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ABSTRACT. This is an introduction to the theory of C*-algebras. These are the norm
closed *-algebras of bounded linear operators on a complex Hilbert space, A C B(H),
but can be axiomatized as well abstractly, as being the Banach x-algebras (4, ||.||) whose
norm is subject to the condition ||aa*|| = ||a||?>. Moreover, they can be interpreted as well
as being the algebras of continuous functions on compact quantum spaces, A = C(X).
We first discuss the C*-algebra basics, with the aim of understanding well the equivalence
between these 3 points of view: operator theoretic, functional analytic, and geometric.
Then we go into a more detailed study of the main classes of examples, and what can be
done with them, with various geometric and analytic motivations in mind.



Preface

What is a quantum space? This is a good and appropriate question, in the present
nuclear age, and this regardless of whether you are a mathematics or physics student, or
even professor, or just some random guy in the street, with a vague high-school knowledge
of modern science. Not that we can really control all these nuclear beasts, and what they
can do by themselves, shall they ever start being animated by some form of intelligence,
but at least, for having some theoretical understanding of them.

In answer, a quantum space is the dual of a C*-algebra. To be more precise, the
C*-algebras are something precise and mathematical, that we can see, and manipulate,
so to say, as humans, all routine work here, certainly no problem with that. As for the
quantum spaces themselves, these appear as, well, so-called duals of these C*-algebras,
and in the lack of appropriate senses in order to see, smell or taste them, we can still work
and work a lot on the C*-algebras, in order to get familiar with them.

This was for the general idea, with two main points of view on the question, but in
practice now, things further ramify, with four points of view, which are as follows:

(1) Concrete C*-algebras. These are by definition the norm closed x-algebras of
bounded linear operators on a complex Hilbert space, A C B(H).

(2) Abstract C*-algebras. These are the same thing, but axiomatized as being the
Banach *-algebras (4, ||.||) whose norm is subject to the condition ||aa*|| = ||al|*.

(3) Abstract quantum spaces. These are the beasts X obtained by formally writing
the C*-algebras as being the algebras of continuous functions on them, A = C(X).

(4) Concrete quantum spaces. Same beasts X, but appearing this time in relation
with quantum physics, by zooming down and enjoying, with a good microscope.

Excited by this? So am I, despite having spent 30 years in this business, and having
not understood much, but never too late, for remaining forever young. So, this will be
what we will be talking about, in this book, introduction to (1-4).

In practice, the book is organized in four parts, with the first half, Parts I-II, discussing
the C*-algebra basics, with the aim of understanding well the equivalence between (1-2),
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4 PREFACE

and with a constant look into (3) too. Then, in the second half, Parts III-IV, we will get
into a more detailed study of the main classes of examples, and what can be done with
them, with various geometric and analytic motivations, in relation with (3-4), in mind.

In the hope that you will like this book, and do not hesitate of course to have on your
desk at least 3-4 other books on the same topic, for some sort of simultaneous reading,
mixing various viewpoints, learning C*-algebras being no easy business, for us humans.

Speaking learning, many thanks to the many books on the subject, old or more recent,
that I have been struggling with as a student, then as a young researcher, and then as,
well, confirmed researcher. Many thanks as well to my cats, they say that (4) is trivial
and that (1-3) come as corollaries, hope one day I'll reach to their level of wisdom.

Cergy, April 2025
Teo Banica
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Part 1

C*-algebras



I see a boat on the river
It’s sailing away
Down to the ocean
Where to I can’t say



CHAPTER 1

Operator theory

la. Linear operators

We would like to first discuss the theory of linear operators T': H — H over a complex
Hilbert space H, usually taken separable. Let us start with a basic result, as follows:

THEOREM 1.1. Given a Hilbert space H, consider the linear operators T : H — H,
and for each such operator define its norm by the following formula:

Tl = sup ||Tz|

[l][=1

The operators which are bounded, ||T|| < oo, form then a complex algebra B(H), which
is complete with respect to ||.||. When H comes with a basis {e;}icr, we have

B(H) ¢ L(H) C M;(C)

where L(H) is the algebra of all linear operators T : H — H, and L(H) C M;(C) is the
correspondence T — M obtained via the usual linear algebra formulae, namely:

T(l’) =Mz s Mij =< T@j, e; >
In infinite dimensions, none of the above two inclusions is an equality.
PRroOOF. This is something straightforward, the idea being as follows:

(1) The fact that we have indeed an algebra, satisfying the product condition in the
statement, follows from the following estimates, which are all elementary:

IS+ TN <SI+T( AT = AT ST < (S]] - 7]

(2) Regarding now the completness assertion, if {7,,} C B(H) is Cauchy then {T,,x}
is Cauchy for any z € H, so we can define the limit T" = lim,,_,o, T}, by setting:

Tr= lim T,z

n—o0

11



12 1. OPERATOR THEORY

Let us first check that the application x — Tz is linear. We have:
Tx+y) = Tim T.(z +y)
— lim (@) + Tu(y)
= e e )
= T()+T(y)
Similarly, we have T'(Az) = A\T'(z), and we conclude that T" € L(H).

(3) With this done, it remains to prove now that we have T € B(H), and that T,, — T
in norm. For this purpose, observe that we have:

T, —Th||<e,Vnm>N = ||[T,a—Ty||<e,Vz|]|=1,Vn,m>N
= ||Thwx—Tz||<e,V|z|]|=1,Vn>N
= ||Tnz—Tz||<e, V|z||=1
= ||[Tn—-T|| <e

But this gives both 7' € B(H), and Ty — T in norm, and we are done.

(4) Regarding the embeddings, the correspondence 7" — M in the statement is indeed
linear, and its kernel is {0}, so we have indeed an embedding as follows, as claimed:

L(H) c M(C)

In finite dimensions we have an isomorphism, because any M € My(C) determines
an operator T': CV — C¥, given by < Te;,e; >= M,;. However, in infinite dimensions,
we have matrices not producing operators, as for instance the all-one matrix.

(5) As for the examples of linear operators which are not bounded, these are more
complicated, coming from logic, and we will not really need them in what follows. U

As a second basic result regarding the operators, we will need:
THEOREM 1.2. Fach operator T € B(H) has an adjoint T* € B(H), given by:
<Tx,y>=<uz,T"Yy >
The operation T — T s antilinear, antimultiplicative, involutive, and satisfies:
Tl =T, NTT*|| =TI
When H comes with a basis {e;}icr, the operation T — T* corresponds to
(M*)i; = Mj;

at the level of the associated matrices M € M;(C).
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Proor. This is standard too, and can be proved in 3 steps, as follows:

(1) The existence of the adjoint operator T*, given by the formula in the statement,
comes from the fact that the function ¢(x) =< Tz,y > being a linear map H — C, we
must have a formula as follows, for a certain vector T*y € H:

olx) =< a,T"y >
Moreover, since this vector is unique, 7™ is unique too, and we have as well:
(S+T)y =8"+T , (NI)'=XT* , (ST)"=T*S* , (T*)"=T
Observe also that we have indeed T* € B(H ), because:

|T|| = sup sup <Tx,y>
[lzl|=1 llyl|=1
= sup sup <z, Ty >
llyl|=1[|=[|=1
= |IT7]]
(2) Regarding now ||TT*|| = ||T'||?, which is a key formula, observe that we have:

|77 < ITI| - 1|77 = |71
On the other hand, we have as well the following estimate:

IT||*> = sup | <Tx,Tx > |
ll]|=1

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

< [T
By replacing T — T* we obtain from this ||T||* < ||T'T*||, as desired.

(3) Finally, when H comes with a basis, the formula < Tx,y >=< z,T*y > applied
with © = e;, y = e; translates into the formula (M*);; = M ;, as desired. O

Let us discuss now the diagonalization problem for the operators T € B(H), in anal-
ogy with the diagonalization problem for the usual matrices A € My(C). As a first
observation, we can talk about eigenvalues and eigenvectors, as follows:

DEFINITION 1.3. Given an operator T € B(H), assuming that we have
Txr =Mz
we say that x € H is an eigenvector of T', with eigenvalue \ € C.

We know many things about eigenvalues and eigenvectors, in the finite dimensional
case. However, most of these will not extend to the infinite dimensional case, or at least
not extend in a straightforward way, due to a number of reasons:
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(1) Most of basic linear algebra is based on the fact that Tz = Az is equivalent to
(T'— Nx = 0, so that A is an eigenvalue when 7" — X is not invertible. In the
infinite dimensional setting 7" — A might be injective and not surjective, or vice
versa, or invertible with (7" — A)~! not bounded, and so on.

(2) Also, in linear algebra T"— X is not invertible when det(7"— \) = 0, and with this
leading to most of the advanced results about eigenvalues and eigenvectors. In
infinite dimensions, however, it is impossible to construct a determinant function
det : B(H) — C, and this even for the diagonal operators on [*(N).

Summarizing, we are in trouble. Forgetting about (2), which obviously leads nowhere,
let us focus on the difficulties in (1). In order to cut short the discussion there, regarding
the various properties of T'— A, we can just say that T'— \ is either invertible with bounded
inverse, the “good case”, or not. We are led in this way to the following definition:

DEFINITION 1.4. The spectrum of an operator T € B(H) is the set
o(T) = {NeC|T - ¢ B}
where B(H)™' C B(H) is the set of invertible operators.

As a basic example, in the finite dimensional case, H = C¥, the spectrum of a usual
matrix A € My(C) is the collection of its eigenvalues, taken without multiplicities. We
will see many other examples. In general, the spectrum has the following properties:

PROPOSITION 1.5. The spectrum of T € B(H) contains the eigenvalue set

(T) = {)\ e C|ker(T — \) # {0}}

and e(T') C o(T) is an equality in finite dimensions, but not in infinite dimensions.

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

(1) First of all, the eigenvalue set is indeed the one in the statement, because Tx = Az
tells us precisely that 7' — A must be not injective. The fact that we have e(T') C o(T) is
clear as well, because if T'— A is not injective, it is not bijective.

(2) In finite dimensions we have e(T') = o(T"), because T — X is injective if and only if
it is bijective, with the boundedness of the inverse being automatic.

(3) In infinite dimensions we can assume H = [*(N), and the shift operator S(e;) = ;41
is injective but not surjective. Thus 0 € o(T") — &(T). O

Philosophically, the best way of thinking at this is as follows: the numbers A ¢ o(7T)
are good, because we can invert 7' — A, the numbers A € o(T") — &(T") are bad, because so
they are, and the eigenvalues \ € £(7T") are evil. Welcome to operator theory.

Let us develop now some general theory. As a first goal, we would like to prove that
the spectra are non-empty. This is something quite tricky, the result being as follows:
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THEOREM 1.6. The spectrum of a bounded operator T' € B(H) is:

(1) Compact.
(2) Contained in the disc Do(||T]).
(3) Non-empty.

Proor. This can be proved by using some complex analysis, as follows:

(1) In view of (2) below, it is enough to prove that o(T') is closed. But this follows
from the following computation, with |e| being small:

N¢o(T) = T—XeB(H)"
= T-\A—c€BH)"
= A+eédo(l)

(2) This follows indeed from the following computation:

T
A>T = HXH <1
T

— 1—XEB(H)*1
= A-Te€B(H)
= A¢o(T)

(3) Assume by contradiction o(T") = ). Given a linear form f € B(H)*, consider the
following map, which is well-defined, due to our assumption o (7)) = (:

p:C—=C , A= f(T-\NY

By using the fact that T — T~ is differentiable, which is something elementary, we
conclude that this map is differentiable, and so holomorphic. Also, we have:

A0 — T—-A—>
= (T-)N)"'=0
= f(T-XN)"'=0

Thus by the Liouville theorem we obtain ¢ = 0. But, in view of the definition of ¢,
this gives (T — \)~! = 0, which is a contradiction, as desired. O

Here is now a second basic result regarding the spectra, inspired from what happens
in finite dimensions, for the usual complex matrices, and which shows that things do not
necessarily extend without troubles to the infinite dimensional setting:

THEOREM 1.7. We have the following formula, valid for any operators S,T':
o(ST)U{0} =o(TS)U {0}

In finite dimensions we have o(ST) = o(T'S), but this fails in infinite dimensions.
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PROOF. There are several assertions here, the idea being as follows:

(1) This is something that we know in finite dimensions, coming from the fact that
the characteristic polynomials of the associated matrices A, B coincide:

Pip = Ppa

Thus we obtain ¢(ST) = o(7T'S) in this case, as claimed. Observe that this improves
twice the general formula in the statement, first because we have no issues at 0, and
second because what we obtain is actually an equality of sets with mutiplicities.

(2) In general now, let us first prove the main assertion, stating that ¢(ST'),o(7T'S)
coincide outside 0. We first prove that we have the following implication:

1¢0(ST) = 1¢o(TS)
Assume indeed that 1 — ST is invertible, with inverse denoted R:
R=(1-ST)"
We have then the following formulae, relating our variables R, .S, T":
RST=STR=R-1
By using RST = R — 1, we have the following computation:
(1+TRS)(1-TS) = 1+TRS—-TS—-TRSTS

= 14+TRS-TS—-TRS+TS
=1

A similar computation, using ST R = R — 1, shows that we have:

(1-TS)(1+TRS)=1

Thus 1 — T'S is invertible, with inverse 1 4+ T'R.S, which proves our claim. Now by
multiplying by scalars, we deduce from this that for any A € C — {0} we have:

ANgo(ST) = A¢o(TS)
But this leads to the conclusion in the statement.

(3) Regarding now the counterexample to the formula o(ST) = o(T'S), in general, let
us take S to be the shift on H = L*(N), given by the following formula:

S(ei) = eiv1
As for T, we can take it to be the adjoint of S, and we have:
S*S=1= 0¢ o(SS")
SS* = Proj(ey) = 0 € o(55%)

Thus, the spectra do not match on 0, and so we have our counterexample. U
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1b. Spectral radius

Let us develop now some systematic theory for the computation of the spectra, based
on what we know about the eigenvalues of the usual complex matrices. As a first result,
which is well-known for the usual matrices, and extends well, we have:

THEOREM 1.8. We have the “polynomial functional calculus” formula
o(P(T)) = P(o(T))
valid for any polynomial P € C[X], and any operator T € B(H).
Proor. We pick a scalar A € C, and we decompose the polynomial P — A:
PX)—A=cX—=r))...(X—1y,)

We have then the following equivalences:

AN o(P(T) <= P(T)-\cB(H)™!
<~ T —r)...(T—r,) €BH)"
< T—r,....,T—r,€BH)"
= ry,...,tpn ¢ 0(T)
— ¢ P(o(T))
Thus, we are led to the formula in the statement. Il

The above result is something very useful, and generalizing it will be our next task.
As a first ingredient here, assuming that A € My(C) is invertible, we have:

oA =a(A)7!

It is possible to extend this formula to the arbitrary operators, and we will do this
in a moment. Before starting, however, we have to find a class of functions generalizing
both the polynomials P € C[X] and the inverse function x — z~!. The answer to this

question is provided by the rational functions, which are as follows:

DEFINITION 1.9. A rational function f € C(X) is a quotient of polynomials:

P
Q
Assuming that P,(Q are prime to each other, we can regard f as a usual function,
f:C-—X—>C

with X being the set of zeros of Q), also called poles of f.

Now that we have our class of functions, the next step consists in applying them to
operators. Here we cannot expect f(7') to make sense for any f and any 7', for instance
because T~! is defined only when T is invertible. We are led in this way to:
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DEFINITION 1.10. Given an operator T' € B(H), and a rational function f = P/Q
having poles outside o(T), we can construct the following operator,
f(T)=P(T)Q(T)™
that we can denote as a usual fraction, as follows,
P(T)
f(1) = =22
D =om)
due to the fact that P(T),Q(T) commute, so that the order is irrelevant.
To be more precise, f(7) is indeed well-defined, and the fraction notation is justified

too. In more formal terms, we can say that we have a morphism of complex algebras as
follows, with C(X)T standing for the rational functions having poles outside o(T):

C(X)" = B(H) , f— f(T)
Summarizing, we have now a good class of functions, generalizing both the polynomials

and the inverse map z — 2. We can now extend Theorem 1.8, as follows:

THEOREM 1.11. We have the “rational functional calculus” formula
o(f(T)) = f(a(T))
valid for any rational function f € C(X) having poles outside o(T).
PROOF. We pick a scalar A € C, we write f = P/Q, and we set:
F=P-)\Q
By using now Theorem 1.9, for this polynomial, we obtain:
Neo(f(T) <= F(T)¢B(H)™
<~ 0eo(F(T))
<~ 0€F(a(1))
<~ dueoT),F(u)=0
= e f(o(T))
Thus, we are led to the formula in the statement. Il

As an application of the above methods, we can investigate certain special classes of
operators, such as the self-adjoint ones, and the unitary ones. Let us start with:

PRoOPOSITION 1.12. The following happen:

(1) We have o(T*) = o(T), for any T € B(H).

(2) If T =T* then X = o(T) satisfies X = X.
(3) If U* = U~! then X = o(U) satisfies X! = X.
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PRrROOF. We have several assertions here, the idea being as follows:
(1) The spectrum of the adjoint operator 7 can be computed as follows:

o(T*) = {)\ eC|T* — )¢ B(H)-l}

- {A € (C‘T ¢ B(H)*l}
= o(T)
(2) This is clear indeed from (1).

(3) For a unitary operator, U* = U~!, Theorem 1.11 and (1) give:
o(U) ' =o(U™) =0(U*) =0o(U)
Thus, we are led to the conclusion in the statement. U

In analogy with what happens for the usual matrices, we would like to improve now
(2,3) above, with results stating that the spectrum X = o(T) satisfies X C R for self-
adjoints, and X C T for unitaries. This will be tricky. Let us start with:

THEOREM 1.13. The spectrum of a unitary operator
Ur=u"!
is on the unit circle, o(U) C T.
PROOF. Assuming U* = U~!, we have the following norm computation:
U] = VIUT = VI =1
Now if we denote by D the unit disk, we obtain from this:
oU)c D
On the other hand, once again by using U* = U~!, we have as well:
o= = o)) = ol = 1
Thus, as before with D being the unit disk in the complex plane, we have:
o(U™HcD
Now by using Theorem 1.11, we obtain o(U) C DN D~ =T, as desired. O
We have as well a similar result for the self-adjoints, as follows:
THEOREM 1.14. The spectrum of a self-adjoint operator
T=T"

consists of real numbers, o(T) C R.
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PROOF. The idea is that we can deduce the result from Theorem 1.13, by using the
following remarkable rational function, depending on a parameter r € R:

f(z) =
Indeed, for r >> 0 the operator f(T') is well-defined, and we have:
T+ir\" T—ir (TH+ir\""
T—ir) T+ir \T—ir

Thus f(T') is unitary, and by using Theorem 1.13 we obtain:

o(T) C fH{f(e(T))
= fHo(f(1)))

Z+ar

Z—ar

c Fm
= R
Thus, we are led to the conclusion in the statement. [l

One key thing that we know about matrices, which is clear for the diagonalizable
matrices, and then in general follows by density, is the following formula:

o(e?) = e
We would like to have such formulae for the general operators T' € B(H), but this is
something quite technical. Consider the rational calculus morphism from Definition 1.10,
which is as follows, with the exponent standing for “having poles outside o(7)":
CX)" = B(H) , f— f(D)

As mentioned before, the rational functions are holomorphic outside their poles, and
this raises the question of extending this morphism, as follows:

Hol(o(T)) = B(H) , f— f(T)

But for this, we can use the Cauchy formula. Indeed, given a function f € C(X)7,
the operator f(7T') € B(H) from Definition 1.10 can be recaptured as follows:

1 (2)
T)=— | —=d
(T) 2mi ),z =T -
Now given an arbitrary function f € Hol(o(T')), we can define f(T') € B(H) by the
exactly same formula, and we obtain in this way the desired correspondence:
Hol(o(T)) = B(H) , [ — f(T)

This was for the plan. In practice now, all this needs a bit of care, with many verifi-
cations needed, and with the technical remark that a winding number must be added to
the above Cauchy formulae, for things to be correct. The result is as follows:
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THEOREM 1.15. Given T € B(H), we have a morphism of algebras as follows, where
Hol(o(T)) is the algebra of functions which are holomorphic around o(T),
Hol(o(T)) = B(H) , f— f(T)
which extends the previous rational functional calculus f — f(T). We have:
a(f(T)) = f(o(T))

Moreover, if o(T) is contained in an open set U and f,, f : U — C are holomorphic
functions such that f, — f uniformly on compact subsets of U then f,(T) — f(T).

Proor. This follows indeed by reasoning along the above lines, by making a heavy
use of the Cauchy formula, and for full details here, we refer to any specialized operator
theory book. In what follows, we will not really need this result. O

In order to formulate now our next result, we will need the following notion:
DEFINITION 1.16. Given an operator T € B(H), its spectral radius
p(T) € [0.]|7]]
is the radius of the smallest disk centered at 0 containing o(T).

Now with this notion in hand, we have the following key result, improving our key
theoretical result so far about spectra, namely o(7T') # (), from Theorem 1.6:

THEOREM 1.17. The spectral radius of an operator T € B(H) is given by
p(T) = lim ||T"||"/"
n—oo
and in this formula, we can replace the limit by an inf.
PRrROOF. We have several things to be proved, the idea being as follows:
(1) Our first claim is that the numbers u, = ||T7||*/™ satisfy:
(n 4+ m)tprm < Ny + My,

Indeed, we have the following estimate, using the Young inequality ab < a?/p + 07/q,
with exponents p = (n+m)/n and ¢ = (n +m)/m:

Upgpm = || T/ 4m)
< || M 1 )
< [T —— T —2
n—+m n+m

NUy, + MUy,
n-+m
(2) Our second claim is that the second assertion holds, namely:

lim ||7"][Y™ = inf ||T"]|V/"
n—oo n
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For this purpose, we just need the inequality found in (1). Indeed, fix m > 1, let
n > 1, and write n = Im + r with 0 < r < m — 1. By using twice uq < up, we get:

U, < —(Ilmug, + ru,)
n

IN

H(lmum + ruy)

’
< Uyt —wg
n

It follows that we have lim sup,, u,, < u,,, which proves our claim.

(3) Summarizing, we are left with proving the main formula, which is as follows, and
with the remark that we already know that the sequence on the right converges:

S E n||1l/n
(1) = ln |[17]

In one sense, we can use the polynomial calculus formula o(T") = o(T)". Indeed, this
gives the following estimate, valid for any n, as desired:

p(T) = sup [Al
Aeo(T)
= sup [p|'/"
pEa(T)n
= sup |[p|"/"
pEa(T™)
= p(T)"
< ||

(4) For the reverse inequality, we fix a number p > p(7T'), and we want to prove that

we have p > lim,_,o ||77||*/". By using the Cauchy formula, we have:
1 2" 1 -
N d - ’n—k—lde
271 |z|:pz_T : 211 lepzz §
k=0
= 1
- Yo ([ )
= 2™ \Jjel=
k=0
= Z(Sn,k:-l-lTk
k=0
— Tnfl
By applying the norm we obtain from this formula:
1 " 1
||T"_1||S—/ ° ‘dZSp”-Sup H
27 Ja=p |12 = el=p |12 =T
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Since the sup does not depend on n, by taking n-th roots, we obtain in the limit:
p > Tim |||
n—oo

Now recall that p was by definition an arbitrary number satisfying p > p(7T). Thus,

we have obtained the following estimate, valid for any 7' € B(H):
p(T) > lim [|T"]|""
n—oo

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

In the case of the normal elements, we have the following finer result:

THEOREM 1.18. The spectral radius of a normal element,

TTr* =TT

1s equal to its norm.

PROOF. We can proceed in two steps, as follows:

Step 1. In the case T' = T* we have ||T"|| = ||T||" for any exponent of the form
n = 2% by using the formula ||TT*|| = ||T||?, and by taking n-th roots we get:
p(T) = |IT]

Thus, we are done with the self-adjoint case, with the result p(T") = ||T||.

Step 2. In the general normal case TT* = T*T we have T"(T")* = (TT*)", and by
using this, along with the result from Step 1, applied to TT™, we obtain:

p(T) = lim [TV
n—00
— ; n(7Tn)*||1/n
T Ty
— ; «\n||1/n
NNGaE
= Vp(ITT%)

= VIITIP

1Tl

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

1lc. Normal operators

By using Theorem 1.18 we can say a number of non-trivial things about the normal
operators, commonly known as “spectral theorem for normal operators”. As a first result
here, we can improve the polynomial functional calculus formula, as follows:
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THEOREM 1.19. Given T' € B(H) normal, we have a morphism of algebras
CX]— B(H) , P— P(D)
having the properties ||P(T)|| = ||Pocr ||, and o(P(T)) = P(o(T)).

Proor. This is an improvement of Theorem 1.8 in the normal case, with the extra
assertion being the norm estimate. But the element P(7T") being normal, we can apply to
it the spectral radius formula for normal elements, and we obtain:

12D = p(P(T))

= sup ||
Ao (P(T))

= sup |)|
AEP(o(T))

= ([Pl

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

We can improve as well the rational calculus formula, and the holomorphic calculus
formula, in the same way. Importantly now, at a more advanced level, we have:

THEOREM 1.20. Given T' € B(H) normal, we have a morphism of algebras
Clo(T)) = B(H) , [f—=f(T)
which is isometric, || f(T)|| = || f]l, and has the property o(f(T)) = f(o(T)).
PrROOF. The idea here is to “complete” the morphism in Theorem 1.19, namely:
C[X]— B(H) , P— P(T)

Indeed, we know from Theorem 1.19 that this morphism is continuous, and is in fact
isometric, when regarding the polynomials P € C[X] as functions on o(T):

1P| = [ Boll
Thus, by Stone-Weierstrass, we have a unique isometric extension, as follows:
Cle(T)) —» B(H) . [— f(T)
It remains to prove o(f(T)) = f(o(T)), and we can do this by double inclusion:
“C” Given a continuous function f € C(o(T)), we must prove that we have:
Mg flo(T) = A¢o(f(T))
For this purpose, consider the following function, which is well-defined:

1
T € C(o(T))
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We can therefore apply this function to 7', and we obtain:

1 1
B I o
(f - A) J(T) = A
In particular f(7T) — X is invertible, so A ¢ o(f(T)), as desired.
“D” Given a continuous function f € C(o(T")), we must prove that we have:
Ae f(o(T) = Aea(f(T))
But this is the same as proving that we have:
peo(l) = f(u) €a(f(T))

For this purpose, we approximate our function by polynomials, P, — f, and we
examine the following convergence, which follows from P, — f:

Po(T) = Po(p) = f(T) = f(1)
We know from polynomial functional calculus that we have:
Po(p) € Po(o(T)) = o(Pu(T))

Thus, the operators P,(T) — P,(p) are not invertible. On the other hand, we know
that the set formed by the invertible operators is open, so its complement is closed. Thus
the limit f(7') — f(u) is not invertible either, and so f(u) € o(f(T)), as desired. O

As an important comment, Theorem 1.20 is not exactly in final form, because it misses
an important point, namely that our correspondence maps:

z—=T"
However, this is something non-trivial, and we will be back to this later. Observe

however that Theorem 1.20 is fully powerful for the self-adjoint operators, T = T*, where
the spectrum is real, so where z = Z on the spectrum. We will be back to this.

As a second result now, along the same lines, we can further extend Theorem 1.20
into a measurable functional calculus theorem, as follows:

THEOREM 1.21. Given T € B(H) normal, we have a morphism of algebras as follows,
with L™ standing for abstract measurable functions, or Borel functions,

L=(o(T)) = B(H) , [— [(T)
which is isometric, || f(T)|| = || f]l, and has the property o(f(T)) = f(o(T)).

PROOF. As before, the idea will be that of “completing” what we have. To be more
precise, we can use the Riesz theorem and a polarization trick, as follows:

(1) Given a vector x € H, consider the following functional:
Cle(T)—=C , g—o<g(lz,z>
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By the Riesz theorem, this functional must be the integration with respect to a certain
measure 4 on the space o(T'). Thus, we have a formula as follows:

<¢mam>=/@g@wmw

Now given an arbitrary Borel function f € L*(o(T)), as in the statement, we can
define a number < f(T)x,z >€ C, by using exactly the same formula, namely:

<f@ﬂw>=/?ﬁ@MM@

Thus, we have managed to define numbers < f(T)z,x >€ C, for all vectors z € H,
and in addition we can recover these numbers as follows, with g, € C(o(T)):

< f(M)z,z >= lim < g,(T)z,z >
gn—f

(2) In order to define now numbers < f(7)z,y >€ C, for all vectors z,y € H, we can
use a polarization trick. Indeed, for any operator S € B(H) we have:

<Sx+y,r+y> = <Sr,x >+ < Sy,y>
+ < Sz,y >+ < Sy, >
By replacing y — iy, we have as well the following formula:
< S(z+iy),x+iy> = <Szr,z>+ < Sy,y >
—i < Sz,y>+i < Sy,x >
By multiplying this latter formula by i, we obtain the following formula:
i< Sx+iy),x+iy> = i< Sxr,x>+i < Sy,y >
+ < Sz,y>—< Sy, >
Now by summing this latter formula with the first one, we obtain:
<Sx+vy),z+y>+i<Sx+iy),z+iy> = (1+i)[< Sz, x>+ < Sy,y >|
+2 < Sz, y >

(3) But with this, we can now finish. Indeed, by combining (1,2), given a Borel
function f € L>*(o(T')), we can define numbers < f(7T)z,y >€ C for any z,y € H, and it
is routine to check, by using approximation by continuous functions g, — f asin (1), that
we obtain in this way an operator f(7') € B(H), having all the desired properties. O

As a comment here, the above result and its proof provide us with more than a Borel
functional calculus, because what we got is a certain measure on the spectrum o(7'), along
with a functional calculus for the L*° functions with respect to this measure. We will be
back to this later, and for the moment we will only need Theorem 1.21 as formulated,
with L*(o(T)) standing, a bit abusively, for the Borel functions on (7).
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1d. Diagonalization

Let us discuss now some useful decomposition results for the bounded linear operators
T € B(H), that we can now establish, by using the above measurable calculus technology.
We know that any z € C can be written as follows, with a,b € R:

z=a-+1b

Also, we know that both the real and imaginary parts a,b € R, and more generally
any real number ¢ € R, can be written as follows, with r,s > 0:

C=T—S

In order to discuss now the operator theoretic generalizations of these results, which
by the way covers the usual matrix case too, let us start with the following basic fact:

THEOREM 1.22. Any operator T € B(H) can be written as
T = Re(T) +iIm(T)
with Re(T), Im(T) € B(H) being self-adjoint, and this decomposition is unique.
ProOF. This is something elementary, the idea being as follows:

(1) As a first observation, in the case H = C our operators are usual complex numbers,
and the formula in the statement corresponds to the following basic fact:

z = Re(z) +iIm(z)

(2) In general now, we can use the same formulae for the real and imaginary part as
in the complex number case, the decomposition formula being as follows:
T+T T-T*
T = +i- :
2 21
To be more precise, both the operators on the right are self-adjoint, and the summing
formula holds indeed, and so we have our decomposition result, as desired.

(3) Regarding now the uniqueness, by linearity it is enough to show that R +iS =0
with R, S both self-adjoint implies R = S = 0. But this follows by applying the adjoint
to R+ 1S = 0, which gives R — 15 =0, and so R = 5 = 0, as desired. O

More generally now, as a continuation of this, and as an answer to some of the questions
raised above, in relation with the complex numbers, we have the following result:

THEOREM 1.23. Given an operator T' € B(H), the following happen:
(1) We can write T = A+1iB, with A, B € B(H) being self-adjoint.
(2) When T'=T%, we can write T = R — S, with R, S € B(H) being positive.
(3) Thus, we can write any T' as a linear combination of 4 positive elements.
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Proor. All this follows from basic spectral theory, as follows:

(1) This is something that we already know, from Theorem 1.22, with the decompo-
sition formula there being something straightforward, as follows:
T+ T T-T*
=170 I
2 21
(2) This follows from the measurable functional calculus. Indeed, assuming T' = T*
we have o(T") C R, so we can use the following decomposition formula on R:

1 = X[o,00) T X(~o0,0)
To be more precise, let us multiply by z, and rewrite this formula as follows:
2= X[0,00)% — X(—00,0)(—2)

Now by applying these measurable functions to 7', we obtain as formula as follows,
with both the operators Ty, T € B(H) being positive, as desired:

T=T,-T.
(3) This follows indeed by combining the results in (1) and (2) above. O

Going ahead with our decomposition results, another basic thing that we know about
complex numbers is that any z € C appears as a real multiple of a unitary:

z =re’

Finding the correct operator theoretic analogue of this is quite tricky, and this even
for the usual matrices A € My (C). As a basic result here, we have:

THEOREM 1.24. Given an operator T € B(H), the following happen:

(1) When T'=T* and ||T|| < 1, we can write T as an average of 2 unitaries:

T U+V
2
(2) In the general T = T* case, we can write T as a rescaled sum of unitaries:
T=XNU+YV)

(3) Thus, in general, we can write T' as a rescaled sum of 4 unitaries.
PROOF. This follows from the results that we have, as follows:

(1) Assuming 7= T* and ||T'|| < 1 we have 1 — T? > 0, and the decomposition that
we are looking for is as follows, with both the components being unitaries:
- T+iy1-17 +T—z‘\/l—T2
B 2 2

T
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To be more precise, the square root can be extracted by using the continuous functional
calculus, and the check of the unitarity of the components goes as follows:

(T +ivV1 =T (T —ivV1-T2) = T?+(1 -T2
=1

(2) This simply follows by applying (1) to the operator T'/||T].

(3) Assuming first that we have ||T|| < 1, we know from Theorem 1.23 (1) that we
can write T'= A 4 iB, with A, B being self-adjoint, and satisfying ||A||, ||B|| < 1. Now
by applying (1) to both A and B, we obtain a decomposition of T" as follows:

U+V+W+X
2
In general, we can apply this to the operator T'/||T||, and we obtain the result. [

T =

Good news, we can now diagonalize the normal operators. We will do this in 3
steps, first for the self-adjoint operators, then for the families of commuting self-adjoint
operators, and finally for the general normal operators, by using the following trick:

T = Re(T) +iIm(T)

However, and coming somehow as bad news, all this will be quite technical. Indeed,
the diagonalization in infinite dimensions is more tricky than in finite dimensions, and
instead of writing a formula of type T' = UDU*, with U, D € B(H) being respectively
unitary and diagonal, we will express our operator as T'= U*MU, with U : H — K being
a certain unitary, and M € B(K) being a certain diagonal operator. The point indeed is
that this is how the spectral theorem is used in practice, for concrete applications.

But probably too much talking, let us get to work. We first have:
THEOREM 1.25. Any self-adjoint operator T € B(H) can be diagonalized,
T=U"M;U

with U : H — L*(X) being a unitary operator from H to a certain L* space associated to
T, with f: X — R being a certain function, once again associated to T, and with

My(g) = fg
being the usual multiplication operator by f, on the Hilbert space L*(X).
PROOF. The construction of U, f can be done in several steps, as follows:

(1) We first prove the result in the special case where our operator T has a cyclic
vector x € H, with this meaning that the following holds:

span <T’“x‘n € N) =H
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For this purpose, let us go back to the proof of Theorem 1.21. We will use the following
formula from there, with p being the measure on X = o(T') associated to x:

< g(T),x >= / L 9C)C)

Our claim is that we can define a unitary U : H — L*(X), first on the dense part
spanned by the vectors T%z, by the following formula, and then by continuity:

Ulg(T)z] = g
Indeed, the following computation shows that U is well-defined, and isometric:
lg(D)z[]* = < g(T)z,9(T)z >
= <g(T)yyg(T)z,z >
= <|g’(D)z,z >

= [ ls@Pdutz)
o(T)

= llgll3

We can then extend U by continuity into a unitary U : H — L*(X), as claimed. Now
observe that we have the following formula:

UTU*g = U[Tg(T)x]

Thus our result is proved in the present case, with U as above, and with f(z) = z.

