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Preface

Physicists have always approached the world through data and models inspired by this
data. They build models from data and confront their models with the data generated by
new experiments or observations. But real data is by nature noisy; until recently, classical
statistical tools have been successful in dealing with this randomness. The recent emergence
of very large datasets, together with the computing power to analyze them, has created a
situation where not only the number of data points is large but also the number of studied
variables. Classical statistical tools are inadequate to tackle this situation, called the large
dimension limit (or the Kolmogorov limit). Random matrix theory, and in particular the
study of large sample covariance matrices, can help make sense of these big datasets, and
is in fact also becoming a useful tool to understand deep learning. Random matrix theory
is also linked to many modern problems in statistical physics such as the spectral theory of
random graphs, interaction matrices of spin-glasses, non-intersecting random walks, many-
body localization, compressed sensing and many more.

This book can be considered as one more book on random matrix theory. But our aim
was to keep it purposely introductory and informal. As an analogy, high school seniors
and college freshmen are typically taught both calculus and analysis. In analysis one learns
how to make rigorous proofs, define a limit and a derivative. At the same time in calculus
one can learn about computing complicated derivatives, multi-dimensional integrals and
solving differential equations relying only on intuitive definitions (with precise rules) of
these concepts. This book proposes a “calculus” course for random matrices, based in
particular on the relatively new concept of “freeness”, that generalizes the standard concept
of probabilistic independence to non-commuting random variables.

Rather than make statements about the most general case, concepts are defined with
some strong hypothesis (e.g. Gaussian entries, real symmetric matrices) in order to simplify
the computations and favor understanding. Precise notions of norm, topology, convergence,
exact domain of application are left out, again to favor intuition over rigor. There are many
good, mathematically rigorous books on the subject (see references below) and the hope is
that our book will allow the interested reader to read them guided by his/her newly built
intuition.

ix
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Readership

The book was initially conceived as a textbook for a graduate level standard 30 hours course
in random matrix theory, for physicists or applied mathematicians, given by one of us (MP)
during a sabbatical at UCLA in 2017-2018. As the book evolved many new developments,
special topics and applications have been included. Lecturers can then customize their
course offering by complementing the first few essential chapters with their own choice
of chapters or sections from the rest of the book.

Another group of potential readers are seasoned researchers analyzing large datasets
who have heard that random matrix theory may help them distinguish signal from noise
in singular value decompositions or eigenvalues of sample covariance matrices. They have
heard of the Marc¢enko—Pastur distribution but do not know how to extend it to more real-
istic settings where they might have non-Gaussian noise, true outliers, temporal (sample)
correlations, etc. They need formulas to compute null hypothesis and so forth. They want
to understand where these formulas come from intuitively without requiring full precise
mathematical proofs.

The reader is assumed to have a background in undergraduate mathematics taught in
science and engineering: linear algebra, complex variables and probability theory. Impor-
tant results from probability theory are recalled in the book (addition of independent vari-
ables, law of large numbers and central limit theorem, etc.) while stochastic calculus and
Bayesian estimation are not assumed to be known. Familiarity with physics approximation
techniques (Taylor expansions, saddle point approximations) is helpful.

How to Read This Book

We have tried to make the book accessible for readers of different levels of expertise. The
bulk of the text is hopefully readable by graduate students, with most calculations laid
out in detail. We provide exercises in most chapters, which should allow the reader to
check that he or she has understood the main concepts. We also tried to illustrate the book
with as many figures as possible, because we strongly believe (as physicists) that pictures
considerably help forming an intuition about the issue at stake.

More technical issues, directed at experts in RMT or statistical physics, are signaled by
the use of a different, smaller font and an extra margin space. Chapters 3, 6, 7 and 13
are marked with a star, meaning that they are not essential for beginners and they can be
skipped at first reading.

At the end of each chapter, we give a non-exhaustive list of references, some general and
others more technical and specialized, which direct the reader to more in-depth information
related to the subject treated in the chapter.

Other Books on Related Subjects
Books for Mathematicians

There are many good recent books on random matrix theory and free probabilities written
by and for mathematicians: Blower [2009], Anderson et al. [2010], Bai and Silverstein
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[2010], Pastur and Scherbina [2010], Tao [2012], Erd6s and Yau [2017], Mingo and
Speicher [2017]. These books are often too technical for the intended readership of the
present book. We nevertheless rely on these books to extract some relevant material for our

purpose.

Books for Engineers

Communications engineers and now financial engineers have become big users of random
matrix theory and there are at least two books specifically geared towards them. The style
of engineering books is closer to the style of the present book and these books are quite
readable for a physics audience.

There is the short book by Tulino and Verdud [2004]; it gets straight to the point and gives
many useful formulas from free probabilities to compute the spectrum of random matrices.
The first part of this book covers some of the topics covered here, but many other subjects
more related to statistical physics and to financial applications are absent.

Part I of Couillet and Debbah [2011] has a greater overlap with the present book. Again
about half the topics covered here are not present in that book (e.g. Dyson Brownian
motion, replica trick, low-rank HCIZ and the estimation of covariance matrices).

Books for Physicists

Physicists interested in random matrix theory fall into two broad categories:

Mathematical physicists and high-energy physicists use it to study fundamental quan-
tum interactions, from Wigner’s distribution of nuclear energy level spacing to models of
quantum gravity using matrix models of triangulated surfaces.

Statistical physicists encounter random matrices in the interaction matrices of spin-
glasses, in the study of non-intersecting random walks, in the spectral analysis of large
random graphs, in the theory of Anderson localization and many-body localization, and
finally in the study of sample covariance matrices from large datasets. This book focuses
primarily on statistical physics and data analysis applications.

The classical book by Mehta [2004] is at the crossroads of these different approaches,
whereas Forrester [2010], Brézin and Hikami [2016] and Eynard et al. [2006] are examples
of books written by mathematical physicists. Livan et al. [2018] is an introductory book
geared towards statistical physicists. That book is very similar in spirit to ours. The topics
covered do not overlap entirely; for example Livan et al. do not cover the Dyson Brownian
motion, the HCIZ integral, the problem of eigenvector overlaps, sample covariance matrices
with general true covariance, free multiplication, etc.

We should also mention the handbook by Akemann et al. [2011] and the Les Houches
summer school proceedings [Schehr et al., 2017], in which we co-authored a chapter on
financial applications of RMT. That book covers a very wide range of topics. It is a useful
complement to this book but too advanced for most of the intended readers.

Finally, the present book has some overlap with a review article written with Joel Bun
[Bun et al., 2017].
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Deterministic Matrices

Matrices appear in all corners of science, from mathematics to physics, computer science,
biology, economics and quantitative finance. In fact, before Schrodinger’s equation, quan-
tum mechanics was formulated by Heisenberg in terms of what he called “Matrix Mechan-
ics”. In many cases, the matrices that appear are deterministic, and their properties are
encapsulated in their eigenvalues and eigenvectors. This first chapter gives several elemen-
tary results in linear algebra, in particular concerning eigenvalues. These results will be
extremely useful in the rest of the book where we will deal with random matrices, and in
particular the statistical properties of their eigenvalues and eigenvectors.

1.1 Matrices, Eigenvalues and Singular Values
1.1.1 Some Problems Where Matrices Appear

Let us give three examples motivating the study of matrices, and the different forms that
those can take.

Dynamical System

Consider a generic dynamical system describing the time evolution of a certain
N-dimensional vector x(¢), for example the three-dimensional position of a point in
space. Let us write the equation of motion as

dx
il F(x), (1.1)

where F(x) is an arbitrary vector field. Equilibrium points x* are such that F(x*) = 0.
Consider now small deviations from equilibrium, i.e. x = x* + €y where ¢ <« 1. To first
order in €, the dynamics becomes linear, and given by
dy
de

where A is a matrix whose elements are given by A;; = 9; F;(x*), where i, j are indices

Ay, (1.2)

that run from 1 to N. When F can itself be written as the gradient of some potential V, i.e.
F; = —9; V(x), the matrix A becomes symmetric, i.e. A;; = A;; = —0;; V. But this is not
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always the case; in general the linearized dynamics is described by a matrix A without any
particular property — except that it is a square N x N array of real numbers.

Master Equation

Another standard setting is the so-called Master equation for the evolution of probabilities.
Calli = 1,...,N the different possible states of a system and P;(¢) the probability to
find the system in state i at time . When memory effects can be neglected, the dynamics
is called Markovian and the evolution of P;(¢) is described by the following discrete time
equation:

N
Pi(t+1) =Y AyPj). (1.3)

j=1

meaning that the system has a probability A;; to jump from state j to state i between ¢ and
t+ 1. Note that all elements of A are positive; furthermore, since all jump possibilities must
be exhausted, one must have, for each j, Y, A; j = 1. This ensures that > P()=1at
all times, since

N N N
ZP(;H)—ZZA,,P(; =ZZA,~ij(r)=ZPj(t)=1. (1.4)
i=1 j=1

i=1 j=l1 j=1

Matrices such that all elements are positive and such that the sum over all rows is equal
to unity for each column are called stochastic matrices. In matrix form, Eq. (1.3) reads
P(t + 1) = AP(¢), leading to P(z) = A’P(0), i.e. A raised to the z-th power applied to the
initial distribution.

Covariance Matrices

As a third important example, let us consider random, N-dimensional real vectors X, with
some given multivariate distribution P (X). The covariance matrix C of the X’s is defined as

Cij = E[X; X ;] — E[X;1E[X ], (1.5)

where E means that we are averaging over the distribution P (X). Clearly, the matrix C is
real and symmetric. It is also positive semi-definite, in the sense that for any vector x,

x'Cx > 0. (1.6)

If it were not the case, it would be possible to find a linear combination of the vectors X
with a negative variance, which is obviously impossible.

The three examples above are all such that the corresponding matrices are N x N square
matrices. Examples where matrices are rectangular also abound. For example, one could
consider two sets of random real vectors: X of dimension N; and Y of dimension N,. The
cross-covariance matrix defined as
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Cia = E[X;Y,] — E[X;]E[Y,]; i=1,...,Ny; a=1,...,N», 1.7

is an N; x N, matrix that describes the correlations between the two sets of vectors.

1.1.2 Eigenvalues and Eigenvectors

One learns a great deal about matrices by studying their eigenvalues and eigenvectors. For
a square matrix A a pair of scalar and non-zero vector (A, v) satisfying

Av = Av (1.8)

is called an eigenvalue—eigenvector pair.

Trivially if v is an eigenvector av is also an eigenvector when « is a non-zero real
number. Sometimes multiple non-collinear eigenvectors share the same eigenvalue; we say
that this eigenvalue is degenerate and has multiplicity equal to the dimension of the vector
space spanned by its eigenvectors.

If Eq. (1.8) is true, it implies that the equation (A — A1)v = 0 has non-trivial solutions,
which requires that det(A1 — A) = 0. The eigenvalues A are thus the roots of the so-called
characteristic polynomial of the matrix A, obtained by expanding det(A1 — A). Clearly, this
polynomial® is of order N and therefore has at most N different roots, which correspond
to the (possibly complex) eigenvalues of A. Note that the characteristic polynomial of A”
coincides with the characteristic polynomial of A, so the eigenvalues of A and AT are
identical.

Now, let A1, A2, ..., Ay be the N eigenvalues of A with v, v, ..., vy the corresponding
eigenvectors. We define A as the N x N diagonal matrix with A; on the diagonal, and V
as the N x N matrix whose jth column is v;, i.e. V;; = (v;); is the ith component of v;.
Then, by definition,

AV = VA, (1.9)
since once expanded, this reads
> AiVig = Vijhj, (1.10)
k
or Av; = A;v;. If the eigenvectors are linearly independent (which is not true for all

matrices), the matrix inverse V! exists and one can therefore write A as
A=VAV! (1.11)

which is called the eigenvalue decomposition of the matrix A.
Symmetric matrices (such that A = AT) have very nice properties regarding their
eigenvalues and eigenvectors.

' The characteristic polynomial Qy (1) = det(A1 — A) always has a coefficient 1 in front of its highest power (Q (1) =
AN 4+ O(AN*I)), such polynomials are called monic.
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¢ They have exactly N eigenvalues when counted with their multiplicity.
¢ All their eigenvalues and eigenvectors are real.

* Their eigenvectors are orthogonal and can be chosen to be orthonormal (i.e. v/v; =
dij). Here we assume that for degenerate eigenvalues we pick an orthogonal set of
corresponding eigenvectors.

If we choose orthonormal eigenvectors, the matrix V has the property V'V = 1 (=
V7 = V). Hence it is an orthogonal matrix V= O and Eq. (1.11) reads

A =0AO’, (1.12)

where A is a diagonal matrix containing the eigenvalues associated with the eigenvectors
in the columns of O. A symmetric matrix can be diagonalized by an orthogonal matrix.
Remark that an N x N orthogonal matrix is fully parameterized by N(N — 1)/2 “angles”,
whereas A contains N diagonal elements. So the total number of parameters of the diagonal
decomposition is N(N — 1)/2 + N, which is identical, as it should be, to the number of
different elements of a symmetric N x N matrix.

Let us come back to our dynamical system example, Eq. (1.2). One basic question is to
know whether the perturbation y will grow with time, or decay with time. The answer to
this question is readily given by the eigenvalues of A. For simplicity, we assume F to be
a gradient such that A is symmetric. Since the eigenvectors of A are orthonormal, one can
decompose y in term of the v’s as

N
y() = cityvi. (1.13)
i=1

Taking the dot product of Eq. (1.2) with v; then shows that the dynamics of the coefficients
ci(t) are decoupled and given by

% = Aici, (1.14)
where A; is the eigenvalue associated with v;. Therefore, any component of the initial
perturbation y(t = 0) that is along an eigenvector with positive eigenvalue will grow expo-
nentially with time, until the linearized approximation leading to Eq. (1.2) breaks down.
Conversely, components along directions with negative eigenvalues decrease exponentially
with time. An equilibrium x* is called stable provided all eigenvalues are negative, and
marginally stable if some eigenvalues are zero while all others are negative.

The important message carried by the example above is that diagonalizing a matrix
amounts to finding a way to decouple the different degrees of freedom, and convert a matrix
equation into a set of N scalar equations, as Eqgs. (1.14). We will see later that the same
idea holds for covariance matrices as well: their diagonalization allows one to find a set of
uncorrelated vectors. This is usually called Principal Component Analysis (PCA).
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Exercise 1.1.1 Instability of eigenvalues of non-symmetric matrices
Consider the N x N square band diagonal matrix My defined by

Mol = 26;, j—1:
02 0 - 0
o0 2 - 0
Mo=1]0 0 0 0 (1.15)
00 0 - 2
0O 0 0 - 0
(a) Show that M{)V = 0 and so all the eigenvalues of My must be zero.

Use a numerical eigenvalue solver for non-symmetric matrices and confirm
numerically that this is the case for N = 100.

(b) If O is an orthogonal matrix (00" = 1), OMyO” has the same eigenvalues
as M. Following Exercise 1.2.4, generate a random orthogonal matrix O.
Numerically find the eigenvalues of OMpO”. Do you get the same answer as
in (a)?

(c) Consider M| whose elements are all equal to those of Mg except for one
element in the lower left corner [M1]y 1 = (1/2)N —1 Show that M11V =1;
more precisely, show that the characteristic polynomial of M; is given by
det(M; — A1) = AN — 1, therefore M; has N distinct eigenvalues equal to the
N complex roots of unity Ay = e27/N,

(d) For N greater than about 60, OMyO” and OM;O” are indistinguishable to
machine precision. Compare numerically the eigenvalues of these two rotated
matrices.

1.1.3 Singular Values

A non-symmetric, square matrix cannot in general be decomposed as A = OAQT, where
A is a diagonal matrix and O an orthogonal matrix. One can however find a very useful
alternative decomposition as

A =VSU’, (1.16)

where S is a non-negative diagonal matrix, whose elements are called the singular values
of A, and U,V are two real, orthogonal matrices. Whenever A is symmetric positive semi-
definite, one hasS = A and U = V.

Equation (1.16) also holds for rectangular N x T matrices, where V is N x N orthogonal,
Uis T x T orthogonal and S is N x T diagonal as defined below. To construct the
singular value decomposition (svD) of A, we first introduce two matrices B and ﬁ, defined
as B:= AA” and B = ATA. It is plain to see that these matrices are symmetric, since
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B’ = (AAT)” = ATTA” = B (and similarly for B). They are also positive semi-definite as
for any vector x we have x” Bx = ||A"x||> > 0.

We can show that B and B have the same non-zero eigenvalues. In fact, let A > 0 be an
eigenvalue of B and v # 0 is the corresponding eigenvector. Then we have, by definition,

AATvV = v (1.17)
Letu = ATy, then we can get from the above equation that
ATAA"v = JA"v = Bu = ). (1.18)
Moreover,
ull> = v'AA"V=v'Bv#0=u#0. (1.19)

Hence X is also an eigenvalue of B. Note that for degenerate eigenvalues A of B, an
orthogonal set of corresponding eigenvectors {v,} gives rise to an orthogonal set {ATv;}
of eigenvectors of B. Hence the multiplicity of A in B is at least that of B. Similarly, we can
show that any non-zero eigenvalue of B is also an eigenvalue of B. This finishes the proof
of the claim.

Note that B has at most N non-zero eigenvalues and B has at most T non-zero eigen-
values. Thus by the above claim, if 7 > N, B has at least T — N zero eigenvalues, and if
T < N,Bhas atleast N — T zero eigenvalues. We denote the other min{ N, T} eigenvalues
of Band B by {Ak}1<k<min(n,T}- Then the svD of A is expressed as Eq. (1.16), where V is
the N x N orthogonal matrix consisting of the N normalized eigenvectors of B, U is the
T x T orthogonal matrix consisting of the 7" normalized eigenvectors of B, and S is an
N x T rectangular diagonal matrix with S = +/Ax > 0, 1 < k < min{N, T} and all other
entries equal to zero.

For instance, if N < T, we have

9 0 0 0 0
0 Va2 0 0 0

- (1.20)
0 0 0 0

0 0 0 /Ay - 0
Although (non-degenerate) normalized eigenvectors are unique up to a sign, the choice of
the positive sign for the square-root /A imposes a condition on the combined sign for the
left and right singular vectors v and ug. In other words, simultaneously changing both v
and u; to —v and —uy leaves the matrix A invariant, but for non-zero singular values one
cannot individually change the sign of either vy or u.

The recipe to find the svD, Eq. (1.16), is thus to diagonalize both AA” (to obtain V
and S?) and AT A (to obtain U and again S?). It is insightful to again count the number of
parameters involved in this decomposition. Consider a general N x T matrix with T > N
(the case N > T follows similarly). The N eigenvectors of AAT are generically unique
up to a sign, while for T — N > 0 the matrix ATA will have a degenerate eigenspace
associated with the eigenvalue 0 of size T — N, hence its eigenvectors are only unique up
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to an arbitrary rotation in 7 — N dimension. So generically the svD decomposition amounts
to writing the NT elements of A as

NTE%N(N—1)+N+%T(T—1)—%(T—N)(T—N—l). (1.21)

The interpretation of Eq. (1.16) for N x N matrices is that one can always find an
orthonormal basis of vectors {u} such that the application of a matrix A amounts to a
rotation (or an improper rotation) of {u} into another orthonormal set {v}, followed by a
dilation of each vy by a positive factor /Ax.

Normal matrices are such that U = V. In other words, A is normal whenever A com-
mutes with its transpose: AAT = AT A. Symmetric, skew-symmetric and orthogonal matri-
ces are normal, but other cases are possible. For example a 3 x 3 matrix such that each row
and each column has exactly two elements equal to 1 and one element equal to 0 is normal.

1.2 Some Useful Theorems and Identities

In this section, we state without proof very useful theorems on eigenvalues and matrices.

1.2.1 Gershgorin Circle Theorem

Let A be a real matrix, with elements A;;. Define R; as R; = Zj# |A;;|, and D; a disk in
the complex plane centered on A;; and of radius R;. Then every eigenvalue of A lies within
at least one disk ;. For example, for the matrix

1 -02 02
A=1-03 2 -02], (1.22)
0 1.1 3

the three circles are located on the real axis at x = 1,2 and 3 with radii 0.4, 0.5 and 1.1
respectively (see Fig. 1.1).

In particular, eigenvalues corresponding to eigenvectors with a maximum amplitude on
i lie within the disk D;.

1.2.2 The Perron—Frobenius Theorem

Let A be a real matrix, with all its elements positive A;; > 0. Then the top eigenvalue Amax
is unique and real (all other eigenvalues have a smaller real part). The corresponding top
eigenvector v* has all its elements positive:

AV* = Apax Vs vy > 0, Vk. (1.23)
The top eigenvalue satisfies the following inequalities:

i Aij < Amax < Ajj. 1.24
H‘liln; ij = max_miax; ij ( )
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1.0 A
0.5 A
S
E 0.0 1
—0.5 1
—1.0
0 1 2 3 4

Re (1)

Figure 1.1 The three complex eigenvalues of the matrix (1.22) (crosses) and its three Gershgorin
circles. The first eigenvalue A1 ~ 0.92 falls in the first circle while the other two A5 3 ~ 2.54 4 0.18i
fall in the third one.

Application: Suppose A is a stochastic matrix, such that all its elements are positive
and satisfy ) ; A;; = 1, Vj. Then clearly the vector 1 is an eigenvector of A”, with
eigenvalue A = 1. But since the Perron—Frobenius can be applied to A”, the inequalities
(1.24) ensure that A is the top eigenvalue of AT, and thus also of A. All the elements of the
corresponding eigenvector v* are positive, and describe the stationary state of the associated
Master equation, i.e.

vF

P =Y AyP;— P = R (1.25)

J

Exercise 1.2.1 Gershgorin and Perron-Frobenius
Show that the upper bound in Eq. (1.24) is a simple consequence of the
Gershgorin theorem.

