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1 Classical Probability Theory

The idea of this chapter is to put classical probability theory in a rigorous and
abstract setting in such a way that later generalisations will be natural. We will
assume that the reader has a fair knowledge of measure theory, as presented,
for instance, in the first few chapters of [Rud87].

1.1 Probability Spaces

Definition 1.1 Let (Q, u) be a measure space. Then the measure p is called
a probability measure if u(Q) = 1. A measure space where the measure is a
probability measure is termed a probability space.

We think of a measurable set F C 2 as a possible event and the measure
u(E) € [0,1] as the probability of that event occurring.

Given two events, F/y and F,, we think of the union E; U E5 as either the
event F or the event Fs occurring. The intersection F4 N F; should be thought
of as the event F; and the event Fy both occurring. Viewed in this way, the
axioms of measure theory translate into intuitive axioms for a probability space.

1.2 Random Variables

Definition 1.2 Let w be a probability space. Then a complex random variable
if a measurable function X:Q2 — C. A real random variable is a measurable

function X:Q — R.

A random variable can be thought of as a function assigning a value de-
pending on which events occur. Thus, given a measurable subset S C C, we can
define the probability

PIX € 8] = p(X~1[S))

for a complex random variable X. The following result is easy to see.



Proposition 1.3 Let X be a complex random variable. Then we can define a
probability measure on the set C by writing

Tx(S) :P(X S S)
for each measurable set S C C. O

We can rewrite the above formula
P(X S S) = / drx
S
The corresponding result for real random variables is also true.

Definition 1.4 The above measure 7x is called the probability law (or just law)
of a random variable X.

One of the fundamental problems in probability theory is to compute the
probability laws of random variables.

Definition 1.5 Let X be a random variable on a probability space (X, ). The
expectation of X is the integral

E(X) = / Xdu
X
The k-th moment of X is the expectation
mi(X) = B(X*)

The expectation of a random variable can be thought of as its average value.
The following two results follows immediately from properties of the integral.

Proposition 1.6 Let 1 denote the random variable with constant value 1. Then
E(1)=1. O

Proposition 1.7 Let X and Y be random variables, and let o and (8 be scalars.
Then E(aX + fY) = aE(X) + BE(Y). O
The wariance of a random variable X
o(X)? = B((X —m1)?) = ma(X)? — my(X)?

can be thought of as a measure of how much and how frequently X differs from
its expectation.
The following result follows immediately from our various definitions.

Proposition 1.8 Let X be a complex random variable, with law Tx. Then we
have moments

ma(X) = /C tdry (1)

d

The moments of a random variable determine its law in the sense of the
following result.



Theorem 1.9 Two random variables with the same moments have the same
probability laws. O

We will not prove this theorem now since we will look at a similar but more
general result later on.

1.3 Independence

Definition 1.10 Let (2, 1) be a probability space. Then we call two events
Eq, Ey C Q independent if u(E1 N Ey) = pw(E1)u(E2).

When constructing probability spaces, indpendence of two events means the
probability of one event occurring is not affected by whether or not the other
event takes place. We can make a similar definition for random variables.

Proposition 1.11 Let X1, X5, ..., X,, be complex random variables on a prob-
ability space Q. Then we can define a probability measure on the set C™ by
writing

X1, X, () = p(XTH ST NN X HS])

for each measurable set S C C™. O

The corresponding result for real random variables is of course also true.

Definition 1.12 The above measure 7x is called the joint law of the random
variable X7, ..., X,,. The random variables X, ..., X,, are termed independent
if the laws satisfy the equation

TX 1, X = TX1TX5 " " TX,

The joint laws of independent random variables are thus determined from
their individual laws, which makes them easy to calculate with. We will see
some examples of such calculations later on.

2 Non-Commutative Probability Spaces

2.1 Algebras of Random Variables

The idea behind non-commutative geometry is that we can replace a geometric
object by an algebra of functions on that object. This commutative algebra will
have certain properties defined by the geometry. We then generalise by looking
at non-commutative algebras with the same properties. The book [Con94] looks
at this philosophy along with numerous constructions and examples.

This approach to non-commutative geometry also works for probability the-
ory. Let  be a probability space. Then we can form an algebra, A()), consist-
ing of all complex random variables on 2. The expectation of a random variable
defines a linear functional E: A(Q?) — C such that E(1) = 1.

The expectation defines the moments of a random variable, and so by the-
orem 1.9 enables the probability law of a variable, and so all information con-
cerning its behaviour, to be recovered.



Definition 2.1 A non-commutative probability space is a pair (A, ¢), where A
is a unital complex algebra, and ¢ is a linear functional such that ¢(1) = 1.
Elements of the algebra A are called random variables.

The functional ¢ is termed a trace if $(XY) = ¢(Y X) for all random vari-
ables X and Y.

We usually have slightly more structure to work with, as the following ex-
amples show.

Example 2.2 Let 2 be a topological space equipped with a probability mea-
sure. Then we can form C(), the commutative C*-algebra of all continuous
random variables. The convolution is defined by writing

X*(z) = X(x) XelC), zeq

The expectation is a state, that is to say a continuous linear functional
E:C(Q) — C such that E(1) = 1 and E(X*X) > 0 for all random variables
X e C(Q).

The C*-algebra C(§) acts on the Hilbert space L?(Q) by left-multiplication,
and so we have a faithful representation C(2) — BL?(1).

Example 2.3 The weak topology on the space of operators BL?(Q) is defined by
saying that a sequence of operators (7},) has limit 7" if and only if the sequence
((X,f,g)) has limit (T'f, g) for all functions f,g € L?(Q).

The C*-algebra C(£2) is not closed in the space BL?(£2) under the weak topol-
ogy; the closure is the von Neumann algebra L°°(2) consisting of all bounded
measurable functions on (2.

The expectation E: L>*(2) — C is continuous with respect to the weak
topology.

Definition 2.4 Let (A, ¢) be a non-commutative probability space. We call
the pair (A, ¢) a C*-probability space if the algebra A is a C*-algebra and the
functional ¢ is a state.

We call the pair (A,¢) a W*-probability space if the algebra A is a von
Neumann algebra and the functional ¢ is a weakly continuous state.

Von Neumann’s double commutant theorem (see for example [Dix81]) is a
useful tool when looking at WW*-probability spaces. Given an algebra A C B(H),
we define the commutant

A'={T eB(H) | TX = XT for all X € A}

The double commutant theorem then tells us that a x-subalgebra A C B(H)
is weakly closed (and so a von Neumann algebra) if and only if A = A”.

Example 2.5 Let Q be a proability space, and let {X;; | 1 < 4,5 < n} be
random variables. Then we can form a random matric X = (X;;): Q@ — M, (C).

The algebra of all continuous random matrices defines a C*-algebra,
M, (C(£2)). Multiplication is of course matrix multiplication. The involution is
defined by the formula

(Xij)* = (Xj4)



that is to say by taking the transpose of the complex conjugate. The functional
¢ is a trace defined by the formula
1

H(X) = B(* tr(X)) = B(~

- H(XH + Xoo + -4+ Xnn))

We thus obtain the C*-probability space of continuous random matrices. We
can similarly define the W*-probability space of all bounded random matrices.

Example 2.6 Let G be a discrete group. Let CG be the complex group algebra,
made up of formal sums

n
> aigi  ai€Cgeq
i=1

with multiplication law

(Z ain‘) Zﬂjhj = Z @if3jgi o
i=1 =1

ij=1

and trace

¢ <Z aiQi) = Z @
=1 gi=e

Then the pair (CG, ¢) is a non-commutative probability space. The algebra
CG can be equipped with an involution

n * n
(zaig) Y
i=1 =1

The left-regular representation of the algebra CG, \: CG' — B(I?G), is defined
by the formula

A9)&)(h) =&(g™ h)  €€l’G,g,h e

and extended by linearity.

The left-regular representation can be used to define a C*-norm on the al-
gebra CG by writing ||z|| = ||A(z)]|. The trace on the algebra CG is then given
by the formula

p(z) = (A(x)e, €)

We can complete the algebra CG to a C*-algebra C)G, called the reduced
C*-algebra of G. We have a trace, ¢, defined on the reduced C*-algebra by the
above formula, and so a C*-probability space (C}G, ).

Completing this space with respect to the weak topology, we obtain the
group von Neumann algebra NG, and a W*-probability space (NG, ¢). By
the double commutant theorem, the von Neumann algebra NG is equal to the
double commutant \[G]” C B(I*G).



2.2 Probability Laws

Definition 2.7 Let (A, ¢) be a non-commutative proability space, and let X €
A. Then the k-th moment of X is the number

mp(X) = ¢(X")

The probability law of X is the linear functional 7x:C[X] — C defined by
the formula

for each polynomial P € C[X].

By linearity, the probability law of a random variable X is determined by
its moments.

Theorem 2.8 Let (A,¢) be a C*-probability space, and let X € A be self-
adjoint. Then there is a unique measure, ux, on the real line such that

/R P(t)dux (t) = ¢(P(X))

for all polynomials P € C[X].

Proof: We define the probability law 7x (P) = ¢(P(X)) for each polynomial
P. By the Stone-Weierstrass theorem (see for example [Rud91]), we can extend
the functional 7x to a unique linear functional

7x:C(R) — C

which is continuous under the suprememum norm whenever we restrict to a
compact subset of R. By the Riesz representation theorem (see for example
[Rud87]), we can define a unique measure px such that

[ 1 dnx =7x(5)
R
for all f € C(R), and we are done. O

The real case of theorem 1.9 follows as an immediate corollary. The complex
case is then easily deduced.

Corollary 2.9 Two classical random variables with the same moments have
the same probability laws. O

Now, let us equip the space of complex continuous functions C(C) with the
topology defined by saying that a sequence of functions converges if it converges
uniformly on compact subsets. The space of polynomials C[X] is topologised as
a subspace of the space C(C).

Definition 2.10 Let (X,,) be a sequence of (non-commutative) random vari-
ables, with sequence of probability laws (7,,). Then we say that the sequence
(Xy) converges in distribution to a probability law 7: C[X] — C if the sequence
7o (P) converges to the functional 7(P) for each polynomial P € C[X].



