingarten formula for the free sphere, to-
gether with the standard fact that the Gram matrix, and hence the Weingarten matrix
too, is asymptotically diagonal, gives the following estimate:

/ ZEil...ZEZ‘kdl’ﬁN—k/2 Z 5g(i1,...,ik)
St cENCa (k)
With this formula in hand, we can compute the asymptotic moments of each coordinate
x;. Indeed, by setting ;1 = ... =1 = 1, all Kronecker symbols are 1, and we obtain:
/ ¥ de ~ N7F2|NCy (k)|
Skt

Thus the rescaled coordinates y; = v Nx; become semicircular in the N — oo limit, as
claimed. As for the asymptotic freeness result, this follows as well from the above general
joint moment estimate, via standard free probability theory. See [23], [32]. O

The problem now, which is highly non-trivial, is that of computing the moments of the
coordinates of the free sphere at fixed values of N € N. The answer here, from [26], based
on advanced quantum group and calculus techniques, is as follows:

Theorem 16.8. The moments of the free hyperspherical law are given by

I+1
1 g+1 1 20+ 2 r
21 r
d fd . . _1 -
/Sﬂéy;“"l TTINFL gt lez_zz:_l( )(l—i—r—l—l)1+qT

where q € [—1,0) is such that ¢+ ¢ ' = —N.

Proof. The idea is that z; € C’(Sﬂgf) has the same law as u;; € C(Oy), which has the
same law as a certain variable w € C(SUJ ), which can be in turn modelled by an explicit
operator on [%(N), whose law can be computed by using advanced calculus.

Let us first explain the relation between O and SUy. To any matrix F € GLy(R)
satisfying F'? = 1 we associate the following universal algebra:

C(Of) =C" <(uij)i,j:1,...,N‘U = FulF = unitary)

Observe that O;FN = O};. In general, the above algebra satisfies Woronowicz’s general-
ized axioms in [148], which do not include the strong antipode axiom S? = id.
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At N = 2, up to a trivial equivalence relation on the matrices F', and on the quantum
groups O}, we can assume that F is as follows, with ¢ € [—1,0):

P~ (i )
1/v/—¢ 0
Our claim is that for this matrix we have:
O}L = SUJ

Indeed, the relations u = FuF tell us that « must be of the following special form:

()
v«

Thus C'(O}) is the universal algebra generated by two elements «, 7, with the relations
making the above matrix u unitary. But these unitarity conditions are:

ay = qya
ay" =gy
="

aFa+yy=1

ad” + ¢yt =1
We recognize here the relations in [148] defining the algebra C'(SUj), and it follows
that we have an isomorphism of Hopf C*-algebras:

C(OF) ~ C(SU3)

Now back to the general case, let us try to understand the integration over O}.. Given
m € NCy(2k) and i = (iy, ..., 102), we set:

0L @) =] Fiu
sem

Here the product is over all strings s = {s; ~ s,.} of 7. Our claim is that the following
family of vectors, with m € NCy(2k), spans the space of fixed vectors of u®2:

&= 0F(i)e;, ®... ®ey,

Indeed, having & fixed by u®? is equivalent to assuming that v = FuF is unitary.
By using now the above vectors, we obtain the following Weingarten formula:

/OJr Wiygy + - Wigggor, = Z 55(2)55(j)WkN(7T’ U)

F o

With these preliminaries in hand, let us start the computation. Let N € N, and consider
the number ¢ € [—1,0) satisfying:

g+q'=-N



NONCOMMUTATIVE GEOMETRY 287

Our claim is that we have:
| oNT2u) = [ pla+ay-ar)
ok SU{

Indeed, the moments of the variable on the left are given by:

/+ upt = ZWkN(T(,O')
ON e

On the other hand, the moments of the variable on the right, which in terms of the
fundamental corepresentation v = (v;;) is given by w = 3, v;;, are given by:

