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1. INTRODUCTION

1.1. Matrices and eigenvalues. The study of random matrices as a field is a patchwork of many
fields. The main object we study is a probability distribution on a certain subset of the set of matrices
Mat(N x N,R or C), thus giving us a random matrix A.

Definition 1.1. An eigenvalue A of the matrix A is a root of the polynomial f(\) = det(A — \I), where
I is the identity matrix (we use this notation throughout the notes). Equivalently, X is an eigenvalue
if A if the matrix A — Al is not invertible. This second way of defining eigenvalues in fact works even
when A is not a finite size matrix, but an operator in some infinite-dimensional space.

We will largely be only concerned with real eigenvalues. That is the eigenvalues of a real symmetric
matrix over R or Hermitian over C that is where A* = A (here and everywhere below A* means AT,
i.e., transposition and complex conjugation).

Remark 1.2. The case when eigenvalues can be complex is also studied in the theory of random
matrices, sometimes under the keyword complexr random matrices. This area is more modern and is
actively developing now. See, for example, [GT10] for a discussion of the law of large numbers.

Proposition 1.3. Every eigenvalue of a Hermitian matriz is real.

Proof. Let A be a Hermitian matrix, so that A* = A. Let A be an eigenvalue of A. Let v be a nonzero
vector in the null space of A—\I. Let a = vT'v = |v|2, so that a is a positive real number. Let b = v7 Av.

_ . =T _ __
Then b = b7 = vTAv = vTATv = vT Av = b, so b is real. Since b = Aa, A must be real. O
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Let Hy be the set of N x N Hermitian matrices. For each N, let un be a probability measure on Hy
(it can be supported not by the whole H x, but by a subset of it, too). Then for each matrix A € Hy we

may order the real eigenvalues \; > --- > Ay of A (the collection of eigenvalues is called the spectrum
of A).
A collection of probability measures py on Hy for each N > 1 is said to be a random matriz ensemble.
(N) ()

For such an ensemble, the eigenvalues Ay "7 > --- > A7 of matrices N form random point configurations
on R with growing numbers of points. Our main goal is to study the asymptotic properties of these
collections of points on R, as N — oc.

1.2. Why study random matrices? Let us briefly discuss five possible motivations to study random
matrices and asymptotic distributions of random matrix spectra.

1.2.1. Matrices are a natural generalization of real numbers, so studying them would seem natural from
a pure probability point of view. However, the development of the theory of Random Matrices was much
application driven.

1.2.2. Hurwitz and theory of invariants. A. Hurwitz in the 1890s [Hur97| computed the volume of or-
thogonal and unitary groups of matrices.ﬂ For example, U(1), the set of unitary 1 x 1 unitary matrices
— the unit circle — has volume 27. For general N, the volume of U(N) is the normalization constant
ZN = fU( N) 1 - d(Haary) in probabilistic integrals over the Haar measure on the unitary group,

Zn = oN(V+1)/2 _oN(N+L2TT ™
! kl:[l (k) kl:[l (k—1)!

See [DF15| for a recent survey.

1.2.3. Statistics. J. Wishart in 1928 [Wis28| considered random covariance matrices of vector-valued
data. For testing the hypothesis of independence of components of the vector, it is natural to study the
distribution of the random covariance matrix of the uncorrelated vector (the null-hypothesis distribu-
tion). Let us assume that the components of the vector are identically distributed.

This latter matrix ensemble (called the Wishart ensemble) can be constructed by taking a rectangular
matrix Y with independent (or uncorrelated) identically distributed entries, and taking A = Y7Y. Then
A is a square matrix which is said to have the (real) Wishart distribution.

For the purposes of statistics, the distribution of the Wishart matrix A should be compared with
the distribution under the alternate hypothesis that the entries of the vector are correlated. For certain
assumed nature of the correlation structure, this leads to considering spiked random matrices of the form
A+ R, where A is Wishart and R is a finite-rank perturbation. It turns out that sometimes the presence
of a nonzero matrix R may be detected by looking at the spectrum of A + R, which again leads to
considering spectra of random matrices. One reference (among many others which are not mentioned)
relevant for the current research on spiked random matrices is [BBAP05].

1.2.4. Nuclear physics. Active development of the theory of random matrices begins in the 1950s when
Wigner, Dyson, Mehta, and their collaborators explored nuclear physics applications. In nuclear quan-
tum physics a state of a system is an operator on an L? space of functions; its eigenvalues are the
energy levels of the system. For large nuclei it is difficult to analyze the operator in L? directly, but
Wigner postulated that differences in energy levels could be modeled by differences in eigenvalues of
certain classes of matrices under appropriate probability measures. That is, the collections {AFE;} and
{A\i = Ai+1} should be statistically close. Moreover, the random matrix ensemble should have the same

IThe group O(N) of orthogonal N x N matrices consists of matrices O with real entries, for which 07O = 00T = I.
The group U(N) of unitary N x N matrices consists of matrices U with complex entries, for which vuT =UTU = 1.
Both groups are compact, and so possess finite Haar measures, i.e., measures p which are invariant under left and right
shifts on the group.
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symmetry as that quantum system. The symmetry classes of random matrices are discussed in detail
in a recent survey [Zirl0]. Dyson proposed a model of stochastic dynamics of energies (eigenvalues of
random matrices). We will study the Dyson’s Brownian motion later.

Section 1.1 of the book [Meh04] contains a nice outline of physical applications of random matrices.

1.2.5. Number theory. Dyson and Montgomery uncovered number theoretic applications of random ma-
trices in the 1970’s [Mon73|, with Odlyzko in the 1980’s [OdI87] providing powerful numerical simulations.
Consider the Riemann Zeta Function

— 1
((s) = Z v for s € C with the real part of s > 1
n=1

Riemann showed that ((s) can be analytically continued to a function on C with a pole at s = 1.
The famous Riemann hypothesis is that all the zeroes of the Zeta function with real part greater than
0 lie on the critical line % + it. It turns out that the distribution of the zeroes on the critical line can
be linked to the distribution of eigenvalues of random matrices. Consider the zeros % + ity of the zeta
function with t,, € R. Let us define

Wy, = n log <|tn’)
2 2w )’

1
then Llim f# {wy, € [0, L]} =1, i.e., the average density of the wy’s is 1. The theorem/conjecture of
—00

Montgomeryﬂ states that the pair correlations of the zeroes of the zeta function have the form

lim 1#{ wn € [0, L] } ~ /j (5(@ +1- Sm%”) de, (1.1)

agwn*wmgﬁ w22

where §(z) is the Dirac delta. Further details on this and other connections between number theory and
random matrices can be found in [KS00], [Kea06].

Remark 1.4. There are accounts of Montgomery meeting Dyson at teatime at the IAS; the latter pointed
out the connection between Montgomery’s formula and the eigenvalue distributions of random matrices.
A quick Internet search lead to the following links containing details: https://www.ias.edu/articles/
hugh-montgomery and http://empslocal.ex.ac.uk/people/staff/mrwatkin//zeta/dyson.htm.

1.3. Course outline. The course will consist of five main parts, with the last part being optional:

1. Limit shape results for random matrices (such as Wigner’s Semicircle Law). Connections to Free
Probability.

2. Concrete ensembles of random matrices (GUE, circular, and Beta ensembles). Bulk and edge asymp-
totics via exact computations. Connection to determinantal point processes.

. Dyson’s Brownian Motion and related stochastic calculus.

. Universality of random matrix asymptotics.

(optional, depending on time available) Discrete analogues of random matrix models: random per-

mutations, random tilings, interacting particle systems.

Ouk W

2. WIGNER’S SEMICIRCLE LAW AND ITS COMBINATORIAL PROOF

After discussing the object and motivations for studying random matrices, let us proceed to the first
part of the course — the laws of large numbers for the eigenvalue distributions of random matrices. The
first of these laws of large numbers is the Wigner’s Semicircle Law. It dates back to [Wig55].

2Depending in part on the Riemann hypothesis and in part on how strong is the assumed convergence in (1.1)).


https://www.ias.edu/articles/hugh-montgomery
https://www.ias.edu/articles/hugh-montgomery
http://empslocal.ex.ac.uk/people/staff/mrwatkin//zeta/dyson.htm

NOTES ON RANDOM MATRICES 4

2.1. Real Wigner matrices. A particular ensemble of random matrices is the real Wigner matrices.
Let A € Mat(N x N,R) with A = (aij)%-:l such that a;; = aj;. To describe the distribution of the
random matrix A we only need to describe the upper triangular portion of A.

Definition 2.1. The law of the real Wigner N x N matrix is described as follows:

e {a;j}i<;j is an independent collection of random variables

o {a; )Y, is iidEI7 and {a;j }i<; is iid.

e Ea;; =0 for all ¢, 7; Eagj = 2 for ¢ = j; and Ea?j =1 for i # j.

e all moments of a;; are finite.
The last condition greatly simplifies technicalities of the proofs, but most results on real Wigner matrices
hold under weaker assumptions.

Example 2.2. A large class of Wigner random matrices (which helps justify why in A the variances
on the diagonal must be twice the off-diagonal variances) can be constructed as follows. Suppose the
collection of random variables x;; for 1 <17,j < N is iid with Ez;; = 0 and Em?j =1. Let X = (z;) be
an N x N matrix. Define
X+XxT

N

One readily sees that A is real Wigner. Namely, for example, a1 = % = v2z11, s0 Ea;; =0

and Ea%l = 2Ew%l = 2. If N > 2 then aia = a91 with a19 = %\/521, and we have Eaj9 = 0 and

Varaio = %Var(xm + x91) = 1 because z12 and x2; are independent.

A=

2.2. Gaussian Orthogonal Ensemble. A special case of real Wigner matrices is when each a;; is
Gaussian. This case is called the Gaussian Orthogonal Ensemble (GOE).

Lemma 2.3. The distribution of the GOE is orthogonally invariant, that is, if A has the GOFE distribu-
tion and O € O(N) is a fived orthogonal matriz, then OAOT has the same probability distribution as A.

Proof. Tt is not hard to check that the probability density of A with respect to the Lebesgue measure
on Mat(N x N,R) (this space is isomorphic to RN (N+1)/2 by considering the upper triangular part) has
the form

f(A) = cexp(—tr(4%)),
where ¢ is a normalization constantﬁ Since the matrix trace is invariant under cyclical permutations,
tr(0A207) = tr(A2070) = tr(A?).

Thus, 0A20T 2 4. O

We will discuss the GOE (and its close relative GUE, Gaussian Unitary Ensemble) in detail in the
course later, but for now we will focus on properties of real Wigner matrices with general entry distri-
bution.