Less formally, we say that the sequence (X,,) converges in distribution to a
random variable X if it converges in distribution to the probability law of X.
Note that it is not necessary for the each variable X, to lie in the same
non-commutative probability space for the above definition to make sense.
The following result follows by linearity.

Proposition 2.11 Let (X,,) be a sequence of random variables, with sequences
of moments (mén)). Let 7: C[X] — C be a probability law, with moments my, :=
7(X*). Then the sequence (X,,) converges in distribution to the probability law
7 if and only if each sequence of moments (m,&n))
O

converges to the moment my.

Proposition 2.12 Let (A, ¢) be a C*-probability space. Let (X,,) be a sequence
in A, with norm limit X. Then the sequence (X,,) converges in distribution to
the random variable X .

Proof: Let P be a polynomial. Then the sequence P(X™) converges to the
point P(X). The result now follows by the definition of a probability law and
norm-continuity of the functional ¢. O

The following result is similar.

Proposition 2.13 Let (A, ¢) be a W*-probability space. Let (X,,) be a sequence
in A, with weak limit X. Then the sequence (X,,) converges in distribution to
the random variable X . O
2.3 Independence

Definition 2.14 Let (A, ¢) be a non-commutative probability space. Then a
family of subalgebras {A) | A € A} is called independent if:

o [Ar,, A = 0if Ay # Ao

o p(aras - a,) = ¢(ar)P(az)- - ¢(a,) whenever ap € Ay, and \; # A;
when 7 # j.

The following two results follow immediately from the definition of indepen-
dence.

Proposition 2.15 Let (A, ¢) be a non-commutative probability space, where
the algebra A is generated by independeny subalgebras Ay and As. Then the
functional ¢ is determined by the restrictions ¢|a, and ¢|a, . O

Proposition 2.16 Let (A, ¢) be a non-commutative probability space, and let
Ay and Ay be independent subalgebras. Then

p(araaz) = ¢(a)d(arasz)
whenever ai,as € A1 and a € As. O

We call a set of random variables {Xy | A € A} independent if the algebras
generated by them form an independent family, that is to say:



o [X)\I,X,\Q] =0if )\1 7é )\2.

° (,25()()\1)(>\2 s X)\n) = ¢(XA1)¢(XA2) s (,ZS(X)\W) whenever /\1 7& )\j when
1 7.
Similarly, we call a collection of sets independent if the algebras generated
by them form an independent family.

Definition 2.17 Let (A, ¢) be a non-commutative probability space, and let
{X |A € A} be a family of random variables
Then the mized moments of the family are the various numbers

¢(XA1"'XAn) )\161\

Let C(Y,) be the algebra of non-commutative polynomials in variables in-
dexed by the set A. Then we define the joint law of the family {X,} by the
formula

7, (P) = ¢(P(X)))
whenever P € C(Y,) is a polynomial. The above notation implies we write the
specific element X in place of the abstract variable Y in the polynomial P.

By linearity, the joint law of a family is determined by its mixed moments.
It is clear that independence of a family of random variables depends only on
its commutation relations and its joint law.

There is a notion of convergence in distribution of a family of random vari-
ables.

Definition 2.18 Let {X/(\n) | A € A} be a sequence of families of non-
commutative random variables, with sequence of joint laws (7,,). Then we say

that the sequence {X/(\n)} converges in distribution to a joint law 7: C(Y)) — C
if the sequence 7, (P) converges to the functional 7(P) for each polynomial
Pe C(Y)\>

Proposition 2.19 Let {X;n) | A € A} be a sequence of families of non-

commutative random variables. Then the sequence {Xin)} converges in dis-
tribution to a joint law 7:C(Y\) — C if and only if for all elements \; €

A the sequence of mixed moments ¢(X§\?)~--X§\Z)) converges to the number
(Va o Ya). 0

3 Freeness

3.1 Free Products

In this subsection we look at a number of free product constructions without
proofs. For further details, see for example chapter 1 of [VDN92].

Definition 3.1 Let {G | A € A} be a family of groups. Then the free product
* xeA G is the unique (up to isomorphism) group G equipped with homomor-
phisms ¢¥: Gy — G such that for any group H equipped with homomorphisms
@: Gy — H there is a unique homomorphism ®: G — H such that ® o1y = @)
for all A € A.



Given a finite family of groups G, ..., G,, we denote the free product by
writing Gp * Go % - - x G,.

Definition 3.2 Let G be a group. Then subgroups G; and G5 are called free
if there are no relations between them, that is to say, if w = g192 - - - gn, where
the elements g; belong alternately to the subgroups G; and Gs, and g; # e for
all 4, then w # e.!

Proposition 3.3 Let G be a group generated by free subgroups G1 and Gs.
Then G = G1 x Go. O

Definition 3.4 Let {A) | A € A} be a family of unital algebras. Then the free
product xxep Ay is the unique (up to isomorphism) unital algebra A equipped
with homomorphisms 1: Ay — A such that for any algebra B equipped with
homomorphisms ¢: Ay — B there is a unique homomorphism ®: A — B such
that ® oy = ¢, for all A € A.

The definition of a free product of C*-algebras is exactly analagous to the
above.

Proposition 3.5 Let {G) | A € A} be a family of groups. Then looking at free
products of algebras and C*-algebras respectively

#2eACGy = C (xreaGh) #aeh Cr Gy = Cf (xxenGh)

O

Definition 3.6 Let {(H»,&\) | A € A} be a family of Hilbert spaces, each
equipped with a distinguished unit vector £, € Hy. Then the free product
saen (Hy, €y) is the Hilbert space

H= Cé— D (@nzl ®>\17£7£)\n 59\1 Q- fg)\n)

where f?\i is the orthogonal complement of the vector &y, in the Hilbert space
Hy.

We consider the Hilbert space H to have the distinguished unit vector £.
Each Hilbert space Hy is embeddded in H, and each unit vector £, is identified
with the vector £.

Definition 3.7 Let H be a Hilbert space. Then we define the full Fock space
T(H) =C¢a (®n>1 HO™)
The norm of the vector ¢ is equal to one.

Proposition 3.8 Let {(Hx,&\) | A € A} be a family of Hilbert spaces with
distinguished unit vectors. Then

(T(DreaHr), &) = #rea(T(Hy),E)

1Here we use e to denote the identity element of a group.

10



Definition 3.9 Let {A) | A € A} be a family of von Neumann algebras, where
Ax C B(H),), and the Hilbert space H is equipped with a distinguished unit
vector &y.

Let us regard Ay as a subalgebra of the operator space B(xxea (Hx-€x). Then
we define the free product as a double commutant

"
faendr = (U AA)

AEA

Proposition 3.10 Let {Gy | A € A} be a family of groups. Then we have group
von Neumann algebra
N(*AGAGA) = */\E/\NG)\

3.2 Free Algebras and Random Variables

Freeness is a fundamental concept in non-commutative probability. It is analo-
gous to independence, but only exists as a concept in the non-commutative case.
We begin with a result on free products in order to motivate the definition.

Proposition 3.11 Let Ay,..., A, be complex unital algebras. Let A = Ay
-+ x A, be the free product, and suppose that this free product is equipped with
some trace, ¢, such that ¢(1) = 1. Let us identify an algebra A; with its image
in the free product. Then ¢(aras - --ax) = 0 whenever:

e aj € Ay, where i(1) #i(2),i(2) #4(3),...i(k —1) #i(k).
e ¢(a;) =0 for alli.

O

Definition 3.12 Let (A, ¢) be a non-commutative probability space. Let
Aq,...,A, C A be unital subalgebras of A. Then the family {4;,..., A,}
is called free if ¢(ayas - - - ar) = 0 whenever:

e aj € Ay ), where i(1) #i(2),4(2) #i(3),...i(k — 1) # (k).
e ¢(a;) =0 for all i.

We will often talk about freeness of a set of random variables rather than
algebras.

Definition 3.13 Let (A4, ¢) be a non-commutative probability space. Random
variables X1,...,X,, € A are termed free if the family of algebras generated by
them is free.

We have a similar notion of a family of sets being free. There are many
possible algebraic manipulations involving the definition of freeness.

Proposition 3.14 Let X and X5 be free random variables. Then

H(X1X2) = ¢(X1)p(X2)

11



Proof: By definition of freeness

P((X1 — ¢(X1)) (X2 — ¢(X32))) =0

The result now follows by linearity of the functional ¢. O

Proposition 3.15 Let (A, ¢) be a non-commutative probability space, and let
Ay and Ay be free subalgebras. Then

P(X1XXz) = $(X)p(X1X2)
whenever X1,Xs € A1 and X € As.
Proof: By definition of freeness
P((X1 — ¢(X1))(X = ¢(X)) (X2 — (X3))) =0

Expanding the above expression, we sce that

(X1 (X — ¢(X)) (X2 — ¢(X2)) + (X1)o((X — ¢(X)) (X2 — #(X2))) =0

The second part of the above expression is again zero by freeness. Hence

(X1 X X2) — ¢(X)P(X1X2) = ¢(X1)p(X2)p(X — ¢(X)) =0

and we are done. O

Proposition 3.16 Let (A, @) be a non-commutative probability space, where
the algebra A is generated by free subalgebras A1 and As. Then the functional
¢ is determined by the restrictions ¢|a, and ¢|a,.

Proof: Let a € A. Then we can write a = ayas - - - a,,, where the elements a;
belong alternately to the algebras A; and As. Suppose that n > 2. Observe

¢(a) = ¢((a1 — ¢(ar) + d(a1)) - - (an — d(an) + d(an)))

so by linearity

¢(a) = ¢((ar — ¢(ar)) - - (an — d(an))) + ¢(b)

where b = b1bs - --b,—1 and the elements b; belong alternately to the algebras
Ay and A,. By definition of freeness, we see that

¢((a1 - ¢(a1)) e (an — (b(an))) =0

The result now follows by induction. O

12



3.3 Random Walks on Groups

Let G be a discrete group, with finite generating set {s1, ..., s, }. Let us consider
a random walk on the group G, beginning at the point 1, and going in each of
the directions represented by elements of the generating set and their inverses,
with equal probability 1/2n.