/qu W = Z Z 5 (1)8F (j)Win (7, 0)

ij 7o

We deduce that w/+/N + 2 has the same moments as w;;, which proves our claim.
In order to do now the computation over SUJ, we can use a matrix model due to
Woronowicz [148], where the standard generators «,y are mapped as follows:

mu(@)er = V1 —qg%er_
Tu(Ver = uqhes
Here u € T is a parameter, and (ey,) is the standard basis of [*(N). The point with this

representation is that it allows the computation of the Haar functional. Indeed, if D is
the diagonal operator given by D(e;,) = ¢*ex, then the formula is as follows:

f e =0 [rom@ng

With the above model in hand, the law of the variable that we are interested in is of
the following form:

/ pla+a+y—qv)=(1-¢°) / tr(Dp(M)) du
SUg

T 2miu

To be more precise, this formula holds indeed, with:
M(ex) = enp1 + ¢"(u—quer + (1 — ¢ )er

The point now is that the integral on the right can be computed, by using advanced
calculus methods, and this gives the result. We refer here to [26]. i

The computation of the joint free hyperspherical laws remains an open problem. Open
as well is the question of finding a more conceptual proof for the above formula.

Following now [22], let us discuss an interesting relation of all this with the quantum
permutations, and with the free hypergeometric laws. The idea will be that of working
out some abstract algebraic results, regarding twists of quantum automorphism groups,
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which will particularize into results relating quantum rotations and permutations, having
no classical counterpart (!) both at the algebraic and the probabilistic level.

In order to explain this material, from [22], which is quite technical, requiring good
algebraic knowledge, let us begin with some generalities. We first have:

Definition 16.9. A finite quantum space X is the abstract dual of a finite dimensional
C*-algebra B, according to the following formula:

C(X)=1B
The number of elements of such a space is | X| = dim B. By decomposing the algebra B,
we have a formula of the following type:

C(X) = My, (C)&...® M,,(C)

With ny = ... = ng = 1 we obtain in this way the space X = {1,... k}. Also, when
k =1 the equation is C(X) = M, (C), and the solution will be denoted X = M,,.

Following [2], we endow each finite quantum space X with its counting measure, cor-
responding as the algebraic level to the integration functional obtained by applying the
regular representation, and then the normalized matrix trace:

tr: C(X) — B(I*(X)) = C
As basic examples, for both X = {1,...,k} and X = M,, we obtain the usual trace. In
general, we can write the algebra C(X) as follows:
CX)=M,(C)&...® M, (C)

In terms of this writing, the weights of tr are as follows:

2
n;

C;, =
2
i T

With these conventions, we have the following result, from [2], [141]:

Theorem 16.10. Given a finite quantum space X, there is a universal compact quantum
group S¥% acting on X, leaving the counting measure invariant. We have

C(S%) = C’(U]J\?)/<u € Hom(u®*,u),n € sz(u)>

where N = | X| and where u,n are the multiplication and unit maps of C(X). Also:
(1) For X ={1,...,N} we have S} = S§.
(2) For X = M,, we have S} = PO,; = PU}.

Proof. Consider a linear map ® : C'(X) — C(X) ® C(G), written as follows, with {e;}
being a linear space basis of C'(X), which is orthonormal with respect to tr:

Oej) =Y e ®@uy
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It is routine to check, via standard algebraic computations, that ® is a coaction precisely
when w is a unitary corepresentation, satisfying the following conditions:

p € Hom(u®? )
n € Fix(u)

But this gives the first assertion. Regarding now the statement about X = {1,..., N}
is clear. Finally, regarding X = M, here we have embeddings as followss:

PO} c PUS C S%

Now since the fusion rules of all these 3 quantum groups are known to be the same as
the fusion rules for SOs, these inclusions are isomorphisms. See [2]. g

Following now [22], we have the following result:
Proposition 16.11. Given a finite group F', the algebra C(S;g) s 1somorphic to the
abstract algebra presented by generators xg4y with g, h € F, with the following relations:
T1g = Tg1 = 51g

Ls.gh = E Tst—1 gTth

tel

LTgh,s = E Tgt—1Thts

ter
The comultiplication, counit and antipode are given by the formulae

A(zgn) = ngs ® Tgp,
seEF
e(wgn) = Ogn
S(mgh) = Tp-1g-1
on the standard generators xgp.