(2) We discuss now the general case. Our first claim is that H has a decomposition
as follows, with each H; being invariant under 7', and admitting a cyclic vector x;:

H=H,

Indeed, this is something elementary, the construction being by recurrence in finite
dimensions, in the obvious way, and by using the Zorn lemma in general. Now with this
decomposition in hand, we can make a direct sum of the diagonalizations obtained in (1),
for each of the restrictions Tjpy,, and we obtain the formula in the statement. 0

The above result is very nice, closing more or less the discussion regarding the self-
adjoint operators. At the theoretical level, however, there are still a number of comments
that can be made, about this, and we will be back to this, at the end of this chapter.

We have the following technical generalization of the above result:
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THEOREM 1.26. Any family of commuting self-adjoint operators T; € B(H) can be
jointly diagonalized,
T, =U"MyU
with U : H — L*(X) being a unitary operator from H to a certain L* space associated to
{T;}, with f; : X — R being certain functions, once again associated to T;, and with

Mfi (g) = fig
being the usual multiplication operator by f;, on the Hilbert space L?(X).

PRroOF. This is similar to the proof of Theorem 1.25, by suitably modifying the mea-
surable calculus formula, and p itself, as to have this working for all operators T;. O

We can now discuss the case of the arbitrary normal operators, as follows:
THEOREM 1.27. Any normal operator T'€ B(H) can be diagonalized,
T =U"M;U

with U : H — L*(X) being a unitary operator from H to a certain L* space associated to
T, with f: X — C being a certain function, once again associated to T, and with

My(g) = fg
being the usual multiplication operator by f, on the Hilbert space L*(X).
Proor. This is our main diagonalization theorem, the idea being as follows:

(1) Consider the decomposition of 7" into its real and imaginary parts, namely:
T+T* T-T*
T = +1- ,
2 21
We know that the real and imaginary parts are self-adjoint operators. Now since T
was assumed to be normal, TT* =TT, these real and imaginary parts commute:
T+T T-T*
2 2

Thus Theorem 1.26 applies to these real and imaginary parts, and gives the result. [J

=0

This was for our series of diagonalization theorems. There is of course one more result
here, regarding the families of commuting normal operators, as follows:

THEOREM 1.28. Any family of commuting normal operators T; € B(H) can be jointly
diagonalized,
T, =U"MyU
with U : H — L*(X) being a unitary operator from H to a certain L* space associated to
{T;}, with f; : X — C being certain functions, once again associated to T;, and with

Mfi (9) = fig
being the usual multiplication operator by f;, on the Hilbert space L*(X).
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PRrROOF. This is similar to the proof of Theorem 1.26 and Theorem 1.27, by combining
the arguments there. To be more precise, this follows as Theorem 1.26, by using the
decomposition trick from the proof of Theorem 1.27. U

With the above diagonalization results in hand, we can now “fix” the continuous and
measurable functional calculus theorems, with a key complement, as follows:

THEOREM 1.29. Given a normal operator T'€ B(H), the following hold, for both the
functional calculus and the measurable calculus morphisms:

(1) These morphisms are *-morphisms.

(2) The function z gets mapped to T*.

(3) The functions Re(z), Im(z) get mapped to Re(T), Im(T).
(4) The function |z|* gets mapped to TT* = T*T.

(5) If f is real, then f(T) is self-adjoint.

PROOF. These assertions are more or less equivalent, with (1) being the main one,
which obviously implies everything else. But this assertion (1) follows from the diagonal-
ization result for normal operators, from Theorem 1.27. U

le. Exercises

Exercises:

EXERCISE 1.30.
EXERCISE 1.31.
EXERCISE 1.32.
EXERCISE 1.33.
EXERCISE 1.34.
EXERCISE 1.35.
EXERCISE 1.36.
EXERCISE 1.37.

Bonus exercise.



CHAPTER 2
C*-algebras

2a. Operator algebras

Good news, we can now talk about operator algebras. Let us start with the following
broad definition, obtained by imposing the “minimal” set of reasonable axioms:

DEFINITION 2.1. An operator algebra is an algebra of bounded operators A C B(H)
which contains the unit, is closed under taking adjoints,

TeA = T"c A
and 1s closed as well under the norm.

Here, as before, H is an arbitrary Hilbert space, with the case that we are mostly
interested in being the separable one. Also as before, B(H) is the algebra of linear
operators T': H — H which are bounded, in the sense that ||T|| = sup,, - |[Tz| is
finite. This algebra has an involution 7" — T*, with the adjoint operator T* € B(H)
being defined by the formula < Tz,y >=< z,T*y >, and in the above definition, the
assumption 7' € A = T € A refers to this involution. Thus, A must be a x-algebra.

As a first result now regarding the operator algebras, in relation with the normal
operators, where most of the non-trivial results that we have so far are, we have:

THEOREM 2.2. The operator algebra < T >C B(H) generated by a normal operator
T € B(H) appears as an algebra of continuous functions,

<T>=C(c(T))
where o(T) C C denotes as usual the spectrum of T'.
Proor. We know that we have a continuous morphism of x-algebras, as follows:
Clo(T)) = B(H) [ —= f(T)

Moreover, by the general properties of the continuous calculus, also established in
the above, this morphism is injective, and its image is the norm closed algebra < T >
generated by T, T™*. Thus, we obtain the isomorphism in the statement. O

The above result is very nice, and it is possible to further build on it, as follows:

33
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THEOREM 2.3. The operator algebra < T; >C B(H) generated by a family of normal
operators T; € B(H) appears as an algebra of continuous functions,

<T>=C(X)

where X C C is a certain compact space associated to the family {T;}. Equivalently, any
commutative operator algebra A C B(H) is of the form A = C(X).

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

(1) Regarding the first assertion, this follows exactly as in the proof of Theorem 2.2,
by using this time the spectral theorem for families of normal operators.

(2) As for the second assertion, this is clear from the first one, because any commuta-
tive algebra A C B(H) is generated by its elements T' € A, which are all normal. U

All this is good to know, but Theorem 2.2 and Theorem 2.3 remain something quite
heavy, based on the spectral theorem. We would like to present now an alternative proof
for these results, which is rather elementary, and has the advantage of reconstructing the
compact space X directly from the knowledge of the algebra A. We will need:

THEOREM 2.4. Given an operator T € A C B(H), define its spectrum as:
o(T) = {/\ECT—AgéA‘l}

The following spectral theory results hold, exactly as in the A = B(H) case:
(1) We have o(ST) U {0} = o(T'S) U{0}.
(2) We have polynomial, rational and holomorphic calculus.
(3) As a consequence, the spectra are compact and non-empty.
(4) The spectra of unitaries (U* = U™') and self-adjoints (T = T*) are on T,R.
(5) The spectral radius of normal elements (TT* = T*T) is given by p(T) = ||T|.
In addition, assuming T € A C B, the spectra of T with respect to A and to B coincide.

PROOF. This is something that we know well from chapter 1, in the case A = B(H).
In general the proof is similar, the idea being as follows:

(1) Regarding the assertions (1-5), which are of course formulated a bit informally,
the proofs here are perfectly similar to those for the full operator algebra A = B(H). All
this is standard material, and in fact, things in chapter 1 were written in such a way as
for their extension now, to the general operator algebra setting, to be obvious.

(2) Regarding the last assertion, the inclusion og(T") C 04(T) is clear. For the con-
verse, assume 1" — X\ € B~!, and consider the following self-adjoint element:

S=(T—-N(T-2M\)
The difference between the two spectra of S € A C B is then given by:

o4(S) — op(S) = {u eC—op(S)|(S—p)"eB- A}
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Thus this difference in an open subset of C. On the other hand S being self-adjoint,
its two spectra are both real, and so is their difference. Thus the two spectra of S are
equal, and in particular S is invertible in A, and so T'— A\ € A™!, as desired.

(3) As an observation, the last assertion applied with B = B(H) shows that the
spectrum o(7T) as constructed in the statement coincides with the spectrum o(7T) as
constructed and studied before, so the fact that (1-5) hold indeed is no surprise.

(4) Finally, I can hear you screaming that I should have concieved this book differently,
matter of not proving the same things twice. Good point, with my distinguished colleague
Bourbaki saying the same, and in answer, wait for the next section, where we will prove
exactly the same things a third time. We can discuss pedagogy at that time. U

We can now get back to the commutative algebras, and we have the following result,
due to Gelfand, which provides an alternative to Theorem 2.2 and Theorem 2.3:

THEOREM 2.5. Any commutative operator algebra A C B(H) is of the form
A=C(X)

with the “spectrum” X of such an algebra being the space of characters x : A — C, with
topology making continuous the evaluation maps evy : x — x(T)).

PROOF. Given a commutative operator algebra A, we can define X as in the state-
ment. Then X is compact, and T' — ewvy is a morphism of algebras, as follows:

ev:A— C(X)

(1) We first prove that ev is involutive. We use the following formula, which is similar
to the z = Re(z) 4+ iIm(z) formula for the usual complex numbers:
T+ T T—-T*
=271 i1
2 21
Thus it is enough to prove the equality evy« = ev} for self-adjoint elements 7. But
this is the same as proving that T" = T™ implies that evr is a real function, which is in
turn true, because evr(x) = x(T) is an element of o(7T'), contained in R.

(2) Since A is commutative, each element is normal, so ev is isometric:
levr|| = p(T) = |IT]

(3) It remains to prove that ev is surjective. But this follows from the Stone-Weierstrass
theorem, because ev(A) is a closed subalgebra of C'(X), which separates the points. O

The above theorem of Gelfand is something very beautiful, and far-reaching. It is
possible to further build on it, indefinitely high. We will be back to this, later.
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2b. C*-algebras

We have been talking so far about the general operator x-algebras A C B(H), closed
with respect to the norm. But this suggests formulating the following definition:

DEFINITION 2.6. A C*-algebra is an complex algebra A, given with:

(1) A norm a — ||a||, making it into a Banach algebra.
(2) An involution a — a*, related to the norm by the formula ||aa*|| = ||a||?.

Here by Banach algebra we mean a complex algebra with a norm satisfying all the
conditions for a vector space norm, along with ||ab|| < ||a|| - ||b]| and |[1|| = 1, and which
is such that our algebra is complete, in the sense that the Cauchy sequences converge. As
for the involution, this must be antilinear, antimultiplicative, and satisfying a** = a.

As basic examples, we have the operator algebra B(H), for any Hilbert space H, and
more generally, the norm closed *-subalgebras A C B(H). It is possible to prove that
any C*-algebra appears in this way, but this is a non-trivial result, called GNS theorem,
and more on this later. Note in passing that this result tells us that there is no need
to memorize the above axioms for the C*-algebras, because these are simply the obvious
things that can be said about B(H ), and its norm closed *-subalgebras A C B(H).

As a second class of basic examples, which are of great interest for us, we have:

PROPOSITION 2.7. If X is a compact space, the algebra C(X) of continuous functions
f: X — C s a C*-algebra, with the usual norm and involution, namely:

Ifll =sup|f(x)] . [f(x)=f(z)
zeX
This algebra is commutative, in the sense that fg = gf, for any f,g € C(X).
PRrOOF. All this is clear from definitions. Observe that we have indeed:
£ 71 = sup | f(2)]” = || f|]
zeX
Thus, the axioms are satisfied, and finally fg = gf is clear. O

In general, the C*-algebras can be thought of as being algebras of operators, over some
Hilbert space which is not present. By using this philosophy, one can emulate spectral
theory in this setting, with extensions of our previous results. Let us start with:

DEFINITION 2.8. Given element a € A of a C*-algebra, define its spectrum as:
o(a) = {AeCa—)\géA‘l}

Also, we call spectral radius of a € A the number p(a) = Supye,(q) [Al-
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In what regards the examples, for A = B(H) what we have here is the usual notion
of spectrum, from chapter 1. More generally, as explained in Theorem 2.4, in the case
A C B(H) we obtain the same spectra as those in the case A = B(H). Finally, in the
case A = C(X), as in Proposition 2.7, the spectrum of a function is its image:

o(f) = Im(f)

Now with the above notion of spectrum in hand, we have the following result:

THEOREM 2.9. The following results hold, exactly as in the A C B(H) case:
(1) We have o(ab) U {0} = o(ba) U {0}.
(2) We have polynomial, rational and holomorphic calculus.
(3) As a consequence, the spectra are compact and non-empty.
(4) The spectra of unitaries (u* = u™') and self-adjoints (a = a*) are on T, R.
(5) The spectral radius of normal elements (aa* = a*a) is given by p(a) = ||al|.

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

PROOF. This is something that we know from chapter 1, in the case A = B(H), and
then from this chapter, in the case A C B(H). In general, the proof is similar:

(1) Regarding the assertions (1-5), which are of course formulated a bit informally,
the proofs here are perfectly similar to those for the full operator algebra A = B(H). All
this is standard material, and in fact, things before were written in such a way as for their
extension now, to the general C*-algebra setting, to be obvious.

(2) Regarding the last assertion, we know this from before for A ¢ B C B(H), and
the proof in general is similar. Indeed, the inclusion og(a) C oa(a) is clear. For the
converse, assume a — A € B!, and consider the following self-adjoint element:

b= (a—MN)"(a—N)
The difference between the two spectra of b € A C B is then given by:
oa(b) — op(b) = {u eC—op)|(0—p)'eB- A}

Thus this difference in an open subset of C. On the other hand b being self-adjoint,
its two spectra are both real, and so is their difference. Thus the two spectra of b are
equal, and in particular b is invertible in A, and so a — A € A~!, as desired. O

We can get back now to the commutative algebras, and we have the following result,
due to Gelfand, which will be of crucial importance for us:

THEOREM 2.10. The commutative C*-algebras are exactly the algebras of the form
A=C(X)

with the “spectrum” X of such an algebra being the space of characters x : A — C, with
topology making continuous the evaluation maps ev, : x — x(a).



38 2. C*-ALGEBRAS

PRroOOF. This is something that we basically know from before, but always good to talk
about it again. Given a commutative C*-algebra A, we can define X as in the statement.
Then X is compact, and a — ev, is a morphism of algebras, as follows:

ev:A— C(X)

(1) We first prove that ev is involutive. We use the following formula, which is similar
to the z = Re(z) 4+ iIm(z) formula for the usual complex numbers:
a+a* a—a"

a = 5 +1 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.

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

|leval| = p(a) = [lall

(3) It remains to prove that ev is surjective. But this follows from the Stone-Weierstrass
theorem, because ev(A) is a closed subalgebra of C'(X), which separates the points. O

In view of the Gelfand theorem, we can formulate the following key definition:

DEFINITION 2.11. Given an arbitrary C*-algebra A, we write

A=C(X)
and call X a compact quantum space.

This might look like something informal, but it is not. Indeed, we can define the
category of compact quantum spaces to be the category of the C*-algebras, with the
arrows reversed. When A is commutative, the above space X exists indeed, as a Gelfand
spectrum, X = Spec(A). In general, X is something rather abstract, and our philosophy
here will be that of studying of course A, but formulating our results in terms of X. For

instance whenever we have a morphism ® : A — B, we will write A = C(X),B = C(Y),
and rather speak of the corresponding morphism ¢ : Y — X. And so on.

Let us also mention that, technically speaking, we will see later that the above for-
malism has its limitations, and needs a fix. But more on this later.

As a first concrete consequence now of the Gelfand theorem, we have:

THEOREM 2.12. Assume that a € A is normal, and let f € C(o(a)).

(1) We can define f(a) € A, with f — f(a) being a morphism of C*-algebras.
(2) We have the “continuous functional calculus” formula o(f(a)) = f(o(a)).
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PROOF. Since a is normal, the C*-algebra < a > that is generates is commutative, so
if we denote by X the space formed by the characters y :< a >— C, we have:

<a>=C(X)
Now since the map X — o(a) given by evaluation at a is bijective, we obtain:
<a>=C(c(a))
Thus, we are dealing with usual functions, and this gives all the assertions. U
As another consequence of the Gelfand theorem, we have:

THEOREM 2.13. 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.

PROOF. This is very standard, exactly as in A = B(H) case, as follows:
(1) = (2) Since f(z) = /= is well-defined on o(a) C [0,0), 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 + 1y with x = 2%,y = y* we have:

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

Thus d*d > 0, contradicting the fact that o(dd*),o(d*d) must coincide outside {0},
that we know to hold for A = B(H), and whose proof in general is similar. U

2c. Basic results

In order to develop some general theory, let us start by investigating the finite dimen-
sional case. Here the ambient algebra is B(H) = My(C), any linear subspace A C B(H)
is automatically closed, for the norm topology, and we have the following result:

THEOREM 2.14. The x-algebras A C My (C) are exactly the algebras of the form
A=M,(C)e&...& M, (C)
depending on parameters k € N and nq,...,n, € N satisfying
n+...+ng=N
embedded into My (C) via the obvious block embedding, twisted by a unitary U € Uy.
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PrROOF. We have two assertions to be proved, the idea being as follows:

(1) Given numbers ny,...,n; € N satisfying ny + ... + nx = N, we have indeed an
obvious embedding of x-algebras, via matrix blocks, as follows:

M, (C)&...& M, (C) C My(C)
In addition, we can twist this embedding by a unitary U € Uy, as follows:

M —UMU*

(2) In the other sense now, consider a x-algebra A C My (C). It is elementary to prove
that the center Z(A) = AN A’ as an algebra, is of the following form:

Z(A) ~ C*

Consider now the standard basis ey,...,e; € C* and let p1,...,pp € Z(A) be the
images of these vectors via the above identification. In other words, these elements
P1,...,pr € A are central minimal projections, summing up to 1:

pr+ ... +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 = piAp;

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:

Ai+.. .+ 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 %-subalgebras
A; = p;Ap; constructed above is a full matrix algebra. To be more precise here, with
n; = 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~M, (C)e®...® M, (C)

Moreover, a more careful look at the isomorphisms established in Step 3 shows that
at the global level, that of the algebra A itself, the above isomorphism simply comes by
twisting the following standard multimatrix embedding, discussed in the beginning of the
proof, (1) above, by a certain unitary matrix U € Uy:

M, (C)@...® M, (C)cC My(C)
Now by putting everything together, we obtain the result. U

In terms of our usual C*-algebra formalism, the above result tells us that we have:

THEOREM 2.15. The finite dimensional C*-algebras are exactly the algebras
A=M,(C)&...& M, (C)
with norm ||(ay, ..., ax)|| = sup, ||ai||, and involution (ai,...,ax)* = (ai,...,a}).

PROOF. This is indeed a reformulation of what we know from Theorem 2.14, in terms
of our usual C*-algebra formalism, from Definition 2.6. |

Let us record as well the quantum space formulation of our result:
THEOREM 2.16. The finite quantum spaces are exactly the disjoint unions of type
X =M, U...uM,,
where M, is the finite quantum space given by C(M,) = M,(C).

ProoF. This is a reformulation of Theorem 2.15, by using the quantum space phi-
losophy. Indeed, for a compact quantum space X, coming from a C*-algebra A via the
formula A = C'(X), being finite can only mean that the following number is finite:

|X| = dim¢ A< oo
Thus, by using Theorem 2.15, we are led to the conclusion that we must have:
CX)=M,(C)&...® M, (C)

But since direct sums of algebras A correspond to disjoint unions of quantum spaces
X, via the correspondence A = C'(X), this leads to the conclusion in the statement. O
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As a first application now of Theorem 2.15, we have the following result:
THEOREM 2.17. Consider a x-algebra A C My (C), written as above:
A=M,(C)&...® M, (C)
The commutant of this algebra is then, with respect with the block decomposition used,
A=Co...0C
and by taking one more time the commutant we obtain A itself, A= A".
PROOF. Let us decompose indeed our algebra A as in Theorem 2.15:
A=M,(C)e&...® M, (C)

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

A=Co...0C
By taking once again the commutant we obtain A itself, and we are done. U

As another interesting application of Theorem 2.15, clarifying this time the relation
with operator theory, in finite dimensions, we have the following result:

THEOREM 2.18. Given an operator T € B(H) in finite dimensions, H = CV, the
operator algebra A =< T > that it generates inside B(H) = My(C) is

A=M, (C)®...® M, (C)

with the sizes of the blocks nq, ..., n,x € 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 something which is routine, by using basic linear algebra:

(1) The fact that A =< T > decomposes into a direct sum of matrix algebras is
something that we already know, coming from Theorem 2.15.

(2) By using standard linear algebra, we can compute the block sizes ny,...,ng € N,
from the knowledge of the spectral theory of the associated matrix M € My(C).

(3) In the normal case, TT* = T*T, we can simply invoke the spectral theorem, and
by suitably changing the basis, we are led to the conclusion in the statement. Il

Let us discuss now a key result, called GNS representation theorem, stating that any
C*-algebra appears as an operator algebra. As a first result here, we have:
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PROPOSITION 2.19. Let A be a commutative C*-algebra, write A = C(X), with X
being a compact space, and let p be a positive measure on X. We have then

AC B(H)
where H = L*(X), with f € A corresponding to the operator g — fg.

PRrROOF. Given a continuous function f € C'(X), consider the operator T¢(g) = fg,
on H = L*(X). Observe that T} is indeed well-defined, and bounded as well, because:

19l = \//X |[F (@) Plg()Pdp(z) < [[f]lllgll2

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

In order to prove the GNS representation theorem, we must extend the above con-
struction, to the case where A is not necessarily commutative. Let us start with:

DEFINITION 2.20. Consider a C*-algebra A.
(1) ¢: A — C is called positive when a >0 = p(a) > 0.
(2) ¢ : A— C is called faithful and positive when a > 0,a #0 = ¢(a) > 0.

In the commutative case, A = C'(X), the positive elements are the positive functions,
f:X —]0,00). As for the positive linear forms ¢ : A — C, these appear as follows, with
1 being positive, and strictly positive if we want ¢ to be faithful and positive:

o(f) = /X f(@)dp(z)

In general, the positive linear forms can be thought of as being integration functionals
with respect to some underlying “positive measures”. We can use them as follows:

PROPOSITION 2.21. Let p : A — C be a positive linear form.

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

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

PROOF. Almost everything here is straightforward, as follows:

(1) This is clear from definitions, and from the basic properties of the positive elements
a > 0, which can be established exactly as in the A = B(H) case.

(2) This is a standard procedure, which works for any scalar product, the idea being
that of dividing by the vectors satisfying < x,x >= 0, then completing.

(3) All the verifications here are standard algebraic computations, in analogy with
what we have seen many times, for multiplication operators, or group algebras.
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(4) Assuming that we have a # 0, we have then 7(aa*) # 0, which in turn implies by
faithfulness that we have m(a) # 0, which gives the result. g

In order to establish the embedding theorem, it remains to prove that any C*-algebra
has a faithful positive linear form ¢ : A — C. This is something more technical:
PROPOSITION 2.22. Let A be a C*-algebra.

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

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

PrROOF. The proof here is quite technical, inspired from the existence proof of the
probability measures on abstract compact spaces, the idea being as follows:
(1) This follows from Proposition 2.21, via the following estimate:
[p(a)] < [lm(a)lle(1) < flafle(1)

(2) In one sense we can take h = 1. Conversely, let a € A, ||a|| < 1. We have:

lp(h) = p(a)] < lol| - [|h — al| < ¢(h)
Thus we have Re(p(a)) > 0, and with a = 1 — h we obtain:

Re(p(1—h)) =0

Thus Re(p(1)) > ||¢||, and so ¢(1) = ||¢]||, so we can assume h = 1. Now observe
that for any self-adjoint element a, and any ¢ € R we have, with ¢(a) = x + iy:

p(D*(1+]all?) > (1)1 +ta’)]

= el - |1+ ital|?
> o(1 +ita)]?
= (1) — ty + itx|
> (p(1) — ty)?

Thus we have y = 0, and this finishes the proof of our remaining claim.

(3) We can set p(Xaa*) = Al||a||* on the linear space spanned by aa*, then extend this
functional by Hahn-Banach, to the whole A. The positivity follows from (2).

(4) This is standard, by starting with a dense sequence (a,), and taking the Cesaro
limit of the functionals constructed in (3). We have ¢(aa*) > 0, and we are done. O

With these ingredients in hand, we can now state and prove:
THEOREM 2.23. Any C*-algebra appears as a norm closed x-algebra of operators
AC B(H)

over a certain Hilbert space H. When A is separable, H can be taken to be separable.
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PRrOOF. This result, called called GNS representation theorem after Gelfand, Naimark
and Segal, follows indeed by combining Proposition 2.21 with Proposition 2.22. O

2d. Weak closures

Instead of further building on the above results, which are already quite non-trivial,
let us return to our modest status of apprentice operator algebraists, and declare ourselves
rather unsatisfied with what we have, on the following intuitive grounds:

THOUGHT 2.24. Our assumption that A C B(H) is norm closed is not satisfying,
because we would like A to be stable under polar decomposition, under taking spectral
projections, and more generally, under measurable functional calculus.

So, let us get now into this, topologies on B(H), and fine-tunings of what we have,
based on them. The result that we will need, which is elementary, is as follows:

PROPOSITION 2.25. 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) Tt 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®..0oH

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
7(T) =
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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 z € K:

TeA = n(T)enr(A)
— 7n(T)z en(A)x

= 7n(T)zren(Ax

Now observe that the last formula tells us that for any x = (z1,...,x,), and any £ > 0,
we can find S € A such that the following holds, for any :

||SZEZ — TZEZH <e€
Thus T belongs to the strong operator closure of A, as desired. O

In the above the terminology, while standard, is a bit confusing, because the norm
topology is stronger than the strong operator topology. As a solution, we agree in what
follows 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 2.25 are those which are weakly closed, and we can formulate:

DEFINITION 2.26. A von Neumann algebra is a *-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). At the level of the general
results, we first have the bicommutant theorem of von Neumann, as follows:

THEOREM 2.27. 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 s-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= 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 2.25, 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 T €
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
2.25. 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
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) = : : S e A
Sp1 oo Shn
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" = =(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)x C K. Since the subspace m(A)x C K is invariant under
the action of w(A), so is its norm closure inside K, and we obtain from this:

P em(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 z € K, we conclude that any 7" € A” belongs to the strong
operator closure of A. By using now Proposition 2.25, which allows us to pass from the
strong to the weak operator closure, we conclude that we have A” C A, as desired. O

In order to develop now some general theory, let us start by investigating the commu-
tative case. A first result here, that we basically already know, is as follows:

THEOREM 2.28. Given an operator T' € B(H) which is normal,
Tr* =TT
the von Neumann algebra A =< T > that it generates inside B(H) is
<T >= L*(o(T))
with o(T') being its spectrum, formed of numbers A € C such that T' — X is not invertible.

ProoFr. This is something which is very standard, by using the spectral theory for
the normal operators T' € B(H), coming from chapter 1. Il

More generally now, along the same lines, we have the following result:

THEOREM 2.29. 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;}.

Proor. This is again routine, by using this time the spectral theory for the families
of commuting normal operators T; € B(H), that we know from chapter 1 too. O

As an interesting abstract consequence of this, we have:
THEOREM 2.30. The commutative von Neumann algebras are the algebras of type
A= L*(X)

with X being a measured space.
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PrROOF. 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
T¢(g) = fg from the proof of the GNS theorem, the representation being as follows:

L¥(X) c B(L*(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 2.29, because we can write our algebra as follows:

A=<T,>

To be more precise, A being commutative, any element 7" € 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 2.29 applies, and gives the result. U

In relation now with our noncommutative geometry questions, as a first application
of the above, we can extend our noncommutative space setting, as follows:

THEOREM 2.31. 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.

PRroOF. This is clear indeed from the basic properties of the GNS construction for
the C*-algebras, and from the basic properties of the von Neumann algebras. U

Moving ahead now with more theory for the von Neumann algebras, there is a long
story here, and we are led in this way to the following statement:

THEOREM 2.32. 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:/Amdaz
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.



50 2. C*-ALGEBRAS

PRroOOF. This is something that we know to hold in finite dimensions, as a consequence
of Theorem 2.14. 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. O

We will be back to this in chapter 4, when systematically doing functional analysis.

2e. Exercises

Exercises:

EXERCISE 2.33.
EXERCISE 2.34.
EXERCISE 2.35.
EXERCISE 2.36.
EXERCISE 2.37.
EXERCISE 2.38.
EXERCISE 2.39.
EXERCISE 2.40.

Bonus exercise.



CHAPTER 3

Basic examples

3a. Group algebras
Let us discuss now some basic examples of C*-algebras. We first have:

THEOREM 3.1. Let I" be a discrete group, and consider the complex group algebra C[I],
with involution given by the fact that all group elements are unitaries, g* = g=*.
(1) The mazimal C*-seminorm on C[['] is a C*-norm, and the closure of C[I'] with
respect to this norm is a C*-algebra, denoted C*(T).
(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.

Proor. 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:C[l'lc B(H) , mn(g9)(h)=gh

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

(2) Since I' 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 y : 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 3.2. Given a discrete group I', the compact quantum space G given by
C(G) = ()
is called abstract dual of I', and is denoted G = r.
51
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With this definition in hand, we can now talk about quantum tori, as follows:

THEOREM 3.3. The basic tori are all group duals, as follows,

—~

TJJ\? TE Zz\v Fy

TN

Ty Ty zy
where Fy = Z*N is the free group on N generators, and Ly = Z5N is its real version.

PROOF. The basic tori appear indeed as group duals, and together with the Fourier
transform identifications from Theorem 3.1 (2), this gives the result. U

Moving ahead, now that we have our formalism, we can start developing free geometry.
As a first objective, we would like to better understand the relation between the classical
and free tori. In order to discuss this, let us introduce the following notion:

DEFINITION 3.4. Given a compact quantum space X, its classical version is the usual
compact space X o,5s C X obtained by dividing C(X) by its commutator ideal:

C(Xclass> = C(X)/[ s I =< [a, b] >
In this situation, we also say that X appears as a “liberation” of X.
In other words, the space X .55 appears as the Gelfand spectrum of the commutative
C*-algebra C(X)/I. Observe in particular that X, is indeed a classical space.
In relation now with our tori, we have the following result:

THEOREM 3.5. We have inclusions between the various tori, as follows,

Ty Ty

TN Ty
and the free tori on top appear as liberations of the tori on the bottom.

Proor. This is indeed clear from definitions, because commutativity of a group alge-
bra means precisely that the group in question is abelian. O

As a conclusion now to all this, we have a beginning of free geometry, both real and
complex, by knowing at least what the torus of each theory is. And with our construction
being definitely the good one, for the simple reason that the main problems in the analysis
of the free groups correspond in this way the main questions in our free geometry.
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3b. Quantum spheres

In order to extend now the free geometries that we have, real and complex, let us
begin with the spheres. We have the following notions:

DEFINITION 3.6. We have free real and complex spheres, defined via

:ci:xf,g xle)
i

C(Sﬁ;l) =C" (.Tl, A

C(ngrl) =% (azl, . ,xN‘ szxj = fozl = 1)

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

Here the fact that these algebras are indeed well-defined comes from the following
estimate, which shows that the biggest C*-norms on these x-algebras are bounded:

i

As a first result now, regarding the above free spheres, we have:

[lzill* = llziai]] < =1

THEOREM 3.7. We have embeddings of compact quantum spaces, as follows,

N—-1 N—-1
Sgr — 5S¢

G o
and the spaces on top appear as liberations of the spaces on the bottom.

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

C(Sz1") C(Se)

C(82™) c(sg™)
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For the second assertion, we must establish the following isomorphisms, where the
symbol C% stands for “universal commutative C*-algebra generated by”:

T :x;‘,Zx? = 1)
csyhY=cr ( ...,xN‘ lex;" = Zm;‘xz = 1)

It is enough to establish the second isomorphism. So, consider the second universal
commutative C*-algebra A constructed above. Since the standard coordinates on S(JCV -t
satisfy the defining relations for A, we have a quotient map of as follows:

A— (S

Conversely, let us write A = C(S), by using the Gelfand theorem. The variables
T1,..., oy become in this way true coordinates, providing us with an embedding S c CV.
Also, the quadratic relations become Y, |z;|> = 1, so we have S C S{'. Thus, we have
a quotient map C' (S(JCV 1) = A, as desired, and this gives all the results. O

C(‘SI{RY_I) C:omm ( T1,.--, TN

By using the free spheres constructed above, we can now formulate:

DEFINITION 3.8. A real algebraic manifold X C SN+1 1s a closed quantum subspace
defined, at the level of the corresponding C*-algebra, by a formula of type

C(X) = OS2 [ (i, on) = 0)
for certain family of noncommutative polynomials, as follows:
fieC<uxy,....,zn >
We denote by C(X) the x-subalgebra of C(X) generated by the coordinates x1,...,xy.

As a basic example here, we have the free real sphere Sﬁ jrl. The classical spheres

S(]CV -t 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:

THEOREM 3.9. If X C S(é\{jrl 1s an algebraic manifold, as above, we have

Xiass = {:L‘ S Sévfl filzy, ..., xy) = O}

and X appears as a liberation of X -

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

C(Xclass) — C(

class)
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Conversely now, from X C Sg jrl we obtain X e C Sg 1. Now since the relations
defining X' are satisfied by Xjss, We obtain an inclusion Xass C X, Thus, at

class lass*
the level of algebras of continuous functions, we have a quotient map of C*-algebras as

follows, mapping standard coordinates to standard coordinates:

C( élass) — C(Xclass)
Thus, we have constructed a pair of inverse morphisms, and we are done. Il
Finally, once again at the level of the general theory, we have:

DEFINITION 3.10. We agree to identify two real algebraic submanifolds X,Y C Sg;l
when we have a x-algebra isomorphism between x-algebras of coordinates

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

We will see later the reasons for making this convention, coming from amenability.
Now back to the tori, as constructed before, we can see that these are examples of algebraic
manifolds, in the sense of Definition 3.8. In fact, we have the following result:

THEOREM 3.11. The four main quantum spheres produce the main quantum tori

N—-1
SR,+

N-1 + +
S(C,+ Ty Ty

Sg ' ——— 50! Ty

Ty
via the formula T = S N'TY,, with the intersection being taken inside S(]Cvjrl.

PRroOOF. This comes from the above results, the situation being as follows:

(1) Free complex case. Here the formula in the statement reads T} = S(]c\{ SN TE.
But this is something trivial, because we have T} C S(]C\f jrl.

(2) Free real case. Here the formula in the statement reads Ty = Sﬂg S'NTL. But
this is clear as well, the real version of T} being T}

(3) Classical complex case. Here the formula in the statement reads Ty = S& ' NT4.
But this is clear as well, the classical version of T} being Ty.

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

We will be back to free geometry, later in this book.
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3c. Random matrices

Back to the von Neumann algebras, our main results so far concern the finite dimen-
sional case, where the algebra is of the form A = @;M,, (C), and the commutative case,
where the algebra is of the form A = L*°(X). In order to advance, we must solve:

QUESTION 3.12. What are the next simplest von Neumann algebras, generalizing at
the same time the finite dimensional ones, A = @;M,.(C), and the commutative ones,

i

A = L>®(X), that we can use as input for our study?

In this formulation, our question is a no-brainer, the answer to it being that of looking
at the direct integrals of matrix algebras, over an arbitrary measured space X:

A= /X M, (C)dz

However, when thinking a bit, all this looks quite tricky, with most likely lots of tech-
nical functional analysis and measure theory involved. So, we will leave the investigation
of such algebras, which are indeed quite basic, and called of type I, for later.