Each step of the random walk is the random variable

1 _ _
X:%(51+"'+5n+511+"'+5n1)

in the space CG.

The position after k steps is given by the random variable X*. The prob-
ability at being at position g € G after k steps is the coefficient of g in the
expression for X% that is to say

P(X" = g) = (\(X"*),9)

where A is the left regular representation described in example 2.6.
In particular, P(X* = ¢) = ¢(Xz).

Example 3.17 Consider a random walk on Z. Let s be a generator for Z, and
let X be the random variable described above. Then

1
X = 5(5+571)

and ) L
Xk — — 20—k
53 (1)

We can thus compute the probability of returning to the starting position
after k steps
0 ) 0 k odd
HXT) = { KU/(28(k/2))) k even

These probabilities are the moments of the random variable X, and so de-
termine its probability law.

Example 3.18 Consider a random walk on F5, the free group with two gener-
ators, s; and s3. Then the random variable X is given by the formula

1 1
X=X+ X5 X121(81+8;1),X2=1(82+851)
Observe ¢(X;1) = 0,¢(X3) =0, and
1 1
X1 Xy = 1—6(slsg—l—slsgl—l—sflsg—l—sflsgl)7XgXl = 1—6(5251—1—825;1—&—35151—1—3513;1)

The group elements in the above expressions are distinct, so ¢(X1X3) =
d(X2X1) = 0. It follows that the random variables X; and X5 are free. Freeness
actually gives us the tools to precisely compute the moments ¢(X*) and the
associated probability law. We will return to this subject later on.

13



4 Some Combinatorics

4.1 The Catalan Numbers

The Catalan numbers are a sequence that occur naturally in many combinatorial
problems. The following definition is probably the one that is easiest to use in
combinatorial problems.

Definition 4.1 The sequence of Catalan numbers, (Cy,), is defined recursively
by writing ¢g =0, ¢; = 1, and

Cn=2 Cr-1Cn-

k=1

when n > 1.

Proposition 4.2 The Catalan numbers can also be defined by the explicit for-

mula
(2n)!

O = s

Proof: Let us define the generating function for the Catalan numbers

c(x) = i Cpa™
n=0

We can rewrite our recurrence relation

n—1

Cn = Z Ckc(nfl)fk
k=0
c(z)? = Z Z CrCr_pz" = Z Cpi12”
n=0 k=0 n=0
and

c(z) = 14 zc(x)?
We can solve this equation to obtain the expression

1—+v1—4x

o(z) = 2z

since we know that ¢(0) = Cp =1
Taking a binomial expansion of the square root, we obtain the formula we
claimed. O

Corollary 4.3 The Catalan numbers can be defined recursively by writing

2(2n — 1)

Co=1 C, =
0 n+1

Cnfl

14



4.2 Partitions

Definition 4.4 A partition, 7, of a finite set S is a collection of blocks
{V1,...,V;} that partition the set S.

If the set S is ordered, we call a partition crossing if we can find elements
p1 < q1 < p2 < g9 such that the elements p; and ps belong to the same block,
and the elements ¢; and g2 belong to another distinct block.

A partition is called a pairing if each block contains exactly two elements.

Let us write P(n) to denote the set of all partitions of the set {1,...,n},
NCP(n) to denote the set of all non-crossing partitions, P>(n) to denote the
set of pairings, and NCPs(n) to denote the set of all non-crossing pairings.

Proposition 4.5 Let 7,0 € NCP(n) be non-crossing partitions. Write o0 <
whenever each block of the partition o is contained in some block of the partition
.

Then the set NCP(n) is a partially ordered set, with mazimal element

Lo ={(1,...,n)}

and minimal element

It is quite easy to count the number of pairings.

Proposition 4.6 The number of elements in the set Pa(n) is zero if n is odd,
and equal to the product
(n—=1)(n—=3)---3.1

if n is even.

Proof: Let 7 = {Vi,...,V;} € Py(n), where 1 € V; and the pairs V; are
written in the order of their lower elements. Then s = n/2.

Observe Vi = {1,m} so there are n — 1 choices for the block V;. Having
chosen the block Vi, there are n — 3 choices for the block V5, n — 5 choices for
the block V3, and so on. Multiplying these numbers, we arrive at the above
formula. O

We can also count the number of non-crossing pairings.

Proposition 4.7 The number of elements in the set NCPs(n) is zero if n is
odd, and equal to the Catelan number C, 5 if n is even.

Proof: The result when n is odd is obvious. It is similarly obvious that

Let # = {V4,...,Vs} € NCPy(n) where 1 € Vi, so that V7 = {1,m} for
some m > 1. Then, since the partition 7 is non-crossing, for each block V7,
either 1 <k <morm <k for all k € V.
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It follows that the partition 7 can be restricted to define non-crossing pairings
on the sets {2,...,m —1} and {m+1,...,n}. It follows that m must be even.
Counting the numbers of such partitions, we obtain the recurrence relation

n/2
INCPy(n) = Y 4NCPy(m — 21)§NCPy(n — 21)
=1

If we set n = 2k, we see that the number §NC P, (2k) satisfies the recurrence
relation for the Catalan numbers. The result now follows. O

4.3 Complements

The following construction works for non-crossing partitions, but has no analogy
in the general case.

Definition 4.8 Let NCP(@) be the set of all non-crossing partitions on the
ordered set {1,...,m}. Let NCP(n,n) be the set of all non-crossing partitions
on the ordered set {1,1,...,n,7}.

Let # € NCP(n) be a partition. Then we define the complement,
K(m) € NCP(m), to be the maximal non-crossing partition o such that
mUJo € NCP(n,m).

Of course, the set NCP(m) can be cannonically identified with the set
NCP(n), so the complement operation can be viewed as a natural map
K:NCP(n) — NCP(n).

Proposition 4.9 Let 1 € NCPy(n) be a non-crossing pairing. Identify m with
the permutation in which the cycles are the blocks of the partition. Let v =
(1,2...,n) be the cyclic permutation. Then K(m) =y~ x. O

4.4 Free Cumulants

Definition 4.10 Let (A, ¢) be a non-commutative probability space. Then we
define the free cumulants, k,: A™ — C, to be the multilinear functionals defined
inductively by the moment-cumulant formula:

k(X)) =¢(X)  o(X1-Xp)= > ka[X1,..., Xy
TENCP(n)

where
kel X1, Xl = [[ v X, Xa] m={V(Q),...,V(r)}
i=1

and
k\/[Xl, e ,Xn] = ks(Xv(l)a ce Xv(s)) V= (1}(1), ce ,’U(S))

As a special case, for a random variable X, we write

EX = ko (X,...,X)
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Proposition 4.11 The free cumulants are well-defined.

Proof: We can write the moment-cumulant formula in the form

QX1 Xp) =kn(X1, ., X))+ Y e[ Xy, X

TENCP(n)
wEly

The result now follows by induction. O

We use the version of the moment-cumulant formula in the above proof to
work out cumulants explicitly.

The following result indicates why cumulants provide a useful combinatorial
way of keeping track of data when looking at free random variables. The proof
is purely a matter of combinatorics using the definitions involved, and can be
found, for instance, in [Spe94].

Theorem 4.12 Let (A,¢) be a non-commutative probability space, and let
Aq,...,Am C A be unital subalgebras. Then the family {A1,..., An} is free
if and only if the free cumulant ky(a1,...,a,) is equal to zero whenever n > 2,
aj € A;;), and there exist k and | such that i(k) # i(l). O

We can generalise the moment-cumulant formula.

Definition 4.13 Let 7 € NCP(n). Then we define

e X1,.. ., X, = H¢V(i)[X1,...,Xn] T={V(1),...,V(r)}

where
gf)v[Xl, e ,Xn] = Qb(Xv(l)a ce Xv(s)) V= (U(l), ey ’U(S))

Proposition 4.14 Let (A, ¢) be a non-commutative probability space. Let

X1,..., X, be random variables, and let m € NCP(n) be a non-crossing parti-
tion. Then
D IS o E N D CH. &
c€NCP(n)
o<n
O

5 Gaussian and Semicircular Laws

5.1 Gaussian Random Variables

Let X be a self-adjoint random variable in a C*-probability space. Then, as
we have already seen, there is a unique measure px such that the law of X is
defined by the formula

x(P) = /R P(t)dux (t)

Conversely, a measure can be used to define a probability law. Working
in this way, we have analogues in the non-commutative world of the classical
distributions in probability theory. The following definition is perhaps the most
useful example to us.

17



Definition 5.1 Let (A, ¢) be a non-commutative probability space. Then a
self-adjoint random variable X € A is called normal or Gaussian, with expec-
tation p and variance o2 if the probability law is defined by the formula

m5(P) = <o [ PO (<52 i

Proposition 5.2 Let X be a random variable with Gaussian probability law,

with expectation p and variance o>.

Then my(X) = p. If p =0, then we have higher moments

mMX):{o k odd

oF(k—1)(k—3)---3.1 k even

Proof: The moments of X are defined by the formula

me(X) = \/%/Rt”exp (—%iQ(t—/LF) dt

and we know that

1 1 )
\/ﬁ ReXp —ﬁ(t—ﬂ) dt =1

If we substitute s =t — p, we see that

1 1, p 1
ml(X):W/Rsexp <—Ms> dt—i—W/ReXp <_MS> dt =p

by symmetry of the first integral and the above observation.
Now, let u = 0. Then, by symmetry, my(X) = 0 when k is odd. Let k = 2n,
and write

u=t"n"1 dv = texp(—t?/20?)
du= (2n — 1)t?"=2 v = —o?exp(—t%/20?)

Using integration by parts

2n—1 [ , 1
= t2n—2 ———t%) dt
2n 2 /R P ( 202

Man = 02" (2n —1)(2n —3)---3.1

It follows that

as claimed. O
The following result is easy to check.