1.2.3 The Eigenvalue Interlacing Theorem

Let A be an N x N symmetric matrix (or more generally Hermitian matrix) with eigenvalues
A1 = Az --- > Apn.Consider the N —1 x N —1 submatrix A\; obtained by removing the ith
row and ith columns of A. Its eigenvalues are Mgl) > /‘(2’) > /*%Ll Then the following
interlacing inequalities hold:

P PR O ¥ (1.26)
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Very recently, a formula relating eigenvectors to eigenvalues was (re-)discovered. Calling
v; the eigenvector of A associated with A;, one has?

N-1 j
’2 s M- :“l(c])

= . (1.27)
N
He:l,é;éi Ai = e

|(vi);

1.2.4 Sherman—Morrison Formula

The Sherman—Morrison formula gives the inverse of a matrix A perturbed by a rank-1
perturbation:

A luy"A™!
1+ VAT
valid for any invertible matrix A and vectors u and v such that the denominator does not
vanish. This is a special case of the Woodbury identity, which reads

A+uv) ' =A"1 (1.28)

(A+ucv) ' =A"'—A"U (C” + VTN‘U)_1 VAT, (1.29)

where U,V are N x K matrices and C is a K x K matrix. Equation (1.28) corresponds to
the case K = 1.
The associated Sherman—Morrison determinant lemma reads

det(A + vu”) = det A - (1 +uTA—1v) (1.30)

for invertible A.

Exercise 1.2.2 Sherman-Morrison
Show that Eq. (1.28) is correct by multiplying both sides by (A + uv”).

1.2.5 Schur Complement Formula

The Schur complement, also called inversion by partitioning, relates the blocks of the
inverse of a matrix to the inverse of blocks of the original matrix. Let M be an invertible
matrix which we divide in four blocks as

_( M1 Mp 1 _n_( Qu Qn
M= ( M, My ) andM™ =Q = ( Q1 Q» ) (1.3D)

where [Mj1] =n x n, [M2] =n x (N —n), [Mp1] = (N —n) xn, [Mp] = (N —n) x
(N — n), and M»; is invertible. The integer n can take any values from 1 to N — 1.

2 See: P. Denton, S. Parke, T. Tao, X. Zhang, Eigenvalues from Eigenvectors: a survey of a basic identity in linear algebra,
arXiv:1908.03795.
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Then the upper left n x n block of Q is given by
Q! =M —M;p(My) "My, (1.32)

where the right hand side is called the Schur complement of the block M», of the matrix M.

Exercise 1.2.3 Combining Schur and Sherman-Morrison
In the notation of Eq. (1.31) forn = 1 and any N > 1, combine the Schur
complement of the lower right block with the Sherman—Morrison formula to
show that

(Ma2) ™ 'Mp M2 (M)~}
M| — Mj(M)~'My; -

Qn=Mp)'+ (1.33)

1.2.6 Function of a Matrix and Matrix Derivative

In our study of random matrices, we will need to extend real or complex scalar functions
to take a symmetric matrix M as its argument. The simplest way to extend such a function
is to apply it to each eigenvalue of the matrix M = OAO”:

FM) = OF(A)O", (1.34)

where F'(A) is the diagonal matrix where we have applied the function F to each (diag-
onal) entry of A. The function F (M) is now a matrix valued function of a matrix. Scalar
polynomial functions can obviously be extended directly as

K

K
F(x) = Zakxk = FM) = ZakMk, (1.35)
k=0 k=0

but this is equivalent to applying the polynomial to the eigenvalues of M. By extension,
when the Taylor series of the function F (x) converges for every eigenvalue of M the matrix
Taylor series coincides with our definition.

Taking the trace of F'(M) will yield a matrix function that returns a scalar. This con-
struction is rotationally invariant in the following sense:

Tr F(UMU”) = Tr F(M) for any UU” = 1. (1.36)

We can take the derivative of a scalar-valued function Tr F (M) with respect to each
element of the matrix M:

d
Te(F(M)) = [F'(M)];; = o THFOD) = F'(M). (1.37)

d[M];;

Equation (1.37) is easy to derive when F(x) is a monomial a;x* and by linearity for
polynomial or Taylor series F(x).
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1.2.7 Jacobian of Simple Matrix Transformations

Suppose one transforms an N x N matrix A into another N x N matrix B through some
function of the matrix elements. The Jacobian of the transformation is defined as the
determinant of the partial derivatives:

(1.38)

The simplest case is just multiplication by a scalar: B = «A, leading to G r¢ = ad;xdj¢.
G is therefore the tensor product of w1 with 1, and its determinant is thus equal to alV.
Not much more difficult is the case of an orthogonal transformation B = OAQ7, for which
Gijke = 0ixOj¢. G is now the tensor product G = O ® O and therefore its determinant is
unity.

Slightly more complicated is the case where B = A~!. Using simple algebra, one readily
obtains, for symmetric matrices,

1 _ _ 1. _ _
Gijke = S IAT Tkl A Tje + S 1A Tl AT e (1.39)
Let us now assume that A has eigenvalues A, and eigenvectors v,. One can easily diago-
nalize G;; x¢ within the symmetric sector, since

Z Gijke [Va.k VBt + Va,eVpk] = [Va.iV8.j + Va, Vi ] - (1.40)

I Aalg

So the determinant of G is simply ]_[a’ B>a (kakﬁ)". Taking the logarithm of this product
helps avoiding counting mistakes, and finally leads to the result

detG = (detA)~ N1, (1.41)

Exercise 1.2.4 Random Matrices
We conclude this chapter on deterministic matrices with a numerical exercise
on random matrices. Most of the results of this exercise will be explored
theoretically in the following chapters.

e Let M be a random real symmetric orthogonal matrix, that is an N x N matrix
satisfying M = M7 = M~!. Show that all the eigenvalues of M are 1.

e Let X be a Wigner matrix, i.e. an N x N real symmetric matrix whose diagonal
and upper triangular entries are 11D Gaussian random numbers with zero mean
and variance 02/N. You can use X = o (H + H")/ +/2N where H is a non-
symmetric N x N matrix with 11D standard Gaussians.

e The matrix P is defined as P = %(M + 1x). Convince yourself that P is
the projector onto the eigenspace of M with eigenvalue +1. Explain the effect
of the matrix P on eigenvectors of M.



(a)

(b)

(©)

(d)

(e)

Deterministic Matrices

An easy way to generate a random matrix M is to generate a Wigner matrix
(independent of X), diagonalize it, replace every eigenvalue by its sign and
reconstruct the matrix. The procedure does not depend on the o used for the
Wigner.

We consider a matrix E of the form E = M4 X. To wit, E is a noisy version of
M. The goal of the following is to understand numerically how the matrix E is
corrupted by the Wigner noise. Using the computer language of your choice,
for a large value of N (as large as possible while keeping computing times
below one minute), for three interesting values of o of your choice, do the
following numerical analysis.

Plot a histogram of the eigenvalues of E, for a single sample first, and then for
many samples (say 100).

From your numerical analysis, in the large N limit, for what values of o do
you expect a non-zero density of eigenvalues near zero.

For every normalized eigenvector v; of E, compute the norm of the vector
P_ v;. For a single sample, do a scatter plot of |P,v; |2 vs A; (its eigenvalue).
Turn your scatter plot into an approximate conditional expectation value
(using a histogram) including data from many samples.

Build an estimator E(E) of M using only data from E. We want to minimize
the error & = +|[(E(E) — M)||2 where ||A[[2 = TrAA”. Consider first
E1(E) = E and then Ey(E) = 0. What is the error & of these two estimators?
Try to build an ad-hoc estimator E (E) that has a lower error & than these two.
Show numerically that the eigenvalues of E are not 1b. For each sample E
rank its eigenvalues A1 < A2 < --- < Ay. Consider the eigenvalue spacing
Sk = A — Ax— for eigenvalues in the bulk (2N < k < .3N and .7N < k <
.8N). Make a histogram of {si} including data from 100 samples. Make 100
pseudo-1ID samples: mix eigenvalues for 100 different samples and randomly
choose N from the 100N possibilities, do not choose the same eigenvalue
twice for a given pseudo-11D sample. For each pseudo-1ID sample, compute
s, in the bulk and make a histogram of the values using data from all 100
pseudo-11D samples. (Bonus) Try to fit an exponential distribution to these two
histograms. The 1D case should be well fitted by the exponential but not the
original data (not IID).
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Wigner Ensemble and Semi-Circle Law

In many circumstances, the matrices that are encountered are large, and with no particular
structure. Physicist Eugene Wigner postulated that one can often replace a large complex
(but deterministic) matrix by a typical element of a certain ensemble of random matrices.
This bold proposal was made in the context of the study of large complex atomic nuclei,
where the “matrix” is the Hamiltonian of the system, which is a Hermitian matrix describ-
ing all the interactions between the neutrons and protons contained in the nucleus. At the
time, these interactions were not well known; but even if they had been, the task of diag-
onalizing the Hamiltonian to find the energy levels of the nucleus was so formidable that
Wigner looked for an alternative. He suggested that we should abandon the idea of finding
precisely all energy levels, but rather rephrase the question as a statistical question: what
is the probability to find an energy level within a certain interval, what is the probability
that the distance between two successive levels is equal to a certain value, etc.? The idea
of Wigner was that the answer to these questions could be, to some degree, universal,
i.e. independent of the specific Hermitian matrix describing the system, provided it was
complex enough. If this is the case, why not replace the Hamiltonian of the system by a
purely random matrix with the correct symmetry properties? In the case of time-reversal
invariant quantum systems, the Hamiltonian is a real symmetric matrix (of infinite size).
In the presence of a magnetic field, the Hamiltonian is a complex, Hermitian matrix (see
Section 3.1.1). In the presence of “spin—orbit coupling”, the Hamiltonian is symplectic (see
Section 3.1.2).

This idea has been incredibly fruitful and has led to the development of a subfield
of mathematical physics called “random matrix theory”. In this book we will study the
properties of some ensembles of random matrices. We will mostly focus on symmetric
matrices with real entries as those are the most commonly encountered in data analy-
sis and statistical physics. For example, Wigner’s idea has been transposed to glasses
and spin-glasses, where the interaction between pairs of atoms or pairs of spins is often
replaced by a real symmetric, random matrix (see Section 13.4). In other cases, the ran-
domness stems from noisy observations. For example, when one wants to measure the
covariance matrix of the returns of a large number of assets using a sample of finite length
(for example the 500 stocks of the S&P500 using 4 years of daily data, i.e. 4 x 250 =
1000 data points per stock), there is inevitably some measurement noise that pollutes the

15
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determination of said covariance matrix. We will be confronted with this precise problem in
Chapters 4 and 17.

In the present chapter and the following one, we will investigate the simplest of all
ensembles of random matrices, which was proposed by Wigner himself in the context
recalled above. These are matrices where all elements are Gaussian random variables, with
the only constraint that the matrix is real symmetric (the Gaussian orthogonal ensemble,
GOE), complex Hermitian (the Gaussian unitary ensemble, GUE) or symplectic (the Gaus-
sian symplectic ensemble, GSE).

2.1 Normalized Trace and Sample Averages

We first generalize the notion of expectation value and moments from classical probabilities
to large random matrices. We could simply consider the moments JE[A¥] but that object is
very large (N x N dimensional). It is not clear how to interpret it as N — oo. It turns
out that the correct analog of the expectation value is the normalized trace operator 7(.),
defined as

T(A) = %E[TrA]. 2.1

The normalization by 1/N is there to make the normalized trace operator finite as N — oo.
For example for the identity matrix, T(1) = 1 independently of the dimension and our
definition therefore makes sense as N — co. When using the notation 7(A) we will only
consider the dominant term as N — oo, implicitly taking the large N limit.

For a polynomial function of a matrix F(A) or by extension for a function that can be
written as a power series, the trace of the function can be computed on the eigenvalues:

1 1 &
5 T FA) = ¥ k; F(\p). (2.2)

In the following, we will denote as (.) the average over the eigenvalues of a single matrix
A (sample), i.e.

1 N
(FR) = = > F (). (23)
k=1

For large random matrices, many scalar quantities such as 7(F(A)) do not fluctuate from
sample to sample, or more precisely such fluctuations go to zero in the large N limit.
Physicists speak of this phenomenon as self-averaging and mathematicians speak of con-
centration of measure.

T(F(A)) = %E[Tr F(A)] = (F (1)) for a single A. 24

When the eigenvalues of a random matrix A converge to a well-defined density p(A), we
can write
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T(F(A)) = / p (L) F(L)dx. 2.5)

Using F(A) = A¥, we can define the kth moment of a random matrix by my = 7(AX).
The first moment m; is simply the normalized trace of A, while my = 1/N )", ! Al.zj is
the normalized sum of the squares of all the elements. The square-root of m, satisfies the
axioms of a norm and is called the Frobenius norm of A:

|AllF := /mo. (2.6)

2.2 The Wigner Ensemble
2.2.1 Moments of Wigner Matrices

We will define a Wigner matrix X as a symmetric matrix (X = X7) with Gaussian entries
with zero mean. In a symmetric matrix there are really two types of elements: diagonal and
off-diagonal, which can have different variances. Diagonal elements have variance O’(% and
off-diagonal elements have variance G(%d' Note that X;; = X; so they are not independent
variables.

In fact, the elements in a Wigner matrix do not need to be Gaussian or even to be 1ID,
as there are many weaker (more general) definitions of the Wigner matrix that yield the
same final statistical results in the limit of large matrices N — oo. For the purpose of this
introductory book we will stick to the strong Gaussian hypothesis.

The first few moments of our Wigner matrix X are given by

1 1
©(X) = LE[TrX] = - TrEX] =0, Q2.7)

N
1 1 1
7(X3) = NIE[TrXXT] = N]E § X7 | = SV = ol + No2l. (2.8)

O
ij=1

The term containing ogd dominates when the two variances are of the same order of mag-

nitude. So for a Wigner matrix we can pick any variance we want on the diagonal (as long

as it is small with respect to N oozd). We want to normalize our Wigner matrix so that its

second moment is independent of the size of the matrix (). Let us pick

02 =0%/N. (2.9)

[o]

For odz the natural choice seems to be odz = o2 /N. However, we will rather choose o2 =

2062/N, which is easy to generate numerically and more importantly respects rotational
invariance for finite N, as we show in the next subsection. The ensemble described here
(with the choice adz = 20‘3(1) is called the Gaussian orthogonal ensemble or GOE.!

' Some authors define a GOE matrix to have o2 = 1 others as 02 = N. For us a GOE matrix can have any variance and is thus
synonymous with the Gaussian rotationally invariant Wigner matrix.
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To generate a GOE matrix numerically, first generate a non-symmetric random square
matrix H of size N with b N(0,62/(2N)) coefficients. Then let the Wigner matrix X
be X = H + H. The matrix X will then be symmetric with diagonal variance twice the
off-diagonal variance. The reason is that off-diagonal terms are sums of two independent
Gaussian variables, so the variance is doubled. Diagonal elements, on the other hand, are
equal to twice the original variables H;; and so their variance is multiplied by 4.

With any choice of ag we have

1(X?) =62 +O(1/N), (2.10)

and hence we will call the parameter o2 the variance of the Wigner matrix.
The third moment 7(X>) = 0 from the fact that the Gaussian distribution is even. Later
we will show that

(XY = 20*. 2.11)

For standard Gaussian variables E[x*] = 30#, this implies that the eigenvalue density of
a Wigner is not Gaussian. What is this eigenvalue distribution? As we will show many
times over in this book, it is given by the semi-circle law, originally derived by Wigner
himself:

402 — )2

p(A) = ——for —20 <A < 20. (2.12)
2w

2.2.2 Rotational Invariance

We remind the reader that to rotate a vector v, one applies a rotation matrix O: w = Ov
where O is an orthogonal matrix O = 07! (i.e. 00T = 1). Note that in general O is not
symmetric. To rotate the basis in which a matrix is written, one writes X = OXO’. The
eigenvalues of X are the same as those of X. The eigenvectors are {Ov} where {v} are the
eigenvectors of X.

A rotationally invariant random matrix ensemble is such that the matrix OXO7 is as
probable as the matrix X itself, i.e. OXO7 inJaw X.

Let us show that the construction X = H + H” with a Gaussian 11 matrix H leads to
a rotationally invariant ensemble. First, note an important property of Gaussian variables,
namely that a Gaussian 11D vector v (a white multivariate Gaussian vector) is rotationally
invariant. The reason is that w = Qv is again a Gaussian vector (since sums of Gaussians
are still Gaussian), with covariance given by

Elwjw;] = Z 0ir O ¢Elvgve] = Z OikOjedke = [007];; = &;;. (2.13)
kl ke

Now, write

X=H+H, (2.14)
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where H is a square matrix filled with 1p Gaussian random numbers. Each column of H

inla law

is rotationally invariant: OH H and the matrix OH is row-wise rotationally invariant:

OHO’ "2" OH. So H is rotationally invariant as a matrix. Now
0OX0" = O(H + HHO' " H 4+ H' = X, (2.15)

which shows that the Wigner ensemble with o(f = 2002d is rotationally invariant for any
matrix size N. More general definitions of the Wigner ensemble (including non-Gaussian
ensembles) are only asymptotically rotationally invariant (i.e. when N — 00).

Another way to see the rotational invariance of the Wigner ensemble is to look at the
joint law of matrix elements:

1 N/2 1 N(N—1)/4 N 12
P({Xij})=< 2) ( 2) exp —2—2—2 ” . (216)
2no, = 204

a 27‘[0’0d oy

where only the diagonal and upper triangular elements are independent variables. With the

choice ‘702d =02/N and adz =202/N this becomes

P({X;;}) x exp N nrxel (2.17)
J 42

Under the change of variable X — X = OXO’ the argument of the exponential is invariant,
because the trace of a matrix is independent of the basis, and because the Jacobian of the

transformation is equal to 1 (see Section 1.2.7), therefore X nlaw (0). (01

By the same argument any matrix whose joint probability density of its elements can
be written as P({M;;}) o< exp{—N Tr V (M)}, where V() is an arbitrary function, will be
rotationally invariant. We will study such matrix ensembles in Chapter 5.

2.3 Resolvent and Stieltjes Transform
2.3.1 Definition and Basic Properties

In this section we introduce the Stieltjes transform of a matrix. It will give us information
about all the moments of the random matrix and also about the density of its eigenvalues in
the large N limit. First we need to define the matrix resolvent.

Given an N x N real symmetric matrix A, its resolvent is given by

Gaz) = (z1 —A)7!, (2.18)

where z is a complex variable defined away from all the (real) eigenvalues of A and 1
denotes the identity matrix. Then the Stieltjes transform of A is given by?
N

1 1 1
A
gn(@) = - Tr(Ga@@) = = E (2.19)
N N N &~z
k=1
2 In mathematical literature, the Stieltjes transform is more commonly defined as s (z) = —(1/N) Tr G4 (), i.e. with an extra

minus sign. Some authors prefer the name Cauchy transform.
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where Ay are the eigenvalues of A. The subscript N indicates that this is the finite N Stieltjes
transform of a single realization of A. When it is clear from context which matrix we
consider we will drop the superscript A and write gy (2).

Let us see why the Stieltjes transform gives useful information about the density of
eigenvalues of A. For a given random matrix A, we can define the empirical spectral
distribution (ESD) also called the sample eigenvalue density:

N
1
PN =~ D 80— o), (2.20)
k=1
where §(x) is the Dirac delta function. Then the Stieltjes transform can be written as
+o00 N
@ =[ 2. 221)
o Z— A

Note that gy (z) is well defined for any z ¢ {Ax : 1 < k < N}. In particular, it is well
behaved at oco:

o0
11 . 1 0
gn(2) = ; TN Tr(AX), 5 Tr(A%) = 1. (2.22)

We will consider random matrices A such that, for large N, the normalized traces of powers
of A converge to their expectation values, which are deterministic numbers:

1
lim — Tr(A¥) = 7 (Ab). (2.23)
N—oo N

We then expect that, for large enough z, the function ga(z) converges to a deterministic
limit g(z) defined as g(z) = limy— o E[gn (2)], whose Taylor series is

1
9(2) =y 7 T(AY), (224)
k=0 N

for z away from the real axis.

Thus g(z) is a moment generating function of A. In other words, the knowledge of g(z)
near infinity is equivalent to the knowledge of all the moments of A. To the level of rigor
of this book, the knowledge of all the moments of A is equivalent to the knowledge of the
density of its eigenvalues. For any function F (x) defined over the support of the eigenvalues
[A_,A+] of A we can compute its expectation:

At
T(F(A) = /A p (A F(1)dA; p) == E[pa(M)]. (2.25)

Alternatively we can approximate the function F(x) arbitrarily well by a polynomial
Q(x) =ag+ajx + --- 4+ agxX and find

K
T(F(A) ~ T(Q(A) = Y art(Ab). (2.26)

k=0
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To recap, we only need to know g(z) in the neighborhood of |z|] — oo to know all the
moments of A and these moments tell us everything about p(A). In computing the Stieltjes
transform in concrete cases, we will often make use of that fact and only estimate it for
very large values of z.