2.3. Formulation of the Wigner Semicircle Law. For a real Wigner matrix Ay € Mat(N x N) let

)\gN) > > )\5\1[\/) be the eigenvalues of Ayx. The empirical distribution of the eigenvalues is

N
1
Ly = NZ;5N1/2A§N>. (2.1)
1=

That is, we put delta masses of size 1/N into the N positions of rescaled eigenvalues )\Z(N) /VN. This
rescaling will turn out to be appropriate for the law of large numbers. Note that Ly is a probability
measure on R.

3Independent identically distributed.
4Here and below tr(A) = a11 + a2 + ... + ann is the trace of a matrix.
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Remark 2.4. For the purposes of asymptotic statements, we will always assume that the off-diagonal
entries of real Wigner matrices A = Ax have the same fixed distribution independent of N, and similarly
the diagonal entries have the same fixed (but different) distribution.

SCix)

FIGURE 1. Semicircle density SC(x).
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FI1GURE 2. Histogram of the empirical distribution Ly for N = 5000.

Definition 2.5. The semicircle distribution SC is a fixed probability distribution on R supported on
[—2, 2] which is absolutely continuous with respect to the Lebesgue measure and has the density

1
SC(z) := %\/4 -z, —2<z<2. (2.2)

See Figure [I]
Note that slightly abusing the notation, by SC we will denote both the semicircle distribution and its

probability density (2.2)).

Theorem 2.6 (Wigner’s Semicircle Law). As N — oo, the empirical distributions Ly converge weakly,
in probability to the semicircle distribution SC.

Let us explain what we mean by convergence “weakly in probability”. Formally this means that for
any bounded continuous function f on R (f € Cp(R)) and each £ > 0 we have

z&ii““mp(/deN /deC >s) = 0. (2.3)

That is, “in probability” means the usual convergence in probability of random elements Ly to a (non-
random) element SC. On the other hand, “weakly” specifies the metric on the space of probability
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measures on R (to which all Ly and SC belong). Convergence of probability measures in this metric
simply means weak convergence of probability measures on R.

In other words, let us use a convenient notation for the pairing (f, u) = [ fdp = [g f(x) p(dzx) for a
given function f and measure p. If p is a random measure (such as Ly, since Ly depends on Ay which
is random), then (f, u) is a random element of R (usually we say random variable). Since SC is not
random, the pairing (f, SC) is a fixed number for a given function f. The Semicircle Law thus states that
for any given f € Cp(R) the random variable (f, Ly) converges in probability to the constant (f,SC)
which may be written as

Ve > 0, ]\}im P(|(f,Ln) — (f,SC)| >¢) =0, (2.4)
—00
which is the same as (2.3)).

Remark 2.7. This type of convergence is reminiscent of the classical weak law of large numbers: for

1
{X;}22, iid random variables with E | X1| < oo, the random variables ~ Zl]\il X; converge to the constant
E X7 in probability as N — oo.

2.4. Strategy of the proof. We will employ the following strategy in our proof of the Wigner’s semi-
circle law. This is only the first of the proofs we will consider, and it is based on the computation
of moments and on the related combinatorics. Recall that for a probability measure p the quantities
(¥, 1), k=0,1,2,..., are called the moments of y.

First, in Section we will compute the moments my, := (¥, SC) of the limiting semicircle distribu-
tion, and identify the answer in terms of the Catalan numbers. Our second step in the proof is to show
the convergence limy_,o0 E(z¥, Ly) = my, for each k. We do this in Section below. The third step
(in Section is to show that the variance of (z*, L) goes to zero as N — oo for each k. Finally, to
complete the proof we will need to justify that the convergence (2.4) for any function f(x) follows from
the case of f(x) = 2% k=0,1,2,.... This is done in Section
2.5. Moments of the semicircle distribution. Here we will compute the moments of the semicircle
distribution:

- (5)
¥ | — | d=x.

2

2T

Clearly, by symmetry we have my = 0 for k odd. If k is even, let us perform a trigonometric
substitution x = 2sinf, —5 < 6 < 7, in the above integral:

mg = (2*,5C) :/

-2

o+ SC(a) da :/

-2

Jus

92k+1
mog = /
Vs _

13 5 (2k — 1)!!
W/WSIH 0d9:W7

T2

where recall that (2k — 1) =1-3-5---(2k — 3)(2k — 1).

»

sin?* @ cos® 6 df. (2.5)

[ME]

Lemma 2.8. We have

Proof. Denote the integral in the right-hand side by «ay. Observe that ag = 1. Integrating by parts for
k > 1, we have

1 (2 1 (2
ap = —— /2 sin?* 710 d(cos 0) = — /2 (2k — 1)sin®* 20 cos? 0dh = (2k — 1)ag_1 — (2k — 1)ay.
_r )=

2

Therefore, the quantities ay, satisfy

ar  2k—1

a1 2k ’
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(2k—1)1!
2Rkl

which is the same relation as for the quantities . This completes the proof. ([l

By relating moy (2.5) and g in the above lemma, we see that the even moments of the semicircle

distribution are given by
1 (2K
= — k=0,1,2,.... 2.6

mag k+1 ( k )7 3 Ly 4y ( )

These quantities are called the Catalan numbers.

2.6. Catalan numbers. The Catalan numbers Catj are defined as
1 2k
tp = —— k=0,1,2,.... 2.7
Cak k+1<k>7 0777 ( )
The first twenty one of them are
1,1,2,5,14,42,132,429, 1430, 4862, 16796, 58786, 208012, 742900, 2674440,
9694845, 35357670, 129644790, 477638700, 1767263190, 65641204 20.

They are ubiquitous in combinatorics: for example, there are more than 200 families of objects enumer-
ated by the Catalan numbers [Stal5]. A list of references and properties of Catalan numbers may be
found at [Cat].

Here we will list a number of properties of the Catalan numbers which will be important for our proof
of the semicircle law.

2.6.1. Dyck paths.

Definition 2.9. A Dyck path of length 2n is a sequence dg, d1, . . . , do,, such that dy = do,, =0, dj11—d; =
+1 for all 4, and that d; > 0 for all i. Graphically Dyck paths can be represented as in Figure [3

dy,

¥ k
10

—
N 4
Lo +
I
o+
o+
3 +
oo 4
O +

FIGURE 3. A Dyck path of length 2n = 10.

PV NVAN
AV

F1GURE 4. All five Dyck paths of length 2n = 6. The first two paths first return to zero
at time 25 = 2, the third path first returns to zero at time 25 = 4, and the last two paths
first return to zero at time 2j = 6.
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Exercise 2.10. The number of Dyck paths of length 2n is equal to the Catalan number Cat,,.

Idea. Use the reflection principle — a tool used in the study of random walks and Brownian motion.
See https://en.wikipedia.org/wiki/Catalan_number#Second_proof| for details.

Another way to count the Dyck paths is to first establish the recurrence , and then use generating
functions to solve the recurrence (see Remark below). O

2.6.2. Recurrence.

Lemma 2.11. The Catalan numbers satisfy the recurrence relation

n
Cato = 1, Catn == Z Catj,lcatn,j. (28)
j=0
Proof. The easiest way to see this is by counting the Dyck paths: let the first time a Dyck path reaches
0 be 2j, then j can be any number from 1 to n (see Figure [4)). The part of the Dyck path after time
2j is independent from the part before 2j. The number of paths from 2j to 2n is exactly Cat,,_;. The
number of paths from 0 to 2j (with the condition that they do not get to 0 in the meantime) can be
seen to be Cat;_1 by cutting out the first up and the last down steps. This implies the recurrence. [

Remark 2.12. The recurrence (2.8)) provides a way to get the explicit formula (2.7). Namely, considering
the generating function G(z) =) >, Cat, 2", we see that (2.8) implies

G(z) = 2G(2)* + 1.

This equation on G(z) has two solutions Y142 V21;42, of which we should pick 1=/1=4= 354‘2 because the other

solution diverges as z — 0. The Taylor expansion of this function is

1—vV1—4 <1 /2
7222 (n)g”:1—|—,z—|-2z2—|-5z3—|—14z4+42z5+13226—I—...,
2z n:On—i—l n

which converges for |z| < %. This shows that the Dyck paths are enumerated by the Catalan numbers.

2.6.3. Trees. As was mentioned before, the Catalan numbers enumerate numerous families of combina-
torial objects. We will need one more family of such objects — rooted ordered trees. An ordered tree is a
rooted tree (i.e., a tree with a distinguished vertex R called the root) in which children of every vertex
are linearly ordered. On pictures this ordering will be represented from left to right (see Figure |5)).

FIGURE 5. These trees are isomorphic as rooted trees, but are different as rooted ordered
trees. A beginning of the walk of Exercise is displayed for the second tree.

Lemma 2.13. The number of rooted ordered trees with n+ 1 vertices (including the root) is equal to the
Catalan number Cat,,.

Proof. Assume that the leftmost subtree contains j vertices (without the root), then the rest of the tree
including the root contains n— j+ 1 vertices. This readily implies the recurrence (2.8)), which establishes
the claim. 0


https://en.wikipedia.org/wiki/Catalan_number#Second_proof
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SN ANV

FIGURE 6. Dyck paths corresponding to the rooted ordered trees in Figure [5| (see Exercise [2.14)).

Exercise 2.14. By comparing the proof of Lemmas and come up with a bijection between
Dyck paths and ordered rooted trees.

Idea. Consider the walk around the tree (such that the tree is always to the left of the walker), which
starts to the left of the root. Let di be the distance of the walker from the root. The Dyck paths
corresponding to trees in Figure [ are given in Figure [6] O

2.7. Convergence of expectations E(z*, Ly) — mj. With the Catalan preparations in place, let us
return to the semicircle law. We would like to show that

0, k odd:

(2.9)
Caty o, Kk even.

lim E(zF, Ly) = my = {
N—o0
First, observe that the left-hand side has the form

E(zF, Ly) = E/Rmk Ly (dz)

N
=N1FRPED AR
i=1
Since A is diagonalizable (as an N x N real symmetric matrix), we have Zf\i LAY = tr(A4%). We may
express the trace of the kth power of a matrix by a k-fold sum of cyclic products

N
k
tr(A ) = E QiyigQigig ** * Qig_qiy Bigiy -
11,82y, =1

So we have
N

E<$k? Ly) = NIk Z B(aiyin igis * + * Qi 1y Qi )- (2.10)
11,82,0.,0=1

Our goal now is to understand the combinatorial structure of the above big sum.