Nevermind. Let us replace Question 3.12 with something more modest, as follows:

QUESTION 3.13 (update). What are the next simplest von Neumann algebras, gener-
alizing at the same time the usual matriz algebras, A = My(C), and the commutative
ones, A = L>®(X), that we can use as input for our study?

But here, what we have is again a no-brainer, because in relation to what has been
said above, we just have to restrict the attention to the “isotypic” case, where all fibers
are isomorphic. And in this case our algebra is a random matrix algebra:

A= /X My(C)dz

Which looks quite nice, and so good news, we have our algebras. In practice now,
although there is some functional analysis to be done with these algebras, the main
questions regard the individual operators T' € A, called random matrices. Thus, we are
basically back to good old operator theory. Let us begin our discussion with:

DEFINITION 3.14. A random matriz algebra is a von Neumann algebra of the following
type, with X being a probability space, and with N € N being an integer:

A = My(L™(X))
In other words, A appears as a tensor product, as follows,
A= My(C)® L*(X)

of a matriz algebra and a commutative von Neumann algebra.
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As a first observation, our algebra can be written as well as follows, with this latter
convention being quite standard in the probability literature:

A= L*(X, Myx(C))

In connection with the tensor product notation, which is often the most useful one for
computations, we have as well the following possible writing, also used in probability:

A=L*X)® My(C)
Importantly now, each random matrix algebra A is naturally endowed with a canonical

von Neumann algebra trace tr : A — C, which appears as follows:

PROPOSITION 3.15. Given a random matriz algebra A = My(L>*(X)), consider the
linear form tr : A — C given by:

1 N

In tensor product notation, A = My(C) ® L*(X), we have then the formula

1
==T
T N 7’®/X

and this functional tr : A — C is a faithful positive unital trace.

PRrROOF. The first assertion, regarding the tensor product writing of ¢r, is clear from
definitions. As for the second assertion, regarding the various properties of ¢tr, this follows
from this, because these properties are stable under taking tensor products. O

As before, there is a discussion here in connection with the other possible writings of
A. With the probabilistic notation A = L*(X, My(C)), the trace appears as:

/—Tr (T7) dx

Also, with the probabilistic tensor notation A = L*(X) ® My (C), the trace appears
exactly as in the second part of Proposition 3.15, with the order inverted:

tr-/@—TT

To summarize, the random matrix algebras appear to be very basic objects, and the
only difficulty, in the beginning, lies in getting familiar with the 4 possible notations for
them. Or perhaps 5 possible notations, because we have A = fX My (C)dz as well.

Getting to work now, as already said, the main questions about random matrix alge-
bras regard the individual operators T' € A, called random matrices. To be more precise,
we are interested in computing the laws of such matrices, constructed according to:
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THEOREM 3.16. Given an operator algebra A C B(H) with a faithful trace tr : A — C,
any normal element T € A has a law, namely a probability measure p satisfying

tr(T") :/Czkdp(z)

with the powers being with respect to colored exponents k =oceeo ..., defined via

=1, a°=a , a"=a

and multiplicativity. This law is unique, and is supported by the spectrum o(T) C C. In
the non-normal case, TT* # T*T, such a law does not exist.

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

(1) In the normal case, TT* = T*T, we know from the Gelfand theorm, or from the
continuous functional calculus theorem, that we have:

<T>=C(c(T))

Thus the functional f(7') — tr(f(T")) can be regarded as an integration functional on
the algebra C'(c(7)), and by the Riesz theorem, this latter functional must come from a
probability measure p on the spectrum o(7'), in the sense that we must have:

tr(f(T)) = - f(2)dp(z)

We are therefore led to the conclusions in the statement, with the uniqueness assertion
coming from the fact that the operators T*, taken as usual with respect to colored integer
exponents, k = oeeo ... generate the whole operator algebra C(o(T)).

(2) In the non-normal case now, TT* # T*T, we must show that such a law does not
exist. For this purpose, we can use a positivity trick, as follows:
TT* —T*T # 0 (TT* —T*T)* >0
Tr171r-—-T7*7"T = T*TTT* +T*TT*T > 0
tr(TT*TT* —TT*T"T —T*TTT* +T*TT*T) > 0
tr(TT*TT* +T*TT*T) > tr(TT*T*T + T*TTT")
tr(TT*TT*) > tr(TTT*T™)

FEELL

Now assuming that 7" has a law p € P(C), in the sense that the moment formula
in the statement holds, the above two different numbers would have to both appear by
integrating |z|* with respect to this law p, which is contradictory, as desired. U

Back now to the random matrices, as a basic example, assume X = {.}, so that we
are dealing with a usual scalar matrix, 7' € My(C). By changing the basis of CV, which
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won’t affect our trace computations, we can assume that T is diagonal:

A1
T ~
AN
But for such a diagonal matrix, we have the following formula:
1
tr(TF) = N()‘lf +o AR

Thus, the law of T is the average of the Dirac masses at the eigenvalues:

1
M:N((5>\1+...+5/\N)

As a second example now, assume N = 1, and so T' € L*(X). In this case we obtain
the usual law of T', because the equation to be satisfied by u is:

/X o(T) = / o(2)dp(x)

At a more advanced level, the main problem regarding the random matrices is that of
computing the law of various classes of such matrices, coming in series:

QUESTION 3.17. What is the law of random matrices coming in series
Ty € My(L®(X))
in the N >> 0 regime?

The general strategy here, coming from physicists, is that of computing first the as-
ymptotic law °, in the N — oo limit, and then looking for the higher order terms as
well, as to finally reach to a series in N~! giving the law of T, as follows:

UN :M0+N_1M1+N_2M2+---
As a basic example here, of particular interest are the random matrices having i.i.d.
complex normal entries, under the constraint 7" = T*. Here the asymptotic law u° is the
Wigner semicircle law on [—2,2]. We will discuss this, later in this book.

3d. Cuntz algebras

We would like to end this chapter with an interesting class of C*-algebras, discovered
by Cuntz in [23], and heavily used since then, for various technical purposes:

DEFINITION 3.18. The Cuntz algebra O, is the C*-algebra generated by isometries
S1, ..., S, satisfying the following condition:

Si1ST+ ...+ 8,8 =1

That is, O, C B(H) is generated by n isometries whose ranges sum up to H.
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Observe that H must be infinite dimensional, in order to have isometries as above. In
what follows we will prove that O,, is independent on the choice of such isometries, and
also that this algebra is simple. We will restrict the attention to the case n = 2, the proof
in general being similar. Let us start with some simple computations, as follows:

PROPOSITION 3.19. Given a word i = iy ...1; with iy € {1,2}, we associate to it the
element S; = S;, ... S;, of the algebra Oy. Then S; are isometries, and we have

5SS =051
for any two words i, j having the same lenght.
PROOF. We use the relations defining the algebra O,, namely:
S1S1 =95 =1, S157+55 =1
The fact that S; are isometries is clear, here being the check for ¢ = 12:
SiaSiz = (5152)%(5152)
= 5557515
= 5555
=1
Regarding the last assertion, by recurrence we just have to establish the formula there
for the words of length 1. That is, we want to prove the following formulae:
S1S,=5551=0

But these two formulae follow from the fact that the projections P; = S;S; satisfy by
definition P, + P, = 1. Indeed, we have the following computation:

P+P=1 = PP=0
= 5157525, =0
= 515 = 575157525552 =0
Thus, we have the first formula, and the proof of the second one is similar. Il

We can use the formulae in Proposition 3.19 as follows:

PROPOSITION 3.20. Consider words in Oy, meaning products of Sy, S5, 52, S;.

(1) Each word in Oy is of form 0 or S;S for some words i, j.
(2) Words of type S;iS; with I(i) = I(j) = k form a system of 2F % 2% matriz units.
(3) The algebra Ay generated by matriz units in (2) is a subalgebra of Ajy1.

ProOOF. Here the first two assertions follow from the formulae in Proposition 3.19,
and for the last assertion, we can use the following formula:

;57 = 5,187 = S,(S157 + 5555) "

Thus, we obtain an embedding of algebras A, as in the statement. U
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Observe now that the embedding constructed in (3) above is compatible with the
matrix unit systems in (2). Consider indeed the following diagram:

Ak+1 ~ M2k+1 ((C)
U U

With the notation e;; ,; = €;; ® ey, the inclusion on the right is given by:
€ij — €i11h T €i22j
€ij Q€11 + €45 K e
= ¢;®1

Thus, with standard tensor product notations, the inclusion on the right is the canon-
ical inclusion m — m ® 1, and so the above diagram becomes:

U U

Ak ~ MQ(C)®k

The passage from the algebra A = U, Ay =~ M5(C)®> coming from this observation to
the full the algebra O, that we are interested in can be done by using:

PROPOSITION 3.21. Fach element X €< 51,5, >C Oy decomposes as a finite sum
X =) SPX_i+Xo+> XS
>0 i>0
where each X; is in the union A of algebras Ay.
PROOF. By linearity and by using Proposition 3.20 we may assume that X is a nonzero
word, say X = S;S7. In the case I(i) = [(j) we can set X, = X and we are done.

Otherwise, we just have to add at left or at right terms of the form 1 = S75;. For
instance X = Sy is equal to 525751, and we can take X; = S35} € A;. O

We must show now that the decomposition X — (X;) found above is unique, and
then prove that each application X — X, has good continuity properties. The following
formulae show that in both problems we may restrict attention to the case ¢ = 0:

Xip1 = (XS7); X_im1 = (51X);

In order to solve these questions, we use the following fact:
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PROPOSITION 3.22. If P is a nonzero projection in Oy =< S1,5, >C O,, its k-th
average, given by the formula

Q=Y SPS;
1(i)=k
is a monzero projection in Oy having the property that the linear subspace QALQ is iso-
morphic to a matrixz algebra, and Y — QY Q is an isomorphism of Ay onto it.

PROOF. We know that the words of form S;S} with I(i) = I(j) = k are a system of
matrix units in A;. We apply to them the map Y — QY @, and we obtain:

QS:S;Q = Y S,PS;8:8;8,PS;
Pq
= ) 60545, P°S;
Pq

— S,PS;

The output being a system of matrix units, ¥ — QY@ is an isomorphism from the
algebra of matrices A, to another algebra of matrices QQ A,Q, and this gives the result. [J

Thus any map ¥ — QY @) behaves well on the ¢+ = 0 part of the decomposition on X.
It remains to find P such that Y — QY @ destroys all 7 # 0 terms, and we have here:

PROPOSITION 3.23. Assuming Xy € Ag, there is a nonzero projection P € A such
that QX Q = QXoQ, where Q) is the k-th average of P.

Proor. We want Y — QY@ to map to zero all terms in the decomposition of X,
except for Xg. Let us call My, ..., M; € Oy — A the terms to be destroyed. We want the
following equalities to hold, with the sum over all pairs of length £ indices:

> 8PS M,S;PS; =0
ij
The simplest way is to look for P such that all terms of all sums are 0:
SiPS;M,S;PS; =0
By multiplying to the left by S and to the right by S;, we want to have:
PS:M,S;P =0
With N, = S;M,S;, where z belongs to some new index set, we want to have:
PN.P=0
Since N, € Oy — A, we can write N, = S,, S with [(m.) # I(n.), and we want:
PSS, P=0
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In order to do this, we can the projections of form P = S,.57. We want:
SrSySm. Sy SrS; =10
Let K be the biggest length of all m.,n.. Assume that we have fixed r, of length
bigger than K. If the above product is nonzero then both S;S,,. and S S, must be
nonzero, which gives the following equalities of words:
rl...rl(mz):mz s Tl---rl(nz):nz

Assuming that these equalities hold indeed, the above product reduces as follows:

SpSr .Sk S, oSy ST

Ti(r) * Ti(mz)+1" Tl(nz)+1 Ty Pr

Now if this product is nonzero, the middle term must be nonzero:

S S Sy Sy 0

T ()1 Tl (nz) +1

In order for this for hold, the indices starting from the middle to the right must be equal
to the indices starting from the middle to the left. Thus r must be periodic, of period
[l(m,) — l(n.)| > 0. But this is certainly possible, because we can take any aperiodic
infinite word, and let r be the sequence of first M letters, with M big enough. Il

We can now start solving our problems. We first have:
PROPOSITION 3.24. The decomposition of X is unique, and we have
1G]] < [1X]]
for any 1.

PRrROOF. It is enough to do this for ¢ = 0. But this follows from the previous result,
via the following sequence of equalities and inequalities:

1%l = [[QX0Q
lRXQ
< [IXI]

Thus we got the inequality in the statement. As for the uniqueness part, this follows
from the fact that Xq — QXoQ = QX Q is an isomorphism. O

Remember now we want to prove that the Cuntz algebra O does not depend on the
choice of the isometries Sy, .S>. In order to do so, let O be the completion of the x-algebra
Oy =< 51,55 >C Oy with respect to the biggest C*-norm. We have:

PROPOSITION 3.25. We have the equivalence
X=0<«<= X,=0,Vi
valid for any element X € O,.
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PROOF. Assume X; = 0 for any i, and choose a sequence X* — X with X* € O,.

For A € T we define a representation p, in the following way:
P - SZ — )\SZ

We have then p)(Y) =Y for any element Y € A. We fix norm one vectors £, 7 and

we consider the following continuous functions f : T — C:
FE) =< pA(XF)E, n >
From X* — X we get, with respect to the usual sup norm of C(T):
ff=f
Each X* € O, can be decomposed, and f* is given by the following formula:
) =D A< SIXEE >+ < Xo&n >+ Y N < X[Sig >
>0 >0
This is a Fourier type expansion of f*, that can we write in the following way:

FF) =) aiv
j=—00
By using Proposition 3.24 we obtain that with & — oo, we have:
a5 < 1XFI] = [1X5°] =0
On the other hand we have a? — a; with k — oo. Thus all Fourier coefficients a; of
f are zero, so f = 0. With A = 1 this gives the following equality:
< X&En>=0
This is true for arbitrary norm one vectors &, 7, so X = 0 and we are done. U

We can now formulate the Cuntz theorem, from [23], as follows:

THEOREM 3.26 (Cuntz). Let Sy, Sy be isometries satisfying 5157 + S255 = 1.
(1) The C*-algebra Oy generated by Sy, Sy does not depend on the choice of Sy, Ss.
(2) For any nonzero X € Oy there are A, B € Oy with AXB = 1.
(3) In particular Oy is simple.

ProoF. This basically follows from the various results established above:

(1) Consider the canonical projection map 7 : Oy — O,. We know that 7 is surjective,
and we will prove now that 7 is injective. Indeed, if 7(X) = 0 then 7(X); = 0 for any i.
But 7(X); is in the dense *-algebra A, so it can be regarded as an element of Oy, and with
this identification, we have 7(X); = X; in O,. Thus X; = 0 for any i, so X = 0. Thus 7
is an isomorphism. On the other hand O, depends only on @,, and the above formulae
in Oy, for algebraic calculus and for decomposition of an arbitrary X € O, show that O,
does not depend on the choice of S7,.55. Thus, we obtain the result.
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(2) Choose a sequence X*¥ — X with X* € 0,. We have the following formula:
* S k+ vk k* vk *1 Vv k¥ vk Qi
(X*X)p = lim (Z XEXF 4 XPXE+D 0 SPXFX] 51>
>0 >0
Thus X # 0 implies (X*X)q # 0. By linearity we can assume that we have:
(X" X)ol| =1
Now choose a positive element Y € Oy which is close enough to X*X:
| X*X -Y]||<e
Since Z — Zj is norm decreasing, we have the following estimate:
Yol > 1—¢

We apply Proposition 3.23 to our positive element Y € O,. We obtain in this way a
certain projection @) such that QY,Q = QY Q belongs to a certain matrix algebra. We
have QY @) > 0, so we can diagonalize this latter element, as follows:

QYQ =Y AR
Here \; are positive numbers and R; are minimal projections in the matrix algebra.
Now since ||QY Q|| = ||Yo||, there must be an eigenvalue greater that 1 — e:
)\0 >1—¢

By linear algebra, we can pass from a minimal projection to another:
U'U=R; , UU"=Sis;*
The element B = QU*S¥ has norm < 1, and we get the following inequality:
Il - B*X*XB|| < ||[1-BYB||+||B'YB—- B*X*"XB||
< |[1=BYB||+¢
The last term can be computed by using the diagonalization of QY @, as follows:
B*YB = S{*UQYQU*SY
— gk (Z /\iURZ»U*) Sk
= A\SiFSkgrkgh
— A
From A\g > 1 — ¢ we get ||1 — B*Y B|| < ¢, and we obtain the following estimate:
|1 — B*X*XB|| < 2¢
Thus B*X*X B is invertible, say with inverse C, and we have (B*X*)X(BC) = 1.
(3) This is clear from the formula AX B = 1 established in (2). 0
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Exercises:

EXERCISE 3.27.
EXERCISE 3.28.
EXERCISE 3.29.
EXERCISE 3.30.
EXERCISE 3.31.
EXERCISE 3.32.
EXERCISE 3.33.

EXERCISE 3.34.

Bonus exercise.

3. BASIC EXAMPLES

3e. Exercises



CHAPTER 4

Analytic aspects

4a. Density results

Time now for some more advanced operator algebra theory, and hang on, all this will
be quite technical. Let us begin our study with some generalities. We first have:

PROPOSITION 4.1. The weak operator topology on B(H) is the topology having the
following equivalent properties:

(1) It makes T —< Tx,y > continuous, for any x,y € H.

(2) It makes T,, = T when < Thoz,y >—< Tx,y >, for any z,y € H.

(3) Has as subbase the sets Up(x,y,e) ={S:| < (S—T)x,y > | <e}.

(4) Has as base Up(xy,. .., Tny Y1y Yn€) ={S | < (S —T)ay,y; > | <e¢,Vi}.

PROOF. The equivalences (1) <= (2) <= (3) <= (4) all follow from definitions,
with of course (1,2) referring to the coarsest topology making that things happen. U

Similarly, in what regards the strong operator topology, we have:
PROPOSITION 4.2. The strong operator topology on B(H) is the topology having the
following equivalent properties:

(1) It makes T — Tx continuous, for any x € H.

(2) It makes T,, — T when T,x — Tx, for any x € H.

(3) Has as subbase the sets Vip(z,e) = {S : ||(S — T)x|| < e}.

(4) Has as base the sets Vp(xy, ..., xn,e) = {S:||(S = T)zi|| < &,Vi}.

PROOF. Again, the equivalences (1) <= (2) <= (3) <= (4) are all clear, and
with (1,2) referring to the coarsest topology making that things happen. U

We know from before that an operator algebra A C B(H) is weakly closed if and only
if it is strongly closed. Here is a useful generalization of this fact:

THEOREM 4.3. Given a convex set of bounded operators
C C B(H)

its weak operator closure and strong operator closure coincide.

67
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PROOF. Since the weak operator topology on B(H) is weaker by definition than the
strong operator topology on B(H), we have, for any subset C' C B(H):

— strong — weak
C ccC

Now by assuming that C' C B(H) is convex, we must prove that:

— weak — strong

TeC — T eC

In order to do so, let us pick vectors z1,...,x, € H and € > 0. We let K = H®" and
we consider the standard embedding i : B(H) C B(K), given by:

iT(y1y - yn) = (Tyry .., Tyn)
We have then the following implications, which are all trivial:

— wea . — wea . —— 7 weak
Tel"" = T "™ = iT(x) € iC(x)
Now since the set C' C B(H) was assumed to be convex, the set iC'(z) C K is convex
too, and by the Hahn-Banach theorem, for compact sets, it follows that we have:

iT(x) € iC(x)
Thus, there exists an operator S € C' such that we have, for any i:
||Sz; — Txy|| < e
But this shows that we have S € Vp(xy,...,z,,€), and since z1,...,z, € H and e > 0

were arbitrary, by Proposition 4.2 it follows that we have T € USMW, as desired. O

We will need as well the following standard result:

PROPOSITION 4.4. Given a vector space E C B(H), and a linear form f : E — C,
the following conditions are equivalent:

(1) f is weakly continuous.
(2) f is strongly continuous.
(3) f(T) =31, < Txy,y; >, for certain vectors x;,y; € H.

PrOOF. This is something standard, using the same tools at those already used in
chapter 5, namely basic functional analysis, and amplification tricks:

(1) = (2) Since the weak operator topology on B(H) is weaker than the strong
operator topology on B(H), weakly continuous implies strongly continuous. To be more
precise, assume T,, — T strongly. Then T,, — T weakly, and since f was assumed to be
weakly continuous, we have f(7,,) — f(7'). Thus f is strongly continuous, as desired.

(2) = (3) Assume indeed that our linear form f : £ — C is strongly continuous.
In particular f is strongly continuous at 0, and Proposition 4.2 provides us with vectors
x1,...,T, € H and a number € > 0 such that, with the notations there:

FVo(z1, ... xn,e)) C Do(1)
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That is, we can find vectors x1,...,x, € H and a number £ > 0 such that:
|Taill < 2,¥i = |£(T)] <1

But this shows that we have the following estimate:
DTl <& = |f(T) <1
i=1

By linearity, it follows from this that we have the following estimate:

n
> |[Tilf?
i=1

Consider now the direct sum H®", and inside it, the following vector:

r=(zy,...,7,) € H®"

1
AT < 2

Consider also the following linear space, written in tensor product notation:
K=(E®l)zcH®™
We can define a linear form f’: K — C by the following formula, and continuity:
f(Txy,...,Tx,) = f(T)
We conclude that there exists a vector y € K such that the following happens:
f(Tely) =< (T®1)z,y >

But in terms of the original linear form f : £ — C, this means that we have:
i=1

(3) = (1) This is clear, because we have, with respect to the weak topology:
T, —»T = <Tx,y>—><Tx,y >, Vi
= Y < Ty >— Yy <Trjy >

i=1 =1

= f(T) = (1)
Thus, our linear form f is weakly continuous, as desired. U
Here is one more well-known result, that we will need as well:

THEOREM 4.5. The unit ball of B(H) is weakly compact.
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PRrROOF. If we denote by By C B(H) the unit ball, and by D; C C the unit disk, we
have a morphism as follows, which is continuous with respect to the weak topology on
By, and with respect to the product topology on the set on the right:

Bic [ D1 T—(<Txy>),

]Iyl <1

Since the set on the right is compact, by Tychonoff, it is enough to show that the
image of By is closed. So, let (¢,,) € B;. We can then find T; € By such that:

<Tix,y>—cyy , Yo,y
But this shows that the following map is a bounded sesquilinear form:
HxH—=C |, (2,y) = oy

Thus, we can find an operator ' € B(H), and so T € By, such that < Tz, y >= ¢,
for any x,y € H, and this shows that we have (c;,) € By, as desired. d

Getting back to operator algebras, we have the following result, due to Kaplansky,
which is something very useful, and of independent interest as well:

THEOREM 4.6. Given an operator algebra A C B(H), the following happen.:

(1) The unit ball of A is strongly dense in the unit ball of A”.
(2) The same happens for the self-adjoint parts of the above unit balls.

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

(1) Consider the self-adjoint part Ay, C A. By taking real parts of operators, and
using the fact that T"— T™ is weakly continuous, we have then:

Au” (A7),

Now since the set A,, is convex, and by Theorem 4.3 all weak operator topologies
coincide on the convex sets, we conclude that we have in fact equality:

A—Saw _ (ziy)sa

w

(2) With this result in hand, let us prove now the second assertion of the theorem.
For this purpose, consider an element T' € A", satisfying T = T* and ||T|| < 1. Consider
as well the following function, going from the interval [—1, 1] to itself:

2
f(t):rttg

By functional calculus we can find an element S € (Zw)sa such that:

f(5)=T
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In other words, we can find an element S € (Z“’)m such that:

25
T=—
1+ 52
Now given arbitrary vectors x1,...,x, € H and an arbitrary number ¢ > 0, let us
pick an element R € A,,, subject to the following two inequalities:
R S
Finally, consider the following element, which has norm < 1:
2R
1+ R?
We have then the following computation, using the above formulae:
2R 25
L-T = —
1+R* 1452
1 1
= 2 14 5%) — (145
(1+R2<R( +5%)—-(1+S )R)1+52)
1 1 R S
= 2 R—-S S—R
(1+R2( et e >1+S2>
2 1 L
= ——(R—S5)——+=(S—R)T
et T )
Thus, we have the following estimate, for any ¢ € {1,...,n}:
(L =Tzl < e

But this gives the second assertion of the theorem, as desired.

(3) Let us prove now the first assertion of the theorem. Given an arbitrary element
T € A, satistying ||T|| < 1, let us look at the following element:

0 T —w
, —
T = (T* O) € My(A™)
This element is then self-adjoint, and we can use what we proved in the above, and
we are led in this way to the first assertion in the statement, as desired. O

We can go back now to our original question, from the beginning of the present chapter,
namely that of abstractly characterizing the von Neumann algebras, and we have:

THEOREM 4.7. A norm closed operator x-algebra
AC B(H)

15 a von Neumann algebra precisely when its unit ball is weakly compact.
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ProoF. This is something which is now clear, coming from the Kaplansky density
results established in Theorem 4.6. To be more precise:

(1) In one sense, assuming that A C B(H) is a von Neumann algebra, this algebra
is weakly closed. But since the unit ball of B(H) is weakly compact, we are led to the
conclusion that the unit ball of A is weakly compact too.

(2) Conversely, assume that an operator algebra A C B(H) is such that its unit ball
is weakly compact. In particular, the unit ball of A is weakly closed. Now if T satisfying
[|T|| < 1 belongs to the weak closure of A, by Kaplansky density we conclude that we
have T' € A. Thus our algebra A must be a von Neumann algebra, as claimed. U

Many other things can be said, as a continuation of the above, notably with some
even more advanced results, of the same type, due to Sakai. We will be back to this.
4b. Tensor products

Tensor products of C*-algebras. Various norm constructions.
Many things can be said here, by using advanced functional analysis.

4c. Amenability, nuclearity

Let us discuss now amenability questions. Let us start our discussion in the von
Neumann algebra setting, where things are particularly simple. We have here:

THEOREM 4.8. Given a discrete group I', we can construct its von Neumann algebra
L(T) € B(*(I))

by using the left reqular representation. This algebra has a faithful positive trace, tr(g) =
dg1, and when I" is abelian we have an isomorphism of tracial von Neumann algebras

L(T") ~ L™(G)
given by a Fourier type transform, where G = T is the compact dual of T'.
PROOF. There are many assertions here, the idea being as follows:

(1) The first part is standard, with the left regular representation of I' working as
expected, and being a unitary representation, as follows:

I'c BU*(I)) , =(g9):h—gh

(2) The positivity of the trace comes from the following alternative formula for it, with
the equivalence with the definition in the statement being clear:

tr(l) =<T1,1>
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(3) The third part is standard as well, because when I' is abelian the algebra L(T")
is commutative, and its spectral decomposition leads by delinearization to the group
characters xy : I' = T, and so the dual group G = TI', as indicated.

(4) Finally, the fact that our isomorphism transforms the trace of L(I") into the Haar
integration functional of L*(G) is clear. Moreover, the study of various examples show
that what we constructed is in fact the Fourier transform, in its various incarnations. [J

Let us record as well the following result, in relation with the above:

THEOREM 4.9. The center of a group von Neumann algebra L(T") is

= {Z )\gg )\gh = Ahg}
g

and if T' # {1} has infinite conjugacy classes, in the sense that

‘{ghg‘llg € G}) =00 , Vh#1

with this being called ICC property, the algebra L(T') is a 111 factor.

PROOF. There are two assertions here, the idea being as follows:

(1) Consider a linear combination of group elements, which is in the weak closure of
C[I'], and so defines an element of the group von Neumann algebra L(T'):

a:Z)\gg
g

By linearity, this element a € L(I') belongs to the center of L(I") precisely when it
commutes with all the group elements h € I', and this gives:

a€Z(A) <= ah=ha

— Z)\ggh Z)\hg
— ZAM k= Z)\h ke

< Akhﬁl - Ahflk
Thus, we obtain the formula for Z(L(I')) in the statement.

(2) We have to examine the 3 conditions defining the II; factors. We already know
from Theorem 4.8 that the group algebra L(G) has a trace, given by:

tr(g) = 0Og,1
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Regarding now the center, the condition Ay, = A, that we found is equivalent to the
fact that ¢ — A, is constant on the conjugacy classes, and we obtain:

Z(L(T)) =C <= I'=1CC

Finally, assuming that this ICC condition is satisfied, with I' # {1}, then our group
I' is infinite, and so the algebra L(I") is infinite dimensional, as desired. O

Getting back now to our quantum space questions, we have a beginning of answer,
because based on the above, we can formulate the following definition:

DEFINITION 4.10. Given a discrete group I', not necessarily abelian, we can construct
its abstract dual G =T as a quantum measured space, via the following formula:

L2(G) = L(T)

In the case where I' happens to be abelian, this quantum space G = T is a classical space,
namely the usual Pontrjagin dual of I, endowed with its Haar measure.

Let us discuss now the same questions, in the C*-algebra setting. The situation here
is more complicated than in the von Neumann algebra setting, as follows:

THEOREM 4.11. Associated to any discrete group I' are several group C*-algebras,
() = C7(0) = Creg(I)

red
which are constructed as follows:

(1) C*(T) is the closure of the group algebra C[T|, with involution g* = g~', with
respect to the mazimal C*-seminorm on this x-algebra, which is a C*-norm.

(2) Cr (') is the norm closure of the group algebra C[I'] in the left reqular represen-
tation, on the Hilbert space 1*(T'), given by X(g)(h) = gh and linearity.

(3) Cx(T') can be any intermediate C*-algebra, but for best results, the indexing object
T must be a unitary group representation, satisfying m @ w C m.

PROOF. This is something quite technical, with (2) being very similar to the standard
von Neumann algebra construction, with (1) being something new, with the norm property
there coming from (2), and finally with (3) being an informal statement, that we will
comment on later, once we will know about compact quantum groups. U

When I is finite, or abelian, or more generally amenable, all the above group algebras
coincide. In the abelian case, that we are particularly interested in here, we have:

THEOREM 4.12. When I" is abelian all its group C*-algebras coincide, and we have an
1somorphism as follows, given by a Fourier type transform,

(1) ~ O(Q)

where G = T s the compact dual of I'. Moreover, this isomorphism transforms the
standard group algebra trace tr(g) = 41 into the Haar integration of G.
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PROOF. Since I' is abelian, any of its group C*-algebras 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 : A — C, can be identified

by delinearizing with the Pontrjagin dual G = I", and this gives the results. O
At a more advanced level now, we have the following result:

THEOREM 4.13. For a discrete group I' =< g1, ...,gn >, the following conditions are

equivalent, and if they are satisfied, we say that I' is amenable:
(1) The projection map C*(I') — C*.,(T") is an isomorphism.
(2) The morphism ¢ : C*(I') — C given by g — 1 factorizes through C?,,(T).
(3) We have N € o(Re(g1 + ...+ gn)), the spectrum being taken inside C* ,(T').
The amenable groups include all finite groups, and all abelian groups. As a basic example

of a non-amenable group, we have the free group Fy, with N > 2.

PROOF. There are several things to be proved, the idea being as follows:
(1) The implication (1) = (2) is trivial, and (2) = (3) comes from the following
computation, which shows that N — Re(gy + ...+ gn) is not invertible inside C;,,(I'):
e[N — Re(g1 + ...+ gn)] N — Rele(g1) + ... +e(gn)]
= N-—-N
=0

As for (3) = (1), this is something more advanced, that we will not need for the
moment. We will be back to this later, directly in a more general setting.

(2) The fact that any finite group G is amenable is clear, because all the group C*-
algebras are equal to the usual group *-algebra C[G], in this case. As for the case of the
abelian groups, these are all amenable as well, as shown by Theorem 4.12.

(3) It remains to prove that Fy with N > 2 is not amenable. By using F» C Fl, it is
enough to do this at N = 2. So, consider the free group Fy =< g, h >. In order to prove
that I, is not amenable, we use (1) = (3). To be more precise, it is enough to show
that 4 is not in the spectrum of the following operator:

T=Xg)+ Mg ™)+ Ah)+ AR

This is a sum of four terms, each of them acting via d,, — d.., With e being a certain
length one word. Thus if w # 1 has length n then T'(d,,) is a sum of four Dirac masses,
three of them at words of length n + 1 and the remaining one at a length n — 1 word. We
can therefore decompose 1" as a sum T’y + T, where T'; adds and 7" cuts:

T=T,+T_
That is, if w # 1 is a word, say beginning with A, then T act on ¢, as follows:
T+(5w) = 5gw + 59—111) + Ohuw ) T (511)) = 5h—1w
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It follows from definitions that we have 177 = T_. We can use the following trick:
(Ty +T2) + (((Ty —T2)) = 2T . T- + T_T)
Indeed, this gives (Ty + T-)* < 2(T,.T_ + T_T,), and we obtain in this way:
ITI]? = |7 + T-|* < 2| T4 T + T- T ||
Let w # 1 be a word, say beginning with h. We have then:
T_Ty(6w) = T-(0gw + 0g-14) + Opw) = 30w
The action of T_T', on the remaining vector §; is computed as follows:
T_Ty(01) =T_(6g + 0g-1 + 6 + Op—1) = 461
Summing up, with P : §,, — d; being the projection onto Cd;, we have:
T T, =3+P

On the other hand we have T, T_(§;) = T (0) = 0, so the subspace Cd; is invariant
under the operator T, T 4+ T_T,. We have the following norm estimate:

ITIP? < 27T+ T-Ty || < 2 max {[[3+ Pll, [[(T2T- +T-T,)(1 — )|}
The norm of 3 + P is equal to 4, and the other norm is estimated as follows:

(T T +T-T)(1 = P < [T T-)| + |3+ P)(1 = P)]|
= |ITTy] +3
7

Thus we have ||T'|| < v/14 < 4, and this finishes the proof. O

Nuclearity and exactness of C*-algebras. Many things can be said here.

4d. Simplicity, factoriality
In order to prove simplicity and factoriality results, we will need:

THEOREM 4.14 (Dixmier). Let (A,tr) be a C*-algebra with a faithful trace. If there
is € > 0 such that for a = a* with tr(a) = 0 there are unitaries uy, us, . . ., u, with

1 *
— E uauy,
n

k

then A is simple, meaning that it has no non-trivial ideal, and its trace is unique.

< (L =¢)llall
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Proor. This is something very standard, the idea being as follows:

(1) We know that we have an inequality of type ||a'|| < (1 —€)||a||. But the element
a’ is also self-adjoint, has trace 0, and its norm is smaller than the norm of a. Thus we
can average a’ too, and we get an inequality of the following type:

[la"|] < (1 = &)’
Thus, we can replace in the statement the number (1 — ) by the smaller number

(1 — ¢)?. By making this replacement enough times, we conclude that for any € > 0 and
any a = a* with tr(a) = 0 there are unitaries uy, us, ..., u, such that:

1 *
- Xk: upauy,
Let I be an ideal, and choose a nonzero b € I. We make the following replacement:
. b*b

tr(b*b)

Then our new element b € [ is self-adjoint, and has trace one. Thus the above
inequality applies to a = 1 — b, and gives the following estimate:

1
1—— buy,

But with ¢ small enough this gives [|1 — b|| < 1, so the element ¥ must be invertible.
Since from b € I we get I = A, this ends the proof of first assertion.