Proof. This follows indeed from a direct verification, based either on Theorem 16.10 above,
or on its equivalent formulation from Wang’s paper [141]. O

Let us discuss now the twisted version of the above result. Consider a 2-cocycle on F,
which is by definition a map o : F' x F' — C* satisfying:
Ogh,sOgh = Og,hsOhs
Og1 = 019 = 1
Given such a cocycle, we can construct the associated twisted group algebra C(F,), as
being the vector space C'(F) = C*(F), with product as follows:
€g€n = Ogh€yh

We have then the following generalization of Proposition 16.11:
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Proposition 16.12. The algebra C(Sg ) is isomorphic to the abstract algebra presented
by generators x4, with g, h € G, with the relations x4 = x4 = 614 and:

OghTs,gh = E Ost—1tTst—1 gTth
teF

-1 Z ~1
Ugh Lgh,s = 0t717t8$gt*1xh,ts
ter
The comultiplication, counit and antipode are given by the formulae

xgh E Lgs X Tsp

seEF
e(zgn) = Ogn
_ -1
S(I'gh) = O'h—lhO'g_ng:h—lg—l
on the standard generators gp.

Proof. Once again, this follows from a direct verification. Note that by using the cocycle
identities we obtain the formula 04,1 = 0,-1,, needed in the proof. O

In what follows, we will prove that S’ * and S T are related by a cocycle twisting oper-
ation. Let us begin with some prehmlnarles Let H be a Hopf algebra. We recall that a

left 2-cocycle is a convolution invertible linear map o : H ® H — C satisfying:
Oz1y1Oay2,2 = Oy1210m,y220
Oz1 = 01z = 8(1’)

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

-1 -1 _ -1 —1
Or1y1,2%21y2 = Ta,y1219y2z0
-1 _ -1 _
U:):l - le - 6(1’)

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

= Z O--lel 0'507313/3 [nyQ]

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

Following [22], we can now state a main twisting theorem, as follows:
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Theorem 16.13. If F' is a finite group and o is a 2-cocycle on F', the Hopf algebras
+ +
(st . O(st)
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:
. + o
T C’(Sﬁ) — C(F)
Tgh — 5gh€g

Our 2-cocycle o : F x F' — C* can be extended by linearity into a linear map as follows,
which is a left and right 2-cocycle in the above sense:

o:C(F)® C(F) = C
Consider now the following composition:
a=o(rem): C(SE)eC(Sh) = C(F) @ C(F) = C

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

[iEgh][l'rs] = ail(‘rgaxr)a(xhuxs)[xghxrs]
= Uf;rlahs[zghwrs]

By using this, we obtain the following formula:

Z Ost—1¢ [xstfl,g] [xth] = Z Ustfl,tag;ElﬁtO-gh xstfl,gxth]
teF teF
= Ogn[Tsnl

Similarly, we have the following formula:
Z T gl Tgi1)[Tnes] = a5 [T gn.s]
teF

We deduce from this that there exists a Hopf algebra map, as follows:
. + + ot
(P . C(Sﬁg) _> C<Sﬁ)

Tgh = [Tgn]
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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Proposition 16.14. If F' is a finite group and o is a 2-cocycle on F', then

D(zginy - Tgpnn) = U1, s ) QR BTy - Ty,
with the coefficients on the right being given by the formula

m—1
Q(gl, . 7gm> = H 091...9%.9k+1
k=1

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

Proof. This is indeed just a technical reformulation of Theorem 16.13. O
Here is another useful result, that we will need in what follows:

Theorem 16.15. Let X C F' be such that o4, = 1 for any g,h € X, and consider the
subalgebra