Definition 2.15. Each term of the sum can be encoded by a closed word i1 ...i341 of length k£ + 1
(“closed” in the sense that the word starts and ends with the same letter). For example, 123241 is a
closed word of length 6. The support of a closed word is the set of all letters participating in this word.
The support of 123241 is {1, 2, 3,4}.
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To each closed word w we associate an undirected graph G,, with vertices labeled by the support of the
word, edges (i1,12), (i2,13), ..., (ix, 11) connecting each consecutive pair of letters in the word. For exam-
ple, if w = 123241, then G,, has four vertices {1,2,3,4} and five edges {(1,2),(2,3),(3,2),(2,4), (4,1)}
(see Figure . Notice each graph G, is connected. These (and similar) graphs are sometimes referred
to as Feynman diagrams.

FiGUrE 7. Graph G, corresponding to the word w = 123241.

Let N;;, be the number of distinct edges connecting i; to iz in Gy. In our running example we have

15 =1 and N335 = 2. Each edge may be a self edge such as (1,1), or it can be an edge connecting
distinct vertices such as (2, 3).

With this notation we have

N, N,
B iyiy@igis Qi _yiniin = || Eair [ Eafs, (2.11)
self e connecting e
€e€Giy . i iq e€Giy . ipiq

since all diagonal elements are iid, and all the elements above the diagonal are iid. Here the product
runs over all possible distinct edges in the graph of the word.

In order for the expectation to be nonzero, we must have the following properties:

e Since Ea;; = 0, each edge in Gy, 4,5, must have N, > 2..
e The graph G, i, has k + 1 edges, and so it can have at most 1 + k/2 vertices.

Now let us look at the sum as a whole. Call two graphs equivalent if they differ only by
relabeling the vertices. Note that the expectations of the form coming from equivalent graphs are
the same. If a graph has t vertices, then there are N+ := N(N —1)...(N —t + 1) ways to relabel the
vertices to get an equivalent graph. This implies that the sum can be rewritten as

1+ k/2] Nit
k Ne Ne
E(* Ly) = > NITR > I]Eay J] Eay, (2.12)
t=0 Guw€eEqClass; self e connecting e

eeGy GEGw

(*)
where by EqClass, we have denoted the set of equivalence classes of graphs G, corresponding to closed
word, having ¢ vertices and k + 1 edges, and also having N, > 2 for each edge.

Clearly, for fixed ¢ and k, the expression (%) above does not depend on N and is finite. Also, since
N¥ = O(N?), the sum vanishes as N — oo unless ¢t = 14 k/2. Because t < |k/2], this is possible
only for k even. Therefore, E(z*, Ly) converges to zero if k is odd.

Now consider the case when k is even and ¢t = 1 + k/2. Then the graph corresponding to each word
i1...1501 has k + 1 edges, 1 + k/2 vertices, and N, > 2 for each edge. Hence, gluing together pairs of
edges connecting the same vertices, we see that the graph Gj, ;,, must be a tree (see Figure E| In
particular, there are no self edges and N, = 2 for each connecting edge. This implies that

. k _
A}EHOOE@; ,Ln) = ‘EquassHk/Q‘.

5The words which correspond to such trees contributing to (2.12) are sometimes referred to as Wigner words.
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O==ORROSOE=ORR0

FIGURE 9. A representative graph G, € EqClass; /o corresponding to the graph as in
Figure [8] (left), and its representation as a rooted ordered tree (right).

To count the number of trees G, € EqClass; /25 let us choose representatives w = vy ... vg+1, such
that for each i = 1,...,k + 1, the set {1,2,...,v;} is an interval in {1,2,..., N} beginning at 1 (thus,
V1 = Vg+1 = 1)

Exercise 2.16. There is a unique way of choosing such representatives.

Let the vertex 1 be the root R, and clearly the order coming from the word defines an order on this
rooted tree (see Figure @) This implies that ‘Equassl Tk /2’ = Caty, and finally proves the desired

convergence ([2.9)).

2.8. An example of counting terms in the expansion of eq. (2.10|). Before proceeding to finish
the proof, let us consider one example how expansion ([2.10) works for k = 6.

Exercise 2.17. How go get Catz = 5 from E(tr(A%)) ?

Solution. We want to show how

N
E( tr(AG) )= NP Z B (iy iy - @igis * i i * Qig,i) ——— 5.
i1yenris=1 N=oo

We need to determine which terms are nonzero and how many such terms there are. If there are 5
or 6 independent indices, we get a product of expected values of independent random variables with
expected value zero, so these terms do not contribute. If there are 3 or fewer independent indices, there
are not enough terms to overcome the factor of N4, so these terms do not contribute in the limit. Thus
we are interested in nonzero terms with 4 independent indices. One can check that there are 5 types of
such terms:

(1)

(i1,92), (i2,41), (i1,43), (i3,41), (i1,%4), (i4,71)

-~ -~
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(ilaiQ)’ (i2>i3)7(i37i2)7 (i27i1)7 (i17i4)7(i47i1)
—_——— —_———

(i1,92), (i2,13), (i3,72), (i2,14), (ia,92), (i2,71)

-~

(ilai2)7 (i27i3)a (i37i4)7 (i4ai3)7 (i3ai2)a (i27i1)
N——_— ——

()

(i1,12), (i2,41), (i1,43), (i3,14), (4a,43), (43,%1)
—_—— —_——

These sequences bijectively correspond to noncrossing pair partitions of 6 elements. These partitions
are in a clear bijection with Dyck paths of length 6 (shown in Figure [4), and are enumerated by the
Catalan number Catg = 5.

For each of these patterns, there are N(N — 1)(N —2)(N — 3) ~ N* terms in the sum, and each term
is a product of the expected value of the squares of three independent off-diagonal random variables
with expected value 0 and variance 1, like

E(ail,iz *Qigyiy * iy izt Qigyiy - Qigyig ai47i1) = E(a2 ; ) 'E(a2 ; ) 'E(a2 i ) =L

11,12 21,23 11,24
So in the limit we get the Catalan number Cats = 5. O
2.9. Variances of (z*, Ly). Let us now show that the variances vanish in the limit:
2
E( (z*, Ly)?) — (IE( (z*, L) )) — 0. (2.13)
N—o0
Recall that
n

k —1-k/2
<.1‘ 7LN> =N / Z Qiy,ig « " gy iy -

i=i1,..ip=1
Now, writing a; for a;, ;, - - - a;;, 4, , We have

E( (%, Ly)?) — (IE( (@*, L)) )2 = N2k Z (E (a;- a;) ~ E(qj) - E(a;)) .

If the graphs G and G; (corresponding to the words 4y .. .ixi1 and ji ... jgj1, respectively) do not share
common edges, then the corresponding random variables a; and a> are independent, and so E(a; - az) =
E(a;) ‘E(a;). Thus we are only interested in the terms for which edges of the graphs G and G overlap.

Example 2.18. For instance, if i = (1,2,3,2,1) and j=(1 (1,2,1,1 ) then
E(a;) = E(ai, iy - Qig,is * Qig iy * igi) = E(a % )
E(a;) = E(i1iz * Gigiy  Giriy - Girin) = E(a % ) - (a1 1) =2;
iy i3+ Qi i~ Qi i~ Wiy~ iy~ Vigiy -~ Gin iy~ Ginin) = B(ag, ) - Blad, 5) - (a7, ;) = 2E(af o).

The corresponding graphs are given in Figure [10]

We now argue similarly to the proof given in Section (for the convergence of the first moments).

Namely, in order for E(as - a;.) —E(a;) E(a;.) to be nonzero we must have the following:

e Since E(a;;) = 0, the graphs need to have N, > 2;
e The graphs G; and Gj. need to share some edges.
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FIGURE 10. Graphs G; (solid lines) and G (dashed lines) in Example

If the combined graph has t vertices, there are N¥ = N(N —1)--- (N —t + 1) equivalent classes of
graphs. Thus, the variance takes the form

) 2k
E( (zF, Ly)?) — (E( (z*, L) )> = N2k Z N¥ Z (finite products of finite moments)

t=1 equiv. classes
of graphs with
2k vertices

finite and independent of N

Thus, we must have t > k+2 in order to have a nonzero contribution as N — co. The associated graphs
have N, > 2 and are connected (since Gy and G- are connected and overlap). There are totally 2k edges
with multiplicities, thus < k double edges. We conclude that there are no such graphs, and so there are
no nonzero contributions to the variance in the limit as N — oo. This completes the proof of .

Remark 2.19. Remark: by a similar argument, ¢ = k+ 1 also cannot contribute. Indeed, the combined
graph of G and G; has < k double edges and k + 1 vertices so it must be a tree (in the same sense

of gluing edges as in Section above). However, as G and G;, must also overlap (i.e., share common
edges), there are no such trees. This implies a better estimate on the variance:

k 2 k 2 2
E((ac L) ) —E((ac ,LN>) —O(N7?), N - .
This estimate can in fact be used to show almost-sure convergence to the semi-circular law.

2.10. Estimates and completing the proof. We want to show that for any continuous bounded
function f € Cp(R), the random variables (f, Ly) converge in probability to (f,SC) (this is further
detailed in (2.4)). We have already shown that
e The moments converge: E(z*, Ly) — (2¥,SC).
e The variances vanish: E((z*, Ly)?) — (E(z¥, Ly))? — 0.
We will also need the following a priori estimate that the empirical distributions Ly are concentrated
around zero:

Lemma 2.20. For all € > 0 there exists B > 0 so that

P ( < \x|k1‘x|>B,LN> > 5) — 0.

N—o0

Here an everywhere below 14 denotes the indicator function of an event A, so the function \m|k1‘x|> B
looks as in Figure

Proof. We will use the Markov (sometimes also called Chebyshev) inequality:

E|X|
<7

P(|X| > a) for any a > 0.
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Note that for |z| > B > 1, 22 = |z|¥|z|* > B¥|z|*, hence |z|F < 22*/B*. Now we have by the Markov
inequality:

P (oo L) > ) < LB ( (ol op L) ) < L END),
We know that
E ((ka,LN>> —E ((x%,SQ) = Caty.

An easy (and in fact exact in the exponential order) estimate for the Catalan numbers is

2k
1 /2 W\ or
= — < = = .
Caty k+1<k>—z<j> =

§=0
Thus k
Cat 4
. k k
llj{fnj;lopP(<|m| 1\x|>BvLN> > 5) < Bk < B
As k grows, the left hand side grows. However, for B > 4 the right hand side decays to zero. Thus if we
set

ap = limsup P (<|x|k1‘w|>B,LN> > 6) ,

N—o00
then
4k
0<a<a<...<— —0.
Sap S az S = gk
Thus, all the ), are zero. Since the probabilities are nonnegative, the desired result follows. O

FIGURE 11. The function [z[°1 ;> 5.