< é&lall

<el[l -

(2) In order to prove now the second assertion, let ¢ be another trace, and let a be as
above. By using the trace property of ¢ and tr, we have:

(o~ tr) (% > u) = p(a) ~ tr(a)

With e small, we get by continuity that ¢ — ¢r vanishes on a. Now observe that this
is true under our assumptions a = a* and tr(a) = 0, but by linearity we can suppress
the tr(a) = 0 assumption, and by using the standard a = b + ic decomposition, with b, ¢
self-adjoints, we can suppress the a = a* assumption too. Thus ¢ = tr, as claimed. Il

In fact the Dixmier property is a bit more complicated. A pair (A, ¢r) has it when for
any a various averages of type a’ get as close as needed to scalar multiples of 1. In other
words, the number ¢ is not the same for all elements a. This can be stated as follows:

ueU(A)}ﬂ(Cl#(Z)

conv {uau*

The same argument as in the above proof shows that this general form of the Dixmier
property implies simplicity, plus uniqueness of the trace as a bonus. Moreover, it is known
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that the converse holds. Thus when trying to prove that C ,(F3) is simple, which is an
a priori quite abstract problem, the thing to do, which is both down-to-earth and not
supposed to fail, is to consider averages a — a’ and to estimate their norms.

Back now to C?,,(F»), we have a lot of unitaries g € F5 which can be used for making
averages. We want to estimate norms of elements of following type, with z, = z,-1:

1
a == ; 2 .
- ;g (; gg) 9;
Now observe that computing scalar products of type < da'z,x >, with the vector
r € [*(G) written in terms of the standard orthonormal basis, is a matter of describing
how various products of group elements multiply up to 1 or not. In other words, our
problem can be delinearized, and is in fact a problem about multiplication in F5.

We need to find the relevant combinatorial property of F,, and then the Dixmier type
estimate will follow by translating everything in terms of [?(F;). We have here:

PROPOSITION 4.15 (de la Harpe). For any finite subset S C Fy—{1} there is a certain
partition
FK=DUFE
and three elements g1, ga, g3 such that SD N D =0 and g;E N g;E =0 fori # j.

ProoOF. This is something quite straightforward, as follows:

(1) We write Fy» =< h,c >. For any f € F; — {1} consider the words ¢™ fc™™ with m
big. There are two cases. Either f = ¢® and all these words are equal to ¢*, or f contains
at least one h, in which case this h won’t be affected by simplification of ¢ fc=™. Thus
when simplifying A stays in the middle, and for m big this word will begin with a positive
power of ¢ and end with a negative power of ¢. The conclusion is that in both cases for
big m the word ¢™ fc¢™™ begins and ends with a power of ¢. This is true for any f # 1,
and since S is finite we can take m big enough as to work for all its elements.

(2) In other words, we choose a number m such that ¢ fc~™ begins and ends with a
power of ¢ for any f € S. Let D be the set of words which begin with ¢=™. Let E to be
the rest of Fy. For i = 1,2, 3 define g; = hic™. We claim that this works.

(3) Indeed, the set g;E is formed by elements of type h'c"e with e € E. Since e is
known to begin with something different from ¢~ there is no simplification at left when
making the product hic™e, in the sense that the reduced word begins with h*. This i
value distinguishes the sets g;E. In other words, we have ¢;E N g;E = () for i # j.

(4) Consider an element of SD N D. This is at the same time of form fc™™h* ... with
f € F and of form ¢~™h” ... Thus we have an equality of type ¢™ fc™™h®... = h”... But
™ fc™™ is known to begin and to end with a power of ¢, and this shows first that there is
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no simplification in ¢™ fc™™h® ... and second that ¢™ fc™™h" ... begins with a power of
c. But this is a contradiction, and the proof of the result is now complete. Il

By combining now the above ingredients, we are led to:

THEOREM 4.16 (Powers). C* ,(F3) is simple and has unique trace.

T

ProOOF. Let A = CF ,(F,) and consider the faithful trace tr(a) =< dy,ad; >. We use
the Dixmier property. It is enough to prove that for a = a* with tr(a) = 0 there are
unitaries uy, ug, ug giving the following estimate:

1
3 Z w;au;
It is enough to do this for a in the dense x-subalgebra C[F;]. So, let us write:

a:Zzgg

We know that ¢r(a) is equal to the number z1, so this number z; is 0. Consider now
the support of a, given as usual by the following formula:

S(a) = {gEFZ zg;éO}

This is a finite subset of F, not containing 1, so we can apply the above result, and
we obtain a certain partition F» = D LI F, and certain elements g1, g9, g3. The partition
condition F» = D U F translates into a direct sum decomposition, as follows:

P(F) =1*D)®*(E)

< 0.98]|a]

Thus the orthogonal projections p and ¢ onto the subspaces [*(D) and [*(E) are
orthogonal, and sum up to the identity:

plqg ptag=1
Now observe that S(a)D N D = () translates into the following equality:
pap =0
With u; = g;, the orthogonal projection onto [*(g;E) is u;qu}. The last condition
g ENg;E =0 for i # j says that projections w;qu; are pairwise orthogonal:
wiqu; L ujqu;

By linearity we can assume [|a|]| = 1. Now let £ be a norm one vector. We want to
estimate the products < w;au’é, & >. The projections u;qu; being orthogonal, at least
one of them, say the one corresponding to i = 1, projects £ to a vector of norm < 1/3:

. 1
|[|urquiél| < 3
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With & = uj€ we have |[¢&;]|> < 1/3, and it follows that we have:

IplP >3 o llpageilP < 3
On the other hand from pap = 0 and p + ¢ = 1 we get:
pa = paq
But this latter formula gives the following estimate:
o6y &1 = lpacs — 60l = Il — el = V2 = 5,0
We can estimate in this way the scalar product < a&;, & >, and we get:

1 2 — 63
< a6 >= 3 (ol + N6l = llagi - &) < =52 =6 < 1

We have all ingredients for doing a final estimate, as follows:

dy + 2
2+ =d3<1

3
]' *
<bE,E>< < << aéy, & >+ ||wau]| - H&H) <
3 i=2
Replacing a — —a gives the same estimate for — < b¢, & > and we are done.

4e. Exercises

Exercises:

EXERCISE 4.17.
EXERCISE 4.18.
EXERCISE 4.19.
EXERCISE 4.20.
EXERCISE 4.21.
EXERCISE 4.22.
EXERCISE 4.23.
EXERCISE 4.24.

Bonus exercise.



Part 11

Quantum spaces



Acid green, aquamarine
The girls are dancing in the sand
And I throw my cellular device in the water
Can you reach me? No, you can’t



CHAPTER 5

Finite spaces

5a. Finite spaces

Welcome to quantum spaces. Let us start this preliminary chapter on them with some
philosophy, a bit a la Heisenberg. Based on what we know, we can formulate:

DEFINITION 5.1. Given a von Neumann algebra A C B(H), we write
A=L*(X)
and call X a quantum measured space.
As an example here, for the simplest noncommutative von Neumann algebra that we

know, namely the usual matrix algebra A = My(C), the formula that we want to write
is as follows, with My being a certain mysterious quantum space:

My(C) = L>(My)

So, what can we say about this space My? As a first observation, this is a finite space,
with its cardinality being defined and computed as follows:

‘MN| = dlm(c MN((C) = N2

Now since this is the same as the cardinality of the set {1,..., N?}, we are led to the
conclusion that we should have a twisting result as follows, with the twisting operation
X — X7 being something that destroys the points, but keeps the cardinality:

My ={1,...,N?)°

From an analytic viewpoint now, we would like to understand what is the integration
over My, giving rise to the corresponding L*° functions. And here, we can set:

/M A = tr(A)

To be more precise, on the left we have the integral of an arbitrary function on My,
which according to our conventions, should be a usual matrix:

Ac LOO(MN) = MN(C)

As for the quantity on the right, the outcome of the computation, this can only be the
trace of A. In addition, it is better to choose this trace to be normalized, by tr(1) = 1,

83
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and this in order for our measure on My to have mass 1, as it is ideal:

tr(A) = %TT(A)

We can say even more about this. Indeed, since the traces of positive matrices are
positive, we are led to the following formula, to be taken with the above conventions,
which shows that the measure on My that we constructed is a probability measure:

A>0 = A>0

Mn
Before going further, let us record what we found, for future reference:
THEOREM 5.2. The quantum measured space My formally given by
My(C) = L>(My)
has cardinality N?, appears as a twist, in a purely algebraic sense,
My ={1,...,N?*}°

and 1s a probability space, its uniform integration being given by

/M A = tr(A)

where at right we have the normalized trace of matrices, tr = Tr/N.

Proor. This is something half-informal, mostly for fun, which basically follows from
the above discussion, the details and missing details being as follows:

(1) In what regards the formula |[My| = N2, coming by computing the complex vector
space dimension, as explained above, this is obviously something rock-solid.

(2) Regarding twisting, we would like to have a formula as follows, with the operation
A — A° being something that destroys the commutativity of the multiplication:

L®(My) = L>(1,...,N%°

In more familiar terms, with usual complex matrices on the left, and with a better-
looking product of sets being used on the right, this formula reads:

My/(C) :LOO({L...,N} X {1,...,N}>U

In order to establish this formula, consider the algebra on the right. As a complex
vector space, this algebra has the standard basis { f;;} formed by the Dirac masses at the
points (7, 7), and the multiplicative structure of this algebra is given by:

fijfri = O
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Now let us twist this multiplication, according to the formula e;jex = d;,e;. We obtain
in this way the usual combination formulae for the standard matrix units e;; : e; — ¢; of
the algebra My (C), and so we have our twisting result, as claimed.

(3) In what regards the integration formula in the statement, with the conclusion
that the underlying measure on My is a probability one, this is something that we fully
explained before, and as for the result (1) above, it is something rock-solid.

(4) As a last technical comment, observe that the twisting operation performed in
(2) destroys both the involution, and the trace of the algebra. This is something quite
interesting, which cannot be fixed, and we will back to it, later on. U

In order to advance now, based on the above result, the key point there is the con-
struction and interpretation of the trace tr : My(C) — C, as an integration functional.
But this leads us into the following natural, and quite puzzling question:

QUESTION 5.3. In the general context of Definition 5.1, where we formally wrote
A = L>®(X), what is the underlying integration functional tr : A — C?

This is a quite subtle question, and there are several possible answers here. For
instance, we would like the integration functional to have the following property:

tr(ab) = tr(ba)
And the problem is that certain von Neumann algebras do not possess such traces.

This is actually something quite advanced, that we do not know yet, but by anticipating
a bit, we are in trouble, and we must modify Definition 5.1, as follows:

DEFINITION 5.4 (update). Given a von Neumann algebra A C B(H), coming with a
faithful positive unital trace tr : A — C, we write

A= L*(X)
and call X a quantum probability space. We also write the trace as tr = [ +» and call it

integration with respect to the uniform measure on X.

At the level of examples, passed the classical probability spaces X, we know from
Theorem 5.2 that the quantum space My is a finite quantum probability space. But this
raises the question of understanding what the finite quantum probability spaces are, in
general. And the result here, extending what we know from chapter 2, is as follows:

THEOREM 5.5. The finite dimensional von Neumann algebras A C B(H) over an
arbitrary Hilbert space H are exactly the direct sums of matrix algebras,

A=M,(C)e&...® M, (C)
embedded into B(H) by using a partition of unity of B(H) with rank 1 projections
1=P+...+F
with the “factors” M,,(C) being each embedded into the algebra P,B(H)P;.
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ProOF. This is standard, as in the case A C My (C). Consider the center of A, which
is a finite dimensional commutative von Neumann algebra, of the following form:

Z(A) =CF

Now let P; be the Dirac mass at ¢ € {1,...,k}. Then P, € B(H) is an orthogonal
projection, and these projections form a partition of unity, as follows:

With A; = P,AP,;, we have then a non-unital *-algebra decomposition, as follows:
A= Al ... Ak

On the other hand, it follows from the minimality of each of the projections P; € Z(A)
that we have unital *-algebra isomorphisms A; ~ M, (C), and this gives the result. O

In order now to finish, we must solve the following equation:
L*®(X)=M,,(C)&...& M,,(C)

But since the direct unions of sets correspond to direct sums at the level of the asso-
ciated algebras of functions, in the classical case, we can take the following formula as a
definition for a direct union of sets, in the general, noncommutative case:

L¥(X1U. . UX) = LX) @ ... LX)

With this, and by remembering the definition of My, we are led to the conclusion that
the solution to our quantum measured space equation above is as follows:

X =M, U...UM,,

For fully solving our problem, in the spirit of the new Definition 5.4, we still have to
discuss the traces on L>(X). We are led in this way to the following statement:

THEOREM 5.6. The finite quantum measured spaces are the spaces
X=M,U...uM,,

according to the following formula, for the associated algebras of functions:

L®(X)=M,,(C)®...® M, (C)
The cardinality | X| of such a space is the following number,

N=ni+...+n}
and the possible traces are as follows, with \; > 0 summing up to 1:
tr = Mtr1 ® ... B Mty
Among these traces, we have the canonical trace, appearing as
tr: LX) C L(L™(X)) —»C

via the left reqular representation, having weights \; = n?/N.
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PROOF. We have many assertions here, basically coming from the above discussion,
with only the last one needing some explanations. Consider the left regular representation
of our algebra A = L*°(X), which is given by the following formula:

T ACL(A) , w(a):b—ab

We know that the algebra L£(A) of linear operators 7' : A — A is isomorphic to a
matrix algebra, and more specifically to My (C), with N = | X| being as before:

L(A) ~ My(C)

Thus, this algebra has a trace tr : £L(A) — C, and by composing this trace with the
representation m, we obtain a certain trace tr : A — C, that we can call “canonical”:

tr: AC L(A) —C

We can compute the weights of this trace by using a multimatrix basis of A, formed
by matrix units e’,, with ¢ € {1,...,k} and with a,b € {1,...,n;}, and we obtain:

n
A = N’
Thus, we are led to the conclusion in the statement. Il

We will be back to quantum spaces on several occasions, in what follows. In fact, the
present book is as much on operator algebras as it is on quantum spaces, and this because
these two points of view are both useful, and complementary to each other.

5b. Quantum graphs

Time now to do some fancy quantum graph work, by adding some edges to the finite
quantum spaces X constructed above. We have indeed the following straightforward
extension of the usual notion of finite graph, obtained by using a finite quantum space X
as set of vertices, and something quite general as adjacency matrix:

DEFINITION 5.7. We call “finite quantum graph” a pair of type
Z = (X,d)
with X being a finite quantum space, and d € My(C) being a matriz, where N = | X|.
This is of course something quite general and tricky, as we will soon discover, with

our first observations about this notion being as follows:

(1) In the simplest case, that where X = {1,..., N} is a usual finite space, what we
have here is a directed graph, with the edges ¢ — j colored by complex numbers d;; € C,
and with self-edges ¢ — ¢ allowed too, again colored by numbers d;; € C.
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(2) In the general case, however, where X is arbitrary, the need for extra conditions
of type d =d*, or d;; =0, or d € My(R), or d € My(0,1) and so on, is not very natural,
and it is best to use Definition 5.7 as such, with no restrictions on d.

In general, a quantum graph can be represented as a colored oriented graph on
{1,...,N}, where N = |X]|, with the vertices being decorated by single indices i, and
with the colors being complex numbers, namely the entries of d. This is similar to the
formalism from before, but there is a discussion here in what regards the exact choice of
the colors, which are usually irrelevant in connection with our symmetry problematics,
and so can be true colors instead of complex numbers. More on this later.

There are many interesting examples of quantum graphs, and some theory too.

5c. Inclusions, diagrams

Another interesting thing that we can do with the finite quantum spaces is to look at
inclusions between them, X C Y. Which might sound quite trivial, but in practice this
is something quite tricky, and we are led in this way to the notion of Bratteli diagram.

5d. Basic construction

Following Jones, given an inclusion of finite quantum spaces Xo C X7, we can apply
to it some sort of reflection procedure, called basic construction, as to get a second such
inclusion, Xy C X; C X5. Moreover, we can iterate this construction, and we get a tower
of such finite quantum spaces Xg C X; C Xy C X3 C ..., called Jones tower. Many
interesting things can be said about these Jones towers, and their combinatorics.

5e. Exercises

Exercises:

EXERCISE 5.8.

EXERCISE 5.9.

EXERCISE 5.10.

EXERCISE 5.11.

EXERCISE 5.12.

EXERCISE 5.13.

EXERCISE 5.14.

EXERCISE 5.15.

Bonus exercise.



CHAPTER 6
Amenability, again

6a. Products, revised

Products, revised.

6b. Inductive limits

Inductive limits.

6c. Hyperfiniteness
In order to get started, let us formulate the following definition:

DEFINITION 6.1. A wvon Neumann algebra A C B(H) is called hyperfinite when it
appears as the weak closure of an increasing limit of finite dimensional algebras:

A=Ja

When A is a 11y factor, we call it hyperfinite 11y factor, and we denote it by R.

As a first observation, there are many hyperfinite von Neumann algebras, for instance
because any finite dimensional von Neumann algebra A = @;M,,,(C) is such an algebra,

as one can see simply by taking A; = A for any ¢, in the above definition.

Also, given a measured space X, by using a dense sequence of points inside it, we can
write X = [J, X; with X; C X being an increasing sequence of finite subspaces, and at
the level of the corresponding algebras of functions this gives a decomposition as follows,
which shows that the algebra A = L*°(X) is hyperfinite, in the above sense:

() = Jr=(x)

The interesting point, however, is that when trying to construct II; factors which are
hyperfinite, all the possible constructions lead in fact to the same factor, denoted R. This
is an old theorem of Murray and von Neumann, that we will explain now.

In order to get started, we will need a number of technical ingredients. Generally
speaking, out main tool will be the expectation F; : A — A; from a hyperfinite von
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Neumann algebra A onto its finite dimensional subalgebras A; C A, so talking about such
conditional expectations will be our first task. Let us start with:

PROPOSITION 6.2. Given an inclusion of finite von Neumann algebras A C B, there
1S a unique linear map
E:B— A

which is positive, unital, trace-preserving and satisfies the following condition:
E(blabg) = blE(a)bg
This map 1is called conditional expectation from B onto A.

ProOF. We make use of the standard representation of the finite von Neumann alge-
bra B, with respect to its trace tr : B — C, as constructed in chapter 10:

B C L*(B)

If we denote by € the cyclic and separating vector of L?(B), we have an identification
of vector spaces AQ) = L?(A). Consider now the following orthogonal projection:

e: L*(B) — L*(A)

It follows from definitions that we have an inclusion e(BS2) C Af2, and so our projec-
tion e induces by restriction a certain linear map, as follows:

E.:B— A
This linear map E and the orthogonal projection e are then related by:
ere = E(x)e

But this shows that the linear map FE satisfies the various conditions in the state-
ment, namely positivity, unitality, trace preservation and bimodule property. As for the
uniqueness assertion, this follows by using the same argument, applied backwards, the
idea being that a map E as in the statement must come from the projection e. U

Following Jones [51], who was a heavy user of such expectations, we will be often
interested in what follows in the orthogonal projection e : L?(B) — L?(A) producing the
expectation E : B — A, rather than in E itself. So, let us formulate:

DEFINITION 6.3. Associated to any inclusion of finite von Neumann algebras A C B,
as above, is the orthogonal projection

e: L*(B) — L*(A)
producing the conditional expectation EE : B — A wvia the following formula:
ere = E(x)e

This projection is called Jones projection for the inclusion A C B.
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We will heavily use Jones projections later, in the context where both the algebras A, B
are II; factors, when systematically studying the inclusions of such II; factors A C B,
called subfactors. In connection with our present hyperfiniteness questions, the idea,
already mentioned above, will be that of using the conditional expectation F; : A — A;
from a hyperfinite von Neumann algebra A onto its finite dimensional subalgebras A; C A,
as well as its Jones projection versions e; : L*(A) — L?(A;).

Let us start with a technical approximation result, as follows:

PROPOSITION 6.4. Assume that a von Neumann algebra A C B(H) appears as an
increasing limit of von Neumann subalgebras

A:U&w

and denote by E; : A — A; the corresponding conditional expectations.
(1) We have ||E;(z) — z|| — 0, for any x € A.
(2) If x; € A; is a bounded sequence, satisfying x; = F;(x;11) for any i, then this
sequence has a norm limit x € A, satisfying x; = E;(x) for any i.

PROOF. Both the assertions are elementary, as follows:

(1) In terms of the Jones projections e; : L*(A) — L?*(A;) associated to the expec-
tations E; : A — A,;, the fact that the algebra A appears as the increasing union of its
subalgebras A; translates into the fact that the e; are increasing, and converging to 1:

€; /‘ 1
But this gives ||E;(z) — z|| = 0, for any « € A, as desired.

(2) Let {z;} C A be a sequence as in the statement. Since this sequence was assumed
to be bounded, we can pick a weak limit x € A for it, and we have then, for any i:

Ei(x) = z;
Now by (1) we obtain from this || — x,|| — 0, which gives the result. O

We have now all the needed ingredients for formulating a first key result, in connection
with the hyperfinite II; factors, due to Murray-von Neumann, as follows:

PROPOSITION 6.5. Given an increasing union on matriz algebras, the following con-
struction produces a hyperfinite I1; factor

R={JM,.(©)"

called Murray-von Neumann hyperfinite factor.
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ProoF. This basically follows from the above, in two steps, as follows:

(1) The von Neumann algebra R constructed in the statement is hyperfinite by defini-
tion, with the remark here that the trace on it tr : R — C comes as the increasing union
of the traces on the matrix components tr : M, (C) — C, and with all the details here
being elementary to check, by using the usual standard form technology.

(2) Thus, it remains to prove that R is a factor. For this purpose, pick an element
belonging to its center, x € Z(R), and consider its expectation on A; = M, (C):

We have then z; € Z(A4;), and since the matrix algebra A; = M, (C) is a factor, we
deduce from this that this expected value x; € A; is given by:

x; = tr(z;)1 = tr(x)l
On the other hand, Proposition 6.4 applies, and shows that we have:
||li — 2| = [| Ei(x) — 2] = 0
Thus our element is a scalar, z = tr(z)1, and so R is a factor, as desired. Il

Next, we have the following substantial improvement of the above result, also due to
Murray-von Neumann, which will be our final saying on the subject:

THEOREM 6.6. There is a unique hyperfinite 11y factor, called Murray-von Neumann
hyperfinite factor R, which appears as an increasing union on matriz algebras,

R={JM.(©)"

with the isomorphism class of this union not depending on the exact sizes of the matriz
algebras involved, nor on the particular inclusions between them.

PrOOF. We already know from Proposition 6.5 that the union in the statement is a
hyperfinite II; factor, for any choice of the matrix algebras involved, and of the inclusions
between them. Thus, in order to prove the result, it all comes down in proving the
uniqueness of the hyperfinite II; factor. But this can be proved as follows:

(1) Given a II; factor A, a von Neumann subalgebra B C A, and a subset S C A, let
us write S C. B when the following condition is satisfied, with ||z||s = \/tr(z*x):
Vee S,y e B,|lz—yl|l2<e

With this convention made, given a II; factor A, the fact that this factor is hyperfinite
in the sense of Definition 6.1 tells us that for any finite subset S C A, and any ¢ > 0, we
can find a finite dimensional von Neumann subalgebra B C A such that:

Sc.B
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(2) With this observation made, assume that we are given a hyperfinite II; factor A.
Let us pick a dense sequence {x;} C A, and let us set:

Sk:{:cl,...,xk}

By choosing ¢ = 1/k in the above, we can find, for any k£ € N, a finite dimensional
von Neumann subalgebra By C A such that the following condition is satisfied:

Sk Ci/x By

(3) Our first claim is that, by suitably choosing our subalgebra B, C A, we can always
assume that this is a matrix algebra, of the following special type:

By, = My.(C)

But this is something which is quite routine, which can be proved by starting with a
finite dimensional subalgebra B, C A as above, and then perturbing its set of minimal
projections {e;} into a set of projections {e;} which are close in norm, and have as traces
multiples of 2", with n >> 0. Indeed, the algebra B; C A having these new projections
{€;} as minimal projections will be then arbitrarily close to the algebra By, and so will
still contain the subset S; in the above approximate sense, and due to our trace condition,
will be contained in a subalgebra of type B} o~ Mayn: (C), as desired.

(4) Our next claim, whose proof is similar, by using standard perturbation arguments
for the corresponding sets of minimal projections, is that in the above the sequence of
subalgebras { By} can be chosen increasing. Thus, up to a rescaling of everything, we can
assume that our sequence of subalgebras { By} is as follows:

(5) But this finishes the proof. Indeed, according to the above, we have managed to
write our arbitrary hyperfinite II; factor A as a weak limit of the following type:

A=Ma(©)

Thus we have uniqueness indeed, and our result is proved. U

The above result is something quite fundamental, and adds to a series of similar results,
or rather philosophical conclusions, which are quite surprising, as follows:

(1) We have seen early on in this book that, up to isomorphism, there is only one
Hilbert to be studied, namely the infinite dimensional separable Hilbert space, which can
be taken to be, according to knowledge and taste, either H = L*(R), or H = [*(N).

(2) Regarding now the study of the operator algebras A C B(H) over this unique
Hilbert space, another somewhat surprising conclusion, from the above, is that we won’t
miss much by assuming that A = My (L*(X)) is a random matrix algebra.
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(3) And now, guess what, what we just found is that when trying to get beyond
random matrices, and what can be done with them, we are led to yet another unique von
Neumann algebra, namely the above Murray-von Neumann hyperfinite 1I; factor R.

(4) And for things to be complete, we will see later that when getting beyond type
IT;, things won’t change, because the other types of hyperfinite factors, not necessarily of
type IIy, can be all shown to ultimately come from R, via various constructions.

All this is certainly quite interesting, philosophically speaking. All in all, always the
same conclusion, no need to go far to get to interesting algebras and questions: these
interesting algebras and questions are just there, the most obvious ones.

Now back to more concrete things, one question is about how to best think of R, with
Theorem 6.6 as stated not providing us with an answer. To be more precise, we would
like to know what is the “best model” for R, that is, what exact matrix algebras should
we use in practice, and with which inclusions between them. And here, a look at the
proof of Theorem 6.6 suggests that the “best writing” of R is as follows:

R=|JMu(C)
k
And we can in fact do even better, by observing that the inclusions between matrix
algebras of size 2¥ appear via tensor products, and formulating things as follows:
PROPOSITION 6.7. The hyperfinite 11y factor R appears as

R= ®Mg(©)w

reN

with the infinite tensor product being defined as an inductive limit, in the obvious way.

Proo¥F. This follows from the above discussion, and with the remark that there is a
binary choice there, of left /right type, to be made when constructing the inductive limit.
And we prefer here not to make any choice, and leave things like this, because the best
choice here always depends on the precise applications that you have in mind. O

Along the same lines, we can ask as well for precise group algebra models for the
hyperfinite II; factor, R = L(I"), and the canonical choice here is as follows:

PROPOSITION 6.8. The hyperfinite 11y factor R appears as
R=L(Sy)
with Sso = U,cy Sr being the infinite symmetric group.
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PRrROOF. Consider indeed the infinite symmetric group S.,, which is by definition the
group of permutations of {1,2, 3, ...} having finite support. Since such an infinite permu-
tation with finite support must appear by extending a certain finite permutation o € .S,,
with fixed points outside {1,...,7}, we have then, as stated:

See = J S

reN

But this shows that the von Neumann algebra L(S.) is hyperfinite. On the other
hand S, has the ICC property, and so L(Sy) is a II; factor. Thus, L(S.) = R. O

There are of course some more things that can be said here, because other groups
of the same type as S, namely appearing as increasing limits of finite subgroups, and
having the ICC property, will produce as well the hyperfinite factor, L(I') = R, and so
there is some group theory to be done here, in order to fully understand such groups.

However, we prefer to defer the discussion for later, after learning about amenability,
which will lead to a substantial update of our theory, making such things obsolete.

As an interesting consequence of all this, however, let us formulate:

PROPOSITION 6.9. Given two groups I',1V, each having the ICC property, and each
appearing as an increasing union of finite subgroups, we have

L(T) ~ L(T)
while the corresponding group algebras might not be isomorphic, C[T'] # C[I"].

PROOF. Here the first assertion follows from the above discusssion, the von Neumann
algebra in question being the hyperfinite II; factor R. As for the last assertion, there are
countless counterexamples here, all coming from basic group theory. U

The point with the above result is that the isomorphisms of type L(I") ~ L(I") are
in general impossible to prove with bare hands. Thus, we can see here the power of the
Murray-von Neumann results. And we can also see the magic of the weak topology, which
by some kind of miracle, makes everyone equal in the end.

6d. Amenability

The hyperfinite II; factor R, which is a quite fascinating object, was heavily investi-
gated by Murray-von Neumann, and then by Connes. There are many things that can be
said about it, which all interesting, but are usually quite technical as well.

As a central result here, in what regards advanced hyperfiniteness theory, we have the
following theorem of Connes, whose proof is something remarkably heavy, and which is
arguably the deepest result in operator algebra related functional analysis:
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THEOREM 6.10. For a finite von Neumann algebra A, the following are equivalent:

(1) A is hyperfinite in the usual sense, namely it appears as the weak closure of an
increasing limit of finite dimensional algebras:

A:UAZw

(2) A amenable, in the sense that the standard inclusion A C B(H), with H = L*(A),
admits a conditional expectation E : B(H) — A.

Proor. This result, due to Connes, is something fairly heavy, that only a handful of
people have really managed to understand, the idea being as follows:

(1) = (2) Assuming that the algebra A is hyperfinite, let us write it as the weak
closure of an increasing limit of finite dimensional subalgebras:

A:U&w

Consider the inclusion A C B(H), with H = L?(A). In order to construct an expec-
tation E : B(H) — A, let us pick an ultrafilter w on N. Given T' € B(H), we can define
the following quantity, with p; being the Haar measure on the unitary group U(A4;):

W(T)=lim [ UTU" du,(U)
1—w U(Al)
With this construction made, by using now the standard involution J : H — H, given
by the formula T"— T, we can further define a map as follows:

E:B(H)— A |, E(T)=Ju(T)J

But this is the expectation that we are looking for, with its left and right invariance
properties coming from the left and right invariance of each Haar measure ;.

(2) = (1) This is something heavy, using lots of advanced functional analysis, and
for details here, we refer to Connes’ original paper. U

So, this was for the story with Theorem 6.10, very simplified as to fit here in 1 page.
Of course, do not hesitate to get tp the original paper of Connes, and learn things from
there in detail, all this is first-class functional analysis, definitely worth learning.

We should also mention, in relation with this, that Connes’ results, from his original
paper, besides proving the above implication (2) = (1), provide also a considerable
extension of Theorem 6.10, with a number of further equivalent formulations of the notion
of amenability, which are a bit more technical, but all good to know.

The story here, still a bit simplified, is as follows:
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Fact 6.11 (Connes). For a finite von Neumann algebra A, the following conditions
are in fact equivalent:

(1) A is hyperfinite, in the sense that it appears as the weak closure of an increasing
limit of finite dimensional algebras:

a=Ja

(2) A amenable, in the sense that the standard inclusion A C B(H), with H = L*(A),
admits a conditional expectation:

E:B(H) = A
(3) There exist unit vectors &, € L*(A) @ L*(A) such that, for any x € A:
|2&, — &l = 0, < 26, & >— tr(x)

(4) For any x1, ...,z € A and yy, ..., yx € A we have:

tr (Z xlyz> > mi@y"

Again, this is something technical and advanced, that we won’t get into, in this book.
Let us mention however that the idea with all this is as follows:

<

min

(1) = (2) is elementary, as explained above.

(2) = (3) can be proved by using an inequality due to Powers-Stgrmer.
(3) = (4) is something quite technical, but doable as well.

(4) = (2) is again something technical, but doable as well.

(2) = (1) is, as before in Theorem 6.10, the difficult implication.

Regarding the difficult implication, (2) == (1), the difficulty here comes of course
from the fact that, no matter what beautiful abstract functional analysis things you know
about A, at some point you will have to get to work, and construct that finite dimensional
subalgebras A; C A, and it is not even clear where to start from. For a solution to this
problem, and for more, we refer to Connes’s article, and also to his book [19].

Getting back now to more everyday mathematics, the above results as stated remain
something quite abstract, and advanced, and understanding their concrete implications
will be our next task. In the case of the II; factors, we have the following result:

THEOREM 6.12. For a Il; factor R, the following are equivalent:
(1) R amenable, in the sense that we have an expectation, as follows:
E:B(L*(R)) - R
(2) R is the Murray-von Neumann hyperfinite 11, factor.
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Proor. This follows indeed from Theorem 6.10, when coupled with the Murray-von
Neumann uniqueness result for the hyperfinite II; factor, from Theorem 6.6. O

As another application, getting back now to the general case, that of the finite von
Neumann algebras, from Theorem 6.10 as stated, a first question is about how all this
applies to the group von Neumann algebras, and more generally to the quantum group
von Neumann algebras L(I'). In order to discuss this, let us start with the case of the
usual discrete groups I'. We will need the following result, which is standard:

THEOREM 6.13. For a discrete group I, the following two conditions are equivalent,
and if they are satisfied, we say that I' is amenable:
(1) T admits an invariant mean m : *°(I') — C.
(2) The projection map C*(I') — C*.,(T") is an isomorphism.
Moreover, the class of amenable groups contains all the finite groups, all the abelian groups,
and 1s stable under taking subgroups, quotients and products.

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

(1) The equivalence (1) <= (2) is standard, with the amenability conditions (1,2)
being in fact part of a much longer list of amenability conditions, including well-known
criteria of Fglner, Kesten and others. We will be back to this, with details, in a moment,
directly in a more general setting, that of the discrete quantum groups.

(2) As for the last assertion, regarding the finite groups, the abelian groups, and
then the stability under taking subgroups, quotients and products, this is something
elementary, which follows by using either of the above definitions of the amenability. [

Getting back now to operator algebras, we can complement Theorem 6.10 with:

THEOREM 6.14. For a group von Neumann algebra A = L(T"), the following conditions
are equivalent:
(1) A is hyperfinite.
(2) A amenable.
(3) T is amenable.

PROOF. The group von Neumann algebras A = L(I") being by definition finite, Theo-
rem 6.10 applies, and gives the equivalence (1) <= (2). Thus, it remains to prove that
we have (2) <= (3), and we can prove this as follows:

(2) = (3) This is something clear, because if we assume that A = L(I") is amenable,
we have by definition a conditional expectation E : B(L?*(A)) — A, and the restriction of
this conditional expectation is the desired invariant mean m : [*°(I') — C.

(3) = (2) Assume that we are given a discrete amenable group I'. In view of
Theorem 6.13, this means that I" has an invariant mean, as follows:

m:1*(T) - C
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Consider now the Hilbert space H = [?(T"), and for any operator T' € B(H) consider
the following map, which is a bounded sesquilinear form:

pr:HxH—C
(&n) = m [y =< p,Tpi€,n >]

By using the Riesz representation theorem, we conclude that there exists a certain
operator E(T) € B(H), such that the following holds, for any two vectors &, n:

er(§,m) =< E(T)&,n >

Summarizing, to any operator T' € B(H ) we have associated another operator, denoted
E(T) € B(H), such that the following formula holds, for any two vectors &, n:

< B(T)¢,n>=m [y =< p,Tpi&,n >]

In order to prove now that this linear map F is the desired expectation, observe that
for any group element g € I'; and any two vectors £, € H, we have:

< pE(T)pg&,m> = < E(T)py&, pyn >
= m [y =< pyTpips&, pyn >]
m [y =< pgTpi&,m >]
= m[y =< p,Tpi&,n >]
= < E(T)¢,n>
Since this is valid for any &,n € H, we conclude that we have, for any g € I":
PQE(T)p; = E(T)
But this shows that the element E(T") € B(H) is in the commutant of the right regular
representation of I', and so belongs to the left regular group algebra of I':
E(T) e L(T)

Summarizing, we have constructed a certain linear map E : B(H) — L(I'). Now by
using the above explicit formula of it, in terms of m : {*°(I") — C, which was assumed to
be an invariant mean, we conclude that E is indeed an expectation, as desired. U

As a very concrete application of all this technology, in relation now with the discrete
group algebras which are II; factors, the results that we have lead to:

THEOREM 6.15. For a discrete group I', the following conditions are equivalent:
(1) T is amenable, and has the ICC property.
(2) A= L(T") is the hyperfinite 11, factor R.