Bx C O(S:q_ )
generated by the elements x4, with g,h € X. Then we have an injective algebra map
) +
gwen by xgp, — Tgp.
Proof. With the notations in the proof of Theorem 16.13, we have the following equality
in C(S;I)O‘fl, for any g¢;, hi, 7,55 € X:

[Tgihy - Tgphy] * [Trisr - - Trgsy] = [Tgihy - - Tgphy Trysy - - - Trys,]
Now @, can be defined to be the composition of ®p, with the linear isomorphism
C(S;{)O‘_l — C(SF) given by [2] — z, and is clearly an injective algebra map. O

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

c: FxF—=C*

o)y = w't
It is easy to see that o is a bicharacter, and hence a 2-cocycle on F. Thus, we can
apply our general twisting result, to this situation.

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

Proposition 16.16. The linear map given by
n—1

Uleag) = 3w B
k=0

defines an isomorphism of algebras 1) : C(ﬁg) ~ M,(C).
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Proof. Consider indeed the following linear map'

E:w k,j—1)

It is routine then to check that v, are inverse morphisms of algebras. U
As a consequence, we have the following result:

Proposition 16.17. The algebra map gz’ven by

ai—bj
uljukl E w Tx (a,k—1),(b,l—7)
ab 0

defines a Hopf algebra isomorphism ¢ : C(S3; ) ~ C(S;I ).

Proof. We use the identification C' (ﬁa) ~ M, (C) from Proposition 16.16. This identifica-
tion produces a coaction map, as follows:

v M,(C) = M,(C)® C(S;LU)

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

1 ar—i
Ey) = - > B ® > 0" 8 ) (ki)
ab kr

Thus, we obtain the isomorphism in the statement. O
We will need one more result of this type, as follows:
Proposition 16.18. The algebra map gz’ven by

ki+lj—ra—sb
(T (a0),60.5)) Zw T ) )
klrs

defines a Hopf algebra isomorphism p : C(ST) =~ C(SF).
Proof. This follows by using the Fourier transform isomorphism C (F\ )~ C(F). O
We can now formulate a concrete twisting result, from [22], as follows:

Theorem 16.19. Let n > 2 and w = 62”/". Then

2 : —a(k—i)+b(l—j
uz]ukl w )pza,jb
ab 0

defines a coalgebra isomorphism
C(PO;) — C(Sh)

commuting with the Haar integrals.
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Proof. The result follows from Theorem 16.13 and Proposition 16.14, by combining them

with the various isomorphisms established above. Il
Here is a useful version of the above result:

Theorem 16.20. The following two algebras are isomorphic, via u?j — Xij:
(1) The algebra generated by the variables ui; € C(O;).
(2) The algebra generated by X;; = %Zz,bzl Piagp € C(S5)
Proof. This follows by using Theorem 16.15, via the above identifications. O

As a probabilistic consequence now, we have:

Theorem 16.21. The following families of variables have the same joint law,

(1) {ui;} € C(OF),

(2) {Xij = 7 ZapPiagn} € C(S2),
where w = (u;;) and p = (piajp) are the corresponding fundamental corepresentations.
Proof. This follows indeed from Theorem 16.20 above. U

In particular, we have the following result:

Theorem 16.22. The free hypergeometric variable

1 n
le = ﬁ Z Uia’jb - C(S:;Q)

a,b=1
has the same law as the squared free hyperspherical variable x? € C’(Sﬁ;l).

Proof. This follows from Theorem 16.21. See [22]. O

As pointed out in [22], it is possible to derive as well this result directly, by using the
Weingarten formula, and manipulations on the partitions. We refer to [22] and subsequent
papers for more details on all this. We refer as well to [79], [80], [81] and [27] and
related papers for further computations of this type, involving this time Gram matrix
determinants, and for comments, regarding the relevance of such questions.

Summarizing, there is a lot of interesting mathematics in relation with the free spheres
and orthogonal groups, and with the quantum permutations and quantum reflections as
well. This tends to confirm our intial thought, from the beginning of this book, that the
study and axiomatization of the quadruplets (S, 7T, U, K) is a good question.
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