Proposition 5.3 Let X andY be independent Gaussian random variables, with

expectations px and py, and variances 0% and o2 respectively. Then X +Y is

a Gaussian random variable with expectation ux + py and variance 0% + o
O
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5.2 Semicircular Random Variables

As we will see in the next section, the Gaussian law has a fundamental role in
the study of independent random variables. The following probability law has
a similarly central role when we look at free random variables.

Definition 5.4 Let (A, ¢) be a non-commutative probability space. Then a
self-adjoint random variable X € A is called semicircular, with centre a, and
radius 7, if the probability law is defined by the formula

9 a+r
Tx(P) = / P(t)\/r2 — (t —a)? dt

Tr/rQ a—T

Proposition 5.5 Let X be a random variable with semicircular probability law,
centre a and radius .
Then m1(X) = a. If a =0, we have higher moments

0 k odd
mi(X) _{ (r/2)*Cyj2  k even

Proof: The moments of X are defined by the formula

2 a+r
m(X) = / th\/r2 — (t —a)? dt

7Tr2 a—rT

and we know that
2 (ot

Vri—=(t—a)?2dt=1

If we substitute s =t — a, we see that
2 " 2 "
ml(X)z—Q/ S\/T2—82d5+72/ svr2—s2dt=a
wr2 J_, wr? J_,

by symmetry of the first integral and the above observation.
Now, let @ = 0. Then, by symmetry, my(X) = 0 when k& is odd. Let k = 2n,

and write
u=t""1 dv = t\/r? — t2
du = (2n — 1)t?"2 ¢ = —%(T2 — t%m

Using integration by parts

2 "1 2 "1
man(X) = —3 / §r2(2n—l)t2”72\/ r2 — 2 dt—ﬁ / §(2n—1)t2" Vr2 —t2dt

7TT2 a—rT

o2 )
SO
maon(X) = %(271 — D)rma,_o(X) — %mgn(X)
Rearranging, we see
Mo (X) = %TQW”LQ”,Q(X)
We know that mo(X) = 1. Hence the desired result follows by the charac-
terisation of the Catalan numbers in corollary 4.3. O
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5.3 Families of Random Variables

In this section we will generalise Gaussian and semicircular random variables by
looking at two classes of joint laws for families of random variables. We begin
by looking at Gaussian families.

Definition 5.6 A family of random variables {X | A € A} is called a (cen-
tred) Gaussian family, with covariance matriz C = (C;j) if each variable X is
Gaussian, and the Wick formula

$X0m - Xam) = Y. I G

meP;(n) (p.g)en

holds.

Proposition 5.7 . Let S be a commutative family of Gaussian random vari-
ables with centre zero. Then S is a Gaussian family with diagonal covariance
matriz if and only if the set S is independent.

Proof: Let S ={X, | A € A} be a family of Gaussian random variables, each
with mean zero.
Then by the Wick formula given in the definition, the mixed moment

A(Xa)s -+ Xam))

is equal to zero whenever A(i) # A(j) for i # j. Since ¢(Xy(;)) = 0 for all i and
the variables commute, it follows that the set .S is independent.

Conversely, suppose that the set .S is independent. Since the random vari-
ables X commute, it suffices to look at moments of the form

(1) r(n)
¢(X,\(1) o X,\(n))

where A(7) # A(j) whenever ¢ # j. Independence tells us that

(1) r(n) (1) r(n)
¢(X,\(1) o X)\(n)) - ¢(X)\(1)) e ¢(X)\(n))

This value is equal to zero unless the numbers r(i) are all even. Write
Criag) = P(Xa@)Xa)) so that Cyya) = 0 if i # j. By proposition 4.6 and
proposition 5.2, the n-th even moment of a Gaussian random variable is equal
to the number of pairs in the set Py(n) multiplied by the 2nd moment. Hence

we have the formula @
(7
(X7 = E Crxi)AG)

TEP>(r(1))
and so
r(1) r(n)
O(Xm) X)) H > Crin
i=1mwePs(r(i))
Write

X300+ XA = Xy X
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Then, by counting possible pairings, we can write the above formula in the

form
n

¢(X>\'(1)"'X/\’(k)):H Z Cx()aG)

i=1mweP(k)

and we are done. O

Definition 5.8 A family of random variables {X | A € A} is called a (centred)
semicircular family, with covariance matriz C = (Cj;) if each variable X is
semicircular, and the Wick formula

A(Xnays -+ Xam)) = Z H CrmAa)

TENCP(n) (p,q)€™

holds.

The following result can be proved similarly to proposition 5.7

Proposition 5.9 Let S be a family of random variables. Then S is a semicir-
cular family with diagonal covariance matrix if and only if each random X € S
is semicircular with mean zero, and the set S is free. O
5.4 Operators on Fock Space

We will now define an example of an operator with the semicircular probability
law. Let H be a Hilbert space. Recall that we define the full Fock space

T(H)=Ct® (D> H®")

The vector ¢ is called the vacuum vector. We set its norm to be equal to
one.

Definition 5.10 Let h € H. Then we define the left-creation operator
I(h): T(H) — T(H) by the formula

h k=
0 ={ hor heson s

The adjoint, {(h)*, is called the left-annihilation operator and is given by the
formulae

l(h)*(k1®®kn):<h>k1>k2®®k‘n ke H

and
I(h)*(N) =0 reC

Definition 5.11 Let H be a Hilbert space. Then we define ®(H) to be the von
Neumann algebra generated by the set of left-creation operators. We define the
vacuum state on ®(H) by the formula

o(T) = (€, T¢)

for any operator T
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The algebra ®(H) equipped with the state v is a W*-probability space.

Proposition 5.12 Let h € H. Then the operator

s(h) = 3 (1(0) + 1))

has a semicircular probability law, with centre 0 and radius 2||h||.
Proof: We will calculate the moments of the operator s(h). Let us write
X, =1(h) X_1=1lh)"

Thenm by linearity of the vacuum state

v(s(h)" = Z V(Xk(n) - Xk())
k(i) ==£1

By definition of the vacuum state, the number v(Xy(,) - X)) is zero
unless the following conditions all hold:

e Equal numbers of the indices k(i) are equal to 1 and —1.
o k(1) =1.
o Zle k(i) > 0 whenever k < n.

If the above conditions all hold, then v(Xj ) - -- Xp1y) = [|h]|". The ques-
tion is thus how many elements there are in the set S, consisting of all indices
(k(1),...,k(n)) there are which satisfy the above conditions.

If n is odd, then the first of the above conditions implies that the set S
is empty. Let n be even. We can define a map a:S — NCPy(n) by writing
a(S) ={Vi,...V;} where:

e V] is the block containing 1 and the lowest number r such that
> k(i) =0
i=1

e For p > 1, V,, = {s,t} where s is the p-th number such that k(s) = 1 and
t is the lowest number such that

The map « is clearly a bijection. Hence, by proposition 4.7 the number of
elements in the set S is equal to the Catalan number C), /5. The result now
follows by proposition 5.5. a

There are approaches to free probability theory (see for example [Haa97])
where the operators s(h) are fundamental constructions. Here, we take a dif-
ferent, combinatorial approach, and regard these operators simply as major
examples.

A proof of the following result can be found in [VDN92].
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Proposition 5.13 Let {V, | A € A} be an orthogonal family of subspaces of a
Hilbert space H. Then the family of algebras

{e(Va) | Ae A}
is free in the space ®(H). O

Corollary 5.14 Let {hy| A € A} be a family of orthogonal vectors. then the
family of random variables {s(hy) | A € A} is a free semicircular famaly.

Proof: The result follows immediately from the above two propositions and
proposition 5.9. O

6 The Central Limit Theorem

6.1 The Classical Central Limit Theorem

Let (A, ¢) be a non-commutatitve probability space. Let (X,,) be a sequence of
either independent or free random variables, all with the same law, such that
¢(X,,) = 0 for all n. The central limit theorem tells us the sequence of random

variables
<X1 + -+ Xy )
VN

converges in distribution to something definite. To prove this theorem, and say
exactly what the limit is, we will look at moments.

There are in fact two central limit theorems; one for independent random
variables, and one for free random variables. In this subsection, we will look at
the part of the proof of the central limit theorem that is the same in both the
independent and free cases, and go on to prove our result in the independent
case.

The version of the central limit theorem for free random variables first ap-
peared in [Voi85], and was one of the first major results in free probability. The
combinatorial approach to the proof that we take here comes from [Spe98].

Definition 6.1 Let 7 be a partition of the set {1,...,n}. Then we write m =
(r(1),...,7(n)) whenever i and j belong to the same block of 7 precisely when

r(i) = ().

Lemma 6.2 Let (A, ¢) be a non-commutative probability space. Let (X,,) be a
sequence of either independent or free random variables, all with the same law,
such that ¢(X,,) = 0 for all n. Let w be a partition of the set {1,...,n}, and let
w2 (r(1),...,7(n)). Then the mixed moment

mr = (Xr1)Xr@)  Xrn)
depends only on the partition 7.

Proof: By proposition 2.16 (in the independent case) or 3.16 (in the free case),
the expression ¢(X,1)- -, Xr(n)) can be calculated from the moments of the
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individual random variables. Since the variables all have the same distribution,
it follows that

X1y Xp(ny) = A(Xp() -+ Xpn))
whenever
r(i) =r(j) & p(i) =p(j)  foralli,j

The result now follows. O

Corollary 6.3 Let (X,,) be a sequence of random variables as above. Let AN
be the number of n-tuples (r(1),...,r(n)) such that # = (r(1),...,r(n)). Then

(X1 4+ XN)") = Y meAY

TEP(n)
Proof: By linearity
n
H(Xi++ X)) = D d(Xeq) o Xow)
r(1),...,r(n)=1
The result now follows from the above lemma. O

Lemma 6.4 Suppose 7 = {V1,...,Vs} and V; = {r} for some block V;. Then
the number m, defined in lemma 6.2 is equal to zero.