Proor. This follows indeed from Theorem 6.14, coupled with the standard fact, that
we know well from chapter 4, that a group algebra A = L(I") is a factor, and so a II;
factor, precisely when the group I' has the ICC property. O
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Exercises:

EXERCISE 6.16.
EXERCISE 6.17.
EXERCISE 6.18.
EXERCISE 6.19.
EXERCISE 6.20.
EXERCISE 6.21.
EXERCISE 6.22.

EXERCISE 6.23.

Bonus exercise.

6. AMENABILITY, AGAIN

6e. Exercises



CHAPTER 7

Spheres, revised

7a. Quantum groups

In order to better understand the structure of S]g J_rl, S(]CV jrl, we need to talk about free
rotations. Following Woronowicz [99], let us start with:

DEFINITION 7.1. A Woronowicz algebra is a C*-algebra A, given with a unitary matrix
u € My(A) whose coefficients generate A, such that the formulae

Aluij) = Zuzk Qug; ,  e(uy) =65, Suy) = ujl
k

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

Obviously, this is something tricky, and we will see details in a moment, the idea being
that these are the axioms which best fit with what we want to do, in this book. Let us
also mention, technically, that ® in the above can be any topological tensor product, and
with the choice of ® being irrelevant, but more on this later. Also, A°P is the opposite
algebra, with multiplication a - b = ba, and more on this later too.

We say that A is cocommutative when YA = A, where ¥(a ® b) = b ® a is the flip.
With this convention, we have the following key result, from Woronowicz [99]:

PROPOSITION 7.2. The following are Woronowicz algebras:
(1) C(G), with G C Uy compact Lie group. Here the structural maps are:

Alp) = (g,h) = @lgh) , elp)=¢(1) , Slp)=g—¢lg")
(2) C*(T"), with Fy — T finitely generated group. Here the structural maps are:
Alg)=g®g , eg)=1 , Slg=g"
Moreover, we obtain in this way all the commutative/cocommutative algebras.

Proor. This is something very standard, the idea being as follows:
101
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(1) Given G C Uy, we can set A = C(G), which is a Woronowicz algebra, together
with the matrix u = (u;;) formed by coordinates of G, given by:

uii(g) ... win(9)
9= : :
uni1(g) .. unn(9)

Conversely, if (A,u) is a commutative Woronowicz algebra, by using the Gelfand
theorem we can write A = C'(X), with X being a certain compact space. The coordinates
u;; give then an embedding X C My(C), and since the matrix v = (u;;) is unitary we
actually obtain an embedding X C Uy, and finally by using the maps A, ¢,.S we conclude
that our compact subspace X C Uy is in fact a compact Lie group, as desired.

(2) Consider a finitely generated group Fy — I'. We can set A = C*(I"), which is
by definition the completion of the complex group algebra C[I'], with involution given by
g* = g~ !, for any g € I', with respect to the biggest C*-norm, and we obtain a Woronowicz
algebra, together with the diagonal matrix formed by the generators of I

g1 0
0 gn
Conversely, if (A,u) is a cocommutative Woronowicz algebra, the Peter-Weyl theory
of Woronowicz, to be explained below, shows that the irreducible corepresentations of A

are all 1-dimensional, and form a group I', and so we have A = C*(I'), as desired. Thus,
theorem proved, modulo a representation theory discussion, to come soon. O

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

PROPOSITION 7.3. 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=1id

(2) S satisfies the antipode axiom, 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.

PRroOOF. Observe first that the result holds in the case where A is commutative. In-
deed, by using Proposition 7.2 (1) we can write:

A=mt | e=u" , S=1¢
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The 3 conditions in the statement come then by transposition from the basic 3 group
theory conditions satisfied by m, u, i, which are as follows, with d(¢g) = (g, 9):
m(m x id) = m(id x m)
m(id X u) = m(u X id) = id
m(id x i)6 = m(i x id)d = 1
Observe also that the result holds as well in the case where A is cocommutative, by
using Proposition 7.2 (1). In the general case now, the proof goes as follows:

(1) We have the following computation:

(A ®@id)A(uij) Z Aui) @ ugy = Z Uiy @ Uy & Uy
Kl

We have as well the following computatlon which gives the first formula:

(id ® A)A(uy)) Z wik @ A(ugy) Z Uik ® Uy @ Uy

On the other hand, we have the followmg computatlon

(id @ €)A(u;j) Z Ui @ €(Up;)

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

(6 ® Zd)A(u”) = Zs(u,k) ® Uk; = Uiy
k
(2) By using the fact that the matrix u = (u;;) is unitary, we obtain:

m(id® S)Au;) = > uS(uk;)

= ) ugul,
k
= (wu')y
= by
We have as well the following computation, which gives the result:

m(S @id)Auy) = > S(u)uk

_ *
= E Ui Uk
k

= (U u)y

ij

(3) Finally, the formula S? = id holds as well on generators, and so in general too. [
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Let us record as well the following technical result:

1

PROPOSITION 7.4. Given a Woronowicz algebra (A,u), we have u' = a™', so u is

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

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

*
- E UgjUp; = 51-]-
k

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

(W) =0 = > Sl(uju) = b
k

*
— E ujkuik = (Sij
k

- (ﬂut>ﬂ = 5ij
Thus, we are led to the conclusion in the statement. Il

Summarizing, the Woronowicz algebras appear to have nice properties. In view of
Proposition 7.2 and Proposition 7.3, we can formulate the following definition:

DEFINITION 7.5. 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 commutative and cocommutative, G and I' are usual abelian groups, dual
to each other. In general, we still agree to write G =I',I" = GG, but in a formal sense. As
a final piece of general theory now, let us complement Definition 7.1 with:

DEFINITION 7.6. Given two Woronowicz algebras (A, u) and (B,v), we write
A~B
and identify the corresponding quantum groups, when we have an isomorphism
< Uy >=< v >
of *-algebras, mapping standard coordinates to standard coordinates.

With this convention, which is in tune with our conventions for algebraic manifolds
from chapter 1, and more on this later, any compact or discrete quantum group corre-
sponds to a unique Woronowicz algebra, up to equivalence. Also, we can see now why in
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Definition 7.1 the choice of the exact topological tensor product ® is irrelevant. Indeed,
no matter what tensor product ® we use there, we end up with the same Woronowicz
algebra, and the same compact and discrete quantum groups, up to equivalence.

In practice, we will use in what follows the simplest such tensor product ®, which
is the maximal one, obtained as completion of the usual algebraic tensor product with
respect to the biggest C*-norm. With the remark that this product is something rather
abstract, and so can be treated, in practice, as a usual algebraic tensor product.

Moving ahead now, let us call corepresentation of A any unitary matrix v € M,(A),
where A =< w;; >, satisfying the same conditions are those satisfied by u, namely:

A(vij) = Zvik Qur; , elvy) =205 , Svy)= U;z'
k

These corepresentations can be then thought of as corresponding to the finite di-
mensional unitary smooth representations of the underlying compact quantum group G.
Following Woronowicz [99], we have the following key result:

THEOREM 7.7. Any Woronowicz algebra has a unique Haar integration functional,

(/G®z'd>A:(z'd®/G>A:/G(.)1

which can be constructed by starting with any faithful positive form ¢ € A*, and setting

n

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 Fix(v) = {£ € C"|v§ = &£},
ProoFr. Following [99], 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 . *k
fo=tm Y et@
# k=1
Indeed, we can assume, by linearity, that a is the coefficient of a corepresentation:

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

(z’d@/)v:P@

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

Fiz(v) = {5 eC”

ve=¢}

The point now is that when ¢ € A* is faithful, by using a standard positivity trick,
one can prove that we have P, = P. Assume indeed P,{ = &, and let us set:

-E(g (g o)

k

We must prove that we have a = 0. Since v is biunitary, we have:

(Sl (Bl )

i J
= Zvijv;kgjgk Uzjfjfz - N Zkfsz*‘ 25151
ijk

— Z\@F vaga va&karZ\fz!Q

= |!£||2—<v€€> <v§§>+l|§|\2
= 2(/[¢]]* — Re(< v&, € >))

By using now our assumption F,§ = ¢, we obtain from this:

pla) = 20(|[¢|* — Re(< v, € >))
= 2(|¢lI* = Re(< Pyg, € >))
= 2(/IEI1° = [1€11)
=0
Now since ¢ is faithful, this gives a = 0, and so v€ = £. Thus f(p is independent of ¢,
and is given on coefficients a = (7 ® id)v by the following formula:

(id@[o)v:P

(3) With the above formula in hand, the left and right invariance of [, = feo is clear
on coefficients, and so in general, and this gives all the assertions. See [99]. U
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Consider the dense x-subalgebra A4 C A generated by the coefficients of the funda-
mental corepresentation u, and endow it with the following scalar product:

<a,b >=/ab*
G

We have then the following result, also due to Woronowicz [99]:

THEOREM 7.8. 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) Maimw)(C), the summands being pairwise orthogonal.
(4) The characters of irreducible corepresentations form an orthonormal system.
ProOF. All these results are from [99], the idea being as follows:

(1) Given a corepresentation v € M, (A), consider its interwiner algebra:
End(v) = {T c MR(C)‘TU - vT}

It is elementary to see that this is a finite dimensional C*-algebra, and we conclude
from this that we have a decomposition as follows:

End(v) = M,,(C) & ... & M,,(C)

To be more precise, such a decomposition appears by writing the unit of our algebra
as a sum of minimal projections, as follows, and then working out the details:

l=p1+...+p

But this decomposition allows us to define subcorepresentations v; C v, which are
irreducible, so we obtain, as desired, a decomposition v = vy + ... + vp.

(2) To any corepresentation v € M,(A) we associate its space of coefficients, given
by C(v) = span(v;j). The construction v — C(v) is then functorial, in the sense that it
maps subcorepresentations into subspaces. Observe also that we have:

A=Y Cu®)
keN«N

Now given an arbitrary corepresentation v € M, (A), the corresponding coefficient
space is a finite dimensional subspace C'(v) C A, and so we must have, for certain positive
integers ki, ..., kp, an inclusion of vector spaces, as follows:

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

Thus, by using (1), we are led to the conclusion in the statement.
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(3) By using (1) and (2), we obtain a linear space decomposition as follows:
A= D" C)= > Mymw(C)
velrr(A) velrr(A)

In order to conclude, it is enough to prove that for any two irreducible corepresenta-
tions v,w € Irr(A), the corresponding spaces of coefficients are orthogonal:

vobw = C(v) L C(w)

As a first observation, which follows from an elementary computation, for any two
corepresentations v, w we have a Frobenius type isomorphism, as follows:

Hom(v,w) ~ Fiz(v ® w)

Now let us set Py = fG vi;wh,. According to Theorem 7.7, the matrix P is the
orthogonal projection onto the following vector space:

Fiz(v®w) ~ Hom(v,w) = {0}
Thus we have P = 0, and so C(v) L C(w), which gives the result.

(4) The algebra Acenirqr contains indeed all the characters, because we have:
YA(Xy) = Zvji ® vij = A(xw)
ij

The fact that the characters span A.cirq;, and form an orthogonal basis of it, follow
from (3). Finally, regarding the norm 1 assertion, consider the following integrals:

*
Pik,jl:/vijvkl
G

We know from Theorem 7.7 that these integrals form the orthogonal projection onto
Fiz(v® v) ~ End(v) = C1. By using this fact, we obtain the following formula:

* * 1
/vaxv:izj/(}viivjj:;N:1

Thus the characters have indeed norm 1, and we are done. U

We refer to Woronowicz [99] 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*(T") for some discrete group I', as mentioned in Proposition 7.2.

At a more technical level now, we have a number of more advanced results, from
Woronowicz [99], [100] and other papers, that must be known as well. We will present
them quickly, and for details you check my book [8]. First we have:
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THEOREM 7.9. 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 Afyy — Areq i an isomorphism.

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

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

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

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

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

(2) <= (3) Here = is trivial, and conversely, a counit map ¢ : A,.4 — C produces
an isomorphism A,.; — 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. U

Yet another important result is Tannakian duality, as follows:

THEOREM 7.10. 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 Cyy = Hom(u®*, u®).

(2) The construction C'— A, which associates to a tensor category C' the Woronowicz
algebra A presented by the relations T € Hom/(u®* u®), with T € Cy,.

Proor. This is something quite deep, the idea being 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, after some elementary algebra we are left with
proving C'y., 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 [100]. U

7b. Free rotations

Good news, with the above general theory in hand, we can go back now to our free
geometry program, as developed in chapter 3, and substantially build on that. Indeed,
the point is that we can talk now about free rotations. Following Wang, we have:
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THEOREM 7.11. The following constructions produce compact quantum groups,
C(O;\F/) = C" ((uij)i,jzl,...,N‘U:ﬂ,ut u_1>
CUy) = C ((Uij)i,jﬂ,...,N

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

wt =t = 1]71)

PRrROOF. 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 § € _ £ S %
k

Indeed, the biunitarity of u® can be checked by a direct computation. Regarding now
the matrix u® = 1y, this is clearly biunitary. Also, regarding the matrix «®, there is
nothing to prove here either, because its unitarity its clear too. And finally, observe that

if u has self-adjoint entries, then so do the above matrices u®, u®, u®.

Thus our claim is proved, and we can define morphisms A, ¢, .S as in Definition 7.1, 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 chapter 3. U

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

THEOREM 7.12. The quantum groups O, Uy, have the following properties:

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

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

(3) We have as well embeddings Ly C OF and Fy C Uy, where Ly is the free
product of N copies of Zo, and where Fy is the free group on N generators.

PRroOOF. All these assertions are elementary, as follows:

(1) This is clear from definitions, with the remark that, in the context of Definition
7.1, the formula S(u;;) = uj; 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 7.11, but with
the commutativity between the standard coordinates and their adjoints added:

COn) = Clmm <(uij)z’,j=1w-,N‘“:ﬂ’“t u71>

CUN) = Chmm ((uij)i,jzl,...,N‘u* =yt = ﬂ_1>

Thus, we are led to the conclusion in the statement.
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(3) This follows indeed from (1) and from Proposition 7.2, 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 7.12 suggests the following construction:

PROPOSITION 7.13. Given a closed subgroup G C Uy, consider its “diagonal torus”,
which is the closed subgroup T' C G constructed as follows:

O(T) = C(G) / <u3 —0

Vi)
This torus is then a group dual, T = K, where A =< gy1,...,gn > is the discrete group

generated by the elements g; = u;;, which are unitaries inside C(T).

PROOF. Since w is unitary, its diagonal entries g; = w;; are unitaries inside C(T).
Moreover, from A(u;;) = >, uix @ 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. O

With this notion in hand, Theorem 7.12 (3) reformulates as follows:

THEOREM 7.14. The diagonal tori of the basic unitary groups are the basic tori:

O% Uy Ty

Ty

On

Un TN

Ty
In particular, the basic unitary groups are all distinct.

ProoF. This is something clear and well-known in the classical case, and in the free
case, this is a reformulation of Theorem 7.12 (3), which tells us that the diagonal tori of

O, U, in the sense of Proposition 7.13, are the group duals EN, Fy. O

There is an obvious relation here with the considerations from chapter 3, 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 chapter 3, we have:
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THEOREM 7.15. We have embeddings of algebraic manifolds as follows, obtained in
double indices by rescaling the coordinates, x;; = u;j/vVN:

+ + N2-1 NZ_1
0% Uy Spy ' —— 50,
_>
N2-1 N2-1
On Un Spt ——— Sk

Moreover, the quantum groups appear from the quantum spheres via
G=SnUy
with the intersection being computed inside the free sphere Sévi_l.

PROOF. As explained in Theorem 7.12, the biunitarity of the matrix u = (u;;) gives
an embedding of algebraic manifolds, as follows:

2_
Uy c Sgt

Now since the relations defining Oy, O, Uy C Uy, are the same as those defining

S]f{f_l, Sﬁi‘l, S(]CVQ_l C Sgi_l, this gives the result. g

Summarizing, we have now up and working some free rotation groups, which are
closely related to the free spheres and tori constructed in chapter 3.

7c. Quantum isometries

In order to further discuss now the relation with the spheres, which can only come via
some sort of “isometric actions”, let us start with the following standard fact:

PROPOSITION 7.16. Given a closed subset X C S(.]cv_l, the formula
G(X) = {U c UN)U(X) _ X}

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

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

Observe that in the case of the real and complex spheres, the affine isometry group
G(X) leaves invariant the Riemannian metric, because this metric is equivalent to the
one inherited from CV, which is preserved by our isometries U € Uy.



7C. QUANTUM ISOMETRIES 113

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 = SY™! to produce G(X) = Uy instead of G(X) = O,x. But, such
things won’t really work for the free spheres, and so are to be avoided.

The point now is that we have the following quantum analogue of Proposition 7.16,
which is a perfect analogue, save for the fact that X is now assumed to be algebraic, for
some technical reasons, which allows us to talk about quantum isometry groups:

THEOREM 7.17. Given an algebraic manifold X C Sg;l, the category of the closed

subgroups G C Uy, acting affinely on X, in the sense that the formula
(I)(.CCZ) = Zl’j ® Ui
J
defines a morphism of C*-algebras ® : C(X) — C(X) ® C(G), has a universal object,
denoted G (X), and called affine quantum isometry group of X.

PROOF. Assume indeed that our manifold X C Sg ;1 comes as follows:

C(X) = OS2 /(Jalor,. . on) = 0)
In order to prove the result, consider the following variables:
Xi=) z;®u; € C(X)®C(US)
J

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, pick one of the defining polynomials, and write it as follows:
falz, ... xN) = Z Z Ar T Typ
Tyl
With X; = > ;T @ uy; as above, we have the following formula:
fa(Xb R ;XN) = Z Z )\r Z ;C]'I e SL’jgr (%9 uffl’{ R quTiZT
PO | O

Since the variables on the right span a certain finite dimensional space, the relations
fo(X1,...,Xn) = 0 correspond to certain relations between the variables u;;. Thus, we
have indeed a closed subspace G' C Uy, with a universal map, as follows:

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

A 2 : € __ S _ o *
k

Consider as well the following elements, with v € {A ¢, S}:
Xz = Z Z; ® U}Z
J

From the relations f, (X1, ..., Xy) = 0 we deduce that we have:

fo( X7, 0, X30) = (id@7) fo(X1, ..., Xn) =0
Thus we can map u;; — u;; for any v € {A, ¢, S}, and we are done. O
We can now formulate a result about spheres and rotations, as follows:

THEOREM 7.18. The quantum isometry groups of the basic spheres are

N-1 N-1 + +
SR+ — Sc 1 Oy Ux

St On

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

Proor. We have 4 results to be proved, the idea being as follows:

S(]C\f jrl. Let us first construct an action Uy ~ Sg ;1. We must prove here that the

variables X; = > ; j @ uy; satisty the defining relations for Sg jrl, namely:
szxf = foxl =1
By using the biunitarity of u, we have the following computation:
ZXZ-XZ»* = Zx]x}; ® UjUy; = Zx]x;‘ ®1l=1®1
i ijk J
Once again by using the biunitarity of u, we have as well:
ZX;‘Xi = Zx;xk ® u;klukz = Zx;x] R1I=1x1
i ijk J

Thus we have an action Uy ~ S¥7!, which gives GT(SE") = Uy, as desired.
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S]{RX jrl. Let us first construct an action OF ~ S]]RX jrl. We already know that the

variables X; = > ; Tj @uy; satisty the defining relations for S(]CV ;1, so we just have to check

that these variables are self-adjoint. But this is clear from u = u, as follows:
Xi = Zx; ® uj; = ij ® uji = X;
J J

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

must have v = @. Thus our quantum group must satisfy G C O, as desired.

S~ The fact that we have an action Uy ~ Sp ' is clear. Conversely, assume that

we have an action G ~ S(JCV’I, with G C Uy;. We must prove that this implies G C Uy,
and we will use a standard trick of Bhowmick-Goswami. We have:

Q) = Y ;@ uy
j

By multiplying this formula with itself we obtain:
O(xay) = Z T2 @ Wy,
jl
O (zpr;) = Z Ty @ Ugp
il
Since the variables z; commute, these fz)rmulae can be written as:

O(xxy) = Z 22 @ (Wi + wity) + Z x? ® Wil

j<l j
(., — . y U 2 s
(xixy) = r;1; @ (Uptg; + piy) + T @ Ujplj;
j<l J

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

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

* * * * * * * *
Up Uyj + UpiUyy = UjUpy + Uy Uy
Ui Ukl + WU = UgiUsj + UgjUs
UjiUig + WjpUyy = UikUs; + Uik
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 (ziay) = E T @ Ujilyy,
il

* * *
P (zyx;) = E Ty T & U Ui
jl
Since the variables on the left are equal, we deduce from this that we have:
* * * *

E T @ ujiug, = E T @ Uy

Jt Jl
Thus we have wu;;u, = ujuj;, and so G C Uy, as claimed.

SH~1. The fact that we have an action Oy ~ SE ' is clear. In what regards the
converse, this follows by combining the results that we already have, as follows:

G St = GmSﬁ;l,Sév_l
= G C Ok, Uy
— GCO?\}HUN:ON

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

7d. Haar integration

Let us discuss now the correspondence U — S. In the classical case the situation is
very simple, because the sphere S = SV~ appears by rotating the point = = (1,0,...,0)
by the isometries in U = Uy. Moreover, the stabilizer of this action is the subgroup
Un_1 C Uy acting on the last N — 1 coordinates, and so the sphere S = S¥~! appears
from the corresponding rotation group U = Uy as an homogeneous space, as follows:

SN = Uyn/Un_1

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

O(SN_I) C C(UN) , X — U

In general now, the straightforward homogeneous space interpretation of S as above
fails. However, we can have some theory going by using the functional analytic viewpoint,
with an embedding x; — uy; as above. Let us start with the following result:
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THEOREM 7.19. For the basic spheres, we have a diagram as follows,

C(S) 2. 0(S)®CU)
o a®id
c(U) 2. o) eCU)

where on top ®(x;) =, x; @ uji, and on the left a(x;) = uy;.

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

X Z]- X5 X Uy
U4 Z]- Uyj & Uy
Thus by linearity and multiplicativity, the whole the diagram commutes. U

As a consequence of the above result, we can now formulate:
PROPOSITION 7.20. We have a quotient map and an inclusion as follows,
U—SycCS
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. U

The above result is all that we need, for getting started with our study, and we will
prove in what follows that the inclusion Sy C S constructed above is an isomorphism.
This will produce the correspondence U — S that we are currently looking for.

In order to do so, we will use the uniform integration over .S, which can be introduced,
in analogy with what happens in the classical case, in the following way:
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DEFINITION 7.21. We endow each of the algebras C(S) with its integration functional
/ :C(S)—=»CU)—C
S

obtained by composing the morphism x; — uy; with the Haar integration of C'(U).

In order to efficiently integrate over the sphere S, and in the lack of some trick like
spherical coordinates, we need to know how to efficiently integrate over the corresponding
quantum isometry group U. As before in the classical case, we have:

THEOREM 7.22. Assuming that a compact quantum group G C U]JQ 1S easy, coming
from a category of partitions D C P, we have the Weingarten formula

el —
/ ugl; LUt = E 5 (J)Win (7, 0)
G mo€D(k

for any indices i, j, € {1,...,N} and any ezponents e, € {0, %}, where 0 are the usual
Kronecker type symbols, and where

Win = Giy
is the inverse of the matriz Gy (7w, 0) = NI™Vl.

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:

. L R €1 €k
'Pll---zkvjl'“]k - / uiljl e u’bkjk
G

According to the construction of the Haar measure of Woronowicz, explained in the
above, this matrix P is the orthogonal projection onto the following space:

Fiz(u®*) = span <£,r TE D(k)>

In order to compute this projection, consider the following linear map:

Y <wb>&

meD(k)

Consider as well the inverse W of the restriction of E to the following space:

span ( e D(k‘))
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 Wy, and this gives the result. O

With this in hand, we can now integrate over the spheres S, as follows:
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THEOREM 7.23. The integration over the basic spheres is given by

/xfll e’“—E g Win (7, 0)
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 now Theorem 7.22, 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

Again with some inspiration from the classical case, we have the following key result:

THEOREM 7.24. 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; = z7, it is enough to check the equality in the statement
on an arbitrary product of coordinates, z;, ...x; . The left term is as follows:

(id@/)@(xil...:cik) = ijl... /Ujlzl---ujkik
U U

Ji---Jk

= Z Z 07()00 () Win (T, 0)xj, ... Tj,

Ji--Jgk mo€D(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:
— In the free case we have to sum quantities of type x; ...x;,, 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.

— The same happens in the classical case. Indeed, our pairing m can now be crossing,
but we can use the commutation relations z;x; = x;z;, 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@/l])@(xil...% = ) G(i)Win(m,0)

m,oeD(k)

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

/%Izk = /U1“~ - Uiy,
s

= Z 6,(1)8,())Win (7, 0)

m,o€D(k

= Z (5 WkNT('O')

moeD(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 a useful characterization of the integration, as follows:
THEOREM 7.25. There is a unique positive unital trace tr : C(S) — C satisfying
(tr ® id)®(x) = tr(z)1
where ® s the coaction map of the corresponding quantum isometry group,
O:C(8)—>C(S)CU)
and this is the canonical integration, as constructed in Definition 7.21.

PrOOF. This follows indeed by using Theorem 7.24. U

7e. Exercises

Exercises:

EXERCISE 7.26.
EXERCISE 7.27.
EXERCISE 7.28.
EXERCISE 7.29.
EXERCISE 7.30.
EXERCISE 7.31.
EXERCISE 7.32.
EXERCISE 7.33.

Bonus exercise.
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Crossed products

8a. Crossed products

Crossed products.

8b. Basic examples

Basic examples.

8c. Analytic aspects
Analytic aspects.

8d. Generalizations

Generalizations.

8e. Exercises

Exercises:

EXERCISE 8.1.
EXERCISE 8.2.
EXERCISE 8.3.
EXERCISE 8.4.
EXERCISE 8.5.
EXERCISE 8.6.
EXERCISE 8.7.
EXERCISE 8.8.

Bonus exercise.
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Geometry, topology



In the shape of things to come

Too much poison come undone

Cause there’s nothing else to do
Every me and every you



CHAPTER 9

K-theory

9a. K-theory

Let us first look at the classical case, where X is a usual compact space. You might
say right away that wrong way, what we need for doing geometry is a manifold. But my
answer here is modesty, and no hurry. It is right that you cannot do much geometry with
a compact space X, but you can do some, and we have here, for instance:

DEFINITION 9.1. Given a compact space X, its first K-theory group Ko(X) is the
group of formal differences of complex vector bundles over X.

This notion is quite interesting, and we can talk in fact about higher K-theory groups
K,(X) as well, and all this is related to the homotopy groups m,(X) too. There are
many non-trivial results on the subject, the end of the game being of course that of
understanding the “shape” of X, that you need to know a bit about, before getting into
serious geometry, in the case where X happens to be a manifold.

As a question for us now, operator algebra theorists, we have:

QUESTION 9.2. Can we talk about the first K-theory group Ko(X) of a compact quan-
tum space X ?

We will see that this is a quite subtle question. To be more precise, we will see that we
can talk, in a quite straightforward way, of the group Ky(A) of an arbitrary C*-algebra
A, which is constructed as to have Ky(A) = Ky(X) in the commutative case, where
A = C(X), with X being a usual compact space. In the noncommutative case, however,
Ky(A) will sometimes depend on the choice of A satisfying A = C'(X), and so all this will
eventually lead to a sort of dead end, and to a rather “no” answer to Question 9.2.

Getting started now, in order to talk about the first K-theory group Ky(A) of an
arbitrary C*-algebra A, we will need the following simple fact:

PROPOSITION 9.3. Given a C*-algebra A, the finitely generated projective A-modules
E appear via quotient maps f : A — E, so are of the form
E=pA"
with p € M,(A) being an idempotent. In the commutative case, A = C(X) with X
classical, these A-modules consist of sections of the complex vector bundles over X.

125
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PROOF. Here the first assertion is clear from definitions, via some standard algebra,
and the second assertion is clear from definitions too, again via some algebra. O

With this in hand, let us go back to Definition 9.1. Given a compact space X, it is
now clear that its K-theory group Ky(X) can be recaptured from the knowledge of the
associated C*-algebra A = C'(X), and to be more precise we have Ky(X) = Ky(A), when
the first K-theory group of an arbitrary C*-algebra is constructed as follows:

DEFINITION 9.4. The first K-theory group of a C*-algebra A is the group of formal
differences
Ko(A) = {P —q }
of equivalence classes of projections p € M, (A), with the equivalence being given by

pr~q << Ju,uu’ =p,uu=q
and with the additive structure being the obvious one, by diagonal concatenation.

This is very nice, and as a first example, we have K,(C) = Z. More generally, as
already mentioned above, it follows from Proposition 9.3 that in the commutative case,
where A = C(X) with X being a compact space, we have Ky(A) = K(X). Observe also
that we have, by definition, the following formula, valid for any n € N:

Ko(A) = Ko(My(A))

Some further elementary observations include the fact that K, behaves well with
respect to direct sums and with inductive limits, and also that K is a homotopy invariant,
and for details here, we refer to any introductory book on the subject, such as [15].

In what concerns us, back to our Question 9.2, what has been said above is certainly
not enough for investigating our question, and we need more examples. However, these
examples are not easy to find, and for getting them, we need more theory. We have:

DEFINITION 9.5. The second K -theory group of a C*-algebra A is the group of con-
nected components of the unitary group of GLy(A), with

GLo(A) C GLui(A) . a— <g (1’)

being the embeddings producing the inductive limit G Ly (A).

Again, for a basic example we can take A = C, and we have here K;(C) = {1},
trivially. In fact, in the commutative case, where A = C(X), with X being a usual
compact space, it is possible to establish a formula of type K;(A) = K;(X). Further
elementary observations include the fact that K behaves well with respect to direct sums
and with inductive limits, and also that K is a homotopy invariant.

Importantly, the first and second K-theory groups are related, as follows:



9A. K-THEORY 127

THEOREM 9.6. Given a C*-algebra A, we have isomorphisms as follows, with

SA = {f e o(o, 1],A)‘f(0) - o}

standing for the suspension operation for the C*-algebras:
(1) Ki(4) = Ko(SA).
(2) KolA) = Ki(SA).

PROOF. Here the isomorphism in (1) is something rather elementary, and the iso-
morphism in (2) is something more complicated. In both cases, the idea is to start first
with the commutative case, where A = C'(X) with X being a compact space, and un-
derstand there the isomorphisms (1,2), called Bott periodicity isomorphisms. Then, with
this understood, the extension to the general C*-algebra case is quite straightforward. [J

The above result is quite interesting, making it clear that the groups Ky, K, are of the
same nature. In fact, it is possible to be a bit more abstract here, and talk in various clever
ways about the higher K-theory groups, K, (A) with n € N, of an arbitrary C*-algebra,
with the result that these higher K-theory groups are subject to Bott periodicity:

Kn(A) = Kny2(A)
Going ahead with examples, following Cuntz [23] and related papers, we have:
THEOREM 9.7. The K-theory groups of the Cuntz algebra O,, are given by
Ko(On) =Zpn1 , Ki(O,) ={1}
with the equivalent projections P; = S;S} standing for the standard generator of Zy, ;.

ProOF. We recall that the Cuntz algebra O,, is generated by isometries Si,...,.S,
satisfying S;157 + ...+ 5,5 = 1. Since we have S}S; = 1, with P, = 5,5, we have:

P~...~P,~1
On the other hand, we also know that we have P; + ...+ P, = 1, and the conclusion
is that, in the first K-theory group K;(O,,), the following equality happens:
n[l] = (1]

Thus (n — 1)[1] = 0, and it is quite elementary to prove that k[1] = 0 happens in fact
precisely when k is a multiple of n — 1. Thus, we have a group embedding, as follows:

Zn—l C K()(On)

The whole point now is that of proving that this group embedding is an isomorphism,
which in practice amounts in proving that any projection in O, is equivalent to a sum of
the form P, +...4 Py, with P, = S;S} as above. Which is something non-trivial, requiring
the use of Bott periodicity, and the consideration of the second K-theory group K;(O,,)
as well, and for details here, we refer to Cuntz [23] and related papers. O
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The point now is that what we have in Theorem 9.7 is a true noncommutative com-
putation, dealing with an algebra which is rather of “free” type, and this suggests that
the answer to Question 9.2 might be “yes”. However, as bad news, we have:

THEOREM 9.8. There are discrete groups I' having the property that the projection
m: C(T) = Croy(T)
is not an isomorphism, at the level of K-theory groups.

PROOF. For constructing such a counterexample, the group I' must be definitely non-
amenable, and the first thought goes to the free group F5. But it is possible to prove that
F5 is K-amenable, in the sense that 7 is an isomorphism at the K-theory level. However,
counterexamples do exist, such as the infinite groups I' having Kazhdan’s property (7).
Indeed, for such a group the asssociated Kazhdan projection p € Ky(C*(I')) is nonzero,
while mapping to the zero element 0 € Ky(C},,(I')), so we have our counterexample. [

As a conclusion to all this, which might seem a bit dissapointing, we have:
CONCLUSION 9.9. The answer to Question 9.2 is no.

¢

Of course, the answer to Question 9.2 remains “yes” in many cases, the general idea
being that, as long as we don’t get too far away from the classical case, the answer remains
“yes”, so we can talk about the K-theory groups of our compact quantum spaces X, and
also, about countless other invariants inspired from the classical theory. For a survey of
what can be done here, including applications too, we refer to Connes’ book [19].

9b.
9c.
9d.
9e. Exercises

Exercises:

EXERCISE 9.10.
EXERCISE 9.11.
EXERCISE 9.12.
EXERCISE 9.13.
EXERCISE 9.14.
EXERCISE 9.15.
EXERCISE 9.16.
EXERCISE 9.17.

Bonus exercise.
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EXERCISE 10.1.
EXERCISE 10.2.
EXERCISE 10.3.
EXERCISE 10.4.
EXERCISE 10.5.
EXERCISE 10.6.
EXERCISE 10.7.

EXERCISE 10.8.

Bonus exercise.

CHAPTER 10

Smooth structure

10a. Smooth structure
10b.
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EXERCISE 11.1.
EXERCISE 11.2.
EXERCISE 11.3.
EXERCISE 11.4.
EXERCISE 11.5.
EXERCISE 11.6.
EXERCISE 11.7.

EXERCISE 11.8.

Bonus exercise.

CHAPTER 11
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CHAPTER 12

Algebraic geometry

12a. Algebraic geometry

We discuss now an abstract extension of the various constructions of algebraic mani-
folds that we have so far. The idea will be that of looking at certain classes of algebraic
manifolds X C S(C +» which are homogeneous spaces, of a certain special type.

Let us start with the following definition, which is something quite general:
DEFINITION 12.1. An affine homogeneous space over a closed subgroup G C Uy; is a

closed subset X C SC s such that there exists an index set I C {1,..., N} such that

alx;) = \/\TZ ji @(mi):;xjgﬁuﬂ

jel

define morphisms of C*-algebras, satisfying the following condition,

(id@/G)CI)—/Ga(.)l

called ergodicity condition for the action.

Let us mention right away that this definition is something quite tricky, based on the
explicit examples of homogeneous spaces that we have in mind, rather than on whatever
abstract considerations, and that will take us some time to understand.