The Stieltjes transform also gives the negative moments when they exist. If the eigen-
values of A satisfy ming Ay > ¢ for some constant ¢ > 0, then the inverse moments of A
exist and are given by the expansion of g(z) around z = 0:

az)=—Y e, (2.27)
k=0

In particular, we have

8(0) = —t (A7, (2.28)

Exercise 2.3.1 Stieltjes transform for shifted and scaled matrices
Let A be a random matrix drawn from a well-behaved ensemble with Stieltjes
transform g(z). What are the Stieltjes transforms of the random matrices ¢ A and
A + 1 where o and B are non-zero real numbers and 1 the identity matrix?

2.3.2 Stieltjes Transform of the Wigner Ensemble

We are now ready to compute the Stieltjes transform of the Wigner ensemble. The first
technique we will use is sometimes called the cavity method or the self-consistent equation.
We will find a relation between the Stieltjes transform of a Wigner matrix of size N and
one of size N — 1. In the large N limit, the two converge to the same limiting Stieltjes
transform and give us a self-consistent equation that can be solved easily.

We would like to calculate g% (z) when X is a Wigner matrix, with X;; ~ N 0,62 /N)
and X;; ~ N(0,202/N). In the large N limit, we expect that g% (z) converges towards a
well-defined limit g(z).

We can use the Schur complement formula (1.32) to compute the (1, 1) element of the
inverse of M = z1 — X. Then we have

N

=M — ) My(Mx),' My, (2.29)
k,1=2

1
(Gx)11

where the matrix Mj, is the (N —1) x (N — 1) submatrix of M with the first row and column
removed. For large N, we argue that the right hand side is dominated by its expectation
value with small (O(1/+/N)) fluctuations. We will only compute its expectation value,
but getting a more precise handle on its fluctuations would not be difficult. First, we note
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that E[M;;] = z. We then note that the entries of M, are independent of the ones of

M;; = —Xj;. Thus we can first take the partial expectation over the {Xy;}, and get
o2
Ex,;) [Mli(Mzz)fj]Mlj] = W(Mzz)filfsij (2.30)
so we have
N 2
Erx | 2 MM M | = % Tr (M) ). (2.31)
k=2

Another observation is that 1 /(N — 1) Tr ((Mzz)_l) is the Stieltjes transform of a Wigner
matrix of size N — 1 and variance c>(N —1)/N. In the large N limit, the Stieltjes transform
should be independent of the matrix size and the difference between N and (N — 1) is
negligible. So we have

1
E [ﬁ Tr ((Mzzrlﬂ — a(2). (232)

We therefore have that 1/(Gx); equals a deterministic number with negligible fluctua-
tions; hence in the large N limit we have

1 1
E = . 2.33
|:(GX)11 ] E[(Gx)11] 2.33)

From the rotational invariance of X and therefore of Gy, all diagonal entries of Gx must
have the same expectation value:

1
E[(Gx)nl = NE[TT(GX)] =E[gn] — o (2.34)
Putting all the pieces together, we find that in the large N limit Eq. (2.29) becomes
1 2
— o). (2.35)
a(2)
Solving (2.35) we obtain that
2 7+ 72 — 40?2

62 —zg+1=0=g= (2.36)

202
We know that g(z) should be analytic for large complex z but the square-root above can run
into branch cuts. It is convenient to pull out a factor of z and express the square-root as a
function of 1/z which becomes small for large z:

z4zy/1—402/72
202 ’

We can now choose the correct root: the + sign gives an incorrect g(z) ~ z/o2 for large z
while the — sign gives g(z) ~ 1/z for any large complex z as expected, so we have:

7 —z+/1—402/72

202

8(z) = (2.37)

(2.38)

a(z) =



2.3 Resolvent and Stieltjes Transform 23
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Figure 2.1 The branch cuts of the Wigner Stieltjes transform.

Note, for numerical applications, it is very important to pick the correct branch of the
square-root. The function g(z) is analytic for |z| > 20, the branch cuts of the square-root
must therefore be confined to the interval [—20,20] (Fig. 2.1). We will come back to this
problem of determining the correct branch of Stieltjes transform in Section 4.2.3.

It might seem strange that g(z) given by Eq. (2.38) has no poles but only branch cuts.
For finite N, the sample Stieltjes transform

1Y
)= — 2.39
en(2) N;Z_M (2.39)

has poles at the eigenvalues of X. As N — o0, the poles fuse together and

1 N
~ ; S(x — M) ~ p(x). (2.40)

The density p (x) can have extended support and/or isolated Dirac masses. Then as N — oo,
we have

a(z) = / plrdx. 2.41)

upp{p} < — X

which is the Stieltjes transform of the limiting measure p(x).

2.3.3 Convergence of Stieltjes near the Real Axis

It is natural to ask the following questions: how does gy (z) given by Eq. (2.39) converge
to g(z) = f %, and how do we recover p(x) from g(z)?



24 Wigner Ensemble and Semi-Circle Law

We have argued before that gy (z) converges to g(z) for very large complex z such
that the Taylor series around infinity is convergent. The function g(z) is not defined on
the real axis for z = x on the support of p(x), nevertheless, immediately below (and
above) the real axis the random function gy (z) converges to g(z). (The case where z is
right on the real axis is discussed in Section 2.3.6.) Let us study the random function gy (z)
just below the support of p(x).

We let z = x — in, with x € supp{p} and n is a small positive number. Then

N N .

. 1 1 1 X — A +1in
— = _ = _— 2.42
gn(x —in) > > (2.42)

We focus on the imaginary part of gy (x —in) (the real part is discussed in Section 19.5.2).
Note that it is a convolution of the empirical spectral density py (1) and 7 times the Cauchy
kernel:

7Ky (x) = (2.43)

x2+n?
The Cauchy kernel K, (x) is strongly peaked around zero with a window width of order
n (Fig. 2.2). Since there are N eigenvalues lying inside the interval [A_,A ], the typical
eigenvalue spacing is of order (A4 — A_)/N = O(N~1).

(1) Suppose n <« N~!. Then there are typically 0 or 1 eigenvalue within a window of size
n around x. Then Im gy will be affected by the fluctuations of single eigenvalues of X,
and hence it cannot converge to any deterministic function. (see Fig. 2.3).

0.6 1
Q 0.4 n
~ 2
>3 <—n>
0.2
0.0 T T T T T
-4 -2 0 2 4
X

Figure 2.2 The Cauchy kernel for = 0.5. It is strongly peaked around zero with a window width of
order n. When n — 0, the Cauchy kernel is a possible representation of Dirac’s §-function.
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Figure 2.3 Imaginary part of g(x — in) for the Wigner ensemble. The analytic result for n — 0T
is compared with numerical simulations (N = 400). On the left for n = 1/+/N and = 1. Note
that for = 1 the density is quite deformed. On the right (zoom near x = 0) for n = 1/+/N and
n = 1/N. Note that for n = 1/N, the density fluctuates wildly as only a small number of (random)
eigenvalues contribute to the Cauchy kernel.

(2) Suppose N1 « n<Kl(gn= N_l/z). Then on a small scale n < Ax < 1, the
density p is locally constant and there are a great number n of eigenvalues inside:

n~Np(x)Ax > Nn> 1. (2.44)

The law of large numbers allows us to replace the sum with an integral; we obtain that

1 : x+Ax d
1 3 M [ _ PNy k), (2.45)

— 2 2 2 P
kidpelx—Ax, x+Ax] =2+ 1 —Aax (Xx=y)+n

where the last limit is obtained by writing # = (y — x)/n and noting that as n — 0

we have
o0
d
f g (2.46)

_oou2+1=

Exercise 2.3.2 Finite N approximation and small imaginary part
Im gy(x — in)/m is a good approximation to p(x) for small positive 7,
where gy (z) is the sample Stieltjes transform (gn (z) = (1/N) D", 1/(z — Ay)).
Numerically generate a Wigner matrix of size N and 62 = 1.

(a) For three values of 5, {I/N,1/+/N,1}, plot Im gy(x — in)/m and the
theoretical p(x) on the same plot for x between —3 and 3.
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(b) Compute the error as a function of n where the error is (p(x) — Im gy (x —
in) /)% summed for all values of x between —3 and 3 spaced by intervals of
0.01. Plot this error for 5 between 1/N and 1. You should see that 1/ /N is
very close to the minimum of this function.

2.3.4 Stieltjes Inversion Formula

From the above discussions, we extract the following important results:
(1) The Stieltjes inversion formula (also called the Sokhotski—Plemelj formula):

lim Img(x —in) = wp(x). (2.47)
n—0+

(2) When applied to finite size Stieltjes transform gy (z), we should take N™! « 1 <« 1
for g (x —in) to converge to g(x —in) and for (2.47) to hold. Numerically, n = N~1/2
works quite well.

We discuss briefly why n = N ~1/2 \works best. First, we want 7 to be as small as

possible such that the local density p(x) is not blurred. If n is too large, one introduces
a systematic error of order o’(x)n. On the other hand, we want N7 to be as large as

possible such that we include the statistics of a sufficient number of eigenvalues so that

we measure p(x) accurately. In fact, the error between gy and g is of order N%? Thus we

want to minimize the total error & given by

1 1
E=p'(x)n+ —, o' (x)n : systematic error, —— : statistical error.  (2.48)
Nn Nn

Then it is easy to see that the total error is minimized when 7 is of order 1/ /Np’(x).

2.3.5 Density of Eigenvalues of a Wigner Matrix

We go back to study the Stieltjes transform (2.38) of the Wigner matrix. Note that for
7z = x — in with n — 0, g(z) can only have an imaginary part if ~/x2 — 402 is imaginary.
Then, using (2.47), we get the Wigner semi-circle law:

402 — x2

1
p(x) =— lim Img(x —in) = , —20<x<20o. (2.49)
T n—>0+

2wo?
Note the following features of the semi-circle law (see Fig. 2.4): (1) asymptotically there
is no eigenvalue for x > 20 and x < —20; (2) the eigenvalue density has square-root
singularities near the edges: p(x) ~ /x + 20 near the left edge and p(x) ~ V20 —x
near the right edge. For finite N, some eigenvalues are present in a small region of width
N~2/3 around the edges, see Section 14.1.
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Figure 2.4 Density of eigenvalues of a Wigner matrix with o = 1: the semi-circle law.

Exercise 2.3.3 From the moments to the density

(a)
(b)

(©)
(d)
(e)

®

A large random matrix has moments 7(A¥) = 1/k.

Using Eq. (2.24) write the Taylor series of g(z) around infinity.

Sum the series to get a simple expression for g(z). Hint: look up the Taylor
series of log(1 + x).

Where are the singularities of g(z) on the real axis?

Use Eq. (2.47) to find the density of eigenvalues p(}).

Check your result by recomputing the moments and the Stieltjes transform
from p(}).

Redo all the above steps for a matrix whose odd moments are zero and even
moments are ‘E(A2k) = 1. Note that in this case the density p()X) has Dirac
masses.

2.3.6 Stieltjes Transform on the Real Axis

What about computing the Stieltjes transform when z is real and inside the spectrum?
This seems dangerous at first sight, since gy (z) diverges when z is equal to one of the
eigenvalues of X. As these eigenvalues become more and more numerous as N goes to
infinity, z will always be very close to a pole of the resolvent g (z). Interestingly, one can
turn this predicament on its head and actually exploit these divergences. In a hand-waving
manner, the probability that the difference d; = |z — X;| between z (now real) and a given
eigenvalue A; is very small, is given by

Pld; < €/N] = 2¢p(2), (2.50)

27
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where p(z) is the normalized density of eigenvalues around z. But as € — 0, i.e. when
z is extremely close to A;, the resolvent becomes dominated by a unique contribution —

that of the A; term, all other terms (z — A j)_l, j # i, become negligible. In other words,
gn(@) =~ :i:(Ndi)_l, and therefore

Pllg| > € '] =Pld; < ¢/N] = 2ep(2). (2.51)

Hence, gy (z) does not converge for N — oo when z is real, but the tail of its distribution
decays precisely as p(z)/ g% Studying this tail thus allows one to extract the eigenvalue
density p(z) while working directly on the real axis. Let us show how this works in the
case of Wigner matrices.

The idea is that, for a rotationally invariant problem, the distribution of a randomly
chosen diagonal element of the resolvent (say G1) is the same as the distribution P(g)

of the normalized trace.3 With this assumption, Eq. (2.29) can be interpreted as giving the
evolution of P(g) itself, i.e.

+0o0 1
PN (g) = f dg’ PN =D(ghs (g - —) (2.52)
_ 7 — ng’

[e.¢]

where we have used the fact that, for large N, Z/ivezz Mlk(Mzz)k_glMu — ozg(N_l).

Now, this functional iteration admits the following Cauchy distribution as a fixed point:
o)
__Z.)2 2 '
(8= 552)" +77p(2)

P®(g) = (2.53)
This simple result, that the resolvent of a Wigner matrix on the real axis is a Cauchy vari-

able, calls for several comments. First, one finds that P°°(g) indeed behaves as p(z)/ g2
for large g, as argued above. Second, it would have been entirely natural to find a Cauchy
distribution for g had the eigenvalues been independent. Indeed, since g is then the sum
of N random variables (i.e. the 1/d;’s) distributed with an inverse square power, the
generalized CLT predicts that the resulting sum is Cauchy distributed. In the present case,
however, the eigenvalues are strongly correlated — see Section 5.1.4. It was recently proven
that the Cauchy distribution is in fact super-universal and holds for a wide class of point
processes on the real axis, in particular for the eigenvalues of random matrices. It is in fact
even true when these eigenvalues are strictly equidistant, with a random global shift.
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More on Gaussian Matrices*

In the previous chapter, we dealt with the simplest of all Gaussian matrix ensembles, where
entries are real, Gaussian random variables, and global symmetry is imposed. It was pointed
out by Dyson that there exist precisely three division rings that contain the real numbers,
namely, the real themselves, the complex numbers and the quaternions. He showed that this
fact implies that there are only three acceptable ensembles of Gaussian random matrices
with real eigenvalues: GOE, GUE and GSE. Each is associated with a Dyson index called
(1, 2 and 4, respectively) and except for this difference in 8 almost all of the results in
this book (and many more) apply to the three ensembles. In particular their moments and
eigenvalue density are the same as N — 0o, while correlations and deviations from the
asymptotic formulas follow families of laws with § as a parameter. In this chapter we will
review the other two ensembles (GUE and GSE),! and also discuss the general moments of
Gaussian random matrices, for which some interesting mathematical tools are available,
that are useful beyond RMT.

3.1 Other Gaussian Ensembles
3.1.1 Complex Hermitian Matrices

For matrices with complex entries, the analog of a symmetric matrix is a (complex) Her-
mitian matrix. It satisfies AT = A where the dagger operator is the combination of matrix
transposition and complex conjugation. There are two important reasons to study com-
plex Hermitian matrices. First they appear in many applications, especially in quantum
mechanics. There, the energy and other observables are mapped into Hermitian operators,
or Hermitian matrices for systems with a finite number of states. The first large N result
of random matrix theory is the Wigner semi-circle law. As recalled in the introduction to
Chapter 2, it was obtained by Wigner as he modeled the energy levels of complex heavy
nuclei as a random Hermitian matrix.

1 More recently, it was shown how ensembles with an arbitrary value of 8 can be constructed, see Dumitriu and Edelman
[2002], Allez et al. [2012].
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The other reason Hermitian matrices are important is mathematical. In the large N limit,
the three ensembles (real, complex and quaternionic (see below)) behave the same way.
But for finite N, computations and proofs are much simpler in the complex case. The main
reason is that the Vandermonde determinant which we will introduce in Section 5.1.4
is easier to manipulate in the complex case. For this reason, most mathematicians
discuss the complex Hermitian case first and treat the real and quaternionic cases as
extensions. In this book we want to stay close to applications in data science and statistical
physics, so we will discuss complex matrices only in the present chapter. In the rest of
the book we will indicate in footnotes how to extend the result to complex Hermitian
matrices.

A complex Hermitian matrix A has real eigenvalues and it can be diagonalized with
a suitable unitary matrix U. A unitary matrix satisfies U'U = 1. So A can be written as
A = UAU', with A the diagonal matrix containing its N eigenvalues.

We want to build the complex Wigner matrix: a Hermitian matrix with 1p Gaussian
entries. We will choose a construction that has unitary invariance for every N. Let us study
the unitary invariance of complex Gaussian vectors. First we need to define a complex
Gaussian variable.

We say that the complex variable z is centered Gaussian with variance o2 if z = x; 41 x;
where x; and x; are centered Gaussian variables of variance o2 /2. We have

E[|z]*] = E[x?] + E[x?] = o2 3.1)

A white complex Gaussian vector X is a vector whose components are 11D complex centered
Gaussians. Consider y = Ux where U is a unitary matrix. Each of the components is a linear
combination of Gaussian variables so y is Gaussian. It is relatively straightforward to show
that each component has the same variance o> and that there is no covariance between
different components. Hence y is also a white Gaussian vector. The ensemble of a white
complex Gaussian vector is invariant under unitary transformation.

To define the Hermitian Wigner matrix, we first define a (non-symmetric) square
matrix H whose entries are centered complex Gaussian numbers and let X be the Hermitian
matrix defined by

X=H+H'". (3.2)

If we repeat the arguments of Section 2.2.2, we can show that the ensemble of X is invariant

under unitary transformation: UXU' vy

We did not specify the variance of the elements of H. We would like X to be normalized
as 7(X?) = 624+ 0(1/N). Choosing the variance of the H as E[/H;; |*] = 1/(2N) achieves
precisely that.

The Hermitian matrix X has real diagonal elements with IE[X,.ZI.] = 1/N and off-diagonal
elements that are complex Gaussian with E[|X; j|2] = 1/N. In other words the real and
imaginary parts of the off-diagonal elements of X have variance 1/(2N). We can put



32 More on Gaussian Matrices

all this information together in the joint law of the matrix elements of the Hermitian
matrix H:

P({Xi;}) o< exp {—2]:—2 Ter}. (3.3)

This law is identical to the real symmetric case (Eq. 2.17) up to a factor of 2. We can then
write both the symmetric and the Hermitian case as

P({Xi;}) o exp {—% TrX2} , (3.4)

where B is 1 or 2 respectively.

The complex Hermitian Wigner ensemble is called the Gaussian unitary ensemble
or GUE.

The results of the previous chapter apply equally to the real symmetric and the
complex Hermitian case. Both the self-consistent equation for the Stieltjes transform
and the counting of non-crossing pair partitions (see next section) rely on the independence
of the elements of the matrix and on the fact that E[|X; j|2] = 1/N, true in both cases.
We then have that the Stieltjes transform of the two ensembles is the same and they have
exactly the same semi-circle distribution of eigenvalues in the large N limit. The same will
be true for the quaternionic case (8 = 4) in the next section, and in fact for all values of 8
provided N8 — oo when N — oo, see Section 5.3.1:

402 — )2

o

pp(A) =

3.1.2 Quaternionic Hermitian Matrices

We will define here the quaternionic Hermitian matrices and the GSE. There are many
fewer applications of quaternionic matrices than the more common real or complex matri-
ces. We include this discussion here for completeness. In the literature the link between
symplectic matrices and quaternions can be quite obscure for the novice reader. Except for
the existence of an ensemble of matrices with § = 4 we will never refer to quaternionic
matrices after this section, which can safely be skipped.

Quaternions are non-commutative extensions of the real and complex numbers. They
are written as real linear combinations of the real number 1 and three abstract non-
commuting objects (i, j, k) satistying

2= =k>=ik=-1 = ij=—ji=k jk=—kj=i ki=—-ik=j. (3.6)
So we can write a quaternion as & = xr+1x;+j xj +kxg. If only xr is non-zero we say that
h is real. We define the quaternionic conjugation as 1* = 1,i* = —i,j* = —j,k* = —k
so that the norm |h|2 := hh* = xrz + xiz + sz + xl% is always real and non-negative. The
abstract objects i, j and k can be represented as 2 x 2 complex matrices:

() (0 ) () () o

where the i in the matrices is now the usual unit imaginary number.

Quaternions share all the algebraic properties of real and complex numbers except for
commutativity (they form a division ring). Since matrices in general do not commute,
matrices built out of quaternions behave like real or complex matrices.
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A Hermitian quaternionic matrix is a square matrix A whose elements are quaternions
and satisfy A = A'. Here the dagger operator is the combination of matrix transposition
and quaternionic conjugation. They are diagonalizable and their eigenvalues are real.
Matrices that diagonalize Hermitian quaternionic matrices are called symplectic. Written
in terms of quaternions they satisfy sst=1.

Given representation of quaternions as 2 x 2 complex matrices, an N x N quaternionic
Hermitian matrix A can be written as a 2N x 2N complex matrix Q(A). We choose a
representation where

Z = Q1)) :( _(1) (1) ) (3.8)

For a 2N x 2N complex matrix Q to be the representation of a quaternionic Hermitian
matrix it has to have two properties. First, quaternionic conjugation acts just like Hermitian
conjugation so QJr = Q. Second, it has to be expressible as a real linear combination of
unit quaternions. One can show that such matrices (and only them) satisty

QR:.=zQ’z ! = Qf, (3.9)

where QR is called the dual of Q. In other words an N x N Hermitian quaternionic matrix
corresponds to a 2N x 2N self-dual Hermitian matrix (i.e. Q = QT = QR). In this
2N x 2N representation symplectic matrices are complex matrices satisfying

sst =ssR = 1. (3.10)

To recap, a 2N x 2N Hermitian self-dual matrix Q can be diagonalized by a symplectic
matrix S. Its 2N eigenvalues are real and they occur in pairs as they are the N eigenvalues
of the equivalent Hermitian quaternionic N x N matrix.