Proof: By proposition 2.16 (in the independent case) or proposition 3.15 (in
the free case) we can write

Mr = ¢(Xry Xy Xon)) = H(X)0( X1y - X+ X))

But ¢(X,) = 0 be definition of the sequence (X,,). O
Corollary 6.5 Suppose that m, # 0 where m = {V1,...,Vi}. Then tiV; > 2 for
all i and fm = s < n/2. O

Lemma 6.6 Let (X,,) be a sequence of random variables as above. Then

. X+ A+ Xn\"
i (B,
N=ee N )

Proof: By corollary 6.3, we know that

. Xi 4+ X0\ AN
lim ¢><<ﬁ) )= Y Tmom,
Nmee N TrEP(n)N/

Observe

24



SO

N
lim An = lim Nhﬂ'n/Q{ (1) i < n/2

and
: Xi+-+Xn\"
o (B XY
N=eo \/N m€P>(n)
as claimed. O

Corollary 6.7

X e X\
dm ()

if n is odd.

Proof: There are no pairings of the set {1,...,n} if n is odd. O

We can now bring our calculations together for independent random vari-
ables.

Theorem 6.8 (Classical Central Limit Theorem) Let (A, ¢) be a non-
commutative probability space, and let (X,,) be a sequence of independent random
variables such that ¢(X,,) =0 for all n. Write 0? = ¢(X?2). Then the sequence

<X1 + -+ XN)
VN
converges in distribution to a Gaussian law with mean 0 and variance 0.
Proof: Let m € Py(n). Then, by definition of independence we see that
Mr = ¢(Xp1y+ Xon)) = $(XF)V2 = 0"

since the variables are identically distributed.
Hence, by lemma 6.6

Jim o(( I S =

But by proposition 4.6 (for n even)
hP2(n) =(n—1)(n—3)---3.1

SO

: X1+ +Xy\", _ _fo n odd
J\}Erlm¢(< VN ) )= ;)m”_{ o"(n—1)(n—3)---3.1 n even
mePa(n

But, by proposition 5.2, the above limits are the moments of a Gaussian law
with mean p and variance o2. The result therefore follows by proposition 2.11.
O
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6.2 The Free Central Limit Theorem

The difference between the independent and the free case of the central limit
theorem is the result of the following lemma.

Lemma 6.9 Let (X;) be a free sequence of random variables, identically dis-
tributed, such that ¢(X;) = 0 for all i. Write (r/2)* = ¢(X?). Let m € Pa(n).

Then
(r/2)" w¢& NCPsa(n)
My = .
0 otherwise

Proof: Let m 2 (r(1),...,7(n)). Then there are two possibilities.
o r(1) #r(2) # - #r(n):
Since ¢(X;) = 0 for all 4, it follows that
Mg = ¢(XT‘(1) T Xr(n))
by definition of freeness.
e There exists m such that r(m) = r(m + 1):
Then the variable X, () X, (m+1) = Xf(m) is free from the set
{Xr(l) T XT'(m—l)a X7'(m+2) T X'r(n)}
is free since 7 is a pairing. Hence by proposition 3.15

M = Xy Xrim-1)s Xr(mi2)  Xon)) (X))
O X1y Xo(mo1)> Xr(m+2) - - Xp(n))0?

The result now follows by induction. O

Theorem 6.10 (Free Central Limit Theorem) Let (A,¢) be a non-
commutative probability space, and let (X,) be a sequence of free random
variables such that ¢(X,) = 0 for all n. Write (r/2)?> = ¢(X2). Then the
sequence
<X1 44 XN)
VN

converges in distribution to a semicircular law with centre 0 and radius r.

Proof: By lemma 6.6 and lemma 6.9 we see that

lim ¢(

N—o0

<X1+"'—|—XN
VN

But by proposition 4.7 we know that §NCPy(n) = C, /2 when n is even.
This number is zero when n is odd. Thus, by proposition 5.5 the above limits
are the moments of a semicircular law with centre 0 and radius r. The result
therefore follows by proposition 2.11. O

) ) = ENCPy(n)(r/2)"
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6.3 The Multi-dimensional Case

An elaboration of the calculations in the previous two sections lets us formulate
versions of the classical and free central limit theorems for families.

Theorem 6.11 Let (A,¢) be a non-commutative probability space, and let
{Xin) | A € A} be a sequence of families of random variables such that each
family is independent from the other families, ¢(X§\")) =0 for all A and all n,
and there are constants Cy; such that ¢(X(n) X("))) = Cap)a(q) Jor all X(p),

M) Alg
A(q), and n.
Then the sequence of families of random variables of the form

XV x(V
VN

converges in distribution as N — oo to a Gaussian family with covariance matrix

(Cij)- m

As in the previous section, the free version of the above result involves re-
placing pairings by non-crossing pairings.

Theorem 6.12 Let (A,¢) be a non-commutative probability space, and let
{Xﬁ\") | A € A} be a sequence of families of random wvariables such that each
family is free from the other families, ¢(X§\n)) =0 for all A and all n, and there
are constants C;; such that d)(X(n) xm ) = Caximag) Jor all X(p), A(q), and n.

AP) 7" ()
Then the sequence of families of random variables of the form

XM x (M
VN

converges in distribution as N — oo to a semicircular family with covariance
matriz (Cij). O

7 Limits of Gaussian Random Matrices

7.1 Gaussian Matrices

Definition 7.1 Let (2, u) be a (classical) probability space. Then we can form
an algebra of functions

L= () L9

1<p<oo

and define a functional F: L — C by integration with respect to the proabability
measure f. Let tr: M, (C) — C be the trace of a matrix. Then we can define
the W*-probability space of n X n random matrices

(Mn7¢n) = (L ® Mn((C),E & %t’l")
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In these notes we will restrict our attention to square random matrices,
although of course others are possible. There are certain important classes of
random matrices. We begin with the most general.

Definition 7.2 Let X = (X;;) € M, be an n x n real random matrix. Then
we call X a real Gaussian matriz if each random variable X;; is independent
and Gaussian, with expectation zero and identical variance. We call X standard
if we have variance o(X;;)? = 1/n for all i and j.

A complex random matric Z is called a complez Gaussian matriz if it takes
the form Z = X + 4Y where X and Y are independent real Gaussian matrices
where each entry has the same variance. The matrix Z if the absolute value of
each entry, |Z;;|, has variance 1/n.

A random matrix of the form X* X, where X is a Gaussian matrix, is called
a Wishart matriz.

Proposition 7.3 Every complex Gaussian matriz is an invertible element of
the algebra M, .

Proof: An element of the algebra M,, is an equivalence class of measurable
functions Q — M, (C), where we identify functions that agree on a set of measure
Zero.

Let N be the set of non-invertible matrices, and let X be a complex Gaussian
matrix. Then by definition of the Gaussian law, the inverse image X ~![N] has
measure zero. Hence, outside of a set of measure zero, the function X:Q —
M, (C) agrees with a function where every element of the image is invertible.
O

Definition 7.4 Let X = (X;;) € M, be a real n x n random matrix. Then we
call X a real self-adjoint Gaussian matriz if the following conditions hold:

o X;; = Xj; for all ¢,7.

e Bach random variable X;;, where ¢ < j, is independent and Gaussian,
with expectation zero and identical variance.

A real random matrix Y = (Y;;) € M, is a real skew-adjoint Gaussian matriz
if the following conditions hold:

[ ] Xz'j = in for all Z,]

e Bach random variable X;;, where i < j, is independent and Gaussian,
with expectation zero and identical variance.

A complex random matrix Z is called a complex self-adjoint Gaussian ran-
dom matriz if it takes the form Z = X 4 iY, where X is a real self-adjoint
Gaussian matrix and Y is a real skew-adjoint Gaussian matrix where each en-
try has the same variance.

Definition 7.5 A real self-adjoint or skew-adjoint Gaussian matrix X is called
standard if we have variances o(X;;)? = 1/n for all i and j.

A complex self-adjoint Gaussian matrix Z is called standard if the absolute
value of each entry, |Z;;|, has variance 1/n.
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7.2 The Semicircular Law

We now want to look at limits of standard self-adjoint Gaussian matrices as the
size increases, initially for single matrices, and then for independent families.
We will see that such matrices converge in distribution to semicircular random
variables, and independent families converge in distribution to free semicircular
families. These results first appeared in [Voi91]. The combinatorial papproach
that we take comes from [Spe93].

Lemma 7.6 Let X € M, be a standard self-adjoint Gaussian matriz. Given
a permutation o € X, let us write Z(o) to denote the number of cycles in o.
Then we have the formula

Z n Z(ym)—1—m/2
TEPy(m)
where we identify a pairing m € Py(m) with a permutation as in proposition 4.9.

Proof: By definition of the functional ¢, it is clear that

n

m 1
PX™) =~ Z E(Xi1)i2)Xi@2)io) - Xim)i1))
(1), i(m)=1

For convenience, let us count modulo m, that is to say set ¢(m + 1) = i(1).
Then by proposition 5.7, we see that

m 1
HX™) =~ Z Yo ] EXimiesn X Xigs+1)
i(1),...,i(m)=1w€P2(m) (r,s)E™

Since the matrix X is a standard self-adjoint Gaussian matrix, we can write,
using Kronecker delta notation:?

1
E(Xi(ryitr+1) Xi(s) Xi(s+1)) = E(Si(r)i(s—&-l)(si(s)i(r—&-l)
Thus
m 1 -
X" = D > [T dimicstndisics
wE€Py(m) i(1),...,i(m)=1 (r,s)En

As mentioned in the statement of the result, a pairing @ € Py(m) can be
identified with a permutation m € X,,, by defining the cycles of the permutation
to be the blocks of the pairing. Thus we can rewrite the above equation

R DD SRR | (T

w€Py(m) i(1),...,i(m)=17r=1

2That is to say

1 a=b
(Sab*{ 0 a#b
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or
1

SX™) = s > > I smiemen

TE€P>(m) i(1),...,i(m)=17=1

where
vy=(1,2,....m—1,m) € X,

The index function ¢ must be constant on the cycles of the permutation vy
in order for the product H;n:l di(ryi(y=(r)) to be one; otherwise, the product is
Z€ro.