To start with, as a basic example, OJr — Sﬂg jrl is indeed affine in our sense, with
I = {1}. The same goes for Uy, — S&* , which is affine as well, also with I = {1}.

Observe that the 1/4/|I| constant appearing above is the correct one, because:

S (Su) (Su) - £Xu

i jeI kel i kel

= > (uu)u

J,kel
= |1
As a first general result about such spaces, we have:
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134 12. ALGEBRAIC GEOMETRY

PROPOSITION 12.2. Consider an affine homogeneous space X, as above.
(1) The coaction condition (® ® id)® = (id @ A)P 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:

(@ id)om) = D aa)© u

= ﬁzzugk@)um

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

A i - A 7
a(z;) \/|sz€; (wj;)

= \/|TZZ Ujk @ Ui

el k
Thus, by linearity, multiplicativity and continuity, we obtain the result. U

Summarizing, the terminology in Definition 12.1 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 12.3. When a is injective we must have X = XG'", where:

c(xgmrm <\/|TZI wji|i = ,...,N>CC(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 asser-
tion, consider the variables in the statement:

i Z]zec

In order to prove that we have X7 ain S(C 4, observe first that we have:

i g,kel

jkGI
=1
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On the other hand, we have as well the following computation:

2 XiXi = \NZZ“;"“’“"

i j,kel

=1

Thus X7 e S ! Finally, observe that we have:

A(X;) = ﬁzz%k@“m

Thus we have indeed 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
/. o Thus, our axioms for affine homogeneous spaces are indeed satisfied. Il

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 Xmax

We make the standard convention that all the tensor exponents k£ are “colored inte-
gers”, that is, k = ey ...e, with e; € {o, e}, with o corresponding to the usual variables,
and with e corresponding to their adjoints. With this convention, we have:

PROPOSITION 12.4. The ergodicity condition, namely

<id®/)®:/a(.)1
€] el
1 equivalent to the condition

®k _ E : . .
(Px )Z11,k — 110k, J1-- Tk ; Vk,VZl, ey U

/ |k
Ji-grel
where P is the matrix formed by the Peter-Weyl integrals of exponent k,
Pi1-~-ik7j1~~jk = / uiil o uje;:lk
a
€1

and where ($®k)i1.‘.ik =T - xf:
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PROOF. We have the following computation:

e

J1---Jk

= Z B i (‘r®k)j1--~jk

J1e--Jk

= (Pl@k)ulk

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

/Ga(mflle:) = ﬁ Z / ULy, ka

Ji--gk€l

= \/— E , 1 sl Tk
J1--Jk€l

But this gives the formula in the statement, and we are done. O

As a consequence, we have the following result:

THEOREM 12.5. We must have X C X7Z7", as subsets of S(C , where:

C(Xmax) = C(S(]C\Cll)/ <(P$®k)lllk - 1 Uk ]k‘Vk’Vil’ o Zk>

]1 Jr€l

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 ~ X77". We must show here
that the variables X; = > T @ uy; satisfy the defining relations for X&9". We have:

(PX®*)i i = Z Piyipints (X0

Il
— E . . E €1 ek €k
- le...’Lk,ll...lk ajjl .. ® u]lll oo ujklk
Il Ji--Jk

= €1 €k ®kpty
- Z Ly v Tjy ® (u P )]1---]k7ll---lk

Ji--Jk
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€1 €k

Since by Peter-Weyl the transpose of P, i, ;. i, = G Wiy - Wi

projection onto Fiz(u®*), we have u®* Pt = P!. We therefore obtain:

Rk _ § ek
(PX )lek - —le Zle ]k Jl .« l’]k

J1---Jk

is the orthogonal

= \/— E 11 Ay J1ee-Jk
J1---Jr€l

Thus we have an action G ~ XZ9*, and since this action is ergodic by Proposition

12.4, we have an affine homogeneous space, as claimed. O
We can now merge the results that we have, and we obtain:

THEOREM 12.6. 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,

c(xXgm) = <\/\TZ i ,...,N>cC(G)

J€eI

B 1 L
O(Xmaz) — O(Sé\{_,'_l)/ <(P$®k)z1lk — |I|k Z Pi1...ik,j1---jk Vk‘,VZl, .. .Zk>

Ji--Jr€l

then we have maps as follows,
G % Xm’l,n ma:v S

the space G — X@9" is affine homogeneous, and any aﬁine homogeneous space G — X
appears as an intermediate space X¢ i c X C X5 o

ProoF. This follows indeed from the various results that we have, namely Theorem
12.3 and Theorem 12.5, regarding the minimal and maximal constructions. U

At the level of the general theory, we will need one more result, as follows:

THEOREM 12.7. Assuming that G — X is an affine homogeneous space, with index
set I C{1,...,N}, the Haar integration functional [, = [, a is given by

/ . Z Ki(m)(&),,. WWin(T,0)
X

m,0€D
where {&|m € D} is a basis of Fix(u®*), and where Wyn = G with

GkN(ﬂ-v J) =< 57ra 50 >
is the associated Weingarten matriz, and K(m) = ﬁ D ivgeer &) -
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PROOF. By using the Weingarten formula for the quantum group G, in its abstract
form, coming from Peter-Weyl theory, as discussed before, we have:

€1 €k __
/ Liy -y = z : / J121 e ]k'Lk
X

J1 Jr€l

= \/— Z Z §7r J1---Jk ga i1.. ZkaN(Tr 0)

J1... g€l mo€D

But this gives the formula in the statement, and we are done. U

As a conclusion now, in view of Theorem 12.6, the situation with our affine homoge-
neous spaces is, from a point of view of abstract functional analysis, a bit similar to that
of the full and reduced group algebras, with intermediate objects between them.

However, in addition to this, here is a natural example of an intermediate space
X&T C X C XZ7T°, which will be of interest for us, in what follows:

THEOREM 12.8. Given a closed quantum subgroup G C Uy, and a set I C {1,..., N},
if we consider the following quotient algebra

C(XmEd) /<Z 6]1 Jeljy - j: = \/W Z 5]1 Jk

Ji---Jk J1--Jr€l

Vk, V¢ € Fiz(u ®k)>

we obtain in this way an affine homogeneous space G — Xq 1.

PROOF. We know from Theorem 12.5 that X7Z'7" C S N ’1 is constructed by imposing
to the standard coordinates the conditions Px®F = PI Where

P,

. .. . = €1 €k
11510k / uj1i1 e u]klk
G

I § :
lezk - \/— 11Tk, J1 - Jk

Jr. g€l
According to the Weingarten integration formula for G, we have:

(Px®k)i1mik = Z Z (gﬂ)jlu-jk@il...ikWkN(W’0)1?11 e x?:

Ji-- jk moeD
I —
‘le K7 50’ i1.. szkN(Tr O-)
]1 Jrel m UGD
Thus X2 C X2 and the other assertions are standard as well. O

We can now put everything together, and we obtain the following result, summarizing
what we know so far from the above, regarding the affine homogeneous spaces:
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THEOREM 12.9. 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 ezactly the intermediate subspaces Xmm C X C X@9" on which G acts
affinely, with the action being ergodic.

(2) For the minimal and mazimal spaces Xg‘}” and XZ9", as well as for the inter-
mediate space X’md constructed above, these conditions are satisfied.

(3) By performing the GNS construction with respect to the Haar integration func-
tional [, = [, o we obtain the minimal space XF7.

We agree to identify all these spaces, via the GNS construction, and denote them X 1.

Proor. This is indeed something quite self-explanatory, which follows by combining
the various results and observations formulated above. O

As an illustration, let us discuss now the group dual case. For simplifying, we will
discuss the case of the “diagonal” embeddings only. Given a finitely generated discrete
group I' =< g1, ..., gy >, we can consider the following “diagonal” embedding:

Tc U; . Ui = 00
With this convention, we have the following result:
THEOREM 12.10. In the group dual case, G = T withT =< J1,---, 9N >, we have
X=T;, , Ii=<gliel>cT
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|x;, our axioms for «, ® read:

alh;) =dicrgi , Ph)=h®g

As for the ergodicity condition, this translates as follows:

(id@/) d)(hel...he”):/a(hff.. ner)

a i G

— (id@/) (hil . by @gil ... gi! /51161 Oiperdi) - 9"
G

<~ (592611 glp71h Lo h = 59::11 “gep 16“6[ ZpEI
= [gill”'gi: =1 = hi .. Iy :5z‘161---5z‘pel]

Now observe that from g¢;gf = g7g; = 1 we obtain in this way:



140 12. ALGEBRAIC GEOMETRY

Thus the elements h; vanish for ¢ ¢ I, and are unitaries for ¢ € I. We conclude that
we have X = A, where A =< h;|i € I > is the group generated by these unitaries. In
order to finish now the proof, our claim is that for indices ¢, € I we have:

git g =1 = Rl .. =1

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 € I. O

12b.
12c.
12d.
12e. Exercises

Exercises:

EXERCISE 12.11.

EXERCISE 12.12.

EXERCISE 12.13.

EXERCISE 12.14.

EXERCISE 12.15.

EXERCISE 12.16.

EXERCISE 12.17.

EXERCISE 12.18.

Bonus exercise.



Part IV

Analytic aspects



Who knows what stands in front of our lives?
I fashion my future on films in space
Silence tells me secretly
FEverything, everything



CHAPTER 13

Random matrices

13a. Random matrices

Time for some analysis on our quantum spaces and manifolds, and with analysis
meaning for us, as usual in physics, rather integration and probability. But, what spaces
to start with, and what to do with them? Let us start with something basic, namely:

Fact 13.1. A random matriz algebra can be written in the following way,
My(L*(X)) = My(C)® L™(X)
L=(My) ® L¥(X)
L®(My x X)
so the underlying quantum space is something very simple, Y = My x X.
With this recorded, the problem is now, what to do with our quantum spaces, be them

of random matrix type Y = My x X, as above, or more general. Good question, and in
answer, again by having a look at what happens in random matrix theory, we have:

ANSWER 13.2. The simplest quantum spaces are those coming from random matrix
algebras, which are as follows, with X being a usual probability space,

Y =MyxX

and what is to be done with them is the computation of the law of individual elements, the
random matrices T € L>®(Y) = Mn(L>(X)), in the N >> 0 regime.

Which looks very nice, we eventually reached to some concrete questions, and time
now for mathematics and computations. Getting started, we must first further build on
the material from chapter 3. We recall from there that given a von Neumann algebra
A C B(H) coming with a trace tr : A — C, any normal element 7" € A has a law, which
is the complex probability measure p € P(C) given by the following formula:

tr(T") :/(Czkdu(z)

In the non-normal case, TT* # T*T, the law does not exist as a complex probability
measure 4 € P(C), as also explained in chapter 3. However, we can trick a bit, and talk
about the law of non-normal elements as well, in the following abstract way:

143



144 13. RANDOM MATRICES

DEFINITION 13.3. Let A be a von Neumann algebra, given with a trace tr : A — C.

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

Here k = oeeo ... is by definition a colored integer, and the powers T* are defined

by multiplicativity and the usual formulae, namely:
™m=1, 1°=T7 , T°=T"

Y )

As for the polynomial P, this is a noncommuting *-polynomial in one variable:
PeC< X, X*>

Observe that the law is uniquely determined by the moments, because:

P(X) =) MNX' = u(P)=> NM(T)

Generally speaking, the above definition, due to Voiculescu [88], is something quite
abstract, but there is no other way of doing things, at least at this level of generality.
However, in the special case where our variable T' € A is self-adjoint, or more generally
normal, the theory simplifies, and we recover more familiar objects, as follows:

THEOREM 13.4. The law of a normal variable T € A can be identified with the corre-
sponding spectral measure p € P(C), according to the following formula,

tr(f(T)) = / T

valid for any f € L>®(o(T)), coming from the measurable functional calculus. In the
self-adjoint case the spectral measure is real, ;1 € P(R).

PRrOOF. This is something that we know well, from chapter 3, coming from the spectral
theorem for the normal operators, as developed in chapter 1. O

Getting back now to the random matrices, we have all we need, as general formalism,
and we are ready for doing some computations. As a first observation, we have:

THEOREM 13.5. The laws of basic random matrices T € My(L>®(X)) are as follows:

(1) In the case N = 1 the random matriz is a usual random variable, T € L>*(X),
automatically normal, and its law as defined above is the usual law.

(2) In the case X = {.} the random matriz is a usual scalar matriz, T € My(C),
and in the diagonalizable case, the law is = 5 (Ox, + ...+ 0xy).

ProoF. This is something that we know, once again, from chapter 3, and which is
elementary. Indeed, the first assertion follows from definitions, and the above discussion.
As for the second assertion, this follows by diagonalizing the matrix. O
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In general, what we have can only be a mixture of (1) and (2) above. Our plan will
be that of discussing more in detail (1), and then getting into the general case, or rather
into the case of the most interesting random matrices, with inspiration from (2).

13b. Probability theory

So, let us set N = 1. Here our algebra is A = L*(X), an arbitrary commutative
von Neumann algebra. The most interesting linear operators T' € A, that we will rather
denote as complex functions f : X — C, and call random variables, as it is customary,
are the normal, or Gaussian variables, which are defined as follows:

DEFINITION 13.6. A wvariable f : X — R is called standard normal when its law is:
1
g1 = e
More generally, the normal law of parameter t > 0 is the following measure:
1 2
_ —x /th
= —e¢ x
gt V27t

These are also called Gaussian distributions, with “g” standing for Gauss.

e 2y

Observe that these normal laws have indeed mass 1, as they should, as shown by a
quick change of variable, and the Gauss formula, namely:

2
(/ e_”CQd:I;) = //e‘xQ_dexdy
R R JR
27 o0 )
= / / e~ " rdrdt
o Jo
1

= 21 X =
2
=T
Let us start with some basic results regarding the normal laws. We first have:

PROPOSITION 13.7. The normal law g; with t > 0 has the following properties:

(
(2) The density is even, so the odd moments vanish.

(3) The even moments are M, = t*/2 x k!, with k!' = (k — 1)(k — 3)(k —5) ....
(4) Equivalently, the moments are My =3 cp, 4 tI*l for any k € N.

(5) The Fourier transform Fy(z) = E(e™*f) is given by F(z) = e~"/2,

(6) We have the convolution semigroup formula gs * g = gs+t, for any s,t > 0.

Proor. All this is very standard, with the various notations used in the statement
being explained below, the idea being as follows:
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(1) The normal law g; being centered, its variance is the second moment, V = M.
Thus the result follows from (3), proved below, which gives in particular:

My =122 x 21l = ¢
(2) This is indeed something self-explanatory.

(3) We have indeed the following computation, by partial integration:

1 2
M, = e Pt dy
g vVant

1 /
= o Jet T ()

1
= t(k: — 1)aF2e "2 gy

V27t
_ t(k’ / k—2 e /Qtdx
\/_

- t(k‘ - 1)Mk’,2

The initial value being My = 1, we obtain the result.

(4) We know from (2,3) that the moments of the normal law g¢; satisfy the following
recurrence formula, with the initial data My =1, M; = O:

M, = t(k — 1)M_s

Now let us look at P,(k), the set of pairings of {1,...,k}. In order to have such a
pairing, we must pair 1 with a number chosen among 2, ..., k, and then come up with a
pairing of the remaining & — 2 numbers. Thus, the number N = |Py(k)| of such pairings
is subject to the following recurrence formula, with initial data Ny =1, N; = O:

N = (k= 1)Np_s

But this solves our problem at ¢ = 1, because in this case we obtain the following
formula, with |.| standing as usual for the number of blocks of a partition:

D SR ST
7T€P2(k') 7T€P2(k)

Now back to the general case, t > 0, our problem here is solved in fact too, because
the number of blocks of a pairing © € Py(k) being constant, |r| = k/2, we obtain:

My =t"2Ny = > 2= Y~ 4"

wEP> (k) TEP> (k)
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(5) The Fourier transform formula can be established as follows:

1 2 .
F(r _ /6—y /2t+zxyd
(z) N Y
_ 1 / o~/ VI fiTRi a2 2
V27t Jr

1 _ 2—t 2/2
= e 7T/ 2tdz
V27t /R

1 t2/2/ )
= —e ¥ e *dz
e R

e—t:vZ/Q

(6) This follows indeed from (5), because log F, is linear in t. O

We are now ready to establish the Central Limit Theorem (CLT), which is a key result,
telling us why the normal laws appear a bit everywhere, in the real life:

THEOREM 13.8. Given a sequence of real random variables fi, fa, f3,... € L>®(X),
which are i.i.d., centered, and with variance t > 0, we have

1 n
Ly ieg
vn i=1
with n — 0o, 1 moments.

PROOF. In terms of moments, the Fourier transform Fy(z) = E(e**/) is given by:

Fy(e) = E (Z /) ) _ SR

k=0 k=0

Thus, the Fourier transform of the variable in the statement is:

- . n

o = ()]

[ t2? "
_1 B ﬁ] n

i 2n

—ta?/2

12

~ e
But this latter function being the Fourier transform of g;, we obtain the result. O

Let us discuss as well the discrete counterpart of the above results, that we will need
too a bit later, in relation with the random matrices. We have:



148 13. RANDOM MATRICES

DEFINITION 13.9. The Poisson law of parameter 1 is the following measure,
1 Ok
P = - 7
k

and the Poisson law of parameter t > 0 is the following measure,

=et ﬁé
bt = X k
k

with the letter “p” standing for Poisson.

We will see in a moment why these laws appear everywhere, in discrete probability,
the reasons behind this coming from the Poisson Limit Theorem (PLT). Getting started
now, in analogy with the normal laws, the Poisson laws have the following properties:

ProproSITION 13.10. The Poisson law p; with t > 0 has the following properties:

(1) The variance is V = t.

(2) The moments are My =3, p timl,

(3) The Fourier transform is F(z) = exp ((e®® — 1)t).

(4) We have the semigroup formula ps * py = psye, for any s,t > 0.

Proor. We have four formulae to be proved, the idea being as follows:

(1) The variance is V = My — MZ, and by using the formulae M; = ¢ and My = t + 12,
coming from (2), proved below, we obtain as desired, V = ¢.

(2) This is something more tricky. We have the following recurrence formula for the
moments of p;, obtained by using the binomial formula:

ts+1(8+1)k+1
_ —t
Mip = e} (s+1)!

terlSk 1 k
—t
; s! ( s)
ts+1sk k
_ —t —r
- ESE()
t5+15k—r

- X))
ROAS

On the other hand, consider the numbers in the statement, S, = Zﬂep(k) . As
before, since a partition of {1,...,k + 1} appears by choosing r neighbors for 1, among
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the k numbers available, and then partitioning the k£ — r elements left, we have:

k
Sk1 = tz (r) Sk—r

Thus we obtain by recurrence My = By, as desired.

(3) The Fourier transform formula can be established as follows:

Fpt(x) = ¢ EFM(Q:)

= exp(—t) exp(e™t)

= exp ((e" — 1)t)
(4) This follows from (3), because log F, is linear in t. d
We are now ready to establish the Poisson Limit Theorem (PLT), as follows:

THEOREM 13.11. We have the following convergence, in moments,
((1——) 50+ 51) — Dt
n

PROOF. Let us denote by u, the Bernoulli measure appearing under the convolution
sign. We have then the following computation:

F(;T(SE) = ezrm — Fun( ) <1 — —> + ﬁ Zm

~ (1) 1)

— B - (1420
—  F(z) = exp (" — 1)t)

Thus, we obtain the Fourier transform of p;, as desired. Il

for any t > 0.

As a third and last topic from classical probability, let us discuss now the complex
normal laws, that we will need too. To start with, we have the following definition:
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DEFINITION 13.12. The complexr Gaussian law of parameter t > 0 is

G, = law <%(a + ib))

where a,b are independent, each following the law g;.
As in the real case, these measures form convolution semigroups:
ProproOSITION 13.13. The complex Gaussian laws have the property
Gsx Gy = Gopy
for any s,t > 0, and so they form a convolution semigroup.

Proor. This follows indeed from the real result, namely g, * ¢, = g5, established
above, simply by taking real and imaginary parts. U

We have the following complex analogue of the CLT:

THEOREM 13.14 (CCLT). Given complex random variables fi, fo, f3,... € L>®(X)
which are i.i.d., centered, and with variance t > 0, we have, with n — 0o, in moments,

1 n
Ly ea,
v i=1
where Gy 1s the complex Gaussian law of parameter t.

Proor. This follows indeed from the real CLT, established above, simply by taking
the real and imaginary parts of all the variables involved. O

Regarding now the moments, we use the general formalism from Definition 13.3, in-
volving colored integer exponents k = o e @ o ... We say that a pairing 7 € Py(k) is
matching when it pairs o — e symbols. With this convention, we have the following result:

THEOREM 13.15. The moments of the complex normal law are the numbers
My(Gy) = )t
rePa(k)
where Py(k) are the matching pairings of {1,...,k}, and |.| is the number of blocks.
ProoOF. This is something well-known, which can be established as follows:

(1) As a first observation, by using a standard dilation argument, it is enough to do
this at ¢ = 1. So, let us first recall from the above that the moments of the real Gaussian
law ¢;, with respect to integer exponents k£ € N, are the following numbers:

my = | Py(F)]
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Numerically, we have the following formula, explained as well in the above:

k!l (k even)
mrp =
0 (kodd)

(2) We will show here that in what concerns the complex Gaussian law G, similar
results hold. Numerically, we will prove that we have the following formula, where a
colored integer k = o @@ o ... is called uniform when it contains the same number of o
and e ; and where |k| € N is the length of such a colored integer:

e = {(!k!/2)! (k wniform)

0 (k not uniform)

Now since the matching partitions m € Py (k) are counted by exactly the same numbers,
and this for trivial reasons, we will obtain the formula in the statement, namely:

My, = [Py(k)]
(3) This was for the plan. In practice now, we must compute the moments, with
respect to colored integer exponents k = o e eo ..., of the variable in the statement:
1 .
c=—=(a+1ib)

V2

As a first observation, in the case where such an exponent £ = oeeo. .. is not uniform
in o, e, a rotation argument shows that the corresponding moment of ¢ vanishes. To be
more precise, the variable ¢ = wec can be shown to be complex Gaussian too, for any
w € C, and from Mj(c) = My(c') we obtain My(c) = 0, in this case.

(4) In the uniform case now, where k = ceeo. .. consists of p copies of o and p copies
of e, the corresponding moment can be computed as follows:

1
Mk = ﬁ/(aQ—l-bQ)p

ST
:2% (i)(Qs)!!(Qp—Qs)!!
B 12238'( P (28) (2p— 29)!

o I(p—s)l 2551 20-5(p—s)!

502
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(5) In order to finish now the computation, let us recall that we have the following
formula, coming from the generalized binomial formula, or from the Taylor formula:

=2 ()
virt &\
By taking the square of this series, we obtain the following formula:
o T(OE)
1+t ™ k s 4
—t\” 25\ [2p — 2s
-2z

p

Now by looking at the coefficient of t? on both sides, we conclude that the sum on the
right equals 4. Thus, we can finish the moment computation in (4), as follows:
_ p_‘ P _
M, = I x 4P = pl
(6) As a conclusion, if we denote by |k| the length of a colored integer k =ceeo.. .,
the moments of the variable ¢ in the statement are given by:

M. — (lk|/2)! (k uniform)
"o (k not uniform)

On the other hand, the numbers | P, (k)| are given by exactly the same formula. Indeed,
in order to have matching pairings of k, our exponent kK = o @ @ o ... must be uniform,
consisting of p copies of o and p copies of e, with p = |k|/2. But then the matching
pairings of k correspond to the permutations of the e symbols, as to be matched with o
symbols, and so we have p! such matching pairings. Thus, we have the same formula as
for the moments of ¢, and we are led to the conclusion in the statement. O

13c. Wigner matrices

Let us exit now the classical world, that of the commutative von Neumann algebras
A = L>(X), and do as promised some random matrix theory. We recall that a random
matrix algebra is a von Neumann algebra of type A = My(L*(X)), and that we are
interested in the computation of the laws of the operators T' € A, called random matrices.
Regarding the precise classes of random matrices that we are interested in, first we have
the complex Gaussian matrices, which are constructed as follows:

DEFINITION 13.16. A complex Gaussian matriz is a random matrix of type
Z € My(L™(X))

which has i.i.d. complex normal entries.
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As a somewhat surprising remark, using real normal variables in Definition 13.16,
instead of the complex ones appearing there, leads nowhere. The correct real versions of
the Gaussian matrices are the Wigner random matrices, constructed as follows:

DEFINITION 13.17. A Wigner matriz is a random matrix of type
Z € My(L™(X))
which has i.i.d. complex normal entries, up to the constraint Z = Z*.

In other words, a Wigner matrix must be as follows, with the diagonal entries being
real normal variables, a; ~ g;, for some ¢t > 0, the upper diagonal entries being complex
normal variables, b;; ~ G, the lower diagonal entries being the conjugates of the upper
diagonal entries, as indicated, and with all the variables a;, b;; being independent:

ay b12 ce cee blN
1_712 a2
7 = :

B aN-1 bn-1,N
blN bN*l,N an

Finally, we will be interested as well in the complex Wishart matrices, which are the
positive versions of the above random matrices, constructed as follows:

DEFINITION 13.18. A complex Wishart matrixz is a random matrix of type
Z =YY" € My(L™(X))
with Y being a complex Gaussian matriz.

Summarizing, we have three main types of random matrices, which can be somehow
designated as “complex”, “real” and “positive”, and that we will study in what follows.
Let us also mention that there are many other interesting classes of random matrices,
usually appearing as modifications of the above. More on these later.

In order to compute the asymptotic laws of the above matrices, we will use the moment
method. We have the following result, which will be our main tool here:

THEOREM 13.19. Given independent variables X;, each following the complex normal
law Gy, with t > 0 being a fized parameter, we have the Wick formula

E(XE . XP) = 00/ {w € PQ(kr)‘W < ke”'}

where k =ky ... ks and i =1y ...14, for the joint moments of these variables.
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ProOF. This is something well-known, and the basis for all possible computations
with complex normal variables, which can be proved in two steps, as follows:

(1) Let us first discuss the case where we have a single complex normal variable X,
which amounts in taking X; = X for any ¢ in the formula in the statement. What we
have to compute here are the moments of X, with respect to colored integer exponents
k =oeeo..., and the formula in the statement tells us that these moments must be:

E(X*) = tH72[Py(k)|

But this is something that we know well from the above, the idea being that at t = 1
this follows by doing some combinatorics and calculus, in analogy with the combinatorics
and calculus from the real case, where the moment formula is identical, save for the
matching pairings P, being replaced by the usual pairings P, and then that the general
case t > 0 follows from this, by rescaling. Thus, we are done with this case.

(2) In general now, the point is that we obtain the formula in the statement. Indeed,
when expanding the product Xi'jl ce Xl-kj and rearranging the terms, we are left with doing
a number of computations as in (1), and then making the product of the expectations
that we found. But this amounts precisely in counting the partitions in the statement,
with the condition m < ker: there standing precisely for the fact that we are doing the
various type (1) computations independently, and then making the product. U

Now by getting back to the Gaussian matrices, we have the following result, with
NCy(k) = P2(k) N NC(k) standing for the noncrossing pairings of a colored integer k:

THEOREM 13.20. Given a sequence of Gaussian random matrices
Zn € My(L™(X))

having independent Gy variables as entries, for some fived t > 0, we have

Z
for any colored integer k = oeeo ..., in the N — oo limit.

Proor. This is something standard, which can be done as follows:
(1) We fix N € N, and we let Z = Zy. Let us first compute the trace of Z*. With
k = ky...ks, and with the convention (ij)° = ij, (ij)® = ji, we have:
Tr(Z%) = Tr(Zk ... Z%)

N N
= D D (202, (29,
i1=1 is=1
N N

= Z P Z(Z(’iliQ)kl)kl (Z(Z'2i3)k2)k2 - (Z(Zszl)ks>kg

i1=1 is=1
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(2) Next, we rescale our variable Z by a VN factor, as in the statement, and we also
replace the usual trace by its normalized version, tr = Tr/N. Our formula becomes:

Z\* .
" ((ﬁ) ) N5/2+1 Z Z Z(le2)k1 Z(Zzls)k2> I (Z(isil)k5> ’

i1=1 is=1

Thus, the moment that we are interested in is given by:

Z k k ks
My <\/_) NS/2+1 Z Z/ (i1i2) kl 1 (1213)k2) . <Z(isi1)k5)

i1=1 is=1

(3) Let us apply now the Wick formula, from Theorem 13.19. We conclude that the
moment that we are interested in is given by the following formula:

2 L o e -
= W Z e Z # {7'(' S 7)2(1{?)‘71' < ker ((21@2>k17 (1223)]42, cey (Zsll)ks)}
i1=1 is 1
= 7y NS/M {2 € {1,..., N}|m < ker ((iriz)", (izis)®, . .., (isil)ks)}
TeP2(k

(4) Our claim now is that in the N — oo limit the combinatorics of the above sum
simplifies, with only the noncrossing partitions contributing to the sum, and with each of
them contributing precisely with a 1 factor, so that we will have, as desired:

M, (\/—ZN) = 12 Z (57r€NCg(k)+O(N_1)>

wEP2(k)

~ ts/2 Z 57T€NC2
wEP2(k)

= tPINCy (k)]

(5) In order to prove this, the first observation is that when k is not uniform, in the
sense that it contains a different number of o, e symbols, we have Py (k) = (), and so:

M, (TZN) — 2N Cy (k)| = 0

(6) Thus, we are left with the case where k is uniform. Let us examine first the case
where k consists of an alternating sequence of o and e symbols, as follows:
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In this case it is convenient to relabel our multi-index i = (i1, ..., is), with s = 2p, in
the form (j1, 11,2, 2, - - -, Jp, lp). With this done, our moment formula becomes:
Z 1 , . . . .
My (TN) = Y ot e L NP |r < ker (il ol ol i)}

TeP2(k)

Now observe that, with k being as above, we have an identification Py(k) =~ S,
obtained in the obvious way. With this done too, our moment formula becomes:

Z 1
Mk<—_>—tp§ #lile{l,... N»
N TES) NP+ {

(7) We are now ready to do our asymptotic study, and prove the claim in (4). Let
indeed v € S, be the full cycle, which is by definition the following permutation:

vy=(12...p)

In terms of «, the conditions j, = jr(4+1 and I, = Iy found above read:

Jr = jw(r)+17 l, = l7r(r)7 VT’}

yr <kerj , mw<kerl
Counting the number of free parameters in our moment formula, we obtain:

Z P
= E ||+lym| § |7+ ]y | —p—1
Mk (\/N) - Np+1 N T — tp N v P

TESp TES)

(8) The point now is that the last exponent is well-known to be < 0, with equality
precisely when the permutation 7 € S, is geodesic, which in practice means that 7 must
come from a noncrossing partition. Thus we obtain, in the N — oo limit, as desired:

M, (\%) ~ PINC, (k)]

This finishes the proof in the case of the exponents £ which are alternating, and the
case where k is an arbitrary uniform exponent is similar, by permuting everything.  [J

Regarding now the Wigner matrices, we have here the following result, coming as a
consequence of Theorem 13.20, via some simple algebraic manipulations:

THEOREM 13.21. Given a sequence of Wigner random matrices
Zn € My(L>(X))

having independent G, variables as entries, with t > 0, up to Zn = Z3;, we have

M, (%) ~ 12 NCy(B)|

for any integer k € N, in the N — oo limit.
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PRroOF. This can be deduced from a direct computation based on the Wick formula,
similar to that from the proof of Theorem 13.20, but the best is to deduce this result
from Theorem 13.20 itself. Indeed, we know from there that for Gaussian matrices Yy €
My (L>*(X)) we have the following formula, valid for any colored integer K = ceeo...,
in the N — oo limit, with A/C, standing for noncrossing matching pairings:

My (%) ~ {IEI2INCy (K

By doing some combinatorics, we deduce from this that we have the following formula
for the moments of the matrices Re(Yy), with respect to usual exponents, k € N:

w (P20) = ot (e )
-2 3o (%)

27K ) " MINC(K)
|K |=k
= 2R k2 ok NCy (k)|
= 27RZ RNy (K))
Now since the matrices Zy = v2Re(Yy) are of Wigner type, this gives the result. [

12

All this brings us into counting noncrossing pairings, and we have here:
THEOREM 13.22. The Catalan numbers, which are by definition given by

satisfy the following recurrence formula, with initial data Cy = Cy =1,

their generating series f(z) = > Cy2" satisfies the equation
z2fP—f+1=0
and is given by the following explicit formula,
1—+1—4z
f(2) = ——F——

2z
and we have the following explicit formula for these numbers:

1 (2k
Ck_k:+1<k)

Numerically, these numbers are 1,1,2,5,14,42,132,429, 1430, 4862, 16796, . . .
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PROOF. We must count the noncrossing pairings of {1,...,2k}. Now observe that
such a pairing appears by pairing 1 to an odd number, 2a + 1, and then inserting a
noncrossing pairing of {2,...,2a}, and a noncrossing pairing of {2a + 2,...,2(}. We
conclude that we have the following recurrence formula for the Catalan numbers:

Ch= > CuG
a+b=k—1
In terms of the generating series f(z) = Y, Cr2", this recurrence formula reads:

Zf2 _ Z C«aCbza+b+l

a,b>0

= Z Z CaCbZk

k>1 a+b=k—1

k>1
= f—1
Thus f satisfies 2f2 — f + 1 = 0, and by solving this equation, and choosing the
solution which is bounded at z = 0, we obtain the following formula:

£(2) 1—+v1—4z

Z) = ——"—"

2z

In order to finish, we use the generalized binomial formula, which gives:

012k -2\ [—t\"
1+t=1-2 - _
ey (G0 ()
Now back to our series f, we obtain the following formula for it:

flz) = 1-vi-4

2z

S 122\
- E:E(k—1)z
k=1

B j?t 1 <2k)zk
pr E+1\ k
It follows that the Catalan numbers are given by:
1 2k
C%_k+1(k>

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

In order to recapture now the Wigner measure from its moments, we can use:
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ProproOSITION 13.23. The Catalan numbers are the even moments of
v = %Mdm
called standard semicircle law. As for the odd moments of 1, these all vanish.

PRrROOF. The even moments of the semicircle law in the statement can be computed
with the change of variable x = 2 cost, and we are led to the following formula:

1 [2
My, = —/ V4 — 222% dx
T Jo
1 w/2
= —/ V4 — 4cos?t (2cost)*2sint dt
T Jo

4k+1 w/2
= — cos? tsin® t dt
™ Jo

41 o (2k)121

T 2 (2k+3)!

_ o4k (2k)! /2F k!
2k+1(k 4+ 1)!
- O,
As for the odd moments, these all vanish, because the density of +; is an even function.
Thus, we are led to the conclusion in the statement. U

More generally, we have the following result, involving a parameter ¢ > 0:

ProPOSITION 13.24. Given t > 0, the real measure having as even moments the
numbers Moy, = t*C}, and having all odd moments 0 is the measure

1
v = — VA4t — x2dx

2mt
called Wigner semicircle law on [—2+v/t,2V/1].

Proor. This follows indeed from Proposition 13.23, via a change of variables. U
Now by putting everything together, we obtain the Wigner theorem, as follows:
THEOREM 13.25. Given a sequence of Wigner random matrices
Zn € My(L>(X))
which by definition have i.i.d. complex normal entries, up to Zy = Zy, we have
ZN ~ Y
in the N — oo limit, where v; = ﬁ\/ﬂdx s the Wigner semicircle law.
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ProoFr. This follows indeed from all the above, and more specifically, by combining
Theorem 13.21, Theorem 13.22 and Proposition 13.24. O

Regarding now the complex Gaussian matrices, in view of this result, it is natural to
think at the law found in Theorem 13.20 as being “circular”. But this is just a thought,
and more on this later in this book, when doing free probability.