‘We can now define the third Gaussian matrix ensemble, namely the Gaussian symplec-
tic ensemble (GSE) consisting of Hermitian quaternionic matrices whose off-diagonal ele-
ments are quaternions with Gaussian distribution of zero mean and variance E[| X;; |2] =
1/N. This means that each of the four components of each X;; is a Gaussian number of
zero mean and variance 1/(4N). The diagonal elements of X are real Gaussian numbers
with zero mean and variance 1/(2N). As usual X;; = X"fi so only the upper (or lower)
triangular elements are independent. The joint law for the elements of a GSE matrix with
variance 7(X2) = o2 is given by

P({Xij}) mexp{—% Ter}, (3.11)

which we identify with Eq. (3.4) with 8 = 4. This parameter 8 = 4 is a fundamental prop-
erty of the symplectic group and will consistently appear in contrast with the orthogonal
and unitary cases, f = 1 and B = 2 (see Section 5.1.4).

The parameter § can be interpreted as the randomness in the norm of the matrix
elements. More precisely, we have

xr2 for real symmetric,
X |2 - xr2 + xiz for complex Hermitian, (3.12)

xr2 + xiz + sz + xl% for quaternionic Hermitian,

where xr, xj, xj, xi are real Gaussian numbers such that E[| X;; [2] = 1. We see that the
fluctuations of | X;; |2 decrease with B (precisely V[|X;; |2] = 2/p). By the law of large
numbers (LLN), in the § — oo limit (if such an ensemble existed) we would have
1X; |2 = 1 with no fluctuations.

33
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Exercise 3.1.1 Quaternionic matrices of size one
The four matrices in Eq. (3.7) can be thought of as the 2 x 2 complex
representations of the four unit quaternions.

(a) Define Z := j and compute Z .

(b) Show that for all four matrices Q, we have ZQ”Z~! = QT where the dagger
here is the usual transpose plus complex conjugation.

(c) Convince yourself that, by linearity, any Q that is a real linear combination of
the 2 x 2 matrices i, j, k and 1 must satisfy ZQ"Z~! = Q.

(d) Give an example of a matrix Q that does not satisfy ZQ"Z~! = Q.

3.1.3 The Ginibre Ensemble

The Gaussian orthogonal ensemble is such that all matrix elements of X are 11D Gaussian,
but with the strong constraint that X;; = Xj;, which makes sure that all eigenvalues of
X are real. What happens if we drop this constraint and consider a square matrix H with
independent entries? In this case, one may choose two different routes, depending on the
context.

¢ One route is simply to allow eigenvalues to be complex numbers. One can then study
the eigenvalue distribution in the complex plane, so the distribution becomes a two-
dimensional density. Some of the tools introduced in the previous chapter, such as the
Sokhotski—Plemelj formula, can be generalized to complex eigenvalues. The final result
is called the Girko circular law: the density of eigenvalues is constant within a disk
centered at zero and of radius o (see Fig. 3.1). In the general case where E[H;; H;] =
pa?, the eigenvalues are confined within an ellipse of half-width (1 4+ p)o along the
real axis and (1 — p)o in the imaginary direction, interpolating between a circle for
o = 0 (independent entries) and a line segment on the real axis of length 40 for p =
1 (symmetric matrices).

¢ The other route is to focus on the singular values of H. One should thus study the real
eigenvalues of H'H when H is a square random matrix made of independent Gaussian
elements. This is precisely the Wishart problem that we will study in Chapter 4, for the
special parameter value ¢ = 1. Calling s the square-root of these real eigenvalues, the
final result is a quarter-circle:

402 — 52
p(s) = — s € (0,20). (3.13)
To
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Figure 3.1 Complex eigenvalues of a random N = 1000 matrix taken from the Gaussian Ginibre
ensemble, i.e. a non-symmetric matrix with 11D Gaussian elements with variance o2 =1 /N.

The dash line corresponds to the circle |)L|2 =

1. As N — oo the density becomes uniform in

the complex unit disk. This distribution is called the circle law or sometimes, more accurately, the

disk law.

Exercise 3.1.2 Three quarter-circle laws

(a)

(b)

Let H be a (non-symmetric) square matrix of size N whose entries are IID

Gaussian random variable of variance o>/N. Then as a simple consequence
of the above discussion the following three sets of numbers are distributed
according to the quarter-circle law (3.13) in the large N limit. Define

H+H"
ﬁ k)

ri = 2| Re ;| where {A;} are the eigenvalues of H,

w; = |A;| where {A;} are the eigenvalues of

\/)Ti where {};} are the eigenvalues of HH" .

s; =

Generate a large matrix H with say N = 1000 and 62 =
histogram of the three above sets.

Although these three sets of numbers converge to the same distribution there
is no simple relation between them. In particular they are not equal. For a
moderate N (10 or 20) examine the three sets and realize that they are all
different.

1 and plot the
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3.2 Moments and Non-Crossing Pair Partitions
3.2.1 Fourth Moment of a Wigner Matrix

We have stated in Section 2.2.1 that for a Wigner matrix we have (X% = 20*. We will
now compute this fourth moment directly and then develop a technique to compute all other

moments.
‘We have

1 1
(X4 = NE[Tr(X“)] =~ i%lE[xi,x,kxk,xﬁ]. (3.14)
Recall that (X;; : 1 <i < j < N) are independent Gaussian random variables of mean
zero. So for the expectations in the above sum to be non-zero, each X entry needs to be
equal to another X entry.? There are two possibilities. Either all four are equal or they are
equal pairwise. In the following we will not distinguish between diagonal and off-diagonal

terms; as there are many more off-diagonal terms these terms always dominate.
() IfX;; = X = X = X4, then

304
EIX; ;i X i XpXi] = NI (3.15)
and there are N2 of them. Thus the total contribution from these terms is
1 ,30* 304
—N-— =" 0. (3.16)

N N2 N
(2) Suppose there are two different pairs. Then there are three possibilities (see Fig. 3.2):

(1) Xij = Xjr, Xy = Xj;, and X;; is different than Xj; (i.e. j # [). Then

2
1 2 w2 P 2 o’ 4
(3.14)=N.ZE[XUX”]=N(N —N?% ~) ~° (3.17)
i,j#l
as N — oo.
Xil,iz Xiz,i3 Xi3,i4 Xi4,i3

(N SO

Figure 3.2 Graphical representation of the three terms contributing to 7(X%). The last one is a
crossing partition and has a zero contribution.

2 When we say that X;; = X, we mean that they are the same random variable; given that X is a symmetric matrix it means
either ( =k and j =0)or (i =/ and j = k).
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(i) X;; = Xyi, Xjr = X/, and X;; is different than X (i.e.7 # k). Then
1 1 PRAN
(3.14) = 5 Z E[X} X5, ] = N(N3 — N?) <W> — ot (3.18)
i#k, j
as N — oo.
(ii)) X;; = Xu, Xjx = Xj;, and X;; is different than Xz (i.e. i # k). Then we must have
i =land j =k from X;; = Xy, andi = j and k = [ from Xz = Xj;. This gives a
contradiction: there are no such terms.

In sum, we obtain that
XY = ot + o0 =204 (3.19)

as N — oo, where the two terms come from the two non-crossing partitions, see
Figure 3.2.

In the next technical section, we generalize this calculation to arbitrary moments of
X. Odd moments are zero by symmetry. Even moments 7(X2¥) can be written as sums
over non-crossing diagrams (non-crossing pair partitions of 2k elements), where each such
diagram contributes o >*. So

(X% = Cro?k, (3.20)

where Cj are Catalan numbers, the number of such non-crossing diagrams. They satisfy

k k—1
Ce=) Ci1Cij=Y CiCr_j1. (3.21)
j=1 Jj=0
with Cop = C1 = 1, and can be written explicitly as
1 2k
Cr=—— , 3.22
Tkt <k> 2

see Section 3.2.3.

3.2.2 Catalan Numbers: Counting Non-Crossing Pair Partitions

We would like to calculate all moments of X. As written above, all the odd moments
T (X2k ‘H) vanish (since the odd moments of a Gaussian random variable vanish). We only
need to compute the even moments:

1 1
‘L'(XZk) = NE |:TI'(X2k):| = N Z E (Xilizxi2i3 s XiZkil) . (3.23)
e ik

Since we assume that the elements of X are Gaussian, we can expand the above
expectation value using Wick’s theorem using the covariance of the {X;;}’s. The matrix
X is symmetric, so we have to keep track of the fact that X;; is the same variable as X j;.
For this reason, using Wick’s theorem proves quite tedious and we will not follow this
route here.
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From the Taylor series at infinity of the Stieltjes transform, we expect every even
moment of X to converge to an O(1) number as N — oo. We will therefore drop any
O(1/N) or smaller term as we proceed. In particular the difference of variance between
diagonal and off-diagonal elements of X does not matter to first order in 1/N.

In Eq. (3.23), each X entry must be equal to at least one another X entry, otherwise the
expectation is zero. On the other hand, it is easy to show that for the partitions that contain
at least one group with > 2 (actually > 4) X entries that are equal to each other, their total
contribution will be of order O(1/N) or smaller (e.g. in case (1) of the previous section).
Thus we only need to consider the cases where each X entry is paired to exactly one other
X entry, which we also referred to as a pair partition.

We need to count the number of types of pairings of 2k elements that contribute to
1(X?k) as N — 00. We associate to each pairing a diagram. For example, for k = 3, we
have 5!!=5-3.1 = 15 possible pairings (see Fig. 3.3).

To compute the contribution of each of these pair partitions, we will compute the
contribution of non-crossing pair partitions and argue that pair partitions with crossings
do not contribute in the large N limit. First we need to define what is a non-crossing pair
partition of 2k elements. A pair partition can be draw as a diagram where the 2k elements
are points on a line and each point is joined with its pair partner by an arc drawn above that
line. If at least two arcs cross each other the partition is called crossing, and non-crossing
otherwise. In Figure 3.3 the five partitions on the left are non-crossing while the ten others
are crossing.

In a non-crossing partition of size 2k, there is always at least one pairing between
consecutive points (the smallest arc). If we remove the first such pairing we get a non-
crossing pair partition of 2k — 2 elements. We can proceed in this way until we get to
a paring of only two elements: the unique (non-crossing) pair partition contributing to
(Fig. 3.4)

T(X3) = o2. (3.24)

s

B
P

Figure 3.3 Graphical representation of the 15 terms contributing to T(X9). Only the five on the left
are non-crossing and have a non-zero contribution as N — oo.

Figure 3.4 Graphical representation of the only term contributing to 7(X?). Note that the indices of
two terms are already equal prior to pairing.
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igiey1 KXioytiosa Kioioiois KXiorsiora

Figure 3.5 Zoom into the smallest arc of a non-crossing partition. The two middle matrices are paired
while the other two could be paired together or to other matrices to the left and right respectively.

After the pairing of X; and X; we have ip | = ig43 and the index iy is free.

C+15042 e+2:0043°

We can use this argument to prove by induction that each non-crossing partition con-
tributes a factor o2, In Figure 3.5, consecutive elements X;, ., j, , and X;, , ;, , are
paired; we want to evaluate that pair and remove it from the diagram. The variance con-
tributes a factor 62/N. We can make two choices for index matching. First consider
igp41 = ip43 and ipyp = ip4o. In that case, the index iy is free and its summation
contributes a factor of N. The identity iy = iy 3 means that the previous matrix X
is now linked by matrix multiplication to the following matrix X;

ig,0041
In other words
2k—2

C+1le44-
we are left with o2 times a non-crossing partition of size 2k — 2, which contributes o
by our induction hypothesis. The other choice of index matching, iy | = ig42 = ipy3,
can be viewed as fixing a particular value for iy, and is included in the sum over iy4>

in the previous index matching. So by induction we do have that each non-crossing pair

partition contributes a2k,

Before we discuss the contribution of crossing pair partitions, let’s analyze in terms
of powers of N the computation we just did for the non-crossing case. The computation
of each term in r(XZk ) involves 2k matrices that have in total 4k indices. The trace and
the matrix multiplication forces 2k equalities among these indices. The normalization of
the trace and the k variance terms gives a factor of o2k /N k+1 o get a result of order
1 we need to be left with £ + 1 free indices whose summation gives a factor of N k+1
Each k pairing imposes a matching between pairs of indices. For the first k — 1 choice of
pairing we managed to match one pair of indices that were already equal. At the last step
we matched to pairs of indices that were already equal. Hence in total we added only k + 1
equality constraints which left us with k£ + 1 free indices as needed.

We can now argue that crossing pair partitions do not contribute in the large N limit.
For crossing partition it is not possible to choose a matching at every step that matches
a pair of indices that are already equal. If we use the previous algorithm of removing at
each step the leftmost smallest arc, at some point, the smallest arc will have a crossing
and we will be pairing to matrices that share no indices, adding two equality constraints
at this step. The result will therefore be down by at least a factor of 1/N with respect to
the non-crossing case. This argument is not really a proof but an intuition why this might
be true.

We can now complete our moments computation. Let

Cy := # of non-crossing pairings of 2k elements. (3.25)

2k

Since every non-crossing pair partition contributes a factor o “*, summing over all non-

crossing pairings we immediately get that

(X% = cpo k. (3.26)

3 A more rigorous proof can be found in e.g. Anderson et al. [2010], Tao [2012] or Mingo and Speicher [2017]. In this last
reference, the authors compute the moments of X exactly for every N (when a(% = agd).
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[ (] [ )
1 2 2j—1 2j 2j+1 2k

Figure 3.6 In a non-crossing pairing, the paring of site 1 with site 2j splits the graph into two disjoint
non-crossing parings.

3.2.3 Recursion Relation for Catalan Numbers

In order to compute the Catalan numbers Cy, we will write a recursion relation for
them. Take a non-crossing pairing, site 1 is linked to some even site 2 (it is easy to see
that 1 cannot link to an odd site in order for the partition to be non-crossing). Then the
diagram is split into two smaller non-crossing pairings of sizes 2(j — 1) and 2(k — j),
respectively (see Fig. 3.6). Thus we get the inductive relation®

Cr = Z Ci—1Ck—j = Z CiCr—j-1, (3.27)

where we let Cop = C1 = 1. One can then prove by induction that Cy is given by the
Catalan number:

1 (2%
Cpr= —— ) 3.28
k k+1<k> (3-28)

Using the Taylor series for the Stieltjes transform (2.22), we can use the Catalan number
recursion relation to find an equation for the Stieltjes transform of the Wigner ensemble:

o]

Cr o
9(z) = 50 3.29
22k+1 ( )
k=0
Thus, using (3.27), we obtain that
00 k—1
9(2) — Z 2k T > CiCr-jmi
k=1 Jj=0
2 © . o .
-y Cj 2 )3 Chjmt_ _2G—j-1)
- Z2J+1 2(k=j—D+1
j=0" k=j+1
2 00 o0 2
+ + v en )
MRAVEE 22 =0 ° z

which gives the same self-consistent equation for g(z) as in (2.35) and hence the same

solution:
z—2y/1—402/72
8(z) = Iy E— / . (3.31)

4 Interestingly, this recursion relation is also found in the problem of RNA folding. For deep connections between the physics of
RNA and rRMT, see Orland and Zee [2002].
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The same result could have been derived by substituting the explicit solution for the
Catalan number Eq. (3.28) into (3.29), but this route requires knowledge of the Taylor

series:
o0
2 [(2k\ /x\k+1
V11— :I—E —_— — . 3.32
* k_0k+l<k>(4) (3.32)

Exercise 3.2.1 Non-crossing pair partitions of eight elements

(a) Draw all the non-crossing pair partitions of eight elements. Hint: use the
recursion expressed in Figure 3.6.
(b) If X'is a unit Wigner matrix, what is t (X%)?
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Wishart Ensemble and Marcenko—Pastur Distribution

In this chapter we will study the statistical properties of large sample covariance matrices of
some N -dimensional variables observed T times. More precisely, the empirical set consists
of N x T data {xf} 1<i<N,1<t<T, Where we have T observations and each observation
contains N variables. Examples abound: we could consider the daily returns of N stocks,
over a certain time period, or the number of spikes fired by N neurons during 7' consecutive
time intervals of length At¢, etc. Throughout this book, we will use the notation ¢ for the
ratio N/T. When the number of observations is much larger than the number of variables,
one has ¢ < 1. If the number of observations is smaller than the number of variables (a
case that can easily happen in practice), then ¢ > 1.

In the case where ¢ — 0, one can faithfully reconstruct the “true” (or population)
covariance matrix C of the N variables from empirical data. For ¢ = O(1), on the other
hand, the empirical (or sample) covariance matrix is a strongly distorted version of C, even
in the limit of a large number of observations. This is not surprising since we are trying
to estimate O(N 2 /2) matrix elements from O (NT) observations. In this chapter, we will
derive the well-known Marcenko—Pastur law for the eigenvalues of the sample covariance
matrix for arbitrary values of ¢, in the “white” case where the population covariance matrix
C is the identity matrix C = 1.

4.1 Wishart Matrices
4.1.1 Sample Covariance Matrices

We assume that the observed variables xit have zero mean. (Otherwise, we need to remove
the sample mean 7 ~! Y-, x! from x| for each i. For simplicity, we will not consider this
case.) Then the sample covariances of the data are given by

1 T
Eij =sz;x;.. 4.1
t=1

Thus E;; form an N x N matrix E, called the sample covariance matrix (scm), which we
we write in a compact form as

43
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1 T
E=_HH' 4.2)

where H is an N x T data matrix with entries H;; = xf.
The matrix E is symmetric and positive semi-definite:

E=E’, and v'Ev=(1/T)|H v|*>0, 4.3)

for any v € RV, Thus E is diagonalizable and has all eigenvalues AE > 0.
We can define another covariance matrix by transposing the data matrix H:

1 T
F = NH H. 4.4

The matrix F is a T x T matrix, it is also symmetric and positive semi-definite. If the index
i (1 <i < N) labels the variables and the index ¢ (1 < ¢t < T) the observations, we can
call the matrix F the covariance of the observations (as opposed to E the covariance of the
variables). F;; measures how similar the observations at ¢ are to those at s — in the above
example of neurons, it would measure how similar is the firing pattern at time ¢ and at
time s.

As we saw in Section 1.1.3, the matrices TE and NF have the same non-zero eigenval-
ues. Also the matrix E has at least N — T zero eigenvalues if N > T (and F has at least
T — N zero eigenvalues if T > N).

Assume for a moment that N < T (i.e. ¢ < 1), then we know that F has N (zero or
non-zero) eigenvalues inherited from E and equal to q_l)»f, and T — N zero eigenvalues.
This allows us to write an exact relation between the Stieltjes transforms of E and F:

1< 1
F
)=
g1 (@) T,;z—kf

N

1 1 1
=7<Zm+”‘mr@>

k=1 q

1 —
= ¢2gh(q2) + Tq 4.5)

A similar argument with 7 < N leads to the same Eq. (4.5) so it is actually valid for any
value of g. The relationship should be true as well in the large N limit:

1 _
or(2) = ¢*9E(q2) + Tq. (4.6)

4.1.2 First and Second Moments of a Wishart Matrix

We now study the scM E. Assume that the column vectors of H are drawn independently
from a multivariate Gaussian distribution with mean zero and “true” (or “population”)
covariance matrix C, i.e.

E[H; Hjs] = Cijdis, 4.7
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with, again,
1 T
E=—-HH". (4.8)
T

Sample covariance matrices of this type were first studied by the Scottish mathematician
John Wishart (1898—-1956) and are now called Wishart matrices.

Recall that if (X7, ..., X2,) is a zero-mean multivariate normal random vector, then by
Wick’s theorem,

E[X1 X2 Xoal= Y []EX:X;1= Y []Cov(Xi. X)), (4.9)
pairings pairs pairings pairs

where > iinos [ [pairs means that we sum over all distinct pairings of {X1, ..., X2,} and
each summand is the product of the n pairs.
First taking expectation, we obtain that

I 1
E[E;j] = —E |:ZH”HJ-I:| = 7ZCU’ = Cjj. (4.10)
t=1 t=1

Thus, we have E[E] = C: as it is well known, the scM is an unbiased estimator of the true
covariance matrix (at least when E[xf] =0).

For the fluctuations, we need to study the higher order moments of E. The second
moment can be calculated as

2y . 1 T T — . . . .
T(E?) = ~77 E [Tr(HH"HH") =73 Z [Hi Hj HjsHi] - 4.11)

i,j,t,s

Then by Wick’s theorem, we have (see Fig. 4.1)

T(B%) = %ZZCEJ NT2 2 CiiCibis + NT2 2D Gl

t,s i,j lAlJ I.Slj
= t(C2)+ r(C) + —r(CZ) 4.12)

Suppose N,T — oo with some fixed ratio N/T = g for some constant ¢ > 0. The last
term on the right hand side then tends to zero and we get

Hjy /t JS‘ His Hjy /t /v His

'x Hig

Figure 4.1 Graphical representation of the three Wick’s contractions corresponding to the three terms
in Eq. (4.12).
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T(E?) = t(C?) + ¢1(C)%. (4.13)

The variance of the scM is greater than that of the true covariance by a term proportional to
g. When g — 0 we recover perfect estimation and the two matrices have the same variance.
If C = o1 (a multiple of the identity) then t(C?) — t(C)? = 0 but 7 (E?) — t(E)? — ga?.