Now, fix B > 4 (say, B = 5), and uniformly approximate the function f1,<p (a continuous function
on a compact interval) by a polynomial. That is, by the Weierstrass Approximation Theorem, for every
d > 0 there is a polynomial Qs(x) such that

sup |f(z) — Qs(x)| < 0.

lz|<B
Therefore, we can estimate
[(f, L) = (f, SO < [(f, L) — (@5, SO)] + [(@s,5C) — {f,SC)|
< [(fYaj<n, L) = (Qs, SO + [{fLigjs . Lv)| + (@5, 5C) — (£, SC)|
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< |(Qs1jz1<p, Ln) — (Q5,50)|

+ [ (fLa1<m: Ln) = (Qs1joj<, L) | + |(f1jo> 5, Ln) | + [{Q5,SC) — (f,SC)|
< Qs, L) — (Qs5,SC)| + [(Qs1)4> 5, LN)|

+ [(FLai<ms Ln) = (Qsljoi<, L) | + |[(f L5, Ln) | + [{Q5,SC) — (f,SC)|
< {Qs, L) — E(Qs, Ln)| + [E(Qs, Ln) — (Q5,SC)| + [{Qs1z>5, Ln)|

+ [(fLai<ms Ln) = (Qsljpi<, L) | + |(f 11> 5, Ln) | + [{Q5,5C) — (f,SC)|
< [Qs, Ln) — E(Qs, Ln)| + [E(Qs, Ln) — (Qs,SC)]|

+ [(Qs1iz)>5, Ln)| + [(fLiz> 8, LN)| + 2.

Therefore, we can estimate the probabilities as follows (given that ¢ is sufficiently small):
P (1(f,Ln) = (£,5C) > ) <P ({Qs, L) = B(Qs, L)l > 2/5) +P ( E(Qs, Liv) — (Q5,5C)] > =/5)

+P < (Qs1jy> 5, Ln)| > 6/5) +P ( [(fLiz>5, LN)| > 6/5)~
The first summand above convergences to zero by Chebyshev inequality:

2
E ((Qs, Ln)?) — (E(Qs, L))
(e/5)? ’
which goes to zero because variances go to zero (Section . The second summand convergences to zero
because the moments converge (Section . The last two summands converge to zero by Lemma m

(note that f is bounded and so can be bounded by a polynomial). This completes our first proof of the
Wigner’s semicircle law (formulated above as Theorem .

P ( (Qs, Ln) — E(Qs, Ln)| > 5/5) <

2.11. Related laws of large numbers for random matrix spectra. Let us mention two relatives
of the Wigner semicircle law which can be proven by similar methods of moments and trees counting.

2.11.1. Complex Wigner matrices. The first is the law of large numbers for complex (Hermitian) random
Wigner matrices A = (aij)gyjzl, in which
® a;; = aj;, t < j, are complex-valued independent random variables.
e The diagonal elements a;; are iid real valued with mean 0 and variance 2.
e a;; with ¢ < j are iid complex random variables with expected value 0 and (complex) variance 1.
On other words, a;; = x;; + y;;j, where x;; and y;; are independent real random variables with
mean 0 and variance 3. This implies that Ea?j =0 and E |a;;|* = 1.
e All moments E|a;;|* are finite.

Defining Ly in in the same way by (note that the eigenvalues of A are real because it is Hermitian),
we still have the semicircle law: Ly — SC weakly in probability. The proof of this result involves counting
of graphs similarly to the real case described above, but in the case of Hermitian Wigner matrices the
graphs will be directed.

There also exist laws of large numbers for complex eigenvalues of random matrices, and typical is the
circular law stating that the eigenvalues of a random matrix with iid entries are distributed uniformly
inside a unit disc on the complex plane (cf. Remark .

2.11.2. Marchenko—Pastur law. The second relative is the Marchenko—Pastur law [MP67] for Wishart
matrices (random sample covariance matrices). The Wishart ensemble is defined as follows. Let Y be
an N x M matrix of iid real-valued random variables with mean 0 and variance 1. Then, by definition,
W = YYT is called a Wishart N x N random matrix. It is a symmetric random matrix which is,
moreover, positive definite. Therefore, all its eigenvalues are real and nonnegative.
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Remark 2.21. If the entries of Y are Gaussian, then the entries of W are sums of squares of Gaussians,
so they have chi square distributions — a type of distribution arising when studying sample covariance
matrices of Gaussian random vectors.

fo(x)

0.25

0.20

010

0.05

FIGURE 12. The Marchenko—Pastur density f,(z) for o = 3.

Suppose M/N — « € [1,00). The Marchenko—Pastur law states that

N
1
LN:N;(S/\Z_/W%SQ

weakly in probability. Here S, a € [1,00) are the Marchenko—Pastur distributions defined as follows.
Set
by = (14 /)

Then the density function of S, is

fule) = V=m0 -y oy,

which looks as in Figure [12]

Note that if M > N, then the random matrices W are likely to be nondegenerate, so the distribution
does not hit zero. In fact, the distribution S; corresponding to a = 1 is the image of the semicircle law
SC under the squaring map z +— 2.

2.12. Notes and references. The combinatorial proof of the Wigner’s semicircle law was essentially
given by Wigner in [Wig55]. In our proof we closely follow Section 2.1 of [AGZI0].

3. ELEMENTS OF FREE PROBABILITY

3.1. Motivating question. We will discuss certain ideas from Free Probability applied to spectra of
random matrices. Our main goal is to motivate and describe the operation of free convolution of two
probability distributions with compact support. We will not discuss all the technical aspects and proofs,
but will focus on certain concrete examples.
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The motivating question we will be interested in is the following. Suppose Ay and By are two
ensembles of (real symmetric or Hermitian) N x N random matrices, and assume

Ly(AN) = p, Ln(By) — v,

where Ly is the empirical spectral distribution (2.1), and px and v are limiting probability measures on
R with compact support. The above convergence is the weak convergence in probability, as in (2.3)) and
(2.4). The question is, how to understand the convergence of the sum:

LN(AN + BN) — 7

Of course, the answer will involve the dependence structure of the ensembles Ay and By, and here
we will consider one choice of this dependence — free independence, which informally means that the
eigenbases corresponding to the matrices Any and By are in generic position. Then the empirical spectral
distributions of Ax + By converge to the free convolution pHB v of the measures p and v.

Example 3.1. Suppose Ay and By are independent and real Wigner. Then by Theorem [2.6] we have
A B
Ln(An) — SC and Ly(By) — SC. However, AN FON
V2
A B
Ly () - sc.
V2
We will see that this corresponds to the following rule for the free convolution:
SCHSC
V2

In classical probability, if X and Y are iid random variables such that for any constants a,b we have

is also clearly real Wigner, and so

SC. (3.1)

aX +bY 2.x + d for some other constants ¢, d, then X is called stable. An important such example is
Gaussian random variables. Indeed, if X,Y are iid Gaussian random variables with mean 0 and variance
1, then X +Y = /2X. This suggests that the semicircle distribution should be the free analogue of the
Gaussian distribution.

3.2. Classical moments and cumulants. Given a random variable X, the n** moment of X is
mp(X) = E(X"), n > 0.

Definition 3.2. The moment (eacponentialﬁ) generating function for a random variable X is given by

[e.9]

M(z) =E(X) =Y m”(;f)zn (3.2)
n=0 ’

Let us define a new exponential generating function C(z) := log(M (z)), and call its expansion coefficients
cn(X), n > 1, the cumulants of X:

o0
cn(X)2"
Clz) =) "T = log(M(2)). (3.3)
n=1
Remark 3.3. When speaking of moments and cumulants, we will assume that the series (3.2)) converges
for sufficiently small z, and that the moments define the distribution of X uniquely. A sufficient as-
sumption which we will employ in this section unless otherwise noted is that all random variables (and

probability distributions) have compact support.

6The word “exponential” refers to the presence of the factorials in the series, which resembles the Taylor series for the
exponent €.
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The cumulants (sometimes also called half/semi-invariants) of X form a sequence (¢, )n>1, where ¢,
is a homogeneous polynomial of moments my, k < n, with the leading term m,,:

Clt =mq1 = EX,
co = Var(X) = my — m3,
c3 = skewness = m3 — 3mamy + 2mS3, (3.4)

¢4 = kurtosis = my — 4mgmq — 3m% + 12m2m% — ﬁmil,

Example 3.4 (Cumulants of the Gaussian random variable). The moment generating function (3.2)) of
N(0,1), is

oo efx2/2
M(z) = e dx

e V27

oo 6—(x—z)2/2

2
=% /2 ;- dx
=/,
Hence, the cumulant generating function is
C(z) = 22/2.
This implies that the the cumulant sequence of A(0, 1) is
(0,1,0,0,...). (3.5)

Now, if X and Y are independent random variables, then
(X +Y)=Var(X +Y) = Var(X) 4+ Var(Y) = ca(X) + c2(Y),
so their second cumulants add up. In fact, this holds for all higher cumulants, too:
Proposition 3.5. If X and Y are independent random variables, then for allm > 1,
(X +Y) =cp(X) +cn(Y). (3.6)

Proof. We have My (z) = Ee*¥, so E(e*XT2Y) = Ee*X Ee*¥ by the usual product rule for expectations
of independent random variables e~ and e*¥, which implies log Mx .y () = log Mx(z) +log My (2), as
desired. 0

So, the cumuluants “linearize” addition of independent random variables. Note also that for a € R,

cn(aX) = a"cn(X). (3.7)

To showcase the utility of the cumulants, we use them to prove the classical Central Limit Theorem

(CLT):

Theorem 3.6 (Central Limit Theorem). Let X1, Xo,... be iid random variables with E X; = 0 (recall

that we assume compact support). Then,

gy — Xi+..+XNy D

N \/N
Proof sketch. Note that, by (3.6) and (3.7)), for each n and N,

cn(Sy) = N7"2Ne, (Xy).

N(0, Var(X7)).
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In particular, we haveﬂ
n=1: c1(Sy) =E(X;) =0,
n=2: c2(SN) = ca(X1) = Var(Xy),
n>3: en(SN) RNy

So, the cumulant sequence of lim Sy is
N—oo

(0, Var(X7),0,0,...). (3.8)
By comparing (3.8) and (3.5), we see that the cumulant sequences of Sy and A(0, 1) are the same up
to a constant, which implies the CLT. (|

3.3. Moments and cumulants of Gaussian and semicircle distributions. From Example [3.4] we
see that the moment generating function of A/(0,1) is

2/2 2, 22 2. my2F
— 57 — —
ME=eP=) o1=2
n=0 k=0
Hence, N (0,1) has moments
m27’L+1 - 07
(2n)!
Man = oy = Cn—-1l:=2n-1)2n—-3)---3-1.

Furthermore, we know from ({2.6) that the semicircle distribution SC distribution has moments

Man41 = 0,
1 2n
ma, = Cat,, = —— ,
2n n n—+ 1 < n >
where Cat,, is the nth Catalan number. Now, we have the following correspondence:
Classical: moments <+— cumulants <—  N(0, 1) has simplest cumulants
Random matrices: moments <+— 7 +— “cumulants” s.t. SC has simplest?