13d. Wishart matrices

Let us discuss now the Wishart matrices, which are the positive analogues of the
Wigner matrices. Quite surprisingly, the computation here leads to the Catalan numbers,
but not in the same way as for the Wigner matrices, the result being as follows:

THEOREM 13.26. Given a sequence of complex Wishart matrices
Wy =YnYy € My(L™(X))
with Yy being N x N complex Gaussian of parameter t > 0, we have
%1%

for any exponent k € N, in the N — oo limit.
PRrROOF. There are several possible proofs for this result, as follows:

(1) A first method is by using the formula that we have in Theorem 13.20, for the
Gaussian matrices Yy. Indeed, we know from there that we have the following formula,
valid for any colored integer K = oeeo ... in the N — oo limit:

My (%) ~ K2 NCy (K

With K =oceoe... alternating word of length 2k, with k£ € N, this gives:
YnY5

Thus, in terms of the Wishart matrix Wy = YyY3 we have, for any k € N:

The point now is that, by doing some combinatorics, we have:
INCo(K)| = |[NCoy(2k)| = Cy

Thus, we are led to the formula in the statement.
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(2) A second method, that we will explain now as well, is by proving the result directly,
starting from definitions. The matrix entries of our matrix W = Wy are given by:

N
I/Vij = Z Y;Lr}_/jr
r=1

Thus, the normalized traces of powers of W are given by the following formula:

N N
1
tT’(Wk) = N Z c Z m1i2Wi2i3 ce mkil
i1=1 =1
1 N N N N
= N Z cee Z Z s Z Y;1T1Y;21“1Y;2T2Y;37”2 ce Y;kaY;ﬂk
i1=1 ir=17r1=1 re=1

By rescaling now W by a 1/N factor, as in the statement, we obtain:

W k 1 N N N N ~ B ~
tr <(N> ) = NE+L Z S Z Z e Z Yiiri Yigr Yiors Yigrs -+ Yir, Yirn,

i1=1  ig=lri=1  rp=1

By using now the Wick rule, we obtain the following formula for the moments, with

K =oceoe... alternating word of lenght 2k, and with [ = (iy7ry, i1, ..., 15Tk, 117%):
W o N N N
w(F) = 3l XX X #{re Pt <hertr)}
i1=1  dg=lm=l =1
tk , i
= W Z #{2,7’6{1,...,]\7} ‘nger(f)}
T€P2(K)

In order to compute this quantity, we use the standard bijection Py(K) ~ Si. By
identifying the pairings m € Py(K) with their counterparts m € Sy, we obtain:

w t

TES)

1y = Z-7r(s)—|—17 s = TW(S),VS}

Now let v € Sy be the full cycle, which is by definition the following permutation:
y=(12...k)

The general factor in the product computed above is then 1 precisely when following
two conditions are simultaneously satisfied:

yr <ker: , w<kerr
Counting the number of free parameters in our moment formula, we obtain:

w k ||+ |ym|—k—1
My, <F) =tF )y NI

TES
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The point now is that the last exponent is well-known to be < 0, with equality precisely
when the permutation © € Sy, is geodesic, which in practice means that 7 must come from
a noncrossing partition. Thus we obtain, in the N — oo limit:

w

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

As a consequence of the above result, we have a new look on the Catalan numbers,
which is more adapted to our present Wishart matrix considerations, as follows:

PROPOSITION 13.27. The Catalan numbers Cy, = |[NCy(2k)| appear as well as
Cr = [NC(k)|
where NC(k) is the set of all noncrossing partitions of {1,...,k}.

PRrooOF. This follows indeed from the proof of Theorem 13.26. Observe that we obtain
as well a formula in terms of matching pairings of alternating colored integers. g

The direct explanation for the above formula, relating noncrossing partitions and
pairings, comes form the following result, which is very useful, and good to know:

PROPOSITION 13.28. We have a bijection between noncrossing partitions and pairings
NC(k) ~ NCs(2k)

which is constructed as follows:

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

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

PROOF. The fact that the two operations in the statement are indeed inverse to each
other is clear, by computing the corresponding two compositions, with the remark that
the construction of the fattening operation requires the partitions to be noncrossing. [

Getting back now to probability, we are led to the question of finding the law having
the Catalan numbers as moments, in the above way. The result here is as follows:

PROPOSITION 13.29. The real measure having the Catalan numbers as moments is

1
™ = 2—\/4.%71—1(137
™

called Marchenko-Pastur law of parameter 1.
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PROOF. The moments of the law m; in the statement can be computed with the change
of variable x = 4 cos?t, as follows:

1 4
M, = — Viaz—1 —12%dx

2 Jo

1 [™?sint
= — - (4cos® )" - 2 costsint dt
2m Jo  cost
4k+1 w/2
= — cos?* tsin® t dt
™ Jo
4L (2K)N2N

T 2 (2k+3)l

_ 94k, (2k)!/2FK!
2k+1(k 4 1)!
- O,
Thus, we are led to the conclusion in the statement. Il

Now back to the Wishart matrices, we are led to the following result:
THEOREM 13.30. Given a sequence of complex Wishart matrices
Wy = YNY]:} € MN(LOO(X))

with Yy being N x N complex Gaussian of parameter t > 0, we have

Wy 1
MEPN ooVl — lda
m

tN
with N — oo, with the limiting measure being the Marchenko-Pastur law .
Proor. This follows indeed from Theorem 13.26 and Proposition 13.29. U

As a comment now, while the above result is definitely something interesting at t = 1,
at general ¢ > 0 this looks more like a “fake” generalization of the t = 1 result, because the
law 7, stays the same, modulo a trivial rescaling. The reasons behind this phenomenon
are quite subtle, and skipping some discussion, the point is that Theorem 13.30 is indeed
something “fake” at general t > 0, and the correct generalization of the ¢ = 1 computation,
involving more general classes of complex Wishart matrices, is as follows:

THEOREM 13.31. Given a sequence of general complex Wishart matrices
Wy =YnNYy € My(L™(X))
with Yy being N x M complex Gaussian of parameter 1, we have
4t — (z —1—1t)?
Vi1,

2rx
with M = tN — oo, with the limiting measure being the Marchenko-Pastur law ;.

W,
WN ~max(1 —t,0)d +
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Proor. This follows once again by using the moment method, the limiting moments
in the M =tN — oo regime being as follows, after doing the combinatorics:

w.
() v -
TeNC (k)

But these numbers are the moments of the Marchenko-Pastur law 7, which in addition
has the density given by the formula in the statement, and this gives the result. U

13e. Exercises

Exercises:

EXERCISE 13.32.
EXERCISE 13.33.
EXERCISE 13.34.
EXERCISE 13.35.
EXERCISE 13.36.
EXERCISE 13.37.
EXERCISE 13.38.
EXERCISE 13.39.

Bonus exercise.



CHAPTER 14

Integration theory

14a. Integration theory

We already learned some good classical and quantum probability from chapter 13,
that random matrix knowledge is golden, but time now for something more systematic.
Let us start our discussion with something that we know since chapter 3, namely:

DEFINITION 14.1. Let A be a C*-algebra, given with a trace tr : A — C.

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

Here the exponent k = o e e o ... is as before a colored integer, with the powers a”
being defined by multiplicativity and the usual formulae, namely:
=1, a°=a , a*=da
As for the polynomial P, this is a noncommuting *-polynomial in one variable:
PeC<X X*>

Generally speaking, the above definition is something quite abstract, but there is no
other way of doing things, at least at this level of generality. However, in the special case
where our variable a € A is self-adjoint, or more generally normal, we have:

PROPOSITION 14.2. The law of a normal variable a € A can be identified with the
corresponding spectral measure p € P(C), according to the following formula,

w(r@) = | i)
valid for any f € L*>®(o(a)), coming from the measurable functional calculus. In the

self-adjoint case the spectral measure is real, ;1 € P(R).

ProoF. This is something that we again know well, either from chapter 3, or simply
from chapter 1, coming from the spectral theorem for normal operators. O

Let us discuss now independence, and its noncommutative versions. As a starting
point, we have the following update of the classical notion of independence:

165
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DEFINITION 14.3. We call two subalgebras B,C' C A independent when the following
condition 1s satisfied, for any x € B and y € C':

tr(zy) = tr(z)tr(y)
Equivalently, the following condition must be satisfied, for any x € B and y € C':
tr(z) =tr(y) =0 = tr(zy) =0
Also, b,c € A are called independent when B =< b > and C =< ¢ > are independent.

Observe that the above two independence conditions are indeed equivalent, with this
following from the following computation, with the convention a’ = a — tr(a):

tr(be) = tr[(t) +tr(b))(c +tr(c))]
= tr(t/)+t(t)tr(c) + tr(b)tr(c) + tr(b)tr(c)
= tr(t/d) + tr(b)tr(c)
= tr(b)tr(c)

The other remark is that the above notion generalizes indeed the usual notion of
independence, from the classical case, the precise result here being as follows:

THEOREM 14.4. Given two compact measured spaces X,Y , the algebras
CX)cC(XxY) , CY)cC(XxY)
are independent in the above sense, and a converse of this fact holds too.
PrRoOOF. We have two assertions here, the idea being as follows:

(1) First of all, given two abstract compact spaces X,Y, we have embeddings of
algebras as in the statement, defined by the following formulae:

f=1(y) = f@)] , g—I[(z,y) = 9(y)]

In the measured space case now, the Fubini theorems tells us that we have:

[ r@at) = /X 7(x) /Y o)

Thus, the algebras C(X),C(Y) are independent in the sense of Definition 14.3.

(2) Conversely, assume that B,C' C A are independent, with A being commutative.
Let us write our algebras as follows, with X, Y, Z being certain compact spaces:

B=CX) , Cc=CY) , A=C(2)
In this picture, the inclusions B, C' C A must come from quotient maps, as follows:

p:Z4—=X , q:Z—=Y



14A. INTEGRATION THEORY 167

Regarding now the independence condition from Definition 14.3, in the above picture,
this tells us that the following equality must happen:

/Z F0(2)g(a(2)) = / F(o(2) /X o)

Thus we are in a Fubini type situation, and we obtain from this:
XxYcZ
Thus, the independence of the algebras B,C C A appears as in (1) above. O

It is possible to develop some theory here, but this leads to the usual CLT. As a much
more interesting notion now, we have Voiculescu’s freeness [86]:

DEFINITION 14.5. Given a pair (A, tr), we call two subalgebras B,C C A free when
the following condition is satisfied, for any x; € B and y; € C':

tr(z;) =tr(y;) =0 = tr(z1hz2yz...) =0
Also, b,c € A are called free when B =< b > and C =< ¢ > are free.

In short, freeness appears by definition as a kind of “free analogue” of usual inde-
pendence, taking into account the fact that the variables do not necessarily commute.
As a first observation, of theoretical nature, there is actually a certain lack of symmetry
between Definition 14.3 and Definition 14.5, because in contrast to the former, the latter
does not include an explicit formula for the quantities of the following type:

tr(z1y172y2 - - -)

However, this is not an issue, and is simply due to the fact that the formula in the

free case is something more complicated, the precise result being as follows:

ProrosiTION 14.6. If B,C C A are free, the restriction of tr to < B,C > can be
computed in terms of the restrictions of tr to B,C'. To be more precise, we have

tr(@ieays ) = P({tr (e b {tr s - )))

where P is certain polynomial, depending on the length of x1y122ys . .., having as variables
the traces of products x; i, ... and y;,yj, ..., with i3 <iy < ... and j1 < jo < ...

ProoOF. With 2/ = x — tr(x), we can start our computation as follows:
tr(ziyizays...) = tr{(@) +tr(z)(y) + tr(y)) (@) + tr(zs)) ... |
= tr(zjy x5ys . . .) + other terms
= other terms

Thus, we are led to a kind of recurrence, and this gives the result. O

Let us discuss now some examples of independence and freeness. We first have the
following result, from [86], which is something elementary:
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THEOREM 14.7. Given two algebras (A,tr) and (B, tr), the following hold:

(1) A, B are independent inside their tensor product AQ B, endowed with its canonical
tensor product trace, given on basic tensors by tr(a ® b) = tr(a)tr(b).

(2) A, B are free inside their free product A x B, endowed with its canonical free
product trace, given by the formulae in Proposition 14.6.

PRrROOF. Both the above assertions are clear from definitions, as follows:

(1) This is clear with either of the definitions of the independence, from Definition
14.3, because we have by construction of the product trace:

tr(ab) = trj(a®1)(1®0b)]
= tr(a®b)
= tr(a)tr(b)

Observe that there is a relation here with Theorem 14.4 as well, due to the following
formula for compact spaces, with ® being a topological tensor product:

CXxY)=C(X)C(Y)
To be more precise, the present statement generalizes the first assertion in Theorem

14.4, and the second assertion tells us that this generalization is more or less the same
thing as the original statement. All this comes of course from basic measure theory.

(2) This is clear too from definitions, the only point being that of showing that the
notion of freeness, or the recurrence formulae in Proposition 14.6, can be used in order to
construct a canonical free product trace, on the free product of the algebras involved:

tr: AxB — C

But this can be checked for instance by using a GNS construction. Indeed, consider
the GNS constructions for the algebras (A, tr) and (B, tr):

A— B(*(A)) , B— B(I*B))
By taking the free product of these representations, we obtain a representation as
follows, with the % on the right being a free product of pointed Hilbert spaces:
A% B — B(I*(A) = I*(B))
Now by composing with the linear form 7" —< T¢, & >, where £ = 14 = 1p is the
common distinguished vector of [?(A), I*(B), we obtain a linear form, as follows:
tr: AxB —C

It is routine then to check that ¢r is indeed a trace, and this is the “canonical free
product trace” from the statement. Then, an elementary computation shows that A, B
are free inside A x B, with respect to this trace, and this finishes the proof. See [86]. O

More concretely now, we have the following result, also from Voiculescu [86]:
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THEOREM 14.8. We have the following results, valid for group algebras:
(1) L(I"), L(A) are independent inside L(I" x A).
(2) L(T), L(A) are free inside L(I" * A).
PROOF. In order to prove these results, we can use the general results in Theorem
14.7, along with the following two isomorphisms, which are both standard:
LI xA)=LA)LIT) , L(ITxA) =LA« L)

Alternatively, we can check the independence and freeness formulae on group elements,
which is something trivial, and then conclude by linearity. See [86]. O

We have already seen limiting theorems in classical probability, in chapter 13. In order
to deal now with freeness, let us develop some tools. First, we have:

THEOREM 14.9. We have a free convolution operation B for the distributions
p:C< X, X*>—C
which 1s well-defined by the following formula, with a,b taken to be free:
pa B py = flate
This restricts to an operation, still denoted H, on the real probability measures.
ProoF. We have several verifications to be performed here, as follows:

(1) We first have to check that given two variables a,b which live respectively in
certain C*-algebras A, B, we can recover inside some C*-algebra C, with exactly the
same distributions , i, as to be able to sum them and talk about ... But this comes
from Theorem 14.7, because we can set C' = A x B, as explained there.

(2) The other verification which is needed is that of the fact that if two variables a,b
are free, then the distribution p,,, depends only on the distributions p,, pp. But for this
purpose, we can use the general formula from Proposition 14.6, namely:

t’l"((llblagbg .. ) = P({tr(ailam .. )}z, {t?“(bjlij .. )}J>

Now by plugging in arbitrary powers of a,b as variables a;, b;, we obtain a family of
formulae of the following type, with () being certain polyomials:

tra a2 ) = Q({tr(a") b, {tr(¥) )

Thus the moments of a + b depend only on the moments of a, b, with of course colored
exponents in all this, according to our moment conventions, and this gives the result.

(3) Finally, in what regards the last assertion, regarding the real measures, this is clear
from the fact that if the variables a, b are self-adjoint, then so is their sum a + b. O

Along the same lines, but with some technical subtleties this time, we can talk as well
about multiplicative free convolution, following again Voiculescu, as follows:
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THEOREM 14.10. We have a free convolution operation X for the distributions
p:C< X, X*>—=C
which is well-defined by the following formula, with a,b taken to be free:
fa B iy, = piap

In the case of the self-adjoint variables, we can equally set

pa X py = /a0 /a

and so we have an operation, still denoted X, on the real probability measures.
PROOF. We have two statements here, the idea being as follows:

(1) The verifications for the fact that X as above is indeed well-defined at the general
distribution level are identical to those done before for B, with the result basically coming
from the formula in Proposition 14.6, and with Theorem 14.7 invoked as well, in order to
say that we have a model, and so we can indeed use this formula.

(2) Regarding now the last assertion, regarding the real measures, this was something
trivial for H, but is something trickier now for X, because if we take a, b to be self-adjoint,
thier product ab will in general not be self-adjoint, and definitely it will be not if we want
a,b to be free, and so the formula u, X p, = pg will apparently makes us exit the world
of real probability measures. However, this is not exactly the case. Indeed, let us set:

c=+abyva

This new variable is then self-adjoint, and its moments are given by:

tr(c*) = tr[(vabva)"]
= tr[\aba...aby/adl
= trlva-+/aba...ab
= tr[(ab)"]
Thus, we are led to the conclusion in the statement. l

In order to advance now, we would need an analogue of the Fourier transform, or
rather of the log of the Fourier transform. Quite remarkably, such a transform exists
indeed, the precise result here, due to Voiculescu [86], being as follows:

THEOREM 14.11. Given a probability measure u, define its R-transform as follows:
du(t 1
60 = [P — 6, (@) =
RE—1T §

The free convolution operation is then linearized by the R-transform.
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Proor. This is something quite tricky, the idea being as follows:

(1) In order to model the free convolution, the best is to use creation operators on free
Fock spaces, corresponding to the semigroup von Neumann algebras L(N**). Indeed, we
have some freeness here, a bit in the same way as in the free group algebras L(F}).

(2) The point now, motivating this choice, is that the variables of type S*+ f(.S), with
S € L(N) being the shift, and with f € C[X] being an arbitrary polynomial, are easily
seen to model in moments all the possible distributions p : C[X]| — C.

(3) Now let f,g € C[X] and consider the variables S* + f(S) and T* + ¢(T'), where
S,T € L(NxN) are the shifts corresponding to the generators of N % N. These variables
are free, and by using a 45° argument, their sum has the same law as S* + (f + ¢)(.9).

(4) Thus the operation u — f linearizes the free convolution. We are therefore left
with a computation inside L(N), which is elementary, and whose conclusion is that R, = f
can be recaptured from p via the Cauchy transform G, as in the statement. O

With the above linearization technology in hand, we can now establish the following
remarkable free analogue of the CLT, also due to Voiculescu [86]:

THEOREM 14.12 (Free CLT). Given self-adjoint variables x1,xo,x3, ..., which are
fai.d., centered, with variance t > 0, we have, with n — 0o, in moments,

1 n
\/ﬁ ; Ve
where vy, = QLM\/ 4t — x2dx is the Wigner semicircle law of parameter t.

Proor. We follow the same idea as in the proof of the CLT:

(1) At t = 1, the R-transform of the variable in the statement can be computed by
using the linearization property from Theorem 14.11, and is given by:

R(€) = nR, (%) ~

(2) On the other hand, some standard computations show that the Cauchy transform
of the Wigner law ~; satisfies the following equation:

1
a - =

Thus, by using Theorem 14.11, we have the following formula:

R’Yl (5 ) =<
(3) We conclude that the laws in the statement have the same R-transforms, and so
they are equal. The passage to the general case, t > 0, is routine, by dilation. U

In the complex case now, we have a similar result, also from [86], as follows:
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THEOREM 14.13 (Free CCLT). Given random variables x1, x5, x3, ... which are f.i.d.,
centered, with variance t > 0, we have, with n — 0o, in moments,

1 n
— i~ T
where I'y = law((a + zb)/\/i), with a,b being free, each following the Wigner semicircle
law vy, is the Voiculescu circular law of parameter t.

PrOOF. This follows indeed from the free CLT, established before, simply by taking
real and imaginary parts of all the variables involved. U

Now that we are done with the basic results in continuous case, let us discuss as well
the discrete case. We can establish a free version of the PLT, as follows:

THEOREM 14.14 (Free PLT). The following limit converges, for any t > 0,

Hn
n—oo n n

and we obtain the Marchenko-Pastur law of parameter t,

\/4t—(x—1—t)2d
2rx

7 = max(1 —¢,0)dy + x
also called free Poisson law of parameter t.

PRrROOF. Let p be the measure in the statement, appearing under the convolution sign.
The Cauchy transform of this measure is elementary to compute, given by:

t\1 ¢t 1
= ]_ —_— — e —
o= (1-7) e+ e
By using Theorem 14.11, we want to compute the following R-transform:
R = R, e (y) = nRy(y)

We know that the equation for this function R is as follows:

(1 — E) ; + E . 1 =y
n)yt+R/n n yr'+R/n—-1
With n — oo we obtain from this the following formula:
t
= =
But this being the R-transform of 7;, via some calculus, we are done. O

As a first application now of all this, following Voiculescu [87], we have:
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THEOREM 14.15. Given a sequence of complex Gaussian matrices Zy € My(L>®(X)),
having independent G, variables as entries, with t > 0, we have

2T

VN

in the N — oo limit, with the limiting measure being Voiculescu’s circular law.
ProoFr. We know from chapter 13 that the asymptotic moments are:
Z
On the other hand, the free Fock space analysis done in the proof of Theorem 14.11
shows that we have, with the notations there, the following formulae:
S+S "~y , S+T"~1I4

By doing some combinatorics, this shows that an abstract noncommutative variable
a € A is circular, following the law I';, precisely when its moments are:

Mi(a) = 2N C, (k)|
Thus, we are led to the conclusion in the statement. See [87]. U

Next in line, comes the main result of Voiculescu in [87], as follows:

THEOREM 14.16. Given a family of sequences of Wigner matrices,
Zi € My(L®(X)) , i€l
with pairwise independent entries, each following the complex normal law Gy, with t > 0,
up to the constraint Z% = (Z)*, the rescaled sequences of matrices

IN e My(L®(X) , i€l

VN

become with N — oo semicircular, each following the Wigner law ~y;, and free.

PROOF. We can assume that we are dealing with 2 sequences of matrices, Zy, Z}. In
order to prove the asymptotic freeness, consider the following matrix:

1
Yy = —(Zn +i2})

V2

This is then a complex Gaussian matrix, so by using Theorem 14.15, we have:

“Noor

/—N t
We are therefore in the situation where (Zy + iZ})/v N, which has asymptotically
semicircular real and imaginary parts, converges to the distribution of a free combination
of such variables. Thus Zy, Z} become asymptotically free, as desired. U
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Getting now to the complex case, we have a similar result here, as follows:
THEOREM 14.17. Given a family of sequences of complexr Gaussian matrices,
Zh € My(L™(X)) , iel
with pairwise independent entries, each following the law Gy, with t > 0, the matrices

5% e My(L¥(X)) , iel

become with N — oo circular, each following the Voiculescu law 'y, and free.

Proor. This follows indeed from Theorem 14.16, which applies to the real and imag-
inary parts of our complex Gaussian matrices, and gives the result. U

Finally, we have as well a similar result for the Wishart matrices, as follows:
THEOREM 14.18. Given a family of sequences of complex Wishart matrices,
Zy =Ye(Yy) € My(L®(X)) , i€l

with each Y3 being a N x M matriz, with entries following the normal law Gy, and with
all these entries being pairwise independent, the rescaled sequences of matrices

Zy
N
become with M = tN — oo Marchenko-Pastur, each following the law 7, and free.

€ My(L®(X)) , i€l

PROOF. Here the first assertion is the Marchenko-Pastur theorem, from chapter 13,
and the second assertion follows from Theorem 14.16, or from Theorem 14.17. U

Let us develop now some further limiting theorems, classical and free. We have the
following definition, extending the Poisson limit theory developed before:

DEFINITION 14.19. Associated to any compactly supported positive measure p on C
are the probability measures

1 *1 1 Hn
p, = lim <(1—5> 50+—,0) , 7, = lim ((1—5> 50+—p>
n—o0 n n n—oo 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 = t6; with ¢ > 0, which produces the Poisson and free Poisson laws. The
following result allows one to detect compound Poisson/free Poisson laws:

PROPOSITION 14.20. For p = Zle ci0,, with ¢; > 0 and z; € C, we have

5 o ~ Gz
By (y) = exp (Zcxe%—w) R =D

=1 =1

where F, R denote respectively the Fourier transform, and Voiculescu’s R-transform.
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PROOF. Let 1, be the measure appearing in Definition 14.19. We have:
c 1< : c 1 < , "
F = <1 — _) - ; 1YZi —  F.. — <1 _ _) - : Yz
n (Y) " +n;C€ men (Y) ( - —i—n;ce
— [, (y) =exp (Z ci(e¥  — 1))

i=1
Also, the Cauchy transform of 7, is then given by the following formula:

eyl 1S o
G (&) = (1-5) s+ >
nn(g) n f + n — 5_ 2
Consider now the R-transform of the measure n", which is given by:

Ryen(y) = nRy, (y)

By using the general theory of the R-transform, from before, the above formula of G,
shows that the equation for R = R,@n is as follows:

S

c 1 1 G
(1_5) 1/y—i—R/n+ﬁZ 1/y+ R/n— z -

=1

s

c 1 1 c
et 1——>— — i :1
( n 1+yR/n+nzl+yR/n—yzi

i=1

Now multiplying by n, then rearranging the terms, and letting n — oo, we get:

S S

c+yR ci i
_— — e R7r —
1+yR/n Z,lenLyR/n—yzi ¢+ Yl (y) izll—yzi
. CiZj
= Rﬁ,,(y)zzl_ =
i=1 Yzi
Thus, we are led to the conclusion in the statement. Il

We have the following result, providing an alternative to Definition 14.19, which will
be our formulation here of the Compond Poisson Limit Theorem, classical and free:

THEOREM 14.21 (CPLT). For p=>_7_, ¢;i0,, with ¢; >0 and z; € C, we have
pp/m, = law (Z ziozi)

=1

where the variables o; are Poisson/free Poisson(c;), independent/free.

Proor. This follows indeed from the fact that the the Fourier/R-transform of the
variable in the statement is given by the formulae in Proposition 14.20. U
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We will be mainly interested in what follows in the main examples of classical and
free compound Poisson laws, which are constructed as follows:

DEFINITION 14.22. The Bessel and free Bessel laws are the compound Poisson laws

bf = Ptes ﬁf = Te
where g4 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) At s = oo we obtain the “complex” Bessel and free Bessel laws, denoted By, B;.

There is a lot of theory regarding these laws, and we refer here to the literature. We
will be back to these laws, which are quite fundamental, in a moment.

14b.
14c.
14d.
14e. Exercises

Exercises:

EXERCISE 14.23.

EXERCISE 14.24.

EXERCISE 14.25.

EXERCISE 14.26.

EXERCISE 14.27.

EXERCISE 14.28.

EXERCISE 14.29.

EXERCISE 14.30.

Bonus exercise.



Exercises:

EXERCISE 15.1.
EXERCISE 15.2.
EXERCISE 15.3.
EXERCISE 15.4.
EXERCISE 15.5.
EXERCISE 15.6.
EXERCISE 15.7.

EXERCISE 15.8.

Bonus exercise.

CHAPTER 15

Advanced calculus

15a. Advanced calculus
15b.
15c.
15d.

15e. Exercises

177






CHAPTER 16

Matrix models

16a. Models, level

You can model everything with random matrices, the saying in analysis goes. In this

chapter we discuss modelling questions for the affine manifolds X C S(]C\f jrl, and then for

the projective manifolds X C Pfrv ~1. Let us start with a key definition, as follows:

DEFINITION 16.1. A matriz model for a noncommutative algebraic manifold X C
Sg;l 1s a 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: O(X) — M, (C(X))

In general, we cannot use K = 1, and the smallest value K € N doing the job, if any,
will correspond somehow to the “degree of noncommutativity” of our manifold.

With the help of some von Neumann algebra theory, we can now go ahead with our
program, and discuss von Neumann algebraic extensions. We have the following result:

THEOREM 16.2. Given a matriz model w : C(X) — My (C(T)), with both X, T being
assumed to have integration functionals, the following are equivalent:

(1) = is stationary, in the sense that [, = (tr ® [r).
(2) 7 produces an inclusion ' : Creq(X) C Mg (X(T)).
(3) m produces an inclusion 7" : L>(X) C My (L>(T)).

Moreover, in the quantum group case, these conditions imply that 7 is faithful.

ProoF. This is standard functional analysis, as follows:

179
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(1) Consider the following diagram, with all the solid arrows being by definition the
canonical maps between the algebras concerned:

Mi(C(T) )
o) Crea(X) ()

(2) With this picture in hand, the implications (1) <= (2) <= (3) between the
conditions (1,2,3) in the statement are all clear, coming from the basic properties of the
GNS construction, and of the von Neumann algebras, explained in the above.

(3) As for the last assertion, this is something more subtle, coming from the fact that
if L>(G) is of type I, as required by (3), then G’ must be coamenable. O

Let us go back now to our basic notion of a matrix model, from Definition 16.1, and
develop some more general theory, in that setting. We first have:

PROPOSITION 16.3. A 1 x 1 model for a manifold X C S(]C\fjrl must come from a map
p:T—)XdaSSCX
and 7 s faithful precisely when X = X455, and when p is surjective.

PRrROOF. According to our conventions, a 1 x 1 model for a manifold X C Sg jrl is
simply a morphism of algebras 7 : C(X) — C(T'). Now since C(T') is commutative, this
morphism must factorize through the abelianization of C(X), as follows:

m:C(X) = C(Xaass) = C(T)
Thus, our morphism 7 must come by transposition from a map p, as claimed. O
In order to generalize the above trivial fact, we can use:
DEFINITION 16.4. Let X C ngrl. We define a closed subspace X¥) C X by
C(X")) = C(X)/ Tk

where Ji is the common null space of matriz representations of C(X), of size L < K,

Jk = ﬂ ﬂ ker(r)

L<K m:C(X)—M(C)

and we call X5 the “part of X which is realizable with K x K models”.
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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 cx®cx®c. . ... cX®™cXx

Getting back now to the case K < oo, we first have the following result:

PROPOSITION 16.5. 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 XE) = X precisely when any irreducible representation
of C(X) has dimension < K.

Proor. This follows from general C*-algebra theory, as follows:

(1) If any irreducible representation of C'(Y) has dimension < K, then we have
Y ¢ 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)) has dimension < K. But this is once again well-known.

(2) This follows indeed from (1). O
The connection with the previous considerations comes from:
THEOREM 16.6. If X C ngrl has a faithful matriz model
C(X) = My (C(T))
then we have X = X&),
Proor. This follows from the above, via standard theory for the C*-algebras. U
We can now discuss the universal K x K-matrix model, constructed as follows:

THEOREM 16.7. Given X C Sé\fjrl 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 is, given a model p : C(X) — Mg(C(T)), we have a diagram of type
C(X) u My(C(Tk))

N

Mk (C(T))

where the map on the right is unique, and arises from a continuous map T — Ty .
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PrOOF. Consider the universal commutative C*-algebra generated by elements z;;(a),
with 1 <i,j < K and a € O(X), subject to the following relations:

zij(a + Ab) = wij(a) + Az (D)
zij(ab) = wi(a)ar(b)

zij(1) = 0
zi(a)” = xji(a’)
This algebra is indeed well-defined because of the following relations:

Z Z T (2] )i (2) = 1
Ik

Now let T be the spectrum of this algebra. Since X is algebraic, we have:
m: O(X) = Mk (C(Tk)) , w(z) = (w5(20))
By construction of Tk and 7, we have the universal matrix model. U

Still following [8], as an illustration for the above, we have:

PROPOSITION 16.8. Let X C S(]c\fjrl with X algebraic and X 45 # 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 prove that Ker(m) = Jk, the latter ideal being the intersection
of the kernels of all matrix representations as follows, with L < K:
C(X) — ML(C)

For a ¢ Ker(m), we see that a € Jgx by evaluating at an appropriate element of
Ty. Conversely, assume that we are given a € Ker(mw). 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 <0b> g@?K_L)

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. O

Next, we have the following result, also from [8]:
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PROPOSITION 16.9. Let X C S(]Cv;l be algebraic, and satisfying:
Xetass 7 0
Then X5 is algebraic as well.
Proor. We keep the notations above, and consider the following map:
o O(X) = Mg(C(Tk)) , =z — (z45(2))
This induces a *x-algebra map, as follows:
7o : C*(O(X)/Ker(my)) — Mg (C(Tk))

We need to show that 7y is injective. For this purpose, observe that the universal
model factorizes as follows, where p is canonical surjection:

7 C(X) D C(O(X)/Ker(m)) =% My (C(Tk))
We therefore obtain Ker(m) = Ker(p), and we conclude that:
C(x™) = C(X)/Ker(p) = C*(O(X)/Ker(m))

Thus X %) is indeed algebraic. Since O(X)/Ker(m) is isomorphic to a *-subalgebra
of Mk (C(Tk)), it satisfies the standard Amitsur-Levitski polynomial identity:

SQK<1’1, e 71’2[() = 0

By density, so does C*(O(X)/Ker(m)). Thus any irreducible representation of the
algebra C*(O(X)/Ker(m)) has dimension < K. Consider now an element as follows:

a € C*(O(X)/Ker(m))

Assuming a # 0 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, a given algebra map ¢ : C'(X) — C induces an algebra map as follows:
C(TK) — C y T (a) — (SijE(CL)

But this map enables us to extend representations, as before. By construction the
universal model space yields an algebra map as follows:

The composition with 7op = 7 is then pp, so m(a) # 0, and 7y is injective. O

Summarizing, we have proved the following result:



184 16. MATRIX MODELS

THEOREM 16.10. Let X C S(]C\{jrl be algebraic, satisfying X aes # 0. Then we have an
increasing sequence of algebraic submanifolds

Xeass = XPD c X® c XO .. cX
with C(X5)) ¢ Mg (C(Tx)) being obtained by factorizing the universal model.
PRrROOF. This follows indeed from the above results. U

All the above is quite interesting, and we can say that X C Sg jrl has matrix level
K € NU {oo} when the inclusion X¥) C X is an equality, with K being minimal.

16b. Stationary models

As a key illustration for the above modeling theory, let us discuss now the half-
liberation operation, which is connected to X®. Let us start with:

THEOREM 16.11. Given a conjugation-stable closed subgroup H C Uy, consider the
algebra C([H]) C My(C(H)) generated by the following variables:

(0 vy
i = oy 0

Then [H] is a compact quantum group, we have [H] C O%, and any non-classical subgroup
G C Oy appears in this way, with G = O} itself appearing from H = Uy.

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

(1) As a first observation, the matrices in the statement are self-adjoint. Let us prove
now that these matrices are orthogonal. We have:

. o 0 Vik 0 Ujk . 1 O

ZUzku]k‘ - Z (Uik 0 ) (U]k; 0 ) - (O 1>
k k

In the other sense, the computation is similar, as follows:

‘ o 0 Vki 0 Vi \ _ 10
Zk:umukj - Zk: (Uki 0 ) (Ukj 0 ) - (O 1>

(2) Our second claim is that the matrices in the statement half-commute. Consider
indeed arbitrary antidiagonal 2 x 2 matrices, with commuting entries, as follows:

0 ZT;
h= (y 0)

We have then the following computation:

0 x; 0 z; 0 zp 0 TiY; Tk
X, X X, = J = J
TN (% 0) (yj 0) (yk 0> <yz‘$jyk 0 >
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Since this quantity is symmetric in 7, k, we obtain, as desired:

(3) According now to the definition of the quantum group O%;, we have a representation
of algebras, as follows where w is the fundamental corepresentation of C'(O%):

m:C(Oy) = My(C(H)) ,  wij — uy

Thus, with the compact quantum space [H] being constructed as in the statement, we
have a representation of algebras, as follows:

p:COy) = C(H]) , wij = w;

(4) With this in hand, it is routine to check that the compact quantum space [H]
constructed in the statement is indeed a compact quantum group, with this being best
viewed via an equivalent construction, with a quantum group embedding as follows:

C([H]) C C(H) % Zs

(5) As for the proof of the converse, stating that any non-classical subgroup G' C O
appears in this way, this is something more tricky.