4.1.3 The Law of Wishart Matrices

Next, we give the joint distribution of elements of E. For each fixed column of H, the joint
distribution of the elements is

1 _
P ({H,-,}{Vzl) - exp | =3 > Hu(©) H | (4.14)
iy

1
vV @2m)N detC

Taking the product over 1 < ¢ < T (since the columns are independent), we obtain

1 1
PH)=——— exp |:——Tr H'C'H ]
Q)7 det CT/2 2 ( )

1 [ T »
- exp|-=Tr(EC } (4.15)
Q7)"7 det CT/2 2 ( )

Let us now make a change in variables H — E. As shown in the technical paragraph 4.1.4,
T—-N-1

the Jacobian of the transformation is proportional to (detE) 2 . The following exact
expression for the law of the matrix elements was obtained by Wishart:!

(TN (et E)TN D2 T 4
PE) = o T o [—ETr(EC )} (4.16)

where 'y is the multivariate gamma function. Note that the density is restricted to positive
semi-definite matrices E. The Wishart distribution can be thought of as the matrix general-
ization of the gamma distribution. Indeed for N = 1, P(E) reduces to a such a distribution:

a

b
Py (x) = %x“*‘e’bx, (4.17)

where b = T/(2C) and a = T /2. Using the identity det E = exp(Trlog E), we can rewrite
the above expression as?

1" Note that the Wishart distribution is often given with the normalization E[E] = T'C as opposed to E[E] = C used here.
Complex and quaternionic Hermitian white Wishart matrices have a similar law of the elements with a factor of 8 in the
exponential:

P (W) o exp Pg TrV(W)] with V (x) = w logx + £x, @.18)

with 8 equal to 1, 2 or 4 as usual. The large N limit V (x) is the same in all three cases and is given by Eq. (4.21).
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3 (T/z)NT/2 1
PE)= Cn(T/2) (detC)T/2

T T—-N-1
exp |:—§ Tr (ECJ) + — TrlogE} . (4.19)

We will denote by W a scMm with C = 1 and call such a matrix a white Wishart matrix.
In this case, as N,T — oo with g := N/T, we get that

P (W) xexp [—% Tr V(W)] , (4.20)

where
VIW):=(1—qg HlogW +¢~'W. 4.21)

Note that the above P (W) is rotationally invariant in the white case. In fact, if a vector
v has Gaussian distribution N (0,15« ), then Ov has the same distribution N (0, 1y xn)
for any orthogonal matrix O. Hence OH has the same distribution as H, which shows that
OEOT has the same distribution as E.

4.1.4 Jacobian of the Transformation H — E

The aim here is to compute the volume Y (E) corresponding to all H’s such that
E=7"'HH"

TE) = /dHS(E — T~ 'HH"). 4.22)

Note that this volume is the inverse of the Jacobian of the transformation H — E. Next

note that one can choose E to be diagonal, because one can always rotate the integral over

H to an integral over OH, where O is the rotation matrix that makes E diagonal. Now,

introducing the Fourier representation of the § function for all N(N + 1)/2 independent
components of E, one has

Y(E) = / dHdA exp (i Tr(AE — T_IAHHT)) , (4.23)
where A is the symmetric matrix of the corresponding Fourier variables, to which we add a

small imaginary part proportional to 1 to make all the following integrals well defined. The
Gaussian integral over H can now be performed explicitly forall = 1, ..., T, leading to

/ dH exp (—iT_l Tr(AHHT)) o (detA)~T/2, (4.24)
leaving us with

YT(E) / dA exp (i Tr(AE)) (det A)~T/2. (4.25)

[
We can change variables from A to B = E2AE2. The Jacobian of this transformation is
_ _1
[Taai [Taa; =[E;' [TE:E;p~>[TdBy; []aBy;
i Jj>i i Jj>i i j>i

= (det(E)~ "3 []dBi; [ dByj- (4.26)

i Jj>i
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So finally,

T—N-—1
T(E) [ / dBexp (i Tr(B)) (detB)_T/z] (det(E)) 2, (4.27)

as announced in the main text.

4.2 Marcenko—Pastur Using the Cavity Method
4.2.1 Self-Consistent Equation for the Resolvent

We first derive the asymptotic distribution of eigenvalues of the Wishart matrix with C = 1,
i.e. the MarCenko—Pastur distribution. We will use the same method as in the derivation of
the Wigner semi-circle law in Section 2.3. In the case C = 1, the N x T matrix H is filled
with 11D standard Gaussian random numbers and we have W = (1/T)HH".

As in Section 2.3, we wish to derive a self-consistent equation satisfied by the Stieltjes
transform:

aw(2) =7 (Gw(2), Gw(z) = (z1-W)~ L. (4.28)

We fix a large N and first write an equation for the element 11 of Gw(z). We will argue
later that G1(z) converges to g(z) with negligible fluctuations. (We henceforth drop the
subscript W as this entire section deals with the white Wishart case.)

Using again the Schur complement formula (1.32), we have that

1

[ — -1
e M — Mij2(Ma2)™ My, (4.29)

where M := z1 — W, and the submatrices of size, respectively, [Mj1] = 1 x 1, [My2] =
Ix(N—-1),Mz]=({N—-1)x1,[Mp]=(N—1)x (N —1). We can expand the above
expression and write

T N
= H;,(Ma) ' H Hyy. 4.30
Gon Z_ ; 1:Hj: (M22) ;- His Hig (4.30)
Note that the three matrices Mz, Hj; (j > 2) and Hy, (k > 2) are independent of the
entries Hy; for all . We can write the last term on the right hand side as

N

N
1 . 1 _
- § CHQHi,  with Q0= - § : Hj,(Mzz)j,ijs. 4.31)
t,s=1 Jok=2
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Provided y? := T~! Tr Q2 converges to a finite limit when T — 00,? one readily shows
. . 1
that the above sum converges to 7! Tr © with fluctuations of the order of y7~2. So we
have, for large T,

1 | S HuHj ~ n
— =7z—-W; — = s T oMy o (T2
GO Z 11 g .§k<N T M) + ( )
=/,k=

1 - -1
ZZ_W“_T Z ij(Mzz)jkl-i—O(T 2)
2<j k<N

1 1
—z—1-— 7Trwz(;z(z)Jro(T z), (4.32)

where in the last step we have used the fact that Wy = 1 + O(T_%) and noted W, and
G2 (z) the scM and resolvent of the N — 1 variables excluding (1). We can rewrite the trace
term:

TH(WGa(2) = Tr (Wa (el — W) ')
= —Trl+2Tr (1 - Wo) ')
=—Tr1+4+ zTrGy(2). (4.33)

In the region where Tr G(z) /N converges for large N to the deterministic g(z), Tr G2(z)/ N
should also converge to the same limit as G2(z) is just an (N — 1) x (N — 1) version of
G(z). So in the region of convergence we have

|
mzz—Hq—ng(z)JrO(N*%), (4.34)

where we have introduced ¢ = N/T = O(1), such that N =3 and T~7 are of the same
order of magnitude. This last equation states that 1/Gy1(z) has negligible fluctuations and
can safely be replaced by its expectation value, i.e.

1 1 1
=E O(N2
G [(G(z))11:| +o(N73)

1 1
=——+0(N2). 4.35
EG@m TOW ) *-3)
By rotational invariance of W, we have
1
E[G(2)11] = NE[TI(G(Z))] — g(2). (4.36)

3 It can be self-consistently checked from the solution below that lim7_, o 2= 7qg§,v(z).
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In the large N limit we obtain the following self-consistent equation for g(z):

L =z—14+qg—qz9(2). 4.37)
9(2)

4.2.2 Solution and Density of Eigenvalues
Solving (4.37) we obtain

24+q—1+/(z+q—1*—4qz
29z '

9(z) = (4.38)

The argument of the square-root is quadratic in z and its roots (the edge of spectrum) are
given by

A =1+ J/g)% (4.39)

Finding the correct branch is quite subtle, this will be the subject of Section 4.2.3. We will
see that the form

ZZ—(l—q)— VI —Ar T2 — A

a(2) 242

(4.40)

has all the correct analytical properties. Note that for z = x —in withx # Oand n — 0, g(z)
can only have an imaginary part if \/ (x —A4)(x — A_) is imaginary. Then using (2.47),
we get the famous Mar¢enko—Pastur distribution for the bulk:

Vo =00 =)
2mwqgx

1
p(x) =— lim Img(x —in) = , Al <X < Ag. (4.41)
T n—>0+

Moreover, by studying the behavior of Eq. (4.40) near z = 0 one sees that there is a pole
at 0 when g > 1. This gives a delta mass as z — 0:

q—1

8(x), 4.42)

which corresponds to the N —T trivial zero eigenvalues of E inthe N > T case. Combining
the above discussions, the full MarCenko—Pastur law can be written as

JOs—oa-10], 4,
prp(x) = + I sweq -1, (4.43)
2w gx q

where we denote [a];+ := max{a,0} for any ¢ € R, and

O -1 := 0. ifg=1 (4.44)
1 ifg>1
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Figure 4.2 Marcenko—Pastur distribution: density of eigenvalues for a Wishart matrix for g = 1/2

and g = 2. Note that for ¢ = 2 there is a Dirac mass at zero (%8()»)). Also note that the two bulk

densities are the same up to a rescaling and normalization py /4 (A) = q2 Pq(gr).

Note that the Stieltjes transforms (Eq. (4.40)) for g and 1/gq are related by Eq. (4.5).
As a consequence the bulk densities for ¢ and 1/g are the same when properly rescaled

(see Fig. 4.2):

P1/g(A) = 4°pg(qh). (4.45)

Exercise 4.2.1 Properties of the Marcenko—Pastur solution

()

(b)

We saw that the Stieltjes transform of a large Wishart matrix (withg = N/T)

should be given by

z+q—1%+/(z+qg—1D2—4qz

g(2) = 202

(4.46)

where the sign of the square-root should be chosen such that g(z) — 1/z when
z —> Fo0.

Show that the zeros of the argument of the square-root are given by A4 =

1+ /9?2

The function

z+q—1—/@z—x)/(z—ry)

gzx) = 202

(4.47)

should have the right properties. Show that it behaves as g(z) — 1/z when
7z — =Zo00. By expanding in powers of 1/z up to 1/z3 compute the first and
second moments of the Wishart distribution.
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(©)

(d)

(e)

®

Wishart Ensemble and Marcenko—Pastur Distribution

Show that Eq. (4.47) is regular at z = 0 when g < 1. In that case, compute
the first inverse moment of the Wishart matrix v(E~!). What happens when
q — 1?7 Show that Eq. (4.47) has a pole at z = 0 when ¢ > 1 and compute
the value of this pole.

The non-zero eigenvalues should be distributed according to the Marcenko—
Pastur distribution:

VE—2)0y —x)
2wgx '

Pg(x) = (4.48)

Show that this distribution is correctly normalized when g < 1 but not when
g > 1. Use what you know about the pole at z = 0 in that case to correctly
write down o, (x) when g > 1.

In the case g = 1, Eq. (4.48) has an integrable singularity at x = 0. Write
a simpler formula for pj(x). Let u be the square of an eigenvalue from a
Wigner matrix of unit variance, i.e. u = y> where y is distributed according
to the semi-circular law p(y) = /4 — y2/(27). Show that u is distributed
according to pj(x). This result is a priori not obvious as a Wigner matrix is
symmetric while the square matrix H is generally not; nevertheless, moments
of high-dimensional matrices of the form HH” are the same whether the
matrix H is symmetric or not.

Generate three matrices E = HH’ /T where the matrix H is an N x T
matrix of b Gaussian numbers of variance 1. Choose a large N and three
values of T such thatg = N/ T equals {1/2,1,2}. Plot a normalized histogram
of the eigenvalues in the three cases vs the corresponding Mar¢enko—Pastur
distribution; don’t show the peak at zero. In the case ¢ = 2, how many zero
eigenvalues do you expect? How many do you get?

4.2.3 The Correct Root of the Stieltjes Transform

In our study of random matrices we will often encounter limiting Stieltjes transforms
that are determined by quadratic or higher order polynomial equations, and the problem
of choosing the correct solution (or branch) will come up repeatedly.

Let us go back to the unit Wigner matrix case where we found (see Section 2.3.2)

_z= V2 -4
=

9(2) (4.49)

On the one hand we want g(z) that behaves like 1/z as |z] — oo and we want the solution
to be analytical everywhere but on the real axis in [—2,2]. The square-root term must
thus behave as —z for real z when z — =o00. The standard definition of the square-root

behaves as v/z2 ~ |z| and cannot be made to have the correct sign on both sides. Another
issue with v/z2 — 4 is that it has a more extended branch cut than allowed. We expect the
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branch cut

present in

Stieltjes branch cut

absent in
Stieltjes

AAAAAAAAAAA

2
f@)— —z f@) =z

branch point

Figure 4.3 The branch cuts of f(z) = +/z2 —4. The vertical branch cut (for z pure imaginary)
should not be present in the Stieltjes transform of the Wigner ensemble. We have f(£0T + ix) ~

+iv/x2 + 4; this branch cut can be eliminated by multiplying f(z) by sign(Re z).

function g(z) to be analytic everywhere except for real z € [—2,2]. The branch cut of a
standard square-root is a set of points where its argument is real and negative. In the case
of /72 — 4, this includes the interval [—2,2] as expected but also the pure imaginary line
z = ix (Fig. 4.3). The finite N Stieltjes transform is perfectly regular on the imaginary
axis so we expect its large N to be regular there as well.

For the unit Wigner matrix, there are at least three solutions to the branch problem:

g1(2) = 5 , (4.50)
— JioaJii2

0@ = ——Y° . itz @51)
o 2

a3(2) = ° Slgn(RezZ) Z-4 (4.52)

All three definitions behave as g(z) ~ 1/z at infinity. For the second one, we need to define
the square-root of a negative real number. If we define it as i +/[z], the two factors of i give
a —1 for real z < —2. The three functions also have the correct branch cuts. For the first
one, one can show that the argument of the square-root can be a negative real number only
if z € (—2,2), there are no branch cuts elsewhere in the complex plane. For the second
one, there seems to be a branch cut for all real z < 2, but a closer inspection reveals
that around real z < —2 the function has no discontinuity as one goes up and down the
imaginary axis, as the two branch cuts exactly compensate each other. For the third one,
the discontinuous sign function exactly cancels the branch cut on the pure imaginary axis
(Fig. 4.3).
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For z with a large positive real part the three functions are clearly the same. Since they
are analytic functions everywhere except on the same branch cuts, they are the same and
unique function g(z).

For a Wigner matrix shifted by Ag and of variance o
eigenvalues, now equal A+ = Ag £ 20 and find

/ 402
<= )“O - (Z - )"0) 1— (Ziko)z

2 we can scale and shift the

a1(z) = > , (4.53)
o
—A) — T — AL ST — A
G (z) = 20 Zza +vZ , (4.54)
_ Qi _ _ 2 _ 2
63(0) = 7z — Ag —sign(Rez — Ag) v (2 — Xp) 4o . 4.55)

20

The three definitions are still equivalent as they are just the result of a shift and a scaling
of the same function.

For more complicated problems, writing explicitly any one of these three prescriptions
can quickly become very cumbersome (except maybe in cases where A+ + A— = 0). We
propose here a new notation. When finding the correct square-root of a second degree
polynomial we will write

®\/azz+bz+c:: NV N

A
—A) |l — ——
\/E(Z 0) G ko)z

— sign(Re z — hg) Vaz2 + bz +c, (4.56)

fora > 0 and where A+ = Ag £ \/Z are the roots of az2 + bz + ¢ assumed to be real.
While the notation is defined everywhere in the complex plane, it is easily evaluated for
real arguments:

—Vax? forx < A_
®ax2+bx+c= ax*+bx+c forx <i_, (4.57)
Vax?+bx +c forx > Ay

The value on the branch cut is ill-defined but we have

lim Va2 +bitc=iylax2+bx+el foril <x <iir. (458

z—>x—i0t

With our new notation, we can now safely write for the white Wishart:

ttq-1- Yetq—DP—4qz

9(z) = (4.59)
2qz
or, more explicitly, using the second prescription:
24+qg—1— Jz—rp 72— A=
o) = 1 - : (4.60)

2gz

where A+ = (14 /9)%.



4.2 Marcenko—Pastur Using the Cavity Method 55

Exercise 4.2.2 Finding the correct root

(a) For the unit Wigner Stieltjes transform show that regardless of choice of sign
in Eq. (4.49) the point z = 2i is located on a branch cut and the function is
discontinuous at that point.

(b) Compute the value of Eqs. (4.50), (4.51) and (4.52) at z = 2i. Hint: for g,(z)
write —2 4 2i = +/8e37/* and similarly for 2 + 2i. The definition g3(z) is
ambiguous for z = 2i, compute the limiting value on both sides: z = 07 + 2i
andz =0 + 2i.

4.2.4 General (Non-White) Wishart Matrices

Recall our definition of a Wishart matrix from Section 4.1.2: a Wishart matrix is a matrix
Ec defined as

Ec = %HCHE, (4.61)
where Hc is an N x T rectangular matrix with independent columns. Each column is a ran-
dom Gaussian vector with covariance matrix C; Ec corresponds to the sample (empirical)
covariance matrix of variables characterized by a population (true) covariance matrix C.

To understand the case where the true matrix C is different from the identity we first
discuss how to generate a multivariate Gaussian vector with covariance matrix C. We
diagonalize C as

of
C=0A0", A= . (4.62)
oN
The square-root of C can be defined as*
o1
C? =0AZ0", AZ= . (4.63)
oN

We now generate N 1ID unit Gaussian random variables x;, 1 < i < N, which form a
random column vector x with entries x;. Then we can generate the vector y = Cox. We
claim that y is a multivariate Gaussian vector with covariance matrix C. In fact, y is a linear
combination of multivariate Gaussians, so it must itself be multivariate Gaussian. On the
other hand, we have, using E[xx"] = 1,

4 This is the canonical definition of the square-root of a matrix, but this definition is not unique — see the technical paragraph
below.
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| 1
E(yy") = E(C2xx"C2) = C. (4.64)

By repeating the argument above for every column of Hc, t = 1,...,T, we see that this

matrix can be written as Hc = C2H, with H a rectangular matrix with 11D unit Gaussian
entries. The matrix Ec is then equivalent to

1 r 1 1 7L 1 1
Ec = ZHcHe = ZC’HH'C? = C2W,C2, (4.65)

where W, = %HHT is a white Wishart matrix withg = N/T.

We will see later that the above combination of matrices is called the free product of C
and W. Free probability will allow us to compute the resolvent and the spectrum in the case
of a general C matrix.

The variables x defined above are called the “whitened” version of y. If a zero mean
random vector y has positive definite covariance matrix C, we can define a whitening of
y as a linear combination x = My such that E[xx”] = 1. One can show that the matrix

1
M satisfies MTM = C~! and has to be of the form M = OC™2, where O can be

1
any orthogonal matrix and C2 the symmetric square-root of C defined above. Since O is
arbitrary the procedure is not unique, which leads to three interesting choices for whitened
varaibles:

¢ Perhaps the most natural one is the symmetric or Mahalanobis whitening where M =
1
C™ 2. In addition to being the only whitening scheme with a symmetric matrix M, the

1
white variables x = C™ 2y are the closest to y in the following sense: the distance
|Ix = yllce :==ETr[(x —y)' C*(x —y)] (4.66)

is minimal over all other choices of O for any «. The case « = —1 is called the
Mahalanobis norm.

¢ Triangular or Gram—Schmidt whitening where the vector x can be constructed using the
Gram—Schmidt orthonormalization procedure. If one starts from the bottom with x =
YN/ ~/CNnN, then the matrix M is upper triangular. The matrix M can be computed
efficiently using the Cholesky decomposition of C~!. The Cholesky decomposition of
a symmetric positive definite matrix A amounts to finding a lower triangular matrix L
such that LL” = A. In the present case, A = C~! and the matrix M we are looking for
is given by

M=L". (4.67)

This scheme has the advantage that the whitened variable xj only depends on physical
variables y, for £ > k. In finance, for example, this allows one to construct whitened
returns of a given stock using only the returns of itself and those of (say) more liquid
stocks.

 Eigenvalue (or pca) whitening where O corresponds to the eigenbasis of C, i.e. such

|
that C = OAOT where A is diagonal. M is then computed as M = A~ 207, The
whitened variables x are then called the normalized principal components of y.
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Joint Distribution of Eigenvalues

In the previous chapters, we have studied the moments, the Stieltjes transform and the
eigenvalue density of two classical ensembles (Wigner and Wishart). These quantities in
fact relate to single eigenvalue properties of these ensembles. By this we mean that the
Stieltjes transform and the eigenvalue density are completely determined by the univariate
law of eigenvalues but they do not tell us anything about the correlations between different
eigenvalues.

In this chapter we will extend these results in two directions. First we will consider a
larger class of rotationally invariant (or orthogonal) ensembles that contains Wigner and
Wishart. Second we will study the joint law of all eigenvalues. In these models, the eigen-
values turn out to be strongly correlated and can be thought of as “particles” interacting
through pairwise repulsion.

5.1 From Matrix Elements to Eigenvalues
5.1.1 Matrix Potential

Consider real symmetric random matrices M whose elements are distributed as the expo-
nential of the trace of a certain matrix function V (M), often called a potential by analogy
with statistical physics:!

PM) =z exp{—%Tr V(M)}, (5.1

where Zy is a normalization constant. These matrix ensembles are called orthogonal
ensembles for they are rotationally invariant, i.e. invariant under orthogonal transforma-
tions.? For the Wigner ensemble, for example, we have (see Chapter 2)

1 y(M) is a matrix function best defined in the eigenbasis of M through a transformation of all its eigenvalues through a
function of a scalar, V (x), see Section 1.2.6.