A natural question is how the cumulants of SC look like. Turns out they are not so nice. In fact,

o0

1—-+v1-4
S Gty = Lo VI
o 2z

which is a good algebraic function. However, the moment exponential generating function (3.2)) for SC
is more complicated:

o

M) = 30 S~ iy(22) — h22),

n=0

where the I;.’s are the modified Bessel functions of the first kind:

=3 2

nT(n+1+a)

n=0

We thus will need a nicer analogue for cumulants.

"The argument for ¢, (Sy) vanishing in the limit is similar to the one from the proof of the Wigner’s Semicircle Law,

see (2.12) in particular.
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3.4. Free cumulants. To explain the definition of free cumulants which replace the usual cumulants
in the context of random matrices in connection with the semicircle distribution, let us first investigate
the combinatorial relation between the moments and the classical cumulants in detail. That is, we want
to generalize the formulas to arbitrary n. We will use the following combinatorial statement which
can be found in [Sta0ll, Section 5.1]:

Proposition 3.7 (Exponential formula). The moments can be expressed through cumulants as follows:
man=Y_ [ as; (3.9)
T€P(n) Bem

where P(n) is the set of all partitions of the set {1,...,n}, and B € w are the blocks of the partition .
See Figure |15 for an example.

S5O G006 Cod 080 066

FIGURE 13. All partitions of {1,2,3}, yielding the expansion m3 = c3 + 3cacy + c3.

This also implies that the cumulants can be recursively determined by the moments:

Cn =My — Z H C|B|- (3.10)

reP(n) Ben
4 of blocks>2
Proof. We start with the identity of generating functions
M(z) = exp(C(z)), (3.11)
that is,

i My 2" _ i (C(z))k
n! k!
n=0 k=0
Our aim is to use the definition of the exponential generating function C(z) to get the coefficient
by 2" from the right-hand side of the above identity of the generating functions. Write
o0

Lee = LX)

=0

Take a partition i1, ...,9; of n, i.e. i1 + ... + i, = n, and take the 7;-th term from each bracket above.
Then, we can write
Ciy - - il
my, = —_ 3.12
" ; /ﬂ!’Ll!-"Zk! ( )

|

n!
Notice that ———
ISARERE T

into k labeled boxes, such that there are i; elements in the jth box. Since in the set partition of
{1,2,...,n} the blocks are unlabeled, we have to divide this multinomial coefficient by k! to get the
number of the corresponding set partitions. With this perspective, we can rewrite the n® moment
as , where k is the number of the blocks of the partition m, and i1,...,%; are the sizes of
these blocks. 0

is the multinomial coefficient, that is, the number of ways to put n labeled objects
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Applying (3.9) to the Gaussian distribution N(0,1), we have
mon=(2n—-1= " T]¢n (3.13)

T€P(2n) Bew

However, since ¢, = 0 for n # 2 and ¢y = 1, the sum is only over pair partitions (i.e. partitions in which
all blocks have size 2). Hence,

maon, = (2n — DI = #{pair partitions of {1,2,... ,2n}}.
See Figure

D E5oned Loy SEnd odeoy

E5EES EESHED 808D S80S SELS0Y
ST S5l S50 ELaony £585o

FIGURE 14. All pair partitions of the set {1,2,3,4,5,6}. There are 5 = Cat3 noncrossing
such partitions (the top 5), and 15 = 5! = 5.3 - 1 pair partitions in total.

Mimicking the classical Gaussian case, we would like to find a class P’(2n) of partitions of the set
{1,2,...,2n}, such that the semicircle moments have the form

Catn = an(SC) = Z H H|B|7 (3.14)
reP’(2n) Ben

where (ky,)n>1 are the would-be free cumulants. We want the semicircle distribution to have the simplest
free cumulants, that, is, k3 = 1 and k, = 0 for n # 2. Therefore, for the semicircle distribution the sum
in (3.14) must be over pair partitions from P’(n).

But we already know that the Catalan number Cat, counts the number of noncrossing
pair partitions of {1,2,...,2n} — they are in a natural bijection with Dyck paths of
length 2n (cf. Section [2.8).

The noncrossing pair partitions of {1,2,3,4,5,6} are given in Figure top.
This motivates the following general definition:

Definition 3.8 (Free cumulants). Given a random variable X with compact support and moments
my, = E(X™), its free cumulants are defined via the following expansion of moments

mnp = Z H /€|B|, (3.15)
TeNC(n) BEm
where N'C(n) is the set of noncrossing partitions of {1,2,...,n} (cf. Figure [15).

Clearly, rewriting (3.15]) similarly to (3.10]) as
Kp = My — Z H KBl (3.16)

meNC(n) Benm
# of blocks>2
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we see that the sequence of free cumulants (k1, K2, ...) is uniquely determined by the sequence of mo-
ments.

0000 GO0O0 BodO 6686 05D0 0800 008D
SOED S0 EED0 STOd SoBd 06TD STHD

FIGURE 15. All noncrossing partitions of {1,2, 3,4}, yielding the expansion my = k4 +
Aksk1 + 2Kk3 + 6rok? + K.

Let us give a couple of remarks:

Remark 3.9. For the “simplest” random variables — Gaussian in the classical case and the semicircle
in the free case — the sequence of cumulants or free cumulants, respectively, has the form

(0,1,0,0,...).

Therefore, the expansions (3.13]) and (3.14) involve only pair partitions. For general random variables
such expansions should involve all partitions with arbitrary part sizes.

Remark 3.10. Because all partitions are noncrossing for n < 3, we have

C1 = K1,
C2 = K2,
C3 = R3.

3.5. Example. Counting graphs. It is not essential that the quantities m,, and ¢, in Proposition
are moments and cumulants of a certain random variable. Indeed, the exponential formula holds
for coefficients of any exponential generating series related as (3.11]).

The combinatorial meaning of the exponential formula the following. If the quantities m,,
enumerate certain kinds of objects on n labeled vertices, then the quantities ¢, related to m, via
or count such objects which are connected.

In particular, for counting undirected graphs on n labeled vertices:

my, = # of graphs = 2(3),
¢n, = # of connected graphs.
This property that the ¢,’s count connected objects is clear from (3.9)): we count the total number of
objects by splitting each object into connected components (this corresponds to picking a partition 7),

and then counting the numbers of connected objects on vertices inside these connected components.
Arguing in a similar way with the noncrossing cumulant formula (3.15)), we see that if the moments

My, = 2(3) count graphs, then the free cumulants x, count geometrically connected graphs on n la-
beled vertices. The geometrically connectedness condition naturally leads to splitting into noncrossing
partitions. See Figure

3.6. Free independence. Recall that in the classical case, for independent random variables X and Y
and each n > 1,

(X +Y)=c(X) 4+ cn(Y).
So, we would like to define free independence such that the same holds for free cumulants. That is, if X
and Y are free independent random variables, then for all n > 1,

En(X +Y) = kn(X) + 6o (Y).
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FIGURE 16. The geometric connectedness means that the graph on n labeled vertices
located on the circle is connected as a geometric figure if not as a graph. The displayed
graph has 3 connected and 2 geometrically connected components.

To make a more precise definition of the free independence that we will work with, we need joint
cumulants (classical and free). That is, we want to speak not only about the variance and its higher
analogues, but also about the covariance and its higher analogues (for two or more random variables).
This construction is rather straightforward: the joint moments are defined as

mn(Xl, ceny Xn) = E[Xl, ceny Xn],
and the joint cumulants — by the expansion
mn(Xl, vy X, Z H C\B\ it 1€ B)
wEP(n) BEm
To get the definition of the joint free cumulants, simply replace P(n) in the above formula by NC(n),
and ¢ p|(X;: i € B) by kp|(Xi: i € B):

(Xl, e X Z H "1|B| i1 € B) (3.17)

meNC(n) Bem
Note that from (3.17) (more precisely, rewriting (3 in a recursive form like (3.16))) we see that k,, is

a symmetric multilinear function of its arguments.

Definition 3.11 (Free independence of classical random variables). Two random variables X and Y
with EX =EY = 0 are said to be free independent if all their joint mixed free cumulants vanish for all
n > 2:

(XYY, . YY) =k, (X, XY, YY) =0 =k (XXX, XY) =0,
Exercise 3.12. Two random variables X and Y with EX =EY = 0 are classically independent if and
only if all their joint mixed classical cumulants are zero: ¢, (X, X,..X,Y,..,Y) =0.

Example 3.13. Note that this will not be the same as regular independence. Indeed, if you have two
free independent SC random variables X and Y, then

xX+v2v2.sc

For classically independent X and Y, their sum X + Y clearly does not have the distribution v/2 - SC
(in particular, SC is not a stable distribution).

It turns out that free independence of classical random variables is problematic. To see this, consider
free independent classical random variables X and Y. Then,

mi(X,X,Y,Y) = my(X,Y, X,Y),
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where
my(X, X, YY) = ka(X, X)ra(Y,Y) + r2(X, X) + £1(Y)? + 5a(Y, V)51 (X)? + m1 (X) 1 (Y)?,
and
ma(X,Y, X,Y) = ro(X, X)k1 (V)2 + 51 (X)?62(Y,Y) + £1(X)2R2(Y)2

Hence k2(X, X)rka(Y,Y) = 0, which means that, for classical random variables, free independence re-
quires one of the random variables to be constant.
The solution is to introduce noncommutativity, whence

m4(Xa XaKY) 7é TTM(X,KX, Y)7
and, in fact, X XYY # XY XY. This is the motivation for the definitions in the following subsection.

3.7. Noncommutative spaces of random variables. The idea of free random variables was invented
by Voiculescu in the beginning of the 1980s, cf. [VDN92]. The space L>*(2, F,P) of bounded random
variables is a commutative von Neumann algebra. Hence, noncommutative random variables would live
in a noncommutative von Neumann algebra.

To define a von Neumann algebra, first, let H be a Hilbert space (complete inner product space over
C) and B(H) be the space of all bounded linear operators on H (bounded with respect to the norm
induced by the inner product (:|-) on H). The space B(H) has a natural involution given by

(Tzly) = («|T"y)
for any T € B(H) and x,y € H. Elements of B(H) of the form T*T are called nonnegative.

In addition to the topology on B(H) induced by the norm, there is a weak operator topology. We say
that for T,,, T € B(H), T,, — T as n — oo in the weak operator topology if for any x,y € H,

(Thxly) = (Tzly),  n— oo

Definition 3.14. A von Neumann algebra A is a unital (i.e., 1 € A) *-closed subalgebra of B(H ), which
is closed with respect to the weak operator topology.