It follows that we have nZ(?™) possible index functions which make the above
product zero. Hence

Z H Oi(r)i(ym(r)) = nZ0m)

i(1),...,i(m)=1r=1

and
¢n(Xm) _ Z nZ("/‘ﬂ')—l—’m/Q
TEPy(m)
as claimed. O
Corollary 7.7 We have moments ¢(X™) = 0 when m is odd. O

Theorem 7.8 Let (X,,) be a sequence of standard self-adjoint Gaussian matri-
ces, where X, € M,. Then the sequence (X,) converges in distribution to a
semi-circular random variable with centre 0 and radius 2.

Proof: When m is odd, as we have already remarked, ¢, (X)) = 0 for all n.
Let m = 2k.

Let m € P(2k). Then the number of cycles, Z(ym), can be at most 1 + k,
and this number is achieved precisely when the pairing is non-crossing. By the
above lemma, we have the formula

G2 = Y wOmLk

TEPy(m)
Observe () = &
. 1 1 Z =k+1
Z(ym)—1—k _ T
A { 0 Z(yr)<k+1
Thus

lim ¢, (X2F)) = 4NCPy(k)

n—oo

By proposition 4.7, iNC Py (k) is the k-th Catalan number. Hence, by propo-
sition 5.5, the sequence (X,,) converges in distribution to a semicircular random
variable, as claimed. O
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7.3 Asymptotic Freeness

We can quite easily extend the main theorem of the previous section to a result
on families of Gaussian matrices. As a first step, we have the following result.
We omit the proof since the computations needed are almost identical to those
in the proof of lemma 7.6.

Lemma 7.9 Let {X* | A € A} be a family of standard self-adjoint n x n Gaus-
sian matrices. Then

(XA XA Z H5A(7 Am(ryynZm=tmm/2

TEPy(m) r=1
O

Theorem 7.10 Let {X | A € A} be a sequence of independent families of
standard self-adjoint n x n Gaussian matrices. Then the sequence of families
({X))) converges in distribution to a free semi-circular family.

Proof: When m is odd, the set set Pz2(m) is empty, so by the above formula
the mixed moments ¢(X 1) ... X*(n)) are all zero. Let m = 2k.

Let m € P3(2k). Then the number of cycles, Z(ym), can be at most 1 + k,
and this number is achieved precisely when the pairing is non-crossing. By the
above lemma, we have the formula

m

¢(X>\(1) X}\( Z H 6)\(1-))\(77 ") Z(’yﬂ)—l—m/Q
TEPy(m) r=1
Observe (1) = k
. 1 1 Z =k+1
Z(ym)—1—k _ T
nh—»Holon { 0 Z(ym)<k+1
Thus
Tim g(XM XA ) = 3 Héw)w ()

mEPy(m) r=

We can write this formula

Tim (VXM= Y [T Sy

TENCPy(m) (r,s)ET

which is, by definition, the law of a free semicircular family (with covariance
matrix the identity). O

8 Sums of Random Variables

8.1 Sums of Independent Random Variables

Definition 8.1 Let u; and ps be two probability measures on the real line, R.
Then we define the convolution, duy * dus, by writing

i+ (o) = [ (s (o)
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For a Borel set S C R, we thus define

i) = [ [ da(dpa(u—)

It is straightforward to check that the convolution of two probability mea-
sures is a well-defined probability measure.

Proposition 8.2 Let X and Y be real independent random variables, with laws
defined by probability measures px and py respectively. Then the sum X +Y
has law defined by the convolution of the measures px and py .

Proof: We have moments defined by the formulae

M (X) = / 2 dpx(r)  mi(Y) = / y" duy (3)

and

n

— ny _ n k n—ky _ - Ryn—k -
m (O6H) = o1 = 3 (1) 6o =3 [ [ due)dn o

k=0

By linearity of the integral, we have the equation

(X +Y) = / / (& + )" dpux (2)dpry ()

Let z =z 4+ y. Then

mp(X +Y) = /R/Rz”dux(x)d,uy(z —x) = /Rz" dux * dpy (2)

Thus the convolution gives the moments of the sum X 4 Y, and the result
follows. O

8.2 Free Convolution

Let X and Y be free random variables. We would like to define the probability
law of the sum X + Y in terms of the probability laws of the random variables
X and Y. This is in fact possible, using an analogue of the convolution in the
independent case.

As elsewhere in these notes, we take a combinatorial approach, following
[Spe94]. Alternative, more analytic methods, can be found in [VDN92] and
[Haa97].

The first way to look at this convolution involves using cumulants, as intro-
duced in definition 4.10.

Proposition 8.3 Let X and Y be free random wvariables. Then we have free
cumulants
kXY =k 4k
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Proof: By definition of the free cumulants

EXHY = k(X +Y,...,X+Y)
= k7L(X7"'7X)+kn(K...’Y)
= ki +ky

where the second step follows from the fact that the mixed cumulants k,: A™ —
C are multilinear, and mixed cumulants vanish by freeness of the random vari-
ables X and Y and theorem 4.12. O

A simple application of the moment-cumulant formula yields the following
result.

Proposition 8.4 Let X be a random variable. Let m € NCP(n) be a non-
crossing partition, with blocks {Vi,...,V,}. Define the cumulant kX by writing

X X X
kr = ki, - kv,

Let (m:X) be the sequence of moments of the random variable X. Then we
have the moment-cumulant formula

X X
mi= Y,k
TENCP(n)
O

The above formula can be used to determine the free cumulants in terms of
the moments. The following definition therefore makes sense.

Definition 8.5 Let 7 and 7/ be probability laws, with sequences of moments
(my) and (m},) respectively. Let {k; | 1 € NCP(n)} and {kl | 7 € NCP(n)}
be the sets of free cumulants arising from these laws.

Then we define the free convolution, T B 7/, to be the probability law with
squence of free cumulants (k, + k).

The following result follows immediately from proposition 8.3 and the defi-
nition of the free convolution.

Theorem 8.6 Let X and Y be free random variables, with probability laws T
and 7' respectively. Then the sum X +Y has probability law 7 H 7’. O

8.3 The Cauchy Transform

Let X be a real random variable. We have already seen, in theorem 2.8, that
there is a unique measure, p, on R, such that the moments of X are given by
the formula

mp(X) = / * du(t)

In this section we will see more precisely how to determine the measure p
from the sequence of moments (my).
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Definition 8.7 Let i be a probability measure on the real line. Then we define
the Cauchy transform of u by the formula

G () = / L dute)

z—t
whenever $(z) > 0.

The Cauchy transform is relevant to us because of the following result, which
can be proved by expressing the fraction as a power series and exchanging the
integral and summation signs.

Proposition 8.8 Let u be a probability measure on the real line, with moments

i (1) = / £ du(t)

Then the moment-generating function
o0
M*(z) = Z Mmpz"
n=1

converges to an analytic function in some meighbourhood of 0. Whenever the
absolute value |z| is sufficiently large, the formula

GH(z) = lMu <1>

z z
holds. O

In order to recover a measure from its moments, we use the following theorem
to invert the Cauchy transformation.

Theorem 8.9 (The Stieltjes Inversion Formula) Let 1 be a probability
measure on the real line. Then

du(t) = — 2 lim S(GH(t + ic)) dt

T e—0

whenever t € R. Here convergence is with respect to the weak topology on the
space of all real probability measures. O

8.4 The R-transform

The R-transform, along with the Cauchy transformation, gives us an analytic
way of computing laws involving sums of free random variables.

Definition 8.10 Let 7 be a probability law, with sequence of free cumulants
(k). Then we define the R-transform by the formula

R7(z) = Z kny12™

n=0

The following result follows immediately from theorem 8.6.
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Theorem 8.11 Let X and Y be free random variables, then
R4 (2) = R (2) + RY (2)
O

There is a close relation between the R-transform and the Cauchy transform.
In order to establish the relation, we begin with a purely algebraic result.

Lemma 8.12 Let (my)n>1 and (kn)n>1 be sequences of complex numbers, with
corresponding formal power series

M(z) =1+ mpz"  Cl2)=1+ k2"
n=1 n=1
as generating functions. Write
]fﬂzk‘hvln'k’hvr WZ{Vl,...,W}ENCPOL)

and suppose that

Then
C(zM(2)) = M(2)

Proof: Given a non-crossing partition 7 € NCP(n), let V; denote the block
containing the element 1. The given formula for the number m,, tells us that

TENCP(n)
EVi=s wm={Vqy,..., Vr}

Let m ={Vi,...,V,.} € NCP(n), and
Vi={v1,...,vs}

Set vs4+1 = n + 1. Then, since 7 is a non-crossing partition, for all j > 2 we
can find k such that vy, < V; < vp41. It follows that

r=ViUTU---UT,

where overliner; is a non-crossing partition of the set {v; +1,...,v;41 — 1}.
Let i; = v;11 —v; — 1. Then we can consider the partition 7; to be an
element of the set NCP(i;). By the definition of the number k. we can write

kﬂ— = kskﬁkﬁ

since §V; = s. Therefore

> kegksr - - ke

1 i1,.-,is=0 §Vi=s
i1+ +ists=n 7, TEENCP(i))
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But

mi; = Z ke

T ENCP(ij)
for all j. Hence

n n—s
my, = E E kemyg, -+ -y,
s=1

i1,e00yis=0

i1+--+is+s=n
Now

n—s

M(z) = 1+imn2" = 1+ii Z kozmy, 2 - -my, 2
n=1 n=1s=1

i100erig=0
i1+ tisgts=n

We can write this sum

M(z)=1+ ikszs (1 + imlzz> =C(zM(z))
s=0 i=1

and we are done. O

Theorem 8.13 Let 7 be a probability law, with Cauchy transfrom G(z) and
R-transform R(z). Then

Proof: Let (m,,) be the sequence of moments of the probability law 7, and let
(kn) be the sequence of free cumulants. Write

K(2) = R(2) + %

The R-transform is defined by the formula
C(z) =14 zR(z)

where

C(z) = Z kp2"

n=0

By the above lemma and proposition 8.8, we have the relations

M(z) = CzM(z))  G(z)= M <1>

z z

=6ty gt o ( () - e () -

Set w = G(z). Then we have the relation G(K (w)) = w. Since this formula
is purely a formal relation between non-trivial power series, it follows in general

that
G (R(z) + 1) G(K(2)) = =

z
and we are done. O
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8.5 Random Walks on Free Groups

Let F5 be the free group on 2 generators, s; and ss. Consider the random

variable 1
X = (0++X) X =s;+s;"

representing a step of a random walk going with equal probability in each pos-
sible direction on the group F5. It is straightforward to check that the set of
random variables {X7, Xo} is free.