2 The results of this chapter extend to Hermitian (8 = 2) or quarternion-Hermitian (8 = 4) matrices with the simple
introduction of a factor f in the probability distribution:

P(M) x exp {7/371\, Tr V(M)] s (5.2)

58
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- 2 T T T T
0 1 2 3 4

X

Figure 5.1 The Wishart matrix potential (Eq. (5.4)) for ¢ = 1/2 and ¢ = 2. The integration over
positive semi-definite matrices imposes that the eigenvalues must be greater than or equal to zero.
For g < 1 the potential naturally ensures that the eigenvalues are greater than zero and the constraint
will not be explicitly needed in the computation. For ¢ > 1, the constraint is needed to obtain a
sensible result.

%2
Vix) = —, 5.3
() =7 (5.3)
whereas the Wishart ensemble (at large N) is characterized by (see Chapter 4)
- Dl
Vi) = 2@ = Dlogx (5.4)
q
(see Fig. 5.1). We can also consider other matrix potentials, e.g.
v =2 s (5.5)
X)) = — 4+ =—. .
2 4

Note that Tr V(M) depends only on the eigenvalues of M. We would like thus to write
down the joint distribution of these eigenvalues alone. The key is to find the Jacobian of the
change of variables from the entries of M to the eigenvalues {A1, ...,An}.

5.1.2 Matrix Jacobian

Before computing the Jacobian of the transformation from matrix elements to eigenvalues
and eigenvectors (or orthogonal matrices), let us count the number of variables in both
parameterizations. Suppose M can be diagonalized as

M = OAO’. (5.6)

this factor will match the factor of g from the Vandermonde determinant. These two other ensembles are called unitary
ensembles and symplectic ensembles, respectively. Collectively they are called the beta ensembles.
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The symmetric matrix M has N(N + 1)/2 independent variables, and A has N inde-
pendent variables as a diagonal matrix. To find the number of independent variables in
O we first realize that OO = 1 is an equation between two symmetric matrices and
thus imposes N (N + 1)/2 constraints out of N2 potential values for the elements of O,
therefore O has N (N — 1)/2 independent variables. In total, we thus have N(N + 1)/2 =
N+ NN —-1)/2.

The change of variables from M to (A, O) will introduce a factor | det(A)|, where

(5.7

A e A = [BM BM:|

A" 90

is the Jacobian matrix of dimension N(N + 1)/2 x N(N + 1)/2.

First, let us establish the scaling properties of the Jacobian. We assume that the matrix
elements of M have some dimension [M] = d (say centimeters). Using dimensional
analysis, we thus have

[DM] = dVNVHD2 DA =dV, [D0] =d°, (5.8)
since rotations are dimensionless. Hence we must have
[l det(A)|] ~ VN2, (5.9)

which has the dimension of an eigenvalue raised to the power N(N — 1)/2, the number of
distinct off-diagonal elements in M.

We now compute this Jacobian exactly. First, notice that the Jacobian relates the volume
“around” (A, Q) when A and O change by infinitesimal amounts, to the volume “around”
M when its elements change by infinitesimal amounts. We note that volumes are invariant
under rotations, so in order to compute the infinitesimal volume we can choose the rotation
matrix O to be the identity matrix, which amounts to saying that we work in the basis where
M is diagonal. Another way to see this is to note that the orthogonal transformation

M- UMU; U'U=1 (5.10)

has a Jacobian equal to 1, see Section 1.2.7. One can always choose U such that M is
diagonal.

5.1.3 Infinitesimal Rotations

For rotations O near the identity, we set
0=1+¢€60, (5.11)
where € is a small number and §O is some matrix. From the identity

1=00" =1+ €80 + 807) + €250507, (5.12)
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we get 80 = —307 by comparing terms of the first order in ¢, i.e. O is skew-symmetric.?
A convenient basis to write such infinitesimal rotations is
€50= > uA", (5.13)
I<k<I<N

where A®D are the elementary skew-symmetric matrices such that A*? has only two non-

zero elements: [A®D];; = 1 and [A®D];, = —1:
0 ... ... 0
1
A®D = : (5.14)
-1
0 ... ... 0

An infinitesimal rotation is therefore fully described by N(N — 1)/2 generalized “angles”
Ok

5.1.4 Vandermonde Determinant

Now, in the neighborhood of (A, O = 1), the matrix M + §M can be parameterized as

M+ M~ |1+ oA | (A +5A) [1-) 04A%D ). (5.15)
k,1 k,1

So to first order in § A and 6y;,

SM~SA + Y [A("’)A - AAW)] . (5.16)
k,l

Using this local parameterization, we can compute the Jacobian matrix and find its deter-
minant. For the diagonal contribution, we have
oM;;
0Ann
i.e. perturbing a given eigenvalue only changes the corresponding diagonal element with

slope 1.
For the rotation contribution, one has, fork </ andi < j,

= 8inbn, (5.17)

3 The reader familiar with the analysis of compact Lie groups will recognize the statement that skew-symmetric matrices form
the Lie algebra of O(N).
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IM;;

~ (A%~ aa®)
00y

(5.18)

_ M—A, fi=kj=I
lj_

0, otherwise.

i.e. an infinitesimal rotation in the direction k/ modifies only one distinct off-diagonal
element (My; = M) with slope A; — Ag. In particular, if two eigenvalues are the same
(A = X;) arotation of the eigenvectors in that subspace has no effect on the matrix M. This
is expected since eigenvectors in a degenerate subspace are only defined up to a rotation
within that subspace.

Finally, the N(N + 1)/2 x N(N + 1)/2 determinant has its first N diagonal elements
equal to unity, and the next N(N — 1)/2 are equal to all possible pair differences A; — A ;.
Hence,

1
1
A(M) = det o — =[]0 =20
A3 — A k<t
AN —AN-1
(5.19)
The absolute value of A is then given by

IAMD)| = [T 1re = 2l. (5.20)

k<t

We can check that this result has the expected dimension d¥®™~=1/2 since the product
contains exactly N(N — 1)/2 terms. The determinant A(M) is called the Vandermonde
determinant as it is equal to the determinant of the following N x N Vandermonde matrix:

1 1 o
MM %) A3 AN

MooA A Ay | (5.21)
Nel GN—1 o N—1 i N-I

ANTLGNSL GN-L

Since the above Jacobian has no dependence on the matrix O, we can integrate out the
rotation part of (5.1) to get the joint distribution of eigenvalues:

N N
P({xi) o<1"[|xk—xz|exp{—52vw>}. (5.22)

k<l i=1
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A key feature of the above probability density is that the eigenvalues are not independent,
since the term [[,_;|Ax — A;| indicates that the probability density vanishes when
two eigenvalues tend towards one another. This can be interpreted as some effective
“repulsion” between eigenvalues, as we will expand on now using an analogy with
Coulomb gases.

Exercise 5.1.1 Vandermonde determinant for 2 x 2 matrices
In this exercise we will explicitly compute the Vandermonde determinant for
2 x 2 matrices. We define O and A as

[ cos(®)  sin(®) _(r 0
0= <_ sin(6) cos(@)) and A = <0 kz) . (5.23)

Then any 2 x 2 symmetric matrix can be written as M = OAO”.

(a) Write explicitly M1, M and My, as a function of A, A, and 6.

(b) Compute the 3 x 3 matrix A of partial derivatives of M1, M, and My, with
respect to A1, A2 and 6.

(c) In the special cases where 6 equals 0, w/4 and /2 show that |det A| =
[X1 — Az]. If you have the courage show that | det A| = |A; — A,| for all 6.

Exercise 5.1.2 Wigner surmise

Wigner was interested in the distribution of energy level spacings in heavy
nuclei, which he modeled as the eigenvalues of a real symmetric random
matrix (time reversal symmetry imposes that the Hamiltonian be real). Let
X = |Ak41 — Akl for k in the bulk. In principle we can obtain the probability
density of x by using Eq. (5.22) and integrating out all other variables. In practice
it is very difficult to go much beyond N = 2. Since the N = 2 result (properly
normalized) has the correct small x and large x behavior, Wigner surmised that
it must be a good approximation at any N.

(a) Foran N = 2 GOE matrix, i.e. V(1) = A2 /202, write the unnormalized law
of A1 and X,, its two eigenvalues.

(b) Change variables to A+ = A» & A1, integrate out A and write the unnormal-
ized law of x = |A_]|.

(c) Normalize your law and choose o such that E[x] = 1; you should find

P(x) = Zxex [—sz] (5.24)
B A e b ‘
(d) Using Eq. (5.26) redo the computation for GUE (8 = 2). You should find

32 4
P(x) = Sx”exp |:——x2:| : (5.25)
T T
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5.2 Coulomb Gas and Maximum Likelihood Configurations
5.2.1 A Coulomb Gas Analogy

The orthogonal ensemble defined in the previous section can be generalized to complex
or quaternion Hermitian matrices. The corresponding joint distribution of eigenvalues is
simply obtained by adding a factor of 8 (equal to 1, 2 or 4) to both the potential and the
Vandermonde determinant:

N
P({ni}) = Zy! []‘[ Ak — w} exp {—§ [Z NV(M)} }
i=1

k<l
B N
=Zy'exp =5 | D NVO) = Y loglhi =4l | ¢ (5.26)
i=1 i,j=1
J#i

This joint law is exactly the Gibbs—Boltzmann factor (e £/7) for a gas of N particles
moving on a one-dimensional line, at temperature 7 = 2/8, whose potential energy is
given by NV (x) and that interact with each other via a pairwise repulsive force generated
by the potential Vr(x,y) = —log(|x — y|). Formally, the repulsive term happens to be the
Coulomb potential in two dimensions for particles that all have the same sign. In a truly
one-dimensional problem, the Coulomb potential would read Vi4(x,y) = —|x — y|, but
with a slight abuse of language one speaks about the eigenvalues of a random matrix as a
Coulomb gas (in one dimension).

Even though we are interested in one particular value of 8 (namely 8 = 1), we can build
an intuition by considering this system at various temperatures. At very low temperature
(i.e. B — o0), the N particles all want to minimize their potential energy and sit at the
minimum of NV (x), but if they try to do so they will have to pay a high price in interaction
energy as this energy increases as the particles get close to one another. The particles will
have to spread themselves around the minimum of NV (x) to minimize the sum of the
potential and interaction energy and find the configuration corresponding to “mechanical
equilibrium”, i.e. such that the total force on each particle is zero. At non-zero temperature
(finite B) the particles will fluctuate around this equilibrium solution. Since the repulsion
energy diverges as any two eigenvalues get infinitely close, the particles will always avoid
each other. Figure 5.2 shows a typical configuration of particles/eigenvalues for N = 20 at
B = 1 in a quadratic potential (GOE matrix).

In the next section, we will study this equilibrium solution, which is exact at low tem-
perature 8 — oo or when N — o0, and is the maximum likelihood solution at finite 8 and
finite N.

5.2.2 Maximum Likelihood Configuration and Stieltjes Transform

In the previous section, we saw that in the Coulomb gas analogy, 8 — oo corresponds to
the zero temperature limit, and that in this limit the eigenvalues freeze to the minimum of
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Figure 5.2 Representation of a typical N = 20 GOE matrix as a Coulomb gas. The full curve

represents the potential V (x) = x2 /2 and the 20 dots, the positions of the eigenvalues of a typical
configuration. In this analogy, the eigenvalues feel a potential NV (x) and a repulsive pairwise
interaction V (x,y) = —log(|x — y|). They fluctuate according to the Boltzmann weight e PE/2
with 8 = 1 in the present case.

the energy (potential plus interaction). We will argue that this freezing (or concentration of
the equilibrium measure) also happens when N — oo for fixed .
Let us study the minimum energy configuration. We can rewrite Eq. (5.26) as

N N
1 . 1
P({3;}) oc e2PNLWD - p((a)) = — Z V) + Z logldi = 4jl, (5.27)
i=1 i,j=1
J#i
where L stands for “log-likelihood”. For finite N and finite 8, we can still consider the
solution that maximizes L({A;}). This is the maximum likelihood solution, i.e. the config-
uration of {);} that has maximum probability. The maximum of £ is determined by the
equations

N
L 2 1
— =0=VH}) == . 5.28
. = 0= V) N;M_M (5.28)
i

These are N coupled equations of N variables which can get very tedious to solve even
for moderate values of N. In Exercise 5.2.1 we will find the solution for N = 3 in
the Wigner case. The solution of these equations is the set of equilibrium positions of
all the eigenvalues, i.e. the set of eigenvalues that maximizes the joint probability. To
characterize this solution (which will allow us to obtain the density of eigenvalues), we
will compute the Stieltjes transform of the {);} satisfying Eq. (5.28). The trick is to make
algebraic manipulations to both sides of the equation to make the Stieltjes transform
explicitly appear.
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In a first step we multiply both sides of Eq. (5.28) by 1/(z — A;) where z is a complex
variable not equal to any eigenvalues, and then we sum over the index i. This gives

1 i Vi) 2 & 1
N2” (i — ) @—2)
j#i
N N
1 1 1
_F{,;l (M —Aj) @—2) Z (=) @ =2
J#i j;ti
1 i 1 2 Z
_Nzllzl(z—k)(z—k) & N? 2i)?
j#i
gN(Z)
= 5.29
=gy + N (5.29)
where gy (z) is the Stieltjes transform at finite N:
1 1
@ i= ) —— (5.30)
L

i=1
We still need to handle the left hand side of the above equation. First we add and subtract
V’(z) on the numerator, yielding

L V0D _ L V@ =V L,
P2k L0 Vi@en @) — gy Y = Vi@en @)~ TG, (53D

i=1 < !

where we have defined a new function Iy (z) as

1 V() — V(A
My = > V@ v (5.32)

i=1 < L

This does not look very useful as the equation for gy (z) will depend on some unknown
function ITy (z) that depends on the eigenvalues whose statistics we are trying to determine.
The key realization is that if V/(z) is a polynomial of degree k then Iy (z) is also a
polynomial and it has degree k — 1. Indeed, for each i in the sum, V'(z) — V/();) is a
degree k polynomial having z = A; as a zero, so (V/(z) — V'(%;))/(z — A;) is a polynomial
of degree k — 1. [1x(2) is the sum of such polynomials so is itself a polynomial of degree
k—1.

In fact, the argument is easy to generalize to the Laurent polynomials, i.e. such that
zKV’(z) is a polynomial for some k € N. For example, in the Wishart case we have a
Laurent polynomial

Vi) =+ (1 n q—_l) . (5.33)
q Z
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Nevertheless, from now on we make the assumption that V'(z) is a polynomial. We will
later discuss how to relax this assumption.
Thus we get from Eq. (5.29) that

gy (@)
N
for some polynomial Ty of degree deg(V'(z)) — 1, which needs to be determined self-
consistently using Eq. (5.32). For a given V'(z), the coefficients of I1y are related to the
moments of the {A;}, which themselves can be obtained from expanding gy (z) around
infinity. In some cases, Eq. (5.34) can be solved exactly at finite N, for example in the case
where V (z) = z2/2, in which case the solution can be expressed in terms of Hermite poly-
nomials — see Chapter 6. In the present chapter we will study this equation in the large N
limit, which will allow us to derive a general formula for the limiting density of eigenvalues.
Note that since Eq. (5.34) does not depend on the value of g, the corresponding eigenvalue
density will also be independent of 8.

V'(2)gn(z) — Ty (z) = g3 (2) + (5.34)

Exercise 5.2.1 Maximum likelihood for 3 x 3 Wigner matrices
In this exercise we will write explicitly the three eigenvalues of the maximum
likelihood configuration of a 3 x 3 GOE matrix. The potential for this ensemble
is V(x) = x2/2.
(a) Let A1,A2, A3 be the three maximum likelihood eigenvalues of the 3 x 3 GOE
ensemble in decreasing order. By symmetry we expect A3 = —A1. What do
you expect for A,?
(b) Consider Eq. (5.28). Assuming (A3 = —AX1), check that your guess for A, is
indeed a solution. Now write the equation for A and solve it.
(c) Using your solution and the definition (5.30), show that the Stieltjes transform
of the maximum likelihood configuration is given by

2 1
23

83 = 2. (535)
Z7 =%

(d) In the simple case V(x) = x2 /2, the zero-degree polynomial Iy (z) is just a
constant (independent of N) that can be evaluated from the definition (5.32).
What is this constant?

(e) Verity that your g3(z) satisfies Eq. (5.34) with N = 3.

5.2.3 The Large N Limit

In the large N limit, gy (z) is self-averaging so computing gy (z) for the most likely con-
figuration is the same as computing the average g(z). As N — oo, Eq. (5.34) becomes

V'(2)8(2) — T(2) = ¢%(2). (5.36)
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Each value of N gives a different degree-(k — 1) polynomial Iy (z). From the definition
(5.32), we can show that the coefficients of I1y(z) are related to the moments of the
maximum likelihood configuration of size N. In the large N limit these moments converge
so the sequence Iy (z) converges to a well-defined polynomial of degree (k — 1) which we
call T(z).

Since Eq. (5.36) is quadratic in g(z), its solution is given by

0() = (V’(z) + V()2 — 4H(z)) (5.37)
. 5 , :

where we have to choose the branch where g(z) goes to zero for large |z|.

The eigenvalues of M will be located where g(z) has an imaginary part for z very close
to the real axis. The first term V’(z) is a real polynomial and is always real for real z. The
expression V' (2)? — 4T1(z) is also a real polynomial so g(z) cannot be complex on the real
axis unless V'(z)2 — 4T1(z) < 0. In this case /V'(z)2 — 4T1(z) is purely imaginary. We
conclude that, when x is such that p(x) # 0,

Re(g(x)) = ][ pRd _ V) (5.38)

X —A 2

where § denotes the principal part of the integral. Re(g(x))/ is also called the Hilbert
transform of p .4

We have thus shown that the Hilbert transform of the density of eigenvalues is (within its
support) equal to 77 /2 times the derivative of the potential. We thus realize that the potential
outside the support of the eigenvalue has no effect on the distribution of eigenvalues. This
is natural in the Coulomb gas analogy. At equilibrium, the particles do not feel the potential
away from where they are. One consequence is that we can consider potentials that are not
confining at infinity as long as there is a confinement region and that all eigenvalues are
within that region. For example, we will consider the quartic potential V (x) = x2/2 +
yx*/4. For small negative y the region around x = 0 is convex. If all eigenvalues are
found to be contained in that region, we can modify at will the potential away from it so
that V(x) — o0 for |x| — oo and keep Eq. (5.1) normalizable, as a probability density
should be.

Suppose now that we have a potential that is not a polynomial. In a finite region we can
approximate it arbitrarily well by a polynomial of sufficiently high degree. If we choose the
region of approximation such that for every successive approximation all eigenvalues lie in
that region, we can take the limits of these approximations and find that Eq. (5.38) holds
even if V'(x) is not a polynomial.

We can also ask the reverse question. Given a density p (x), does there exist a model from
the orthogonal ensemble (or other S-ensemble) that has p(}) as its eigenvalue density? If
the Hilbert transform of p(x) is well defined, then the answer is yes and Eq. (5.38) gives the

4 Thisisa slight abuse of terms, however, that can lead to paradoxes, if one extends Eq. (5.38) to the region where p(x) = 0. In
this case, the right hand side of the equation is not equal to V' (x)/2. See also Appendix A.2.
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corresponding potential. Note that the potential is only defined up to an additive constant
(it can be absorbed in the normalization of Eq. (5.1)) so knowing its derivative is enough
to compute V (x). Note also that we only know the value of V (x) on the support of p(x);
outside this support we can arbitrarily choose V (x) provided it is convex and goes to infinity
as |x| — oo.

Exercise 5.2.2 Matrix potential for the uniform density
In Exercise 2.3.3, we saw that the Stieltjes transform for a uniform density of
eigenvalues between 0 and 1 is given by

4(2) = log (L> : (5.39)
z—1

(a) By computing Re(g(x)) for x between 0 and 1, find V’(x) using Eq. (5.38).

(b) Compute the Hilbert transform of the uniform density to recover your answer
in (a).

(c) From your answer in (a) and (b), show that the matrix potential is given by

V(x) = 2[(1 — x)log(1 — x) + xlog(x)] + C for0 <x <1, (5.40)

where C is an arbitrary constant. Note that for x < 0 and x > 1 the potential
should be completed by a convex function that goes to infinity as |x| — oco.

5.3 Applications: Wigner, Wishart and the One-Cut Assumption
5.3.1 Back to Wigner and Wishart

Now we apply the results of the previous section to the Gaussian orthogonal case where
V(z) = z2/202. In this simple case, I1(z) can be computed from its definition without
knowing the eigenvalues, since

1
V(@) = = @) = —. (5.41)
o o
Then (5.37) gives
@32 2
7— WNz=—4do
9(z) = v — (5.42)

which recovers, independently of the value of 8, the Wigner result Eq. (2.38), albeit within
a completely different framework (the notation /- was introduced in Section 4.2.3). In
particular, the cavity method does not assume that the matrix ensemble is rotationally
invariant, as we do here.



70 Joint Distribution of Eigenvalues

In the Wishart case, we only consider the case g < 1, otherwise (¢ > 1) the potential is
not confining and we need to impose the positive semi-definiteness of the matrix to avoid
eigenvalues running to minus infinity. We have

, 1 qg—1
Vigdg=—-(14+——). (5.43)
q z
In this case zV'(z) is of degree one, so zI1(z) is a polynomial of degree zero:
c
I(z) = : (5.44)

for some constant c. Thus (5.37) then gives

2+q—1— S @+q—1)2—4eq’z
2qz )

9(z) = (5.45)

As z — 400, this expression becomes

9(z) = % +0(1/2%). (5.46)

Imposing a(z) ~ z ! gives ¢ = g~ !. After some manipulations, we recover Eq. (4.40).