We would like to replace L>(€2, F,P) with a von Neumann algebra .A. To complete the picture, we
would need an analogue of the expectation which in the commutative case comes from the probability
distribution. In lieu of the classical expectation, we have a notion of tracial state on our von Neumann
algebra.

We will not consider the most general definition of a tracial state on a von Neumann algebra, but will
deal with functionals 7: A — C satisfying

(1) 7(1) =1;
(2) 7(ab) = 7(ba) for all a,b € Ay (here A, is the subset of nonnegative elements in A);
(3) 7(a*a) > 0 for all a € A.
The tracial state is faithful if 7(a*a) = 0 implies a = 0.
So, we have the following correspondences:

Classical ‘ Noncommutative
L>(Q, F,P) | a von Neumann algebra A
E[] [
My (X) my(a) = 7(a"), a € Ay

Now, we define free independence for noncommutative random variables.

Definition 3.15. Elements a and b in a von Neumann algebra A are free independent if for any poly-
nomials fi, g1, ..., fi, gr such that 7(f;(a)) = 7(g;(b)) = 0, we have

7(f1(a)g1(b) f2(a)g2(b) - - - gx (b)) = 0.

Note that this is essentially mimicking Definition stating that joint mixed cumulants are zero.
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Compare this to the classical independence:

Definition 3.16. Elements a and b in a von Neumann algebra A are classically independent if ab = ba
and for any polynomials f and g such that 7(f(a)) = 7(g(b)) = 0, we have

7(f(a)g(b)) = 0.

If the moments my,(a) of an element a € A can be identified with moments of a compactly supported
probability distribution on R, we will denote this distribution by u,. That is, talking about a single
random variable yields the same results in commutative or noncommutative setting.

Definition 3.17 (Free convolution). If a,b € A are free independent and correspond to compactly
supported probability distributions p, and p; on R, respectively, then their sum a + b corresponds to a
new compactly supported probability distribution g,y on R. This distribution e is called the free
convolution of the distributions u, and up, and is denoted by

Ha+b = Ha B .
As we will see below in Proposition and Section [3.9, working with free convolution does not require
von Neumann algebras.

To apply free probability to random matrices, we will need the following definition:

Definition 3.18. For a sequence (Apy, 7n) of von Neumann algebras with tracial states, and sequences
(an) and (by) with an,by € Ay for each N, we say that (ay) and (by) are asymptotically free if for
all polynomials fi, g1, ..., fi, gr such that 7(fi(an)) = 0 and 7(g;(bn)) — 0, we have

7(filan)g1(bn) f2(an)g2(bn) - - - gk (b)) — 0.

An example of a sequence (Ay,7y) of von Neumann algebras is given by random matrices. Take
Apn to be the von Neumann algebra of Hermitian random matrices with almost surely bounded entriesﬁ
Equip each Ay with a tracial state

I (A) = %Etr(A), Ac Ay,

coming from the usual matrix trace. Recall that quantities like 7n(A) played a major role in the proof
of the Wigner’s semicircle law in Section [2]

Proposition 3.19. Consider sequences (An),(Bn) of N x N Hermitian random matrices from Ay
with

LN(AN) — U, LN(BN) — U,
as discussed in Section [3.1. Assume that u and v are compactly supported. For each N, let Uy be the

random Haar-distributed unitary matriz that is independent of Ax and By.
Then the random matrices Ay and UnBnUy from An are asymptotically free.

Proof. We will not prove this statement as it requires a graph enumeration somewhat similar to the
proof of the semicircle law. See, e.g., [NL12, §3.6] for an outline of the proof and more references. [

This proposition shows that the abstract definition of the free convolution (Definition [3.17) can be
realized more concretely using summation of random matrices, one of which is randomly rotated, so that
the eigenbases of Ay and UnBnUj; are in “completely generic” position.

80ne can also take real symmetric random matrices as we did in Section |2l However, from now on we will mostly work
with Hermitian complex matrices, so we are switching to this setting.
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3.8. Semicircle law again. Using Proposition[3.19] we can give another proof of the Wigner’s semicircle
law, now for the Gaussian Unitary Ensemble (GUE). First, note that a free analogue of the Central Limit
theorem states that if X1, Xo, ... is a family of free independent identically distributed elements of (A, 7)
with mean 0 and variance 1E| then

X1+ ...+ Xy

— SC, N — o0,
VN

in the sense that for any n > 0 we have

Xi+ ...+ Xny\" 0, n odd;
— = n(SC) = 3.18
T[( VN ) ] = ma(SC) {Catn/g, n even. ( )

This is proven using free cumulants exactly in the same way as in the proof of the classical Central Limit
Theorem using the classical cumulants (Theorem [3.6)).

Let us now sketch a proof of the semicircle law for the Gaussian Hermitian matrices. Let G be an
N x N GUE random matrix (i.e., an Hermitian random matrix with iid standard real Gaussians on
the diagonal, and iid standard complex Gaussians — with independent real and imaginary parts having
Gaussian distribution with variance % — above the diagonal). We would like to show that Ly (Gxy) — SC
weakly in probability. We have seen in Section 2 that for this it is enough to show the convergence of the

moments as in (3.18)). Let Gg\lf), cey Gg\],v) be independent copies of G. By the unitary invariance of the

GUE (see Section [4.1 below), for for U ](\f ), 1 < k < N Haar-distributed unitary matrices independent of

everything else, we have U ](\f )G%)(U ](\;C ))* 2a ~. Furthermore, we clearly have by the Gaussian nature

of the elements of the matrix:

o UGV 0y + .+ UV WMy
VN

Finally, by Proposition [3.19] the summands above are asymptotically free. Thus, by the free CLT,
Ln(Gn) converges to the semicircle distribution SC.

Gn

3.9. Free convolution and Voiculescu’s algorithm. Let us now describe the operation of the free
convolution (u,v) — pu B v of Definition (where p and v are probability distributions on R with
compact support) in more concrete terms.

We would like to describe an algorithm for computing p H v given p and v. Recall that under free
convolution we have k,(u B v) = K, (1) + kn(v) for each n > 1. We will use the following fact relating
(ordinary, not exponential) moment generating function of a measure and its free cumulant generating
function:

L(z)=1+ Zmnz”, K(z)=1+ Z kn2", (3.19)
n=1 n=1

Proposition 3.20. Thus defined generating series are related as follows:
L(z) = K (2L()). (3.20)

Proof. This is the free analogue of the exponential formula (Proposition [3.7)), which can be proven by
combinatorial manipulations with generating series. We will not give its proof here. g

Remark 3.21. Relation between infinite power series can be used to compute coeflicients of
L(z) if the coefficients of K(z) are known, and vice versa. This is done in a purely formal way, by
recursively looking at coefficients by powers of z in both sides. Thus, shows that moments and
free cumulants uniquely determine each other. Of course, this uniqueness already follows from the

combinatorial relations (3.15)) and (3.16].

9That is, 7(X1) =0 and 7(X7) = 1.
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Now, take the Cauchy transform (sometimes also called the Stieltjes transform) of each measure:

GM(Z)Z/RW

:/Riz_la:zdu(m)
—Z/ Sy
_Z Zn+1

for large enough |z|, and similarly for G, (z) (recall that the measures have finite support). Using (3.19))
and Proposition define

1

VM(Z) = ;KN(Z)a
and similarly for v. Proposition readily implies that the functions G, and V,, are mutual inverses:
Vi(Gu(2)) = Gu(Vu(2)) = 2. (3.21)

Example 3.22 (Semicircle distribution). We can compute Gsc using the Cauchy Transform:

\/743:2
Gsc(z /

B Cat,
- Z 22n+1

n=0
11— /1 —4/22
2 2

1 1
=—z—=-Vz22-4

2 2

We have computed this using the explicit formula for the Catalan numbers . This expansion can
be verified by simply Taylor expanding 22 — f\/ 22 —4at z=

On the other hand, since we know that the free cumulant sequence for SC is (0,1,0,0,...), we can
compute

1
Vsc(z) =~ + 2.
Hence, we can regain Gsc from (3.21):

1
5+G:z:>G?—zG+1:0
:>G:%(z— 22 —4).

Therefore, we have established the following algorithm for computing the free convolution of compactly
supported measure p and v on R:

Theorem 3.23 (Voiculescu’s Algorithm for Free Convolution). To compute the free convolution pB v,
follows these steps:
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(1) Compute the Cauchy transforms G, (z) = E(z — X)™ and G,(2) =E(z = Y)™! (here X and Y
are distributed as p and v, respectively).

(2) Solve G, (V,(2)) = z and G, (V,(2)) = z subject to V(z) ~ 1/z at 0.

(3) Compute Voiculescu’s R-transforms

Ru(2) =Vu(2) —1/z, R,(z) =V,(2) —1/=.
These R-transforms linearize the free convolution:
Ry (2) = Ru(2) + Ru(2),

50 Viya(2) = Vu(2) + Vi (2) — 1/ 2.
(4) Finally, solve V,m, (G m,(2)) = z subject to G(z) ~ 1/z at .
(5) Recover the distribution B v from its Cauchy transform Gum, .

This algorithm essentially involves only formal manipulations with power series and rational functions
in one variable z, and thus can be implemented to compute an arbitrary number of first terms of the
Cauchy transform G,m, for arbitrary input G,(z) and G, ().

To recover a distribution from its Cauchy transform requires one more step. In principle, having a
distribution p and its Cauchy transform

> m
Gul2) =D i (3.22)
n=0

one can take the moments m,, and construct the exponential generating function Ee*X = fR e
The exponential generating function can then be inverted using the usual inverse Fourier transform.
However, there is a more direct approach:

Proposition 3.24 (Inversion of Cauchy transform). Let pu be an absolutely continuous distribution (i.e.,
it has density p(t)) supported inside a finite interval I C R. Then we have

p(x) = lim lIm(G(ac +1iy)),

y—0t+ 7
where 1 = /=1 and I'm means the imaginary part of a complex number.

Proof. Setting z = x + iy, we get

G(2) :/Ip(t) dt

z—1

_ /Ip(t) Lx _ﬂﬂt)gin - _;;2 +y2] dt.

Now for any a < b we can find the following integral by interchanging the integrations (allowed by
Fubini’s theorem):

/ablm(G(x—i—zy dx—/ dt/ Wy_ﬂdx
- /Ip(t) dt arctan (90;75)
= /Ip(t) dt [arctan( ; t) —arctan< ;t>] :

As y — 0", we have arctan (byt> — arctan <“yt> =0 for t ¢ [a,b]. Moreover,

b—t a—t T -7 "
arctan | —— | — arctan - —— — =T, y— 0.
Y
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Hence,

b
/ Im(G(z +1iy))dz — /ﬁp(t) dt, y— 0T,
a 1
This completes the proof. O

Exercise 3.25. Derive a generalization of the inversion formula of Proposition [3.24]in the case when
is not necessarily absolutely continuous (but still compactly supported).