The operator X; has the same law as the operator s + s~! on [?(Z), where
s is a generator of the group Z. Let S' C C be the unit circle. Then we have
an isomorphism of Hilbert spaces

(Z) — L*(5")

defined by mapping the series (ax)kez to the Laurent series > po _ axz". Under

this transformation, the algebra CZ is mapped to the algebra of all Laurent
polynomials, and the trace is mapped to the function

8(P)= | | P(2) du(z)
where p is the Haar measure on the unit circle.

The operator %(s + s—1) is therefore mapped to the Laurent polynomial
z 4+ 1/z. The law of this operator therefore has Cauchy transformation

1
G0 = [ = M

The Haar measure is defined by writing du(w) = 1/(27iw) dw so we can
compute the integral as a path-integral

Gi(z) = ! / ;dw

2 Jgr w? —wz 41

Let p(w) = w? — wz — 1. This polynomial has roots
1 2 1 2
wl(z)=§+ ZZ—l wg(z):i— ZZ—I

For sufficiently large values of |z|, the root wi(z) lies outside of the unit
circle, and the root ws(z) lies inside the unit circle. Hence, by Cauchy’s residue
formula, we can compute this integral

1

w(z) — wa(2)

Gi(z) =

that is to say

Nl=

Gi(z) = (22 — 4)

Now, the R-transformation, R;(z), is determined by the formula

Gl(Rl(Z) + 1/2) =z
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SO

and

1 / 1

The random variable X5 has the same law as the random variable X7, and
therefore R-transformation

1 / 1

By theorem 8.11, the random variable X = §(X1+X>) has R-transformation

Let G be the Cauchy transform of the random variable X. Then
R(G(2))+1/G(z) = =

S0
LAY P
4G(z) 4G22

and we obtain the equation

(42% — 16)G(2)? — 242G (2) +5 =0
We can solve this equation to obtain the formula

Gle) = B2 VBIDZ TS
22 -4

By proposition 8.8, the moment-generating function

M(z) =) ¢(X"):"

k=1

M(z) = %G (i)

3+ /54 (31/422)
1— 422
This formula enables us to work out the moments by looking at a power
series expansion, and therefore the probability law.

is given by the formula

SO

M(z) =
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9 Products of Random Variables

9.1 Products of Independent Random Variables

Let X and Y be independent random variables. Then, by the definition of
independence, we have moments

mp(XY) = 6((XY)*) = 6(X*)o(Y") = mu(X)mi(Y)

We thus immediately have the law for the product XY. Let
M(z) = Z My (X )y, (V) 2™
n=1

be the moment-generating function. By proposition 8.8, if the law of the prod-
uct XY is defined in terms of a probability measure u, then we have Cauchy

transformation
1 1
GHz)=-M <)
z z

whenever the absolute value |z| is sufficiently large.

9.2 The Multiplicative Free Convolution

Let X and Y be free random variables. We would like to define the probability
law of the product XY in terms of the probability laws of the random variables
X and Y. This is in fact possible, using calculations involving free cumulants,
much as we did in the previous chapter. As we mentioned then, there are also
analytic approaches; see [VDNO92] or [Haa97] for details.

Our first result is best phrased algebraically.

Theorem 9.1 Let (A, ¢) be a non-commutative probability space. Let A and B
be free alagebras, and let a; € A, b; € B. Then the following formulae hold.

L4 ¢(a1b1a2b2 ce anbn) = ZT{GNCP('[L) kﬂ‘[a’17 cee 7an]¢K(7r) [bla ceey bn}
. ¢(a1b1a2b2 e anbn) = ZT{ENCP(TL) ¢K*1(‘n’) [al, e ,an]kﬂ[l)l, ceey bn]
o kp(aiby,azbs, -+, anby) = Zﬂ—eNCP(n) krlag,... 7an]kK(7r) (b1, -+ -5 bn]

Proof: The moment-cumulant formula tells us that

¢(a1b1a2b2"'anbn) - Z kﬂ[alablv"'vanvbn]
reNCP(2n)
By freeness and theorem 4.12, the cumulant k,[aq,b1,...,an,b,] vanishes

when an a-variable and a b-variable both appear in the same block of the par-
tition 7. By definition of the complement of a partition, it follows that

¢(arbragbs - - - anby,) = Z kelai,. .., an] Z kgr[bi, ..., by)

oceNCP(n) U’E/JEIC(W("(;L)
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By the generalised moment-cumulant formula in proposition 4.14, we have
the equation

¢(a1b1a2b2"'anbn) = Z (ka[ala~'~7an]¢K(0)[bla~'~abn])
oceNCP(n)
The other equations follow from further applications of the generalised

moment-cumulant formula. O

Since the probability law of a random variable determines and is determined
by its free cumulants, the following definition makes sense.

Definition 9.2 Let 7 and 7’ be probability laws, with sequences of moments
(mg) and (m},) respectively. Let {k, | 1 € NCP(n)} and {kl, | 7 € NCP(n)}
be the sets of free cumulants arising from these laws.

Then we define the multiplicative free convolution, T ¥ 7/, to be the proba-
bility law with free cumulants

&7 _ /
BET =Y kekien
TENCP(m)
The following result follows immediately from theorem 9.1 and the definition

of the multiplicative free convolution.

Theorem 9.3 Let X and Y be free random variables, with probability laws T
and 7' respectively. Then the product XY has probability law 7 X 7/, O

9.3 Composition of Formal Power Series

As in the previous chapter, further calculations involving products of free ran-
dom variables involve operations on certain formal power series.

Definition 9.4 Let
o0 o0
P1(z) = Z anz"” Po(z) = anz"
n=1 n=1

be formal power series. Then we define the composition 11 o 13(2) to be the
power series Y | ¢,2" where

Cp = Z aybs

rsS=n

If the functions ¥1(2) = Y oo a,2z™ and ¥o(z) = >0 byz" are well-
defined, then the composition of formal power series is the same as composition
of functions.

The following result relating compositions and products is straightforward
to check.

Proposition 9.5 Let ¢1(2), ¥2(2), and 3(2) be formal power series. Then
(1.42) 0 b3 = (b1 0 ¢3) (12 0 ¢3)
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Proposition 9.6 Let
P(z) = Z anz"
n=1

be a formal power series where a; # 0. Then there is a unique formal power
series

Pl(z) = Z by 2"
n=1
such that
Yo H(z) =y oth(z) = 2
Proof: We need to define coefficients by such that
1 n=1
S {} 7!

We know that a; # 0. We can therefore define by = 1/a;. The remaining
coefficients, by, when k > 2, are determined inductively by the above formula.
O

9.4 The S-transform

The S-transform is an analogue of the R-transform when we consider products
rather than sums of free random variables. The results of the previous section
mean that the following definition makes sense.

Definition 9.7 Let 7 be a probability law with a sequence of moments (m7),
where m] # 0. Define the formal power series

Yelz) = Y mre"
n=1
Then we define the S-transform of T by the formula

§7(z) =7 (2)2 7 (1 + 2)

Lemma 9.8 Let 7 be a probability law, weith associated sequence of free cumu-
lants (ky). Define a formal power series

O.(2) = Z knz"

n=1

Then we have S-transformation
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Proof: Write
M(z) =1+v.(2) C(z) =1+ ®,(2)

Then by lemma 8.12
C(zM(z2)) = M(2)

that is to say
O (2(14+¢r(2)) = ¥r(2)
Write w = 17 1(2). Then
B, (47 (w)(1+w) = w

ie:
&7 (w) = 7 (w) (1 +w)

The desired formula now follows by definition of the S-transform. O

Theorem 9.9 Let X and Y be free random variables. Then
SV (2) = 8%()87 (2)

Proof: By theorem 8.6, we know that we have free cumulants
B =S R
TENCP(n)

for all n.
Let us define formal powers series ®x, Py, and ® xy as in the above lemma.
Define
NCP'(n) ={m € NCP(n) | (1) is a block of 7}

and write
gammay, = Z kfk};(ﬁ) Q. (2) = Z 2"
TENCP’(n) n=1
Then we can check the relation
Pxy(z) = Px 0 Py(2)

Define

b= > kK kR ®s(z) =) dn2"
TeNCP’'(n) n=1

The random variables XY and Y X have the same probability law. Therefore
cDX)/(Z) = pr ] @5(2)

The formula
2Oxy(z) = &4 (2)P5(2)
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is also easy to verify. It follows that
(I),Y(Z)‘b;(l o (I)Xy(z) <I>5(Z)<I>;1 o (I)Xy(z)

SO
Z‘bxy(z) = @;(1 o @Xy(z)fl);l o (I)Xy(z)
and by proposiition 9.5

that is to say
Pxy(2) _ Ox'(2) By (2)
z z z

and we are done, by the above lemma. O

10 More Random Matrices

10.1 Constant Matrices

The results we proved earlier about random matrices and freeness can be gen-
eralised to include non-Gaussian self-adjoint matrices. The first step in this
calculation is to look at constant matrices.

Definition 10.1 A sequence of matrices, (D,,), where D,, € M, (C) is said to
converge in distribution if the sequence of traces tr(D]") converges for each m.

A normal matrix, D, can be regarded as a constant function Q@ — M, (C)
on a probability space €2, and so as a constant random matrix. Taking this
point of view, the above definition is the same as the definition of convergence
in distribution for a sequence of random variables.

We want to do some calculations involving both constant matrices and Gaus-
sian matrices. Before presenting the results of aour first such calculation, how-
ever, it is convenient to introduce some notation.