(6) Finally, we have O} = [Un], and we will be back to this later. O
Getting now to the manifold case, we have here:

DEFINITION 16.12. The half-classical version of a manifold X C Sﬁ;l 15 given by:

C(X*) = C(X) / <abc — cha

Va,b,c € {a:z}>
We say that X is half-classical when X = X*.

In order to understand now the structure of X*, we can use an old matrix model
method, which goes back to Bichon-Dubois-Violette, and then to Bichon.

This is based on the following observation, that we already met in the above:

PROPOSITION 16.13. For any z € CV, the matrices
0 Zi
(2 )

Proo¥r. This is indeed something that we know from the above. U

are self-adjoint, and half-commute.

We will need an abstract definition, as follows:
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DEFINITION 16.14. Given a noncommutative polynomial f € R < x1,...,xzxy > in N
variables, we define a usual polynomial in 2N variables

fo € R[Zl,...,ZN,Zl,...,ZN]
according to the formula
f = TjTjyTisTiy - .. —> fo = Zi, ZigRis Ziy - -
in the monomial case, and then by extending this correspondence, by linearity.

As a basic example here, the polynomial defining the free real sphere SH]{X ;1 produces
in this way the polynomial defining the complex sphere Sév -1

f=23+. a5 = fo=|aP+...+ |

Also, given a polynomial f € R < xy,...,xy >, 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, ..., 2x), these odd and even parts are given by:

fz)+ f(—= f(z)— f(—=
FRENICET IR R Co

2 9
With these conventions, we have the following result:

PROPOSITION 16.15. Given a manifold X, coming from a family of noncommutative
polynomials {f,} CR < xy,...,xx >, we have a morphism algebras

T C(X) = My(C) ﬂ@i):(o )

zZ 0
precisely when z = (z1,...,zy) € CV belongs to the real algebraic manifold
Y = {z € CNgo(z1,...,2n) = ho(21,. .., 2n) = O,Va}

where fo = go + ha 1S the even/odd decomposition of fo.

PRrOOF. 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
space Y in the statement consists of the points z = (21, ..., zy) € CV satisfying:

fo(X1,...,.XN)=0 |, Va

Now observe that the matrices X; in the statement multiply as follows:

XX, X X, = <Zz'1zj1 2 Ziy 0 >

0 Ri1 Ry - Rig Ry

0 Zi 2 Zi 24, %
. . . . . — 1791 0 eI Y41
Xy Xy o X, X5, Xy, = 3 2. 0
11~

.. ZiijkZik+1
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We therefore obtain, in terms of the even/odd decomposition f, = go + hq:

9o(z1, ..y 2n) ho(z1,. .., 2N)
fa(Xla R 7XN> =
hg('zl’"'uz]\/) g2(217~--;ZN)
Thus, we obtain the equations for Y from the statement. U

As a first consequence, of theoretical interest, a necessary condition for X to exist is
that the manifold Y C C¥ constructed above must be compact, and we will be back to
this later. In order to discuss now modeling questions, we will need as well:

DEFINITION 16.16. Assuming that we are given a manifold Z, appearing via
C(Z) = C* <Zl, o, RN fa(Zl, .. .,ZN) = O)

we define the projective version of Z to be the quotient space Z — PZ corresponding to
the subalgebra C(PZ) C C(Z) generated by the variables xi; = 2,2} .

The relation with the half-classical manifolds comes from the fact that the projective
version of a half-classical manifold is classical. Indeed, from abc = cba we obtain:
ab-cd = (abc)d
= (cba)d
c(bad)
= c(dabd)
= cd-ab
Finally, let us call as before “matrix model” any morphism of unital C*-algebras

f A — B, with target algebra B = Mg(C(Y)), with K € N, and Y being a compact
space. With these conventions, following Bichon, we have the following result:

THEOREM 16.17. 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,

71 C(X) = My(C(Y))

where Y is the manifold constructed in Proposition 16.15, is faithful. In addition, the
construction X — Y 1is such that X exists precisely when Y is compact.

PrOOF. We use a standard trick. 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 16.15, the image of
this representation consists of diagonal matrices, and the upper left components of these
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matrices are the standard coordinates of PY. Thus, we have an isomorphism:
PX ~PY
We can conclude then by using a grading trick. U

The above result shows that when X is symmetric, we have X* € X®. Going beyond
this observation is an interesting problem. In what follows, we will rather need a more
detailed version of the above result. For this purpose, we can use:

DEFINITION 16.18. Associated to any compact manifold Y C C¥ is the real compact
half-classical manifold [Y], having as coordinates the following variables,

0 Zi
Xi = (zi O)

where z1,...,zy are the standard coordinates on Y. In other words, [Y] is given by the
fact that C([Y]) C Ma(C(Y)) is the algebra generated by these matrices.

Here the fact that the manifold [Y] is indeed half-classical follows from the results
above. As for the fact that [Y] is indeed algebraic, this follows from Theorem 16.17. Now
with this notion in hand, we can reformulate Theorem 16.17, as follows:

THEOREM 16.19. The symmetric half-classical manifolds X appear as follows:

(1) We have X = [Y], for a certain conjugation-invariant subspace Y C CV.
(2) PX = P[Y], and X is mazximal with this property.
(3) In addition, we have an embedding C([X]) C C(X) X Zs.

Proor. This follows from Theorem 16.17, with the embedding in (3) being con-
structed via x; = z; ® 7, where 7 is the standard generator of Z,. Il

Many other things can be said, as a continuation of the above, for instance by using
cyclic N x N matrices, instead of antidiagonal 2 x 2 matrices.
16c. Inner faithfulness

Let us discuss now some more subtle examples of stationary models, related to the
Pauli matrices, and Weyl matrices, and physics. We first have:

DEFINITION 16.20. Given a finite abelian group H, the associated Weyl matrices are
Wi : €y =< 1, b > €a+b
where 1 € H, a,b € ﬁ, and where (i,b) —<i,b > is the Fourier coupling H X H—T.

As a basic example, consider the simplest cyclic group, namely:

H:ZQZ{O,l}
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Here the Fourier coupling is < i,b >= (—1)®, and the Weyl matrices act as follows:
WOO ey — € , W10 Lep — (—1)beb

Wit ep — (=1)%epi ; Wor : ey — ey
Thus, we have the following formulae for the Weyl matrices:

10 1 0
WOO = <O 1) ) WlO = (0 _1>

0 -1 01
=) (0 )

We recognize here, up to some multiplicative factors, the four Pauli matrices. Now

back to the general case, we have the following well-known result:

PROPOSITION 16.21. The Weyl matrices are unitaries, and satisfy:

(1) I/V;Z =<1,a > W,i’,a.

(2) WiaWi, =<'i,0 > Wigjass.

(3) VViaVV;b =< j - iv b > Wi*j,afb-

(4) W;;W}b =<1,a4 — b > ijfi,bfa-
PROOF. The unitarity follows from (3,4), and the rest of the proof goes as follows:
(1) We have indeed the following computation:

Wy = (Z <i,b> Em,b)
b
= Z < _Zab > Eb,a+b
b

= Z<—i,b—a>Eb_a7b
b
= <i,a> W,i’,a

(2) Here the verification goes as follows:

WiaWjp = (Z <i,b+d> Ea+b+d,b+d) (Z <J,d> Eb+d,d>
d d

— Z<i,b><i+j,d>Ea+b+d,d
d

= <i,0> Wiijam
(3,4) By combining the above two formulae, we obtain:
Wi ;b = < j7 b> WiaW—j,—b
= <J,b><i,=b>Wi_j.
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We obtain as well the following formula:

VV;Vij = <i,a> W,L,aij
= <,a><—1,0>W;_;p4

But this gives the formulae in the statement, and we are done. O

~

With n = |H|, we can use an isomorphism [?(H) ~ C" as to view each W}, as a usual
matrix, W;, € M, (C), and hence as a usual unitary, W;, € U,. Also, given a vector £, we
denote by Proj(§) the orthogonal projection onto C¢. Following [8], we have:

PROPOSITION 16.22. Given a closed subgroup E C U,, we have a representation
7 C(SY) = My(C(E))
Wig jb — [U — Proj(Wi,U j*b)]
where n = |H|, N = n?, and where W, are the Weyl matrices associated to H.

Proor. The Weyl matrices being given by W;, : e, =< 1,0 > €41, we have:

1 if (i,a) = (0,0)
tT(Wia) - {0 if (i,a) #+ (0;0)

Together with the formulae in Proposition 16.21, this shows that the Weyl matrices
are pairwise orthogonal with respect to the following scalar product on M, (C):

< z,y >=tr(zy")

Thus, these matrices form an orthogonal basis of M,,(C), consisting of unitaries:

W:{ma

ieH,aefI}

Thus, each row and each column of the matrix &, ;5 = Wi U W;‘b is an orthogonal basis
of M,,(C), and so the corresponding projections form a magic unitary, as claimed. U

We will need the following well-known result:
PROPOSITION 16.23. With T' = Proj(x;) ... Proj(z,) and ||z;|| = 1 we have
<TEn>=<E, 2y ><Tp,Tpq > ... < Xo, 1 >< T1,1) >
for any &, m. In particular, we have:

Tr(T) =< x1,xp, >< Tp,Tp_1 > ... < To, T3 >
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PRrROOF. For ||z|| = 1 we have Proj(z)§ =< £, x > x. This gives:
T¢ = Proj(xy)...Proj(z,)¢
= Proj(zy)...Proj(z,_1) < &, x, > x,
= Proj(z1)...Proj(xp,_2) <& 1, >< xp, Tp_1 > Tp_1
= <&y >< Tp, Tp1 > ... < T, X1 > T

Now by taking the scalar product with 7, this gives the first assertion. As for the
second assertion, this follows from the first assertion, by summing over £ =7 = e;. O

Now back to the Weyl matrix models, let us first compute 7;,. We have:

PROPOSITION 16.24. We have the formula

r . . .
(Tp)ia,jb = N <2,01 —Gp > oo <y, Gy — Ap—1 ><jl,b1—b2> <]p,bp—b1 >

/ tr(ml—b,al—tm UI/V]'2—]'1762—171 U*) .- 'tr(m/ip_ilyap_al UW] b1—bp U*)dU
E

l_jp7
with all the indices varying in a cyclic way.

PROOF. By using the trace formula in Proposition 16.23, we obtain:
(Tp)iadb

= (tr ® /) <P7"0j(VVZ-1a1 UWZy) - Proj(WipapUW/;bp»
E

j2bo? J1ib1

1
- N/E = VVilalU ;lbl’mpapUVV;;bp > < VVZQ@U iy VVilalU o> dU

In order to compute now the scalar products, observe that we have:
< WilUW5, Wi UWig > = tr(WpU Wi, Wi UWy)
= tr(W Wil UWEWiU”)
= <i,a—c><ld—=b>tr(Wi_; o UW,_1_qU")
By plugging these quantities into the formula of T},, we obtain the result. U

Consider now the Weyl group W = {W;,} C U, that we already met in the proof of
Proposition 16.23. We have the following result, from [8]:

THEOREM 16.25. For any compact group W C E C U,, the model
m : C(SY) = My(C(E))
Wiq b — [U = Proj(W;,U ;b)]

constructed above is stationary on its image.
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PROOF. We must prove that we have 77 = T,,. We have:
(T, Jiagb
= Z(Tp)ia,kc(Tp)kc,jb

ke

1 , .
= m2:<21,a1—ap>...<zp,ap—ap,1></’<;1,cl—02>...</<:][,,cp—cl>

<k1,Cl—Cp>...<l€p,Cp—Cp,1><j1,b1—bz>...<jp,bp—b1>

/ tr(ml—i27a1—a2 UWk:Q—k:l,cg—cl U*) S tr(mp—il,ap—(h UWkl—k’p,q—ch*)dU
E

/tr(Wkle,Clcngjg —j1,ba— blv*)---tr(Wkpfkl,cpquW]l —Jpyb1— pr*)dV
E

By rearranging the terms, this formula becomes:

(T7)ia.jb

1 . . .
= = <i,a1—ap > ... <lp, Gy — Ap1 >< j1,bp — by > .0 < jp, by — by >

// —kp,cr—cp > <k, —kp1,cp—Cp1 >
E

11 i2,a1—az Usz k1,c2—c1 U*)tr(Wh—/@,q—Cz VVij—jhbz—ln V*)
t?“(mp,ihap,al UWkl,kpycl,CPU*)YST(W]CP,]CLCP,CI VWJI —Jp,b1— pr*)dUdV

Let us denote by I the above double integral. By using W}, =< k,c > W_; _. for
each of the couplings, and by moving as well all the U* variables to the left, we obtain:

I = //Ztr(U*VVil_i%al_aQUWk?_klvc2_Cl)tr(W/:Q—h,CQ—qVVVJé—jhbz—hV*)
EJE

tr(U*Wip—il,ap—al UWkl_kp7cl _cp)tT(Wl; VI/VJI —jipsb1—bp V*)dUdV

In order to perform now the sums, we use the following formula:

1
tT(AW]CC)tT(W]:CB) = Aqr(ch)rq<W]:c)stBts
N

qrst

1
= T Aw < k0> by < ko5 > b B

qrst

1
= 5 Z <k,g—5>Agq+cBstcs

qs

—kp,c1—cp
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If we denote by A,, B, the variables which appear in the formula of I, we have:

I
= Np//Ek <ky—ki,qu—51>...<ky— kp,qp—8p>
cqs
qi q1tc2—c1 Bl)81+02 —C1,81 * ** (Ap)qpvqp-i-q—c;)(Bp)sp-i-q—chp
- Np//E <k17Qp _QI+51> <kp7qp1 QP+31)

keqs
(Al)q17q1+02—01 (Bl>81+02—01,81 s (Ap)qmqp-i-q—cp(Bp)sp+01—cp,sp
Now observe that we can perform the sums over ki, ..., k,. We obtain in this way a
multiplicative factor n?, along with the condition:
ql—Slz...:qp—Sp

Thus we must have ¢, = s, + a for a certain a, and the above formula becomes:

/ / Z Al 81+a s1tea— 01+a(Bl)51+02 —C1,81 ¢ (Ap)sp+a,sp+01—cp-i-a(Bp)sp-i-q—cmsp

csa
Consider now the variables r, = ¢, 11 — ¢, which altogether range over the set Z of
multi-indices having sum 0. By replacing the sum over ¢, with the sum over r,, which
creates a multiplicative n factor, we obtain the following formula:

(Bl>51+7’1 81t (Ap>sp+a,sp+rp+a(Bp)spi-f’pﬁp

TGZ sa
For an arbitrary multi-index 7, we have the following formula:

1 . .
5Zi”’0:ﬁz<z’rl > <,y >
1

Thus, we can replace the sum over r € Z by a full sum, as follows:

/ / Z < 7/ 1 > )31+a,sl+r1+a(Bl)siJrT‘i,Si

rsia

<0y Tp > (Ap)sp-i-a,sp-i-rp—s—a(Bp)sp-i-rp,sp
In order to “absorb” now the indices 7, a, we can use the following formula:
W AW,

= (Z <1,—b> Eb,a+b> (Z Ea+b,a+cAa+b,a+c> (Z <i,¢> Ea+c,c)
be

b c
- Z < i, C — b > EbcAa+b,a+c

be
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Thus we have the following formula:
(WEAW i )oe =< i,¢ —b > Apipate

With this in hand, our formula becomes:

= / / Z W* Al ia 51 s1+r1 (Bl)é‘l+r1 s1 ¢t (mzApWia>sp,sp+rp (Bp)serrp,sp

rsia

_ / / St (WaAWiWBY) ... 1 (WA WiaB,y)
EJE
Now by replacing A,, B, with their respective values, we obtain:

//Ztr W* U* 7,1 12 al1— QQUV[/ZGVWH ]1 b2 blv)

tr(vvizU*VVip—il,ap—al UWmVle —jipsb1—bp V*)dUdV
By moving the W} U* variables at right, we obtain, with S;, = UW;,V:

Z//tr<Wi1—’i2,al—GQSiaWjQ—jl7b2—b1Sf?a)
ia EJE

tT(Wipfil,apfals W]l —Jp,b1—bp za)dUdV

Now since S;, is Haar distributed when U,V are Haar distributed, we obtain:
I= N/ / 2fra/vil—2'2,01—!12UVij—j1,b2—b1 U*) . 'tT(VVip—il,ap—al UVI/jl_jpubl—pr*)dU

But this is exactly N times the integral in the formula of (7},);q b, from Proposition
16.24. Since the N factor cancels with one of the two N factors that we found in the
beginning of the proof, when first computing (T )ia,jb, We are done. O

As an illustration for the above result, going back to [8], we have:
THEOREM 16.26. We have a stationary matriz model
m: C(S) C My(C(SUy))
given on the standard coordinates by the formula
m(u;j) = [ — Proj(c;xc;)]

where x € SUs,, and cq, ¢y, c3, ¢4 are the Pauli matrices.
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PROOF. As already explained in the comments following Definition 16.20, the Pauli
matrices appear as particular cases of the Weyl matrices:

10 1 0
WOO = <O 1) ) WlO = (0 _1)

0 -1 01
wa= (0 3) o wa= (1)

Thus, Theorem 16.25 produces in this case the model in the statement. U

Observe that, since the projection Proj(c;xc;) depends only on the image of = in the
quotient SU; — SO3, we can replace the model space SU, by the smaller space SOs.
This can be used in conjunction with the isomorphism S; ~ SO;!, and as explained in
[8], our model becomes in this way something more conceptual, as follows:

m: C(SO31) € M, (C(S0s))

As a philosophical conclusion, to this and to some previous findings as well, no matter
what we do, we always end up getting back to SUs,, SO3;. Thus, we are probably doing
some physics here. This is indeed the case, the above computations being closely related to
the standard computations for the Ising and Potts models. The general relation, however,
between quantum permutations and lattice models, is not axiomatixed yet.

We know from the above that we have a stationary matrix model for the algebra
C(S]). In view of [8], this suggests the following conjecture:

CONJECTURE 16.27. Given a quantum permutation group of 4 points,
G C Sf ~S0;*
coming by twisting a usual ADE subgroup of the group SOs,
H C 503

the restriction of the Pauli model for C(S]), with fibers coming from the elements of
H C SOs, has the algebra C(G) as Hopf image.

To be more precise, the main result from the previous section tells us that the con-
jecture holds for G = S itself. Indeed, here we have H = SOs, so the corresponding
restriction of the Pauli model for C'(S;) is the Pauli model itself, and this model being
stationary, its Hopf image is the algebra C(S)) itself, as stated.

In general, the above conjecture does not look that scary, because the same methods
used for Sj can be used for any subgroup G C S;. However, the problem is that, unless
a global method in order to uniformly deal with the problem is found, this would need a
case-by-case study depending on G C S, which looks quite time-consuming.
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16d. Universal models

Following [8], let us study now the universal flat model for C(Sy). Given a flat magic
unitary v = (u;;), we can write it, in a non-unique way, as follows:

ui; = Proj(&;)
The array § = (&;;) is then a “magic basis”, in the sense that each of its rows and

columns is an orthonormal basis of C¥, and with this being an interesting combinatorial
notion, mixing linear algebra and design theory. More on such magic bases later.

In relation now with universal models, we are led to two spaces, as follows:

DEFINITION 16.28. Associated to any N € N are the following spaces:
(1) Xy, the space of all N x N flat magic unitaries u = (u;;).
(2) Kn, the space of all N x N magic bases & = (&;;).

Let us recall now that the rank 1 projections p € My(C) can be identified with the
corresponding 1-dimensional subspaces £ C C¥, which are by definition the elements
of the complex projective space Pév ~1 In addition, if we consider the complex sphere,
St ={z € CN|3, |2|? = 1}, we have a quotient map as follows:

7 SY Tt PYTY 2= Proj(2)

Observe that we have 7(z) = m(z') precisely when 2’ = wz, for some w € T. Consider
as well the embedding Uy C (Sp )N given by x — (x1,...,2x), where x1,..., 2y are
the rows of z. Finally, as before, let us call an abstract matrix stochastic/bistochastic
when the entries on each row/each row and column sum up to 1.

With these notations and conventions, the abstract model spaces Xy, Ky from Defi-
nition 16.28 that we are interested in, and some related spaces, are as follows:

PROPOSITION 16.29. We have inclusions and surjections as follows,

Ky C U]JVV C MN(Sévil)

\ 3 \

Xy C Yy C My(PNY
where Xy, Yn consist of bistochastic/stochastic matrices, and Ky is the lift of Xy.

Proor. This follows from the above discussion. Indeed, the quotient map S(]CV -1
P~ induces the quotient map My (S 1) — My (P ~") at right, and the lift of the space
of stochastic matrices Yy C My (P2 ") is then the rescaled group UY, as claimed. U
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In order to get some insight into the structure of the above spaces Xy, Ky, we can use
some inspiration from the well-known Sinkhorn algorithm from linear algebra. Indeed,
this algorithm starts with a N x N matrix having positive entries and produces, via
successive averagings over rows/columns, a bistochastic matrix.

In our situation, we would like to have an “averaging” map Yy — Yy, whose infinite
iteration lands in the model space X . Equivalently, we would like to have an “averaging”
map UY — U, whose infinite iteration lands in the space Ky.

In order to construct such averaging maps, we use the orthogonalization procedure
coming from the polar decomposition, the result that we need being as follows:

PROPOSITION 16.30. We have orthogonalization maps as follows,

(S e (5

(PN (PN

where a(x); = Pol([(z:);]i;), and B(p) = (P~Y?p,P~Y2), with P =", pi.
ProOF. This is something which is routine, the idea being as follows:

(1) Our first claim is that we have a factorization as in the statement. Indeed, pick
p1s--,py € PY71 and write p; = Proj(z;), with ||z;|| = 1. We can then apply a, as to
obtain a vector a(z) = (2});, and then set 5(p) = (p;), where p, = Proj(z}).

(2) Our first task is to prove that § is well-defined. Consider indeed vectors ;,
satisfying Proj(z;) = Proj(z;). We have then z; = \;z;, for certain scalars A\; € T, and
so the matrix formed by these vectors is M = AM, with A = diag();). It follows that

Pol(M) = APol(M), and so &, = A\x;, and finally Proj(z}) = Proj(z}), as desired.

(3) It remains to prove that § is given by the formula in the statement. For this
purpose, observe first that, given z1,...,xxy € S(év_l, with p; = Proj(x;) we have:

Zpi - Z[(fz)k(%)z]kz

i

= ) (My M)
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(4) We can now compute the projections p; = Proj(z;). Indeed, the coefficients of
these projections are given by (p)r = Uy Uy with U = M]3_1/27 and we obtain, as desired:

(P = Z Mo Py My Py
ab

—1/2 2 —-1/2

= Z Py, / M;o M;p Py, /
ab

—1/2 —1/2
- Z Pra / (Pi)ab Py /
ab
— (Pfl/Zpinl/Q)kl

(5) An alternative proof uses the fact that the elements p, = P~Y/2p,P~/2 are self-
adjoint, and sum up to 1. The fact that these elements are indeed idempotents can be
checked directly, via p; P~'p; = p;, because this equality holds on ker p;, and also on z;. [

As an illustration, here is how the orthogonalization works at N = 2:

PROPOSITION 16.31. At N = 2 the orthogonalization procedure for

(Proj(x), Proj(y))

amounts in considering the vectors

and then rotating by 45°.

PROOF. By performing a rotation, we can restrict attention to the case x = (cost, sint)
and y = (cost, —sint), with ¢ € (0,7/2). Here the computations are as follows:

2cos’t 0 )

_ f[cost sint
N 0 2sin?t

. ) — P:M*M:(
cost —sint

— pl2_ |M|—1:i (ﬁ (1) )
\/§ 0 sint

_ 1 /1 1
— U:M|M|1:E(1 _1)

Thus the orthogonalization procedure replaces (Proj(x), Proj(y)) by the orthogonal
projections on the vectors (\%(17 1), \%(—1, 1)), and this gives the result. O

With these preliminaries in hand, let us discuss now the version that we need of the
Sinkhorn algorithm. The orthogonalization procedure is as follows:
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THEOREM 16.32. The orthogonalization maps o, B induce maps as follows,

Uy —2 - yN
Yy — 2 oYy

which are the transposition maps on Ky, Xy, and which are projections at N = 2.

PROOF. It follows from definitions that ®(z) is obtained by putting the components
of x = (x;) in a row, then picking the j-th column vectors of each z;, calling M, this
matrix, then taking the polar part x; = Pol(M;), and finally setting ®(z) = 2’. Thus:

®(z) = Pol((zij)i);
U(u) = (PP P,

)

Thus, the first assertion is clear, and the second assertion is clear too. U
Our claim is that the algorithm converges, as follows:
CONJECTURE 16.33. The above maps ®, ¥V increase the volume,

vol : Uy — Yy —[0,1], wol(u) = H | det((uij)s)]

j
and respectively land, after an infinite number of steps, in Ky/Xy.
Observe that the quantities of type | det(ps, ..., py)| are indeed well-defined, for any

P1,---,PN € P(év ~! because multiplying by scalars A\; € T doesn’t change the volume.
Thus, the volume map vol : UY — [0, 1] factorizes through Yy, as stated above.

As a main application of the above conjecture, the infinite iteration (®2)* : UY — Ky
would provide us with an integration on Ky, and hence on the quotient space Ky — Xy
as well, by taking the push-forward measures, coming from the Haar measure on UY .

In relation now with the matrix model problematics, we have:
CONJECTURE 16.34. The universal N x N flat matriz representation
v C(Sy) = My(C(Xy)),  mn(wi) = (u— uy)
15 inner faithful at any N > 4.

Regarding the N = 4 conjecture, the problem here is that of proving that the compo-
sition C'(S]) — My(C(X4)) — C equals the Haar integration on S;. As for the N > 5
conjecture, the problem here is that of proving that the truncated moments ¢, converge
with » — 0o to the Catalan numbers. None of these questions is trivial.
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Still following [8], our purpose now will be to advance towards a unification of the
two conjectures formulated above. The point indeed is that when trying to approach
Conjecture 16.34 with standard probabilistic tools, the estimates that are needed seem to
be related to those required for approaching Conjecture 16.33.

We first have the following definition, inspired by the above results:

DEFINITION 16.35. Associated to v € My (SX ") is the N? x NP matriz

1
:L. — . . . . . . . . . . . .
(Tp )i1...ip,j1~-jp - N < Tiyjys Lipjp >< Lipgpr Lip_1jp—1 > < Tiyjoy Tiyjy >

where the scalar products are the usual ones on S(évfl c CH.

The first few values of these matrices, at p = 1, 2, 3, are as follows:

1 1
(le)ia = N < Zigs Tig >= N
x ]' ]' 2
(15 )ij.ab — < Tia, Tjp >< Tjp, Tig >= —| < Tiq, Tjp >
N N
. 1
(T3 )ijk,abc N < Zigy The > < They Tjp > < Tjb, Tig >

The interest in these matrices, in connection with Conjecture 16.33, comes from:

PROPOSITION 16.36. For the universal model, the matrices T, are

Tp:/ T;dx
KN

where dx 1s the measure on the model space Ky coming from Conjecture 16.33.

Proor. This is a trivial statement, because by definition of T},, we have:
(Tp)il...ip,jlmjp = tr(uiljl SR uipjp) - / tr(u:z‘ijl e ufpjp)dx
Ky

= / tr(Proj(x;j,) ... Proj(x;,q,))dx
Ky

1
= — < Liygys Tigy = v e < Tigjos Tivgy > dx
N Jky

_ / (T2)ir iyijroniy
Ky

Thus the formula in the statement holds indeed. O
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In fact, the matrices 77 are related to Conjecture 16.34 as well. Indeed, to any
noncrossing partition 7 € NC(p) let us associate the following vector of (CV)®?:

gﬂ: E ei1®"'®eip
keri<w

With this convention, we have the following result, again from [8]:

PROPOSITION 16.37. For any x € My(SY 1), the following hold:

(1) If {zi;}; are pairwise orthogonal then (Tg)*§||__| =) and T3¢ n = §mn-
(2) If {xi;}; are pairwise orthogonal then T80 = &)1 and (T3)&m.n = &mun:
(3) If {wij}i or {wi}; are pairwise orthogonal then < T3 |, ¢§)..| >= NP.

(4) We have < T3¢ ., §m..n >= N, without assumptions on x.

PROOF. Assuming that {x;;}; are pairwise orthogonal, we have indeed:

(T;fm...m)il...ip = Z(T;)il...ip7j...j

J
1
= N Z < Tiyjs Tigg > .. < Ziyjy Tiyj >
J
= iy,
Thus we have proved (1), and the proof of (2,3,4) is similar. See [8]. O

We have the following statement, supported by computer calculations:
CONJECTURE 16.38. Consider the following function, with x € My(S&™),
Fyfa) = 3 IT56m.olP
depending on a fived integer p > 2. Then, for any v € UY we have
Fy(z) > Fp(P*())
with equality precisely when x € Ky, in which case Fy(z) = 1.

This conjecture is quite interesting, in relation with the above, because by a compacity
argument, this would prove that our Sinkhorn type algorithm converges. Thus, what we
have here is a first step towards unifying Conjectures 16.33 and 16.34.

We refer to [8] and the related literature for more on these questions.

Along the same lines, universal models for quantum groups, there are of course some
easier questions too, regarding the modeling of the various possible subgroups G' C S},

as for instance the group duals T c S, and again, we refer here to the literature.
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16e. Exercises

Congratulations for having read this book, and no exercises for this final chapter.
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bicommutant, 42, 46
bicommutant theorem, 46
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block decomposition, 42
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bounded operator, 11
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Central Limit Theorem, 147
Cesaro limit, 105
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classical version, 52, 54
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commutant, 42

commutative algebra, 33, 35, 37, 101
commutative von Neumann algebra, 48
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commuting normal operators, 31
commuting self-adjoint operators, 30
compact Lie group, 101

compact quantum group, 104
compact quantum space, 38
compact space, 36
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complex conjugate, 32

complex Gaussian law, 149
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compound free Poisson law, 174
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compound Poisson law, 174
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continuous calculus, 24, 32-34, 37 free Gaussian law, 171

continuous functional calculus, 38 free group, 79

convex set, 67 free manifold, 54

convolution semigroup, 145, 148, 150 free orthogonal group, 109

corepresentation, 105 free PLT, 172

cosemisimplicity, 107 free Poisson law, 172

counit, 101, 102 free product, 167, 168
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free real sphere, 53

diagonal operator, 29 free rotation, 109
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diagonal torus, 111 free tori, 52
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discrete quantum group, 104 full algebra, 74, 75
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distribution, 57, 143, 165 full version, 138

Dixmier property, 76

double factorials, 145 Gaussian law, 145
Gaussian matrix, 152, 154, 174
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eigenvector, 13 GNS construction, 49, 138

equality of manifolds, 55 GNS theorem, 44
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factor ' 49 group von Neumann algebra, 72
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fa%thful form, 43 Haar functional, 105

faithful model, 179 Haar integration, 105

fattening of partitions, 162 Haar measure, 105

finite dimensional algebra, 39, 41, 42, 86 half-classical crossing, 184
ﬁn%te quantum graph, 87 half-classical manifold, 185
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finitely generated group, 101 half-liberation, 184

fixed p01.nts, .105 Hilbert space, 11

ﬂgt magic unitary, 196 holomorphic calculus, 20, 32, 34, 37
flip map, 101 homogeneous space, 116, 133
Fourier transform, 72, 74, 145, 148, 174 Hopf algebra, 102

FPLT, 172 Hopf algebra axioms, 102

free Bessel law, 176 hyperfinite, 89

free CCLT, 171 hyperfinite algebra, 95

free CLT, 171 hyperfinite factor, 89, 91, 92
free complex sphere, 53

free compound PLT, 175 ICC property, 73, 95

free convolution, 169 imaginary part, 27

free coordinates, 53 independence, 165, 168
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K-theory, 125
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Kazhdan property, 128
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large random matrices, 59

law, 57, 143, 165

left regular representation, 72, 74
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limit of matrix algebras, 92
linear form, 68

linear operator, 11

magic basis, 196
Marchenko-Pastur law, 163, 172
matching pairings, 150, 153
matrix model, 179

matrix model truncations, 183
maximal homogeneous space, 136
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measurable calculus, 25, 32
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moments, 57, 143, 145, 165
multimatrix algebra, 39, 41, 86
multiplication operator, 29
multiplicative free convolution, 169

Murray-von Neumann factor, 91, 92
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norm of operator, 11
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operator norm, 11
orthogonal quantum group, 109
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Pauli model, 194

Peter-Weyl decomposition, 107
Peter-Weyl representation, 107
Peter-Weyl theory, 107

PLT, 149

Poisson law, 147

Poisson Limit Theorem, 149
poles of function, 17

polynomial calculus, 17, 23, 32, 34, 37

Pontrjagin dual, 51, 74
Pontrjagin duality, 74
positive element, 39, 43
positive linear form, 43
Powers theorem, 79
projective manifold, 187
projective module, 125
projective version, 187
property T, 128

quantum graph, 87

quantum group, 104

quantum isometry, 113

quantum isometry group, 113, 114
quantum manifold, 54

quantum measured space, 49, 83, 85

quantum probability space, 85
quantum space, 38, 83-86
quantum tori, 52

quotient space, 116

R, 91, 92

R-transform, 170, 174

random matrix, 56

random matrix algebra, 56
random variable, 143, 165
rational calculus, 18, 32, 34, 37
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real algebraic manifold, 54
real part, 27

reduced algebra, 74, 75
reduced group algebra, 74
reduced version, 138
reduction theory, 49
regular representation, 74
representation, 105
representation theorem, 44

self-adjoint element, 34, 37
self-adjoint operator, 19, 29
semicircle law, 59, 158, 171
shift, 15

shrinking partitions, 162
simple algebra, 64, 76, 79
Sinkhorn algorithm, 197
spectral measure, 57, 144, 165
spectral radius, 21, 34, 37
spectral radius formula, 21
spectral theorem, 48
spectrum, 14, 34, 36
spectrum of adjoint, 18
spectrum of algebra, 35, 37
spectrum of products, 15
square of antipode, 102
square root, 39

standard coordinates, 55, 101
star operation, 12

stationary model, 179

Stirling numbers, 148

strong density, 70

strong operator topology, 45, 67
strongly continuous, 68

sum of matrix algebras, 39, 86
sum of unitaries, 28
suspension, 126

Tannakian duality, 109
tensor category, 109
tensor product, 167, 168
topologies on operators, 45
truncations, 183

twist, 84

type I algebra, 56

uniform integration, 105, 116
uniform measure, 105

unique trace, 76

unit ball, 69, 70

unitary, 19, 34, 37

unitary quantum group, 109
universal algebra, 109
universal coaction, 119
universal model, 199

vector bundle, 125
von Neumann algebra, 46

weak operator topology, 45, 67
weak topology, 45, 46

weakly compact, 71

weakly continuous, 68
Weingarten formula, 116, 137
Weingarten matrix, 116

Weyl matrix, 188

Weyl matrix model, 191

Wick formula, 153

Wigner law, 59, 171

Wigner matrix, 153, 173
Wishart matrix, 153, 160, 163
Woronowicz algebra, 101

Young inequality, 21
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