5.3.2 General Convex Potentials and the One-Cut Assumption

For more general polynomial potentials, finding an explicit solution for the limiting Stieltjes
transform is a little bit more involved. We recall Eq. (5.37):

_ ] V'(z) £ VV/'(2)? — 41 5.47
8 = 5 (Vi@ £ VVEP - 41). (5:47)

For a particular polynomial V'(z), T1(z) is a polynomial that depends on the moments of the
matrix M. The expansion of g(z) near z — oo will give a set of self-consistent equations
for the coefficients of I1(z).

The problem simplifies greatly if the support of density of eigenvalues is compact, i.e. if
the density p(A) is non-zero for all A’s between two edges A_ and A. We expect this to be
true if the potential V (x) is convex. Indeed, by the Coulomb gas analogy we could place
all eigenvalues near the minimum of V (x) and let them find their equilibrium configuration
by repelling each other. For a convex potential it is natural to assume that the equilibrium
configuration would not have any gaps. This assumption is equivalent to assuming that
the limiting Stieltjes transform has a single branch cut (from A_ and 1), hence the name
one-cut assumption.

So, for a convex polynomial potential V (x), we expect that there exists a well-defined
equilibrium density p (1) that is non-zero if and only if A._ < A < A4 and that g(z) satisfies

At
a(z) = / PR 45 (5.48)
v Z—A
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From this equation we notice three important properties of g(z):

* The function g(z) is potentially singular at A_ and A4

* Near the real axis Imz = 07) g(z) has an imaginary part if z € (A_,A) and is real
otherwise.

* The function g(z) is analytic everywhere else.

If we go back to Eq. (5.37), we notice that any non-analytic behavior must come from
the square-root. On the real axis, the only way g(z) can have an imaginary part is if D(z) :=
V'(2)2—4T1(z) < 0 for some values of z. So D(z) (a polynomial of degree 2k) must change
sign at some values A_ and A, hence these must be zeros of the polynomial. On the real
axis, the other possible zeros D(z) can only be of even multiplicity (otherwise D(z) would
change sign). Elsewhere in the complex plane, zeros should also be of even multiplicity,
otherwise +/D(z) would be singular at those zeros. In other words D(z) must be of the
form

D) = (z — A-)(z — A1) 0%(2), (5.49)

for some polynomial Q(z) of degree k — 1 where k is the degree of V'(z). We can therefore
write g(z) as

_V@+£0@ V& —=2)Ez—2y)
> ,

where again Q(z) is a polynomial with real coefficients of degree one less than V'(z). The
condition that

3(2) (5.50)

1
g(z) > — when |z| = o0 (5.51)
Z

is now sufficient to compute Q(z) and also AL for a given potential V (z). Indeed, expanding
Eq. (5.50) near z — oo, the coefficients of Q(z) and the values A+ must be such as to
cancel the k + 1 polynomial coefficients of V’(z) and also ensure that the 1/z term has unit
coefficient. This gives k 4+ 2 equations to determine the k coefficients of Q(z) and the two
edges A, see next section for an illustration.

Once the polynomial Q(x) is determined, we can read off the eigenvalue density:

0 (kg — M)A —22)
2

p(A) = for Ao <X <Ay (5.52)
We see that generically the eigenvalue density behaves as p(A+ F8) o¢ +/8 near both edges
of the spectrum. If by chance (or by construction) one of the edges is a zero of Q(z), then
the behavior changes to 87 near that edge, with 0 = n + % and n the multiplicity of root of
0(z). A potential with generic +/8 behavior at the edge of the density is called non-critical.
Other non-generic cases are called critical. In Section 14.1 we will see how the /8 edge
singularity is smoothed over a region of width N~2/3 for finite N. In the critical case, the
smoothed region is of width N —2/G+21),
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5.3.3 M? + M?* Potential

One of the original motivations of Brézin, Itzykson, Parisi and Zuber to study the
ensemble defined by Eq. (5.1) was to count the so-called planar diagrams in some field
theories. To do so they considered the potential

V(x) x> n yxt (5.53)
X)) = — —_— .
2 T2

We will not discuss how one can count planar diagrams from such a potential, but use
this example to illustrate the general recipe given in the main text to compute the Stieltjes
transform and the density of eigenvalues. Interestingly, for a certain value of y, the edge
singularity is 83/2 instead of /3.

Since the potential is symmetric around zero we expect Ay = —A_ =: 2a. We
introduce this extra factor of 2, so that if y = 0, we obtain the semi-circular law with
a=1.Since V/(z) =z +yzlisa degree three polynomial, we write

Q) =ay+ajz+yz2 (5.54)

where the coefficient of z2 was chosen to cancel the yz3 term at infinity. Expanding
Eq. (5.50) near z — oo and imposing g(z) = 1/z + 0(1/12) we get

a; =0,
1 —ag+2ya*> =0, (5.55)
2a4y + 2azao =2.

Solving for ag, we find

_ z+yz3 - +2ya2+yzz) ®\/zz — 4q2

8(z) > (5.56)
where a is a solution of
3yat+a’ —1=0 = d*>= 7”:1?2)’_1. (5.57)
The density of eigenvalues for the potential (5.53) reads
) (14 2ya® + ;2/22) V4a2 — A2 for = _1172, (5:58)

with a defined as above. For positive values of y, the potential is confining (it is convex
and grows faster than a logarithm for z — £00). In that case the equation for a always has
a solution, so the Stieltjes transform and the density of eigenvalues are well defined; see
Figure 5.3. For small negative values of y, the problem still makes sense. The potential is
convex near zero and the eigenvalues will stay near zero as long as the repulsion does not
push them too far in the non-convex region.

There is a critical value of y at y. = —1/12, which corresponds to a = V2. At this
critical point, g¢(z) and the density are given by
3/2
3 8\? 12 (8-22)
=—(({1l-=) -1+— dpc(A) = —————. 5.59
%e(2) = 77 < Zz) ta | pe(X) Y (5.59)

At this point the density of eigenvalues at the upper edge (A4 = 2 +/2) behaves as p(1) ~
22— A)g_ with @ = 3/2 and similarly at the lower edge (A\_ = —2 +/2). For values of
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Figure 5.3 (left) Density of eigenvalues for the potential V (x) = %xz + %x“ for three values of y.
For y = 1, even if the minimum of the potential is at A = 0, the density develops a double hump due
to the repulsion of the eigenvalues. y = 0 corresponds to the Wigner case (semi-circle law). Finally
y = —1/12 is the critical value of y. At this point the density is given by Eq. (5.59). For smaller
values of y the density does not exist. (right) Shape of the potential for the same three values of y.
The dots on the bottom curve indicate the edges of the critical spectrum.

y more negative than y., there are no real solutions for a and Eq. (5.56) ceases to make
sense. In the Coulomb gas analogy, the eigenvalues push each other up to a critical point
after which they run off to infinity. There is no simple argument that gives the location of
the critical point (except for doing the above computation). It is given by a delicate balance
between the repulsion of the eigenvalues and the confining potential. In particular it is not
given by the point V/(2a) = 0 as one might naively expect. Note that at the critical point
V'"(2a) = —1, so we are already outside the convex region.

5.4 Fluctuations Around the Most Likely Configuration
5.4.1 Fluctuations of All Eigenvalues

The most likely positions of the N eigenvalues are determined by the equations (5.28) that
we derived in Section 5.2.2. These equations balance a Coulomb (repulsive) term and a
confining potential. On distances d of order 1/N, the Coulomb force on each “charge” is
of orderd—! ~ N, whereas the confining force V' is of order unity. Therefore, the Coulomb
force is dominant at small scales and the most likely positions must be locally equidistant.
This is expected to be true within small enough intervals

T :=[»—LJ/2N,A+ L/2N], (5.60)

where L is sufficiently small, such that the average density p(X) does not vary too much,
ie. p'(ML/N < p(L).
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Of course, some fluctuations around this crystalline order must be expected, and the aim
of this section is to introduce a simple method to characterize these fluctuations. Before
doing so, let us discuss how the number of eigenvalues n(L) in interval 7 behaves. For
a perfect crystalline arrangement, there are no fluctuations at all and one has n(L) =
p(A)L 4+ O(1), where the O(1) term comes from “rounding errors” at the edge of the
interval.

For a Poisson process, where points are placed independently at random with some
density Np(L), then it is well known that

n(L) =i+&i, with 7i:=pO)L, (5.61)

where £ is a Gaussian random variable N(0, 1). For the eigenvalues of a large symmetric
random matrix, on the other hand, the exact result is given by

n(l)y =i+ vAE, A= % [log() + C]+0@™), (5.62)

where C is a numerical constant.’> This result means that the typical fluctuations of the
number of eigenvalues is of order /log# for large L, much smaller than the Poisson result
V7. In fact, the growth of A with L is so slow that one can think of the arrangement of
eigenvalues as “quasi-crystalline”, even after factoring in fluctuations.

Let us see how this +/logn behavior of the fluctuations can be captured by computing
the Hessian matrix H of the log-likelihood £ defined in Eq. (5.27). One finds

1 2 . .
82.[: V”()\i) + N Zk# Gi—)? (i= J)»
Y T 2 1 S
oA 0N NG @@+ j).

This Hessian matrix should be evaluated at the maximum of £, i.e. for the most likely
configurations of the A;. If we call ¢; /N the deviation of A; away from its most likely
value, and assume all € to be small enough, their joint distribution can be approximated
by the following multivariate Gaussian distribution:

B
P(eih) ocexp | == 3 eiHijej | (5.63)
i,J
from which one can obtain the covariance of the deviations as

Elejej] = 2?N[H_l]ij- (5.64)

Since the most likely positions of the X; are locally equidistant, one can approximate
Ai —Ajas (i — j)/Np in the above expression. This is justified when the contribution of

far-away eigenvalues to H™! is negligible in the region of interest, which will indeed be
the case because the off-diagonal elements of H decay fast enough (i.e. as (i — j )_2).

2
5 For B =1,onefinds C =log2m)+y + 1+ ”T’ where y is Euler’s constant, see Mehta [2004].
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For simplicity, let us consider the case where V (x) = x2 /2, in which case V" (x) = 1.
The matrix H is then a Toeplitz matrix, up to unimportant boundary terms. It can be

diagonalized using plane waves (see Appendix A.3), with eigenvalues given by6

N-11_ 0os 2nqt

g =1+4Np> Y N 4=01..N-1, (5.65)
=1

02

where p is the local average eigenvalue density. In the large N limit, the (convergent) sum
can be replaced by an integral:

1 —cosu

S— = 1+47%p%q. (5.66)
u

2 o
/Lq:1+4Np2x¥/0 du

The eigenvalues of H~! are then given by 1/u4 and the covariance of the deviations for
i — j = n is obtained from Eq. (5.64) as an inverse Fourier transform. After transforming
q — uN /2w this reads

2N 1 (™ du g—iun

Elejei] = — — - - 5.67
v B N J_;2x N=1 42702 u 667
Now, the fluctuating distance d;; between eigenvalues i and j =i + n is, by definition of
the €,
n € —€j
dij = v v J (5.68)
Its variance is obtained, for N — oo, from
2 T 1 —cosun 2
El(e; —€;)°] ~ / du Rl log 7. (5.69)
b Br2eN)? Jo u " pr2p?

The variables € are thus long-ranged, log-correlated Gaussian variables. Interestingly,
there has been a flurry of activity concerning this problem in recent years (see references
at the end of this chapter).
Finally, the fluctuating local density of eigenvalues can be computed from the number
of eigenvalues within a distance d; s i.e.
1 n Q€ —€j

v

N (n > ). (5.70)

Its variance is thus given by

2,02
Viel = Wlogn. (5.71)

Hence, the fluctuation of the number of eigenvalues in a fixed interval of size L/N and
containing on average n = pL eigenvalues is

V[pL] = L*V[p] = 2 log . (5.72)
B

This argument recovers the leading term of the exact result for all values of 8 (compare
with Eq. (5.62) for 8 = 1).

6 In fact, the Hessian H can be diagonalized exactly in this case, without any approximations, see Agarwal et al. [2019] and
references therein.
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5.4.2 Large Deviations of the Top Eigenvalue

Another interesting question concerns the fluctuations of the top eigenvalue of a matrix
drawn from a B-ensemble. Consider Eq. (5.26) with A isolated:

P(Amax; {Ai}) = Pn—1({Ai}) exp {—@ |:V()¥max) _2 IS log(Amax — M)} } , (5.73)
2 N —=
with
. ,3 N-—1 N-—1
Pyo1(hh) = Zy exp | =5 ; NV() — WX::] log [A; — Al | ¢ - (5.74)
J#i

At large N, this probability is dominated by the most likely configuration, which is deter-
mined by Eq. (5.27) with Ajax removed. Clearly, the most likely positions {A}} of the N —1
other eigenvalues are only changed by an amount O(N 1), but since the log-likelihood is
close to its maximum, the change of L (i.e. the quantity in the exponential) is only of order
N~2 and we will neglect it. Then one has the following large deviation expression:

POumax {27} _NB
m = €xp [ 3 q)()\max):| ) (5.75)
with
o) N—-1 2 N—1
®) = V() = VOy) = Y logle —AD + = ) loglhy =), (5.76)
i=1 i=1

where A is the top edge of the spectrum. Note that ® (1) = 0 by construction. To deal
with the large N limit of this expression, we take the derivative of ®(x) with respect to x
to find

R T
d'(x)=V'(x) = N Z P N—> V/(x) = 2a(x). (5.77)
i=1 i
Hence,
O(x) = /x (V/(s) — 2g(s)) ds. (5.78)
At

When the potential V’(x) is a polynomial of degree k > 1, we can use Eq. (5.37),
yielding

d(x) = /x VV/(s)% — 4T1(s) ds, (5.79)
At

where A is the largest zero of the polynomial V' (s)? —4T1(s). Since I1(s) is a polynomial
of order k — 1, for large s one always has

V'(s)2 > [T(s), (5.80)
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and therefore
O (x) ~ V(x). (5.81)

As expected, the probability to observe a top eigenvalue very far from the bulk is dominated
by the potential term, and the Coulomb interaction no longer plays any role. When x — A4

is small but still much larger than any inverse power of N, we have
(5.82)

VV/(s)2 — 4TI(s) ~ C(s — A4)?,

where C is a constant and 6 depends on the type of root of V'(s)> — 4I1(s) at s = A For
a single root, which is the typical case, & = 1/2. Performing the integral we get

q)()\max) = m(kmax - )"+)0+1» Amax — )"-Q— < L (583)
Note that the constant C can be determined from the eigenvalue density near (but slightly

below) A, to wit, 7p(L) =~ C (A4 — 1)7.
For a generic edge with @ = 1/2, one finds that ® (Amax) X (Amax — A+)3/ 2 and thus

the probability to find Amax just above A decays as
(5.84)

28C
P (Amax) ~ exp [—’%um] : U= N*>umax — *p),

where we have introduced the rescaled variable u in order to show that this probability
. We will further discuss this result in Section 14.1, where we will

decays on scale N ~2/3
see that the 1>/ behavior coincides with the right tail of the Tracy—Widom distribution.

For a unit Wigner, we have (see Fig. 5.4)

25 —
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X

Figure 5.4 Large deviation function for the top eigenvalue ®(x) for a unit Wigner and a Wishart
matrix with A4 = 2 (g = 3 — 2+/2). The Wishart curve was obtained by numerically integrating

Eq. (5.78).
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1 Ny
() = 3xVx? —4—2log (%ﬂ) for x> 2. (5.85)

For a Wishart matrix with parameter ¢ = 1,

®(x) = v/(x — Hx + 2log (x — (xz_ Hx = 2) for x> 4. (5.86)

Remember that the Stieltjes transform g(z) and the density of eigenvalues p (1) are only
sensitive to the potential function V (x) for values in the support of p (A— < x < A4).
The large deviation function @ (x), on the other hand, depends on the value of the potential
for x > Ay. For Eq. (5.79) to hold, the same potential function must extend analytically
outside the support of p. In Section 5.3.3, we considered a non-confining potential (when
y < 0). We argued that we could compute g(z) and p(A) as if the potential were confining
as long as we could replace the potential outside (A_,A4) by a convex function going
to infinity. In that case, the function ®(x) depends on the choice of regularization of the
potential. Computing Eq. (5.78) with the non-confining potential would give nonsensical
results.

Exercise 5.4.1 Large deviations for Wigner and Wishart

(a) Show that Egs. (5.85) and (5.86) are indeed the large deviation function for
the top eigenvalues of a unit Wigner and a Wishart ¢ = 1. To do so, show
that they satisfy Eq. (5.77) and that ® (A1) = 0 with A = 2 for Wigner and
A+ = 4 for Wishart g = 1.

(b) Find the dominant contribution of both ®(x) for large x. Compare to their
respective V (x).

(c) Expand the two expressions for @ (x) near their respective A and show that
they have the correct leading behavior. What are the exponent 6 and constant
C?

5.5 An Eigenvalue Density Saddle Point

As an alternative approach to the most likely configuration of eigenvalues, one often
finds in the random matrix literature the following density formalism. One first introduces
the density of “charges” w (x) for a given set of eigenvalues A1, A, ..., Ay (not necessarily
the most likely configuration), as

N
w(x) = ;];mi —x). (5.87)

Expressed in terms of this density field, the joint distribution of eigenvalues, Eq. (5.26)
can be expressed as
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1 ,3N2
P({w}) =Z" " exp -5 dxw()V(x) — f dxdyo(x)w(y)log|x — y|

— N/dxw(x) loga)(x)>, (5.88)

where the last term is an entropy term, formally corresponding to the change of variables
from the {;} to w(x). Since this term is of order N, compared to the two first terms that
are of order N2, it is usually neglected.7

One then proceeds by looking for the density field that maximizes the term in the
exponential, which is obtained by taking its functional derivative with respect to all w (x):

8 / /
300 U dyw(»)V(y) —][ dydy'w () logly — y'| — ¢ dyw(y)] =0,
w(x) w*

(5.89)

where ¢ is a Lagrange multiplier, used to impose the normalization condition
J dxw(x) = 1. This leads to

V(x) = 2][ dyo* (y)log |x — y| +¢. (5.90)

We can now take the derivative with respect to x to get

*
V/(x) = 2][ ay 2 (5.91)
X

which is nothing but the continuum limit version of Eq. (5.28), and is identical to
Eq. (5.38). Although this whole procedure looks somewhat ad hoc, it can be fully
justified mathematically. In the mathematical literature, it is known as the large deviation
formalism.

Equation (5.91) is a singular integral equation for w(x) of the so-called Tricomi type.
Such equations often have explicit solutions, see Appendix A.2. In the case where V (x) =
x2 /2, one recovers, as expected, the semi-circle law:

w*(x) = % N —— (5.92)

One interesting application of the density formalism is to investigate the case of Gaus-
sian orthogonal random matrices conditioned to have all eigenvalues strictly positive.
What is the probability for this to occur spontaneously? In such a case, what is the resulting
distribution of eigenvalues?

The trick is to solve Eq. (5.91) with the constraint that w(x < 0) = 0. This leads to

o *
x= 2][ ay &) (5.93)
0 T x—y

The solution to this truncated problem can also be found analytically using the general
result of Appendix A.2. One finds

L /M=% 0 1o, with A 4
— Xx), Wi =—.
4 X + + J3
The resulting density has a square-root divergence close to zero, which is a stigma of all
the negative eigenvalues being pushed to the positive side. The right edge itself is pushed
from 2 to 4/ ﬁ, see Figure 5.5.

w* (x) = (5.94)

7 Note however that when 8 = ¢/N, as considered in Allez et al. [2012], the entropy term must be retained.

79
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Figure 5.5 Density of eigenvalues for a Wigner matrix conditioned to be positive semi-definite. The
positive part of the density of a standard Wigner is shown for comparison.

Injecting this solution back into Eq. (5.88) and comparing with the result corresponding
to the standard semi-circle allows one to compute the probability for such an excep-
tional configuration to occur. After a few manipulations, one finds that this probability

is given by e PCN’ with C = log3/4 ~ 0.2746.... The probability that a Gaussian
random matrix has by chance all its eigenvalues positive therefore decreases extremely fast
with N.

Other constraints are possible as well, for example if one chooses to confine all eigen-
values in a certain interval [_,¢4] with £ > A_ or £+ < A4. (In the cases where
{_ < A_ and €4 > A4 the confinement plays no role.) Let us study this problem in
the case where there is no external potential at all, i.e. when V(x) = C, where C is an
arbitrary constant, but only confining walls. In this case, the general solution of Appendix
A.2 immediately leads to

1

J/x —€)ly —x)

which has a square-root divergence at both edges. This law is called the arcsine law, which
appears in different contexts, see Sections 7.2 and 15.3.1.