3.10. Examples of free convolution. Let us conclude with a couple of concrete examples.
Example 3.26 (BernoulliEHBernoulli). Suppose = v = %(5_1 + %51, that is, the corresponding random
variables take values +1 with probabilities % Note that classical convolution yields
1 1 1
o*V = 16_2 + 550 + 1(52
To find p B v, we follow Voiculescu’s Algorithm (Theorem [3.23):

1 1 1 1 z
(1) G(Z)_Ez—x_2<z+l+z_1> T2

(2) Solving z = G(V (2)) = yields 2V? —V — z = 0. So,
114422

2z

Vo1
V(2)

Since V(z) = Kiz) ~ L at 2 =0, we choose

1+ V14422

V(z) 5
1 V14422
(3) VuEHu(Z) = Vu(z) + V,,(z) — ; = T
1+4G?
(4) Solving z = VMEHV(G;LEHV(Z)) — E yields

G
Gum(2) = £(22 — 4)71/2,
Since 2Gm,(2) — 1 at z = 0, we choose
1
22 -4
(5) From Proposition we see that the probability density p(z) for p B v is

1 1
p(x) = — lim Im
T y—0t (1; + Zy)2 —4

Guﬂﬂv(z) =

T4 — x? -
This is the arcsine distribution (Figure . We see that this is quite different from the classical convo-
lution.

Exercise 3.27 (Free Poisson Theorem). Let a > 0, A > 1, and consider the Bernoulli density
iy = (1= AN)3 + A/NG,
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FIGURE 17. The arcsine density.

supported by 0 and «. Classically,
Y — Poisson(\) on {0, a,2a, ...}, N — 0.

In the free situation, by computing the R-transform, multiplying it by IV, and then inverting, show that
p& converges to the density 52— +/4Aa? — (t — a(1 + X))2, which is the Marchenko-Pastur distribution
(Section under a change of parameters. If A < 1, then the limiting distribution is different.
Namely, it has an atom of size 1 — A at 0, and the rest of the mass A is distributed according to the same
Marchenko—Pastur law.

Exercise 3.28 (Cauchy Density). Show that for the Cauchy density C' = m on R,

pxC=pBC,

i.e., the free convolution with the Cauchy density is the same as the classical convolution. See [AGZ10),
Exercise 5.3.41] for more hints.

3.11. Notes and references. Free Probability was invented by Voiculescu in the 1980s to study oper-
ator algebras (e.g., [VDNO92] gives an early introduction). In particular, the word “free” comes from the
free groups. Studying operator algebras associated with the free groups was one of the motivations for
developing Free Probability. In our discussions we mainly follow Chapter 5 of [AGZ10|, and also lecture
notes [NL12| which provide a lot of combinatorial insights into Free Probability.

4. GAUSSIAN UNITARY ENSEMBLE AND ITS ASYMPTOTIC BEHAVIOR

4.1. Definition and basic properties. Recall that by Hy we denote the set of N x N Hermitian
matrices over C.

Definition 4.1. The law of the Gaussian Unitary Ensemble (GUE) is a probability distribution on H ,
and the law of a random matrix A = (aij)%’ﬂ € Hy is described as follows:

e a; ~N(0,1) for each i.

® a;; = Qjj NN(O, 1/2) + \/—1/\/(0, 1/2) for i < j.
All real normal random variables involved above are assumed to be independent. Note that Ea;; = 0
for all 4, j.
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Now fix any (nonrandom) A € Hy. Then we can write

tr(A?) = tr(AA) = Z i+ ) agag; = Z“u +23 a2

i=1 1#£] 1<J

Identify Hy with RY * with the standard Lebesgue measure which in the matrix coordinates can be

written as
dA = H daj; | [ dafida

1<J

Here the superscripts & and < refer to the real and imaginary parts.
The GUE distribution & on ‘Hy has probability density (with respect to the above Lebesgue measure)

d,U(A) = LC_ 2 51/2 Zi<j(a?§')2fzz'<j(a?j)2d14

where Zy = (v@)V’(v2)Y is the normalization constant (its value follows from the normalization of
the Gaussian distribution).
This computation shows that the GUE density is unitary invariant. That is, if A is a random

matrix with GUE distribution and U € U(N) is a fixed unitary matrix, then UAU ! 24 (equality in
distribution).

4.2. Joint eigenvalue density. Let A € Hy have the GUE distribution. Denote its eigenvalues (which
are necessarily real) by A\; > -+ > Ay.

Exercise 4.2. Show that under the GUE distribution the eigenvalues of the matrix are almost surely
pairwise distinct.

We will now derive the joint density of eigenvalues of the GUE random matrix:

Theorem 4.3. Let A = Ay € Hy have the GUE distribution. Then the joint density of the eigenvalues
of A with respect to the Lebesque measure on RY is given by

On [T 1IN = NP2 He*x"/?

1<j

We will not compute the value of the normalization constant C'y right now, but later in Section [4.4]

(2m) 2 4.7 bel light ambiguity i
01l (N — 1)IN! .7| below on a slight ambiguity in

the value of this normalization constant).

we will see that it is equal to (see also Remark

Proof. We will in fact prove a more general result. Namely, let f be a function on the space Hy of
Hermitian N x N matrices which is unitary invariant, i.e. f(UAU*) = f(A) for any fixed unitary matrix

U. (This implies that f depends only on the eigenvalues Aq, ..., Ay of A, and moreover, in a symmetric
way.) We will show that
F(A)dA = constN/ PO W) TN = A2 dr -y, (4.1)
Hy RN i<j

where both integrals are with respect to the corresponding Lebesgue measures. In other words, we aim
to find the Jacobian of the transformation mapping from A to the set of its eigenvalues.
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Example 4.4. As an example, consider the change of coordinates in R? from Cartesian to polar:
(z,y) — (r,0). If f(z,y) is independent of 6, i.e. it is radially symmetric, then

//RQ f(z,y) dedy = 2 /OOO F(r)rdr.

The factor r comes from the Jacobian, and so 2mr = const - r is the radial part of the Lebesgue measure
on R%2. What we are about to do now is a generalization of this procedure. That is, we will find the
radial part of the Lebesgue measure on the space of N x N Hermitian matrices.

Continuing with the proof, view Hy as a space with an action of the unitary group U(N) by con-
jugations: A — UAU*. A typical matrixm A € Hy can be written as UAU*, where A is the diagonal
matrix of eigenvalues of A. This gives rise to a change of variables

A (X)),

where X is the vector of eigenvalues and U = U mod T, where T is the torus of diagonal matrices which
stabilize X. The matrix U represents the rotation to the eigenbasis of A.

The Jacobian we aim to compute is dA = (?)dXdU , where dU is Haar measure. We note that the
Jacobian must be independent of U since the Lebesgue measure is rotationally invariant.

Let us write U = 1+ X where X is “small”. In other words, we are applying a Lie algebraic perspective.
Since U is unitary, the matrix X must be skew-Hermitian: X 4+ X* = 0. This leaves N? real parameters
in X (which corresponds to the well-known fact that U(N) is N2-dimensional over R). Then U* =
U~! =1 — X + smaller order terms. Since A = UAU*, we can write

A+dA=(1+X)A+dA)(1 - X)=A+dA+ XA — AX + smaller order terms.
Hence small changes in diagonal terms in A are
day; = d);,
while small changes in the off-diagonal terms have the form (here j < k)
daji = TjpAk — Njxje = (A — Aj) T

Since both daji, and xj; are complex, the contribution (A; — A;) affects both da?k and da?k, so overall
we see that the the Jacobian is J[; ;. [A; — %

The theorem then follows from (4.1)) by setting f(A) = e 3tr(4%) O

4.3. Other random matrix ensembles with explicit eigenvalue density. The eigenvalue density
result of Theorem opens a way to generalize the Gaussian Unitary Ensemble in several directions.
We can express the joint eigenvalue density of a GUE using the Vandermonde determinant

V) =TT =l

1<j
N
Exercise 4.5. Show that V/(\) = + 'd,etl N7
l’]:

The density of eigenvalues of Theorem is

N

CSUEV (N2 [T e 2.
=1

10T hat is, almost every matrix with respect to the GUE (or, equivalently, the Lebesgue) measure on Hy .
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4.3.1. Beta ensembles. Certain other Gaussian random matrix ensembles defined similarly to the GUE
have eigenvalue densities also involving V().

Recall that a real symmetric matrix A has Gaussian Orthogonal Ensemble (GOE) distribution if
a;i ~N(0,2) and a;; = aj; ~ N (0,1) for i < j. Then the GOE eigenvalue density is

N
—\2
CROPEV [T e
i=1

with respect to the Lebesgue measure on RY.
The powers of V(A) can be generalized, leading to Gaussian  Ensembles (GSE), with eigenvalue
density (with respect to Lebesgue measure) given by

N
OV )P e o2, (4.2)
i=1

For certain special values of 8 the above density is a probability density of eigenvalues of random
matrices:

s=1 GOE R

=2 GUE C

B =4 G Symplectic E (GSE) H

(We will not define the GSE here — see, for example, [Meh04].) No other values of § correspond to
similar invariant random matrix ensembles. However, there are still ways to study general GSE. In fact,
the spectral distributions of these ensembles still converge to the Wigner semicircle law (but the local
limiting distributions are substantially different).

One way to treat the Gaussian [ ensembles is to introduce a completely different random matrix
model for the spectral distribution . This was first observed in [DEQ02| by applying the standard
tridiagonalization procedure from linear algebra to Gaussian random matrices, and reading off the cor-
responding distributions. This tridiagonal matrix ensemble for GSE looks as follows. Let x; be a x
random variable of parameter ¢, that is, with density

9l—t/2,t=1,—2?/2
I(t/2)

on the real line. Let y; ~ x;3, & ~ MN(0,1) be independent random variables. Then the tridiagonal
ensemble

\/%51 yn—1/VB .. 0 |
A?\/: yn—1/VPB \/%52 :
: K yl/\/B
0 v1/VB \/%&v_

has the eigenvalue density GSE.
One can view the above matrix A]BV as a linear operator, in this case it will be a random difference

operator. As N — oo it converges to a random differential operator. This analysis is performed in, e.g.,
[RRV11].

Remark 4.6. Eigenvalue densities are also accessible for Gaussian random matrices without Hermitian
or real symmetry. That is, if the elements of a random matrix a;; ~ N(0,1) are i.i.d. for all 4, j, then
the spectrum of this matrix (which is complex) is the so-called Ginibre ensemble. The limiting spectral
distribution in this case is uniform on the unit disc in the complex plane. This result is known under
the name Girko’s Circular Law.
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4.3.2. Circular ensembles. Another example is the Circular Dyson’s ensemble (CUE) of random matrices.
Consider the Haar measure p on the compact group of unitary matrices U(N). This measure is shift
invariant, i.e.