Definition 10.2 Let A®M ... A(™) be n x n matrices. Write A*) = (Agf))
Let 0 € ¥,,, be a permutation. Then we write

n

(AW, AT = Y A Ajmitetm)

Observe (since we divide by k when defining the ordinary trace of an k x k
matrix) that the above trace is a product of ordinary traces multiplied by n? (@),
where Z(o) is the number of cycles of the permutation o.

Lemma 10.3 Let X be a standard self-adjoint Gaussian n X n matriz, and let
D be a constant n X n matriz. Then

H(DIVXDIR X ... pitm) x) = Z tr[DID) ... patm)|pZ(ym)=1=m/2

ym
TePs(m)
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Proof: Write DF = (DE;C)), and X = (X;;). Then by definition of the state ¢,

1
' 2 ™) X) = (a(1)) (a(2)) (g(m))
$(DID X DI X ... pal )X)—E S BN Xy DS Xy - DD
i(1),..., i(m)
F(1),..e, j(m)=1

Since the variables D(,q(kz))

i (kyi(k) A€ all constant, we can write the above sum as

the expression

n

- D) pa) (a(m))
w2 EXieXieie Xl it Ditmitm)
SOl

which by the Wick formula for moments of Gaussian families can be written

a(1)) (e(2) (a(m))
Z Z (rs)ents z(r)j(r+1)Xi(s)j(s+1)}Dgu) (1)D ((12) i(2) ”Dj((zm)i(m)
A1) (11(:)1) mEPy(m)

S

The fact that the matrix (X;;) is a standard self-adjoint Gaussian random
matrix now tells us that (DM X ... DIM X)) =

1 (@(1) a(2) (a(m))
. Z D Trmenbimien it s m/2 D3ty Pieyicd " Ditmyitmy
) (il()l) ,,,,, (1 (")L) mEPy(m)

Let us fix m € Py(m). As usual, we can identify 7= with a permuatation
€Yy Let v=(1,2,...,m) € ¥,,. Then the sum
- (a(1)) (a(m))
D TreerdimienOisienDini) Ditmyitm)

i(1),...,i(m)
i), j(m)=1

can then be written in the form

n

m 4(1)) (am)) - (4(1)) (a(m))
Yo TSimiaren DSty Dyt = 00 Ditsyey - Dyttt tetm)
j<i1()1,),’_',;'j’(i,(nrgbil J(1),...,5(m)=1

Using definition 10.2, we have the simplification

n
(a(1) (a(m) _ _1 1 m
Z 7T(r,s)ETréi(r)j(7‘+1)(Si(s)j(erl)l)j((ll)i(l) s D]l(lm)z(m) n (o) tJ’I"[D(q( )), cey D(q( ))]
PR A AL
and so the formula appearing in the statement of the lemma. O

Theorem 10.4 Let (X,,) be a sequence of n xn standard self-adjoint Gaussian
random matrices, and let (Dy,) a sequence of n x n constant matrices. Then the
sequence of pairs {X,, Dn} converges in distribution to a pair of free random
variables.
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Proof: When m is odd, the set set Py(m) is empty, so by the above formula
the moments ¢(DIM X DI X ... DI X)) are all zero. Let m = 2k.

Let m € P3(2k). Then the number of cycles, Z(ym), can be at most 1 + k,
and this number is achieved precisely when the pairing is non-crossing. By the
above lemma, we have the formula

p(DIVXDID X ... pim) X)) = Z tr[DID) ... pam))pZym)—1-m/2
7

mEPy(m)
Observe
F RS S i
Thus
nlgr;o H(DINXDID X ... pIm) X)) = Z tr[DIY) ... pam))

N
TENCP>(m)
We can rewrite this formula

lim ¢(DQ(1)XDQ(2)X ... Dq(m)X) — lim Z Grc—1(m) [DQ(1)7 e D‘I(m)]
n— o0 n—o00 RENCPy(m)

By theorem 9.1, the above formula shows that in the limit the mixed mo-
ments are those of a pair of free random variables. The result now follows.
O

We can generalise the above result to families of Gaussian random variables
and constant matrices. The proof is the same as that given above. If we combine
this generalisation with theorem 7.10, we see the following result.

Theorem 10.5 Let {X) | A € A} be a sequence of independent families of
standard self-adjoint n x n Gaussian matrices. Let {D) | A € A} be a sequence
of families of constant random matrices that converge in distribution to random
variables {dy | A € A}.

Then the sequence of families ({X)}) converges in distribution to a free
semi-circular family {sx | A € A}. Further, the sets

[sx [A€A}  {dy | XeA)

are free from each-other. O

10.2 Unitary Random Matrices

In this section we want to imitate our earlier calculations on asymptotic freeness
for unitary rather than self-adjoint Gaussian random matrices. We begin by
defining the objects we want to examine.

Definition 10.6 A random matrix V' € M, is unitary if V*V = VV* = [,
where I =1® I € L ® M, (C) is the identity matrix.
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Let U(n) denote the space of complex unitary n X n matrices. A random
unitary matrix is then by definition a map of the form V:Q — U(n), where Q
is a probability space.

However, the space U(n) is a compact topological group, and so can be
equipped with the Haar measure, h, namely the a unique multiplication-
invariant probability measure defined on all Borel measurable sets.?

Definition 10.7 Let 2 be a probability space, with measure . Then a random
unitary matrix V: Q — U(n) is called a Haar matrizif it is uniformly distributed
on the space of unitary matrices, that is to say the equation

h(S) = u(V='[S])
holds for any Borel set S C U(n).

Let X be a standard Gaussian random matrix. By proposition 7.3, the
matrix X is invertible (as an element of the von Neumann algebra of random
matrices), so we have a polar decomposition

X =AV
where the random matrix A is positive and the matrix V' is unitary.
Proposition 10.8 The random unitary matriz V defined above is a Haar ma-
triz.

Proof: Let W be a fixed unitary matrix. Then we want to show that the
random matrices V and WV have the same law. The result then follows by
theorem 2.8 and the definition of the Haar measure as the unique multiplication-
invariant probability measure on the space of unitary matrices.

By functional calculus, we can write

V=(X*X)7X WV=(WX)(WX))=? WX

It therefore suffices to show that the random matrix WX is also Gaussian.
This follows by the definition of independence, the definition of unitary, and the
fact that a sum of independent Gaussian random variables is also Gaussian. O

Proposition 10.9 Let {X* | A € A} be a family of complexr Gaussian random
matrices. Then the family of unitary matrices

(V¥ e}
arising from polar decompositions as above is independent.

Proof:  The polar decompositions X* = AMV? are defined by functional
calculus: ) )
A)\:(X)\(X)\)*)E V)\:X)\(X/\(X)\)*)7§
Since the matrices {X*} are independent, they pairwise commute. By con-
struction, the matrices {V*} also pairwise commute.

3A construction of the Haar measure can be found for example in chapter 5 of [Rud91].

46



Again using independence of the family {X*}, we know that
H(XAD XA L x Ay = (XA (XA (X))

whenever A(7) # A(j) when i # j
It is easy to check that ¢(A*) = |¢(X?)| for all A. Since the state ¢ is in
fact a trace, we see that

qS(V’\(l)VA(g) VA = GV (VAR L (V)

and we have shown independence of the family {V*}.
Let A € A. Then we want to check that the random unitary matrix V) is a
Haar matrix. For Borel set S C U(n), define

h(S) = (VM) 7'S)

where p is a probability measure on the set . Then A(U(n)) = 1so his a
probability measure. O

In order to perform calculations for random unitary matrices, we need to
look at some expectations involving the entries.

Definition 10.10 Let 7 € X,, be a permutation, let N > n, and let V' = (V;;)
be an N x N Haar matrix. Then we define the Weingarten function

Wg(N, 7T) = E(Vvll cee Vnn‘/l‘rr(l) T Vn‘rr(n)

The Weingarten function Wg(N, 7) depends only on the conjugacy class of
the permutation w. The general behaviour of this function is rather complex.
The following formula, relating general expectations to the Weingarten function
is easily seen, however.

Proposition 10.11 Let V = (V;;) be an N x N Haar matriz. Then the expec-
tation

E(Viyjq) - VimyimViayia) - Vimim)
is equal to the sum
-1
> Siia)  Simyi am) S5 (8) -+ Ty amy) Wa(N, Ba™)
a,BES,

d

We omit the proof of the following (actually quite involved) result on the
asymptotic behaviour of the Weingarten function. For details, the article
[Nic93], where results involving the asymptotic behaviour of random unitaries
were originally examined, can be consulted.

Lemma 10.12 Let 7w € X, be a permutation. Then

lim Wg(N,7)N?"=%(™ = 1

N—o0
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Definition 10.13 Let (A, ¢) be a C*-probability space. A random variable
V € Ais called a Haar unitary if $(V*) = 0 for all k € Z\{0}.

It is clear than any Haar matrix is a Haar unitary. The following result
can be proved using our usual methods on the asymptotic behaviour of random
matrices and lemma 10.12.

Theorem 10.14 Let {U)} | A\ € A} be a sequence of independent families of
n x n Haar matrices. Let {D)y | A\ € A} be a sequence of families of constant
random matrices that converge in distribution to random variables {dx | A € A}.
Then the sequence of families ({X\}) converges in distribution to a free
family of Haar unitaries {uy | A € A}. Further, the algebras generated by the
sets
{U)\‘)\EA} {d)\|>\€A}

are free. O

10.3 Random Rotations

To see why we are interested in unitary matrices, note the following proposition,
which follows immediately from the definition of freeness.

Proposition 10.15 Let X and Y be free random variables. Let U be a Haar
unitary that is free from the variables X and Y. Then the random variables X
and UY U™ are also free. O

The above proposition along with theorem 10.14 gives us the following result.

Theorem 10.16 Let (X,,) and (Y;,) be sequences of constant n X n matrices
which converge in distribution to random variables X and Y respectively. Let
U, be an n x n Haar matriz. Then the sequences (X,) and (U,Y,U}) converge
in distribution to free random variables X and Y’ respectively, where Y’ has the
same distribution as the random variable Y . O

The above theorem tells us that any two free random variables can be realised
as a limit (in distribution) of a sequence of constant matrices and a sequence of
constant matrices rotated by Haar matrices.
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