VACU(N), VW eU(N),  p(VA)=pu(AV) = pu(A),

and is normalized so u(U(N)) = 1.
~The eigenvalues of a random matrix Uy € U (N) lie on the unit circle, so they are of the form
e I =1,...,N. The joint density of the eigenvalues is

C]QTUE H |ei9k _ ei9j|2

k<j

with respect to the Lebesgue measure on the N-dimensional torus {|z| = 1}*. This ensemble does not
have any edge behavior, so we will not consider it. The local (bulk) distribution in the CUE case is
similar to that of the Gaussian Unitary Ensemble with real eigenvalues.

It is also possible to define general § CUE ensembles by changing the power of the Vandermonde
determinant.

4.3.3. Invariant ensembles. (LOG-GAS INTERPRETATION OF THE EIGENVALUE DENSITY, AND INVARI-
ANT ENSEMBLES — TO BE FILLED IN HERE)

4.4. Determinantal structure of the GUE. We now return to the GUE case, and investigate its
joint eigenvalue density in more detail.

4.4.1. Correlation functions. Recall that the GUE joint probability density with respect to the Lebesgue
measure has the form CnV (x)? Hf\il e~%:/2 where V (z) is the Vandermonde determinant.

Remark 4.7. Note that the joint GUE eigenvalue density is invariant under permutations of the x;’s,
which creates an ambiguity on which space one should consider the density — the whole RY or the
ordered cone WH .= {r1 > ... > zn} C RN '7E| The difference between these choices leads to an
additional factor of N! in the normalization constant Cpy. Here we will adopt the first convention, and
will think of the argument in the joint density as an element of R,

According to Theorem [£.3]and with the understanding of Remark [£.7] the joint probability density of
eigenvalues of the GUE matrix has the form

N

~ _ 2

pn(z1,...,2n) =CnN H |mi—xj]2He zi/?, x=(z1,...,2y) € RV, (4.3)
1<i<j<N i=1

Definition 4.8. The function p : W¥ — R, where pi(y1,...,yx) is the probability density (with
respect to the Lebesgue measure on the space W* of k-point configurations) to find eigenvalues close to
Y1, , Yk, 18 called the kth correlation function.

Note that the argument of the correlation function p is a point configuration and not an element of
R*. The arguments in the correlation function must be distinct, otherwise it vanishes by agreement.

Example 4.9. The first correlation function p;(y;) is called the density function; it may be used to get
the semicircle law.

Remark 4.10. The correlation function pj is not necessarily a probability density function, because it

does not necessarily integrate to 1. For example, f; p1(y1)dy; is the expected number of eigenvalues in
the segment [a, b].

Hhe space W" is sometimes also called the Weyl chamber.
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We can compute pi(y1,--- ,yx) as follows:
N d d
pk(ylj’yk)_\/l%Nk(N k) (yla"‘ayk7$k+17"'733N) Lh4+1 " ATN.
In particular, py(x1,...,2x5) = N!jn(z1,...,2n) for (z1,...,2x5) € WY, which makes sense because
(z1,...,2y) in the left-hand side is a point configuration, and to get pn(z1,...,25) one should sum

the values of py over all permutations.
We will now work towards showing that the correlation functions py are given by k x k determinants
of a certain form.

4.4.2. Determinantal point processes and biorthogonal ensembles. By a point process (say, on R) we
mean a probability measure on the space of point configurations on R. In this way the eigenvalues of
the GUE random matrix form a point process on R (which has N points almost surely).

Definition 4.11. If there exists a function K(z,y) such that for any k and any pairwise distinct
k
Y1,---, Yk one has pr(y1,...,yk) = 4d'et1 K (yi,y;), then the point process is called determinantal.
17]:

We will now obtain a formal statement showing that certain probability distributions on N-point
configurations are determinantal, and will compute the corresponding correlation kernels. Let (X, u) be
a “sufficiently nice” space with a probability measure. Define a distribution on the space of N-point
configurations on X:

N N
Pdy -+~ dry) = Cy det ¢i(x;) - det vi(x;) - pldar) - p(doy), (4.4)

where ¢1,...,¢n and 91,..., 9N are fixed functions on X and Cp is the normalization constant.

Example 4.12. For example, if X = R, 1 is the standard normal distribution, and ¢;(x) = ;(z) = 71,
then the measure (4.4) corresponds to the GUE spectrum.

We will now proceed to the computation of the correlation kernel of the point process (4.4)).
Step 1. Set Gyij = [, ¢i(x)pj(x)pu(dz). The matrix G = [Gij]%-:l is sometimes called the “Gram
matrix”. Then

1 N o 2
L :/ idje:tl gbi(mj)ic}e:tlw(mj)u(dx)

Cn
N
D ICIES | i EENETEMEES
i=17%

o, TESN
N
= Z (—1)0(—1)THGU(¢)T(Z)
o,TESN i=1
= N'det[G].

Above we have expanded the determinants as summations over the symmetric group Sy, and rewrote
the result as a new determinant. The above computation implies that G is invertible.
Step 2. Let us now compute the correlation functions

p(dzgyr) - p(doy)
pk(xla 1xk N k‘ / /%N kl%etl ¢7’ x]) det wl( ) N'det[G] .
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Since G is invertible, there exist N x N matrices A, B such that AGBT = 1 Define ®;, = Zl]\il Aoy
and ¥), = Zl]\il Byt;. Then clearly

A%mwmw@w:%, (4.5)

that is, the functions ®; and ¥; form a biorthogonal family. For this reason the probability distribution
(4.4) is sometimes referred to as the biorthogonal ensemble.
Using these biorthogonal functions, the measure ) takes the form

P(dzy,...,dzN) = ﬁggt ®i(x;) - %ﬁt Vi(zj) - pldxr) . .. p(doy).

Step 3. Thus, the correlation functions have the form

pn(xh'" 7xn - / /
—TL xN-n

(H@ T@<0mmﬂmummm.

UTESN
By the biorthogonality, nonzero terms in the above sum must have o(k) = 7(k), k=n+1,--- , N, so
1 . al
on(Tpat, - TN) = Nl Z det[®]L ’J" ]det[\Ifﬁ’ "’]" ] = ’c}etl [Zq)k(ﬂ?z)\llk(l’])]
1<j1 < <jn<N k=1

(4.6)
We now explain these two equalities and the notation. By ®7}7"% we mean the n by n matrix consisting
of the intersection of the first n rows of [®;(x;)] and the n columns corresponding to ji,--- ,jn, and
similarly for \Ilgcl1 s ’J” . The first equality follows by the biorthogonality ., and to obtain the second
equality we have used the Cauchy-Binet formula from the next proposition.

7]’rL

Proposition 4.13 (Cauchy-Binet formula). Let A be an m x n matriz and B an n x m matriz. If

J CA{L,--- ,n} has size m, let Ay be the m x m submatriz of A with columns from J, and let By be the
m X m submatriz of B with rows from J. Then
det(AB) = > det(Ay) det(By).

JC{1,--- ,n}: |J|=m

Step 4. The computation (4.6) implies that the point process (4.4) is determinantal with the corre-
lation kernel K(z,y) = > ®x(x)Vi(y). As written, it depends on the choice of A and B, but one can
rewrite it in the form

N N
K(z,y) = Y (G i dilo)y(y) = Y (G55 ()5 (y), (4.7)
i,j=1 hj=1

so the kernel is in fact independent of the choice of A and B.

Remark 4.14. In this general setting, the correlation functions pg(y1, ..., yx) are defined with respect
to the reference measure p on X. That is, px(y1, ..., yk)(dy1) - . . p(dyk) is the infinitesimal probability
to find particles from the point process around the locations yi, ..., yx. Therefore, the kernel K(x,y)

is also defined with respect to the same reference measure. Later, when talking about scaling limits of
correlation kernels, an appropriate object would be

K(z,y)v n(dz)p(dy), (4.8)

or, in other words, an integral operator in L?(1).

12Note that their choice is not unique, which can be helpful in some applications.
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4.4.3. Correlation kernel for the GUE. Applying the computation of Section to the GUE setting,
we let pu(dz) = \/%G_I2/2 be the standard A/(0,1) distribution, and ¢;(z) = v;(z) = 2~ be the power
functions. To get a formula for the correlation kernel of the GUE, let us orthogonalize the powers x*~1

with respect to the weight e=*°/2. We have

N 2
det Hio1(zj)) plder)---p(da), (4.9)

Z?]:

1
Poup(dzy,--- ,dey) = ﬁ<

where the H;’s are orthogonal polynomials called the Hermite polynomials:
/Hk(l')Hl<l')u(dx) :5kl7 k‘,l:O,...,N—l.

We have thus established the following result:
Theorem 4.15. The random point process (4.3)), (4.9) corresponding to the GUE eigenvalues is de-

terminantal, with the correlation kernel (with respect to the standard normal reference measure, cf.

Remark

N-1
Kn(z,y) = Y Hj(x)H;(y). (4.10)
=0

The asymptotics of the kernel K determine the asymptotics of the GUE eigenvalues.

4.5. Non-rigorous asymptotics via spectral projections. (PUT ALL STUFF ABOUT HERMITE
POLYNOMIALS IN SECTION [4.6] AND REFERENCE IT HERE)

4.6. Hermite polynomials.

4.7. Rigorous asymptotics via contour integrals (Plancherel-Rotach asymptotics). [PR29]
4.8. Edge asymptotics.

4.9. Inclusion/exclusion and Fredholm determinants.

4.10. Tracy—Widom distribution. [TW02]

4.11. Notes and references. The material in Section [4] represents a classical chapter in random matrix
theory. The Gaussian Unitary Ensemble is a random matrix ensemble for which all the computations
can be carried out explicitly. Section closely follows the book [Taol2].

The proof that the variational problem for the limiting spectral distribution reduces to the Euler—
Lagrange equations (for which a naive argument was given in Section [4.3.3)) may be deduced from [ST13],
see also [Forl10).

Generalities and details on determinantal point processes can be found in the surveys [Sos00], [HKPV06],
[Bor11].

The asymptotic results for the GUE presented here are believed to be universal — that is, they should
not depend on the concrete structure of the ensemble and hold in much greater generality. Getting
such universal results for random matrices is an important ongoing program which is successful so far
in the bulk case (with getting the sine kernel). See, e.g., [Joh01], [TV11], [TV12], [ESY11]. Addressing
some universality results is the next general goal of the course, for which we will need certain Markov
processes on random matrices and on their spectra.
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