Note that the minimization of the quadratic form f dxdyw (x)w(y)G(]x — y|) for a
general power-law interaction G (u) = u~Y, subject to the constraint f dxw(x) = 1, has
been solved in the very different, financial engineering context of optimal execution with
quadratic costs. The solution in that case reads

(5.95)

*(x) =

o*(x) = A (- ey — 07, (5.96)

with £ := £_ + ¢4 and A(y) = yT'[y]/ Fz[(l + y)/2]. The case G(u) = —log(u)
formally corresponds to y = 0, in which case one recovers Eq. (5.95).
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— J. Gatheral, A. Schied, and A. Slynko. Transient linear price impact and Fredholm
integral equations. Mathematical Finance, 22(3):445-474, 2012,

— J.-P. Bouchaud, J. Bonart, J. Donier, and M. Gould. Trades, Quotes and Prices.
Cambridge University Press, Cambridge, 2nd edition, 2018.
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Eigenvalues and Orthogonal Polynomials*

In this chapter, we investigate yet another route to shed light on the eigenvalue density
of the Wigner and Wishart ensembles. We show (a) that the most probable positions of
the Coulomb gas problem coincide with the zeros of Hermite polynomials in the Wigner
case, and of Laguerre polynomials in the Wishart case; and (b) that the average (over
randomness) of the characteristic polynomials (defined as det(z 1 — Xp)) of Wigner or
Wishart random matrices of size N obey simple recursion relations that allow one to express
them as, respectively, Hermite and Laguerre polynomials. The fact that the two methods
lead to the same result (at least for large N) reflects the fact that eigenvalues fluctuate
very little around their most probable positions. Finally we show that for unitary ensembles
B = 2, the expected characteristic polynomial is always an orthogonal polynomial with
respect to some weight function related to the matrix potential.

6.1 Wigner Matrices and Hermite Polynomials
6.1.1 Most Likely Eigenvalues and Zeros of Hermite Polynomials

In the previous chapter, we established a general equation for the Stieltjes transform of
the most likely positions of the eigenvalues of random matrices belonging to a general
orthogonal ensemble, see Eq. (5.34). In the special case of a quadratic potential V (x) =
x2/2, this equation reads

gy (@)

2gn(@) — 1= g3 () + T (6.1)

This ordinary differential equation is of the Ricarti type,! and can be solved by setting
gn(2) := ¥/ (2)/Nv(z). This yields, upon substitution,

v'(z) — Nzy'(2) + N>y (z) = 0, 6.2)
or, with ¥ (z) = W (x = V/N2),
U (x) — xW'(x) + N¥(x) = 0. (6.3)

1" A Ricatti equation is a first order differential equation that is quadratic in the unknown function, in our case g (2).

83
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The solution of this last equation with the correct behavior for large x is the Hermite

polynomial of order N. General Hermite polynomials H, (x) are defined as the nth order

polynomial that starts as x” and is orthogonal to all previous ones under the unit Gaussian
2

measure:

f %Hn(x)Hm (x)e=F = 0 when 1 # . (6.4)
The first few are given by
Ho(x) =1,
Hi(x) = x,
Hy(x) =x>—1, (6.5)

Hi(x) = x> — 3x,
Hy(x) = x* —6x% 4+ 3.
In addition to the above ODE (6.3), they satisfy
d
d_Hn(x) =nH, 1(x), (6.6)
x
and the recursion
Hy(x) = xHyp—1(x) — (n — D) Hy—2(x), (6.7)

which combined together recovers Eq. (6.3). Hermite polynomials can be written explic-
itly as

1/d\2 L2 _pym n! ,
H,(x) = — = "= neam 6.8
) eXp[ Z(dx) }x 2 ml(n—2m)! ©8)

m=0
where |n/2] is the integer part of n/2.
Coming back to Eq. (6.1), we thus conclude that the exact solution for the Stieltjes
transform gy (z) at finite N is
@ H},(V/N2)
ENRZ) = —F———F——
VNHy(+/Nz)

or, writing Hy (x) = H,N=1 (x— «/ﬁth)), where «/ﬁhgm are the N (real) zeros of Hy (x),

(6.9)

N

1 1
W@ =Y (6.10)
N —ni"

2 Hermite polynomials can be defined using two different conventions for the unit Gaussian measure. We use here the

- . . . .. . . . . 2
“probabilists’ Hermite polynomials”, while the “physicists’ convention” uses a Gaussian weight proportional to e™* .
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Figure 6.1 Histogram of the 64 zeros of Hgg(x). The full line is the asymptotic prediction from the
semi-circle law.

Comparing with the definition of gy (z), Eq. (5.30), one concludes that the most likely
positions of the Coulomb particles are exactly given by the zeros of Hermite polynomi-
als (scaled by VN ). This is a rather remarkable result, which holds for more general
confining potentials, to which are associated different kinds of orthogonal polynomials.
Explicit examples will be given later in this section for the Wishart ensemble, where we
will encounter Laguerre polynomials (see also Chapter 7 for Jacobi polynomials).

Since we know that gy (z) converges, for large N, towards the Stieltjes transform of
the semi-circle law, we can conclude that the rescaled zeros of Hermite polynomials are
themselves distributed, for large N, according to the same semi-circle law. This classical
property of Hermite polynomials is illustrated in Figure 6.1.

6.1.2 Expected Characteristic Polynomial of Wigner Matrices

In this section, we will show that the expected characteristic polynomial of a Wigner matrix
Xy, defined as Qn(z) := E[det(z 1 — Xp)], is given by the same Hermite polynomial as
above. The idea is to write a recursion relation for Q y(z) by expanding the determinant in
minors. Since we will be comparing Wigner matrices of different size, it is more convenient
to work with unscaled matrices Yy = VN Xy, i.e. symmetric matrices of size N with
elements of zero mean and variance 1 (it will turn out that the variance of diagonal elements
is actually irrelevant, and so can also be chosen to be 1). We define

qn(z) := E[det(z1 — Yy)]. (6.11)
Using det(eA) = oV det(A), we then have
On@) = NNy (V/N2). (6.12)
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We can compute the first two gy (z) by hand:
N@=Ez-Yul=z  @@=E[C-Yie-Yn) -Yh|=2-1 613

To compute the polynomials for N > 3 we first expand the determinant in minors from the
first line. We call M;_; the i j-minor, i.e. the determinant of the submatrix of z1 — Yy with
the line i and column j removed:

N
det(z1—Yy) =Y (=D (281 — Y1)My
i=1
N
=My — YuMy g+ ) (DY My (6.14)
i=2
We would like to take the expectation value of this last expression. The first two terms
are easy: the minor M ; is the same determinant with a Wigner matrix of size N — 1, so
E[M;j,1] = gn-1(2); the diagonal element Y is independent from the rest of the matrix
and its expectation is zero.

For the other terms in the sum, the minor M; 1 is not independent of Y; . Indeed, because
Xy is symmetric, the corresponding submatrix contains another copy of Yy;. Let us then
expand M ; itself on the ith row, to make the other term Y;; appear explicitly. For i # 1,
we have

N
M = Z (=D)"Y; My

j=1, j#i
. N . .
= (=D My + Z (=D'7Y; My ij, (6.15)
j=2, j#i

where M;; 1, is the “sub-minor”, with rows i, j and columns k,/ removed.

We can now take the expectation value of Eq. (6.14) by noting that Yy; is independent
of all the terms in Eq. (6.15) except the first one. We also realize that Mj; ;1 is the same
determinant with a Wigner matrix of size N — 2 that is now independent of Y1;, so we have
E[My; 1] = gn-2(z). Putting everything together we get

gn(z) == E[det(z1 - Yn)] = zgn-1(2) — (N — Dgn-2(2). (6.16)

We recognize here precisely the recursion relation (6.7) that defines Hermite polynomials.

How should this result be interpreted? Suppose for one moment that the positions of
the eigenvalues A; of Yy were not fluctuating from sample to sample, and fixed to their
most likely values A7. In this case, the expectation operator would not be needed and one
would have

d H, Nz
gn(z) = —log Oy (2) = y(/ND

—_— 6.17
& N Hy (YN ©1n
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recovering the result of the previous section. What is somewhat surprising is that

N n
E {]‘[(z - m} =[Jec-2) (6.18)
i=1 i=1

even when fluctuations are accounted for. In particular, in the limit N — oo, the average
Stieltjes transform should be computed from the average of the logarithm of the character-
istic polynomial:

) 1 d
92) = lim —E |:£ logdet(z 1 — XN)} ; (6.19)

but the above calculation shows that one can compute the logarithm of the average charac-
teristic polynomial instead. The deep underlying mechanism is the eigenvalue spectrum of
random matrices is rigid — fluctuations around most probable positions are small.

Exercise 6.1.1 Hermite polynomials and moments of the Wigner
Show that (for n > 4)

n—1,, @W@-Dn-2)n-3) ,_4 n—6
2 + 8n * +0(x )’

On(x) =x" —
(6.20)

therefore

1 o o ("—1)(2"—3)i+0<;7>, 6.21)

L N I

so in the large N limit we recover the first few terms of the Wigner Stieltjes
transform

1 1 2 1
Q(Z)ZZ—;—Z—S+O(—7). (6.22)

6.2 Laguerre Polynomials
6.2.1 Most Likely Characteristic Polynomial of Wishart Matrices

Similarly to the case of Wigner matrices, the Stieltjes transform of the most likely positions
of the Coulomb charges in the Wishart ensemble can be written as gy (z) := ¥/ (2)/N¥ (2),
where 1/ (z) is a monic polynomial of degree N satisfying

¥ (x) — NV ()¢ (x) + N Ty ()¢ (x) = 0, (6.23)
with

N—-T—-1+28""
NV'(x) = . +28 +T, (6.24)
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and, using Eq. (5.32),

N
Vi) =V'QRY)  en
My (x) = X_: PR (6.25)
where
N

N-T—-14+287"1 1
N =— . > = (6.26)

N o

Writing now ¥ (x) = W(Tx) and u = Tx, Eq. (6.23) becomes

N2
ulV’ W) — (N=T = 14287+ w)W' @) + TCN\I—’(u) =0. (6.27)

This is the differential equation for the so-called associated Laguerre polynomials L) with
o =T — N — 287!, It has polynomial solutions of degree N if and only if the coefficient
of the W(u) term is an integer equal to N (i.e. if cy = T /N). The solution is then given by

W) o LYV D w, (6.28)
where
d
4 _ 1y
LW (x) = x—“wxw. (6.29)
n

Note that associated Laguerre polynomials are orthogonal with respect to the measure
x%e ¥, i.e.
(n+ a)!

(6.30)
n!

oo
f dxx®e™ L™ (x) L (x) = 8um
0
Given that the standard associated Laguerre polynomials have as a leading term
(=Y /N!z" and that ¥ (x) is monic, we finally find

_1\WN —N 7 (T-N-2) : —
1//(}C):{( HDYN!'T™VL (Tx) real symmetric (8 =1), ©631)

(—DNNIT-NLT=N=D(Tx) complex Hermitian (8 = 2).

Hence, the most likely positions of the Coulomb—Wishart charges are given by the zeros
of associated Laguerre polynomials, exactly as the most likely positions of the Coulomb—
Wigner charges are given by the zeros of Hermite polynomials.

We should nevertheless check that cy = T /N is compatible with Eq. (6.26), i.e. that the
following equality holds:

T o+ 1
¥ =N > T3 (6.32)
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Figure 6.2 Histogram of the 100 zeros of L, (x). The full line is the MarCenko—Pastur distribution
(4.43) with g = % scaled by a factor T = 200.

where the A} are the zeros of T 'L(Tx),ie. M= Z,((a) /T, where E,Ea) are the zeros of the
associate Laguerre polynomials L(O’), which indeed obey the following relation:>

11 1

~ /; T (6.33)
From the results of Section 5.3.1, we thus conclude that the zeros of the Laguerre polyno-
mials LT ~N=2)(Tx) converge to a Wishart distribution with ¢ = N/T. Figure 6.2 shows
the histogram of zeros of L;})%O) (x) with the asymptotic prediction for large N and 7. Note
that @ &~ N(g~' — 1) in that limit.

6.2.2 Average Characteristic Polynomial

As in the Wigner case we would like to get a recursion relation for O, y(z) := E[det(z1—
W((IN))], where W,(,N) is a white Wishart matrix of size N and parameter ¢ = 7'/N. This
time the recursion will be over T at N fixed. So we keep N fixed (we will drop the (N)
index to keep the notation light) and consider an unnormalized white Wishart matrix:

T
Yr = Zv,v{, (6.34)
t=1

where v, are T N-dimensional independent random vectors uniformly distributed on the
sphere. We want to compute

3 See e.g. Alict and Taeli [2015], where other inverse moments of the Z,(ca) are also derived.
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gr.n(2) = E[det(z1 — Y7)]. (6.35)

The properly normalized expected characteristic polynomial is then given by Qg n(z) =
T "qr.n(Tz). To construct our recursion relation, we will make use of the Shermann—
Morrison formula (Eq. (1.30)), which states that for an invertible matrix A and vectors u
and v,

det(A +uv’) = (1 + v A" 'u) det A. (6.36)
Applying this formula with A = z1 —Yr_1, we get
det(z1—Yr) = (1 —vh(z1—=Yr_) 'vr)det(z1 - Yr_1). (6.37)

The vector vr is independent of the rest of Y7_1, so taking the expectation value with
respect to this last vector we get

By, [Vie1 = Y7 7hvr | = TG 1= Yr 7'l (639)
Now, using once again the general relation (easily derived in the basis where A is diagonal),
d
Tri(z1—A)"det(z1 - A) = 3 detz1 - A), (6.39)
Z
with A = Y7_1, we can take the expectation value of Eq. (6.37). We obtain
d
gr.n@ =(1—-—)qr-1,nQ@). (6.40)
dz
To start the recursion relation, we note that Yq is the N-dimensional zero matrix for which
qo(z) = zV. Hence,*
d T
qr.N(2) = (1 - —> . 6.41)
dz

If we apply an extra (1 - %) to Eq. (6.41), we get the following recursion relation:
qr+1,N(2) = qr,N(2) = Ngr,n-1(2), (6.42)
which is similar to the classic “three-point rule” for Laguerre polynomials:
LYV = LY@ + LY (). (6.43)
This allows us to make the identification
gr.n(@ = (—DVNILY V(). (6.44)
The correctly normalized average characteristic polynomial finally reads:

0rn@ = (DT NN LT M (T2). (6.45)

4 This relation will be further discussed in the context of finite free convolutions, see Chapter 12.
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Hence, the average characteristic polynomial of real Wishart matrices is a Laguerre polyno-
mial, albeit with a slightly different value of o compared to the one obtained in Eq. (6.31)
above (@ = T — N instead of « = T — N — 2). The difference however becomes small
when N, T — oo.

6.3 Unitary Ensembles

In this section we will discuss the average characteristic polynomial for unitary ensem-
bles, ensembles of complex Hermitian matrices that are invariant under unitary transfor-
mations. Although this book mainly deals with real symmetric matrices, more is known
about complex Hermitian matrices, so we want to give a few general results about these
matrices that do not have a known equivalent in the real case. The main reason unitary
ensembles are easier to deal with than orthogonal ones has to do with the Vandermonde
determinant which is needed to change variables from matrix elements to eigenvalues.
Recall that

1 1 1 1

)\‘1 )\.2 )\.3 ‘e )\.N
2 2 2 2
|det(AM))| = |det VP with V= | A A A3 Ay (6.46)
Nol o N—1 S N—1 . N—
Al AL ANl

in the orthogonal case 8 = 1, the absolute value sign is needed to get the correct result.
In the case B = 2, (detV)? is automatically positive and no absolute value is needed.
The absolute value for 8 = 1 is very hard to deal with analytically, while for § = 2 the
Vandermonde determinant is a polynomial in the eigenvalues.

6.3.1 Complex Wigner

In Section 6.1.2 we have shown that the expected characteristic polynomial of a unit vari-
ance real Wigner matrix is given by the Nth Hermite polynomial properly rescaled. The
argument relied on two facts: (i) the expectation value of any element of a Wigner matrix
is zero and (ii) all matrix elements are independent, save for

E[W,’jWﬁ] =1/N fori # j. (6.47)

These two properties are shared by complex Wigner matrices. Therefore, the expected
characteristic polynomial of a complex Wigner matrix is the same as for a real Wigner
of the same size. We have shown that for a real or complex Wigner of size N,

On(z) :=E[det(z1 — W)] = N N2Hy(V/N2), (6.48)
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where Hy (x) is the Nth Hermite polynomial, i.e. the Nth monic polynomial orthogonal in
the following sense:

o
/ H;(x)H;(x)e™™"/> = 0 when i # j. (6.49)
—00

We can actually absorb the factors of N in Qx(z) in the measure exp(—x2/2) and realize
that the polynomial Qy(z) is the Nth monic polynomial orthogonal with respect to the
measure

wy (x) = exp(—Nx?/2). (6.50)

There are two important remarks to be made about the orthogonality of Oy (x) with respect
to the measure wy (x). First, O (x) is the Nth in a series of orthogonal polynomials with
respect to an N-dependent measure. In particular Qs (x) for M # N is an orthogonal
polynomial coming from a different measure. Second, the measure wy (x) is exactly the
weight coming from the matrix potential exp(—SNV (1)/2) for 8 =2 and V(x) = x2/2.
In Section 6.3.3, we will see that these two statements are true for a general potential V (x)
when g = 2.

6.3.2 Complex Wishart

A complex white Wishart matrix can be written as a normalized sum of rank-1 complex
Hermitian projectors:

T
1
W= ; Vvl 6.51)

where the vectors v, are vectors of 1ID complex Gaussian numbers with zero mean and
normalized as

Elv,vi]=1. (6.52)

The derivation of the average characteristic polynomial in the Wishart case in Section 6.2.2
only used the independence of the vectors v, and the expectation value E[v,v]] = 1. So,
by replacing the matrix transposition by the Hermitian conjugation in the derivation we
can show that the expected characteristic polynomial of a complex white Wishart of size
N is also given by a Laguerre polynomial, as in Eq. (6.45). The Laguerre polynomials
L,(CT_N) (x) are orthogonal in the sense of Eq. (6.30), with = T — N. As in the Wigner
case, we can include the extra factor of T in the orthogonality weight and realize that the
expected characteristic polynomial of a real or complex Wishart matrix is the Nth monic

polynomial orthogonal with respect to the weight:
wy(x) =xT"Ne T¥ for 0 < x < 0. (6.53)

This weight function is precisely the single eigenvalue weight, without the Vandermonde
term, of a complex Hermitian white Wishart of size N (see the footnote on page 46).
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Note that the normalization of the weight wy (x) is irrelevant: the condition that the poly-
nomial is monic uniquely determines its normalization. Note as well that the real case is
given by the same polynomials, i.e. polynomials that are orthogonal with respect to the
complex weight, which is different from the real weight.

6.3.3 General Potential V (x)

The average characteristic polynomial for a matrix of size N in a unitary ensemble with
potential V(M) is given by

On(x) := E[det(z 1 — M)], (6.54)

which we can express via the joint law of the eigenvalues of M:

N
ON(2) x / dVx [z = xe) A2 (e izt Ve, (6.55)
k=1

where A(X) is the Vandermonde determinant:

Ax) = [ e —x). (6.56)

k<t

We do not need to worry about the normalization of the above expectation value as we know
that Q y(z) is a monic polynomial of degree N. In other words, the condition Qy(z) =
2V + 0N is sufficient to properly normalize Q y(z). The first step of the computation
is to combine one of the two Vandermonde determinants with the product of (z — xi):

N N
A []e=x) =Aa0 [[ee—x0) [] —x0) = A®AX; 2), (6.57)
k=1

k<t k=1

where A(X;z) is a Vandermonde determinant of N + 1 variables, namely the N variables
xi and the extra variable z.
The second step is to write the determinants in the Vandermonde form:

1 1 1 1

X1 X2 X3 R
2 2 2 2
Ax) =det| *1 X X3 - Ay ). (6.58)
N-1 _N-1 _N-1 N-1
.X'l x2 .X3 e .X'N

We can add or subtract to any line a multiple of any other line and not change the above
determinant. By doing so we can transform all monomials xéf into a monic polynomial of
degree k of our choice, so we have
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1 1 1 .. 1
p1(x1) p1(x2) p1(x3) ...  pi(xn)
A(x) = det | P2(x1) p2(x2) p2x3) ... paxn) | (6.59)
pN—1(x1) pN-1(x2) pn-1(x3) ... pN—1(xN)

We will choose the polynomials p;, (x) to be the monic polynomials orthogonal with respect
to the measure w(x) = e ¥V this will turn out to be extremely useful. We can now
perform the integral of the vector x in the following expression:

On(z) / dVx A(X)A(x; z)e N Tim V) (6.60)

If we expand the two determinants A(x) and A(x;z) as signed sums over all permutations
and take their product, we realize that in each term each variable x; will appear exactly
twice in two polynomials, say p, (xx) and p,, (xx), but by orthogonality we have

/ g pr () pin (x)e NV = 7,8, (6.61)

where Z,, is a normalization constant that will not matter in the end. The only terms that will
survive are those for which every x; appears in the same polynomial in both determinants.
For this to happen, the variable z must appear as py(z), the only polynomial not in the first
determinant. So this trick allows us to conclude with very little effort that

On(z) & pN(2)- (6.62)

But since both Oy (z) and py(z) are monic, they must be equal. We have just shown that
for a Hermitian matrix M of size N drawn from a unitary ensemble with potential V (x),

E[det(z1 —M)] = pn(2), (6.63)

where py (x) is the N'th monic orthogonal polynomial with respect to the measure e =¥V ).

It is possible to generalize this result to expectation of products of characteristic poly-
nomials evaluated at K different points z, which allows one to study the joint distribution
of K eigenvalues. We give here the result without proof.5 We first define the expectation
value of a product of K characteristic polynomials:

Fk(z1,22,...,2k) = E[det(z11 — M) det(zo01 — M)...det(zxg1 — M)]. (6.64)

The multivariate function Fyx can be expressed as a determinant of orthogonal

polynomials:
PN (z1) PN (22) . PN (k)
1 PN+1(21) PN+1(z2) ... pN+1(zK)
FK(ZI1Z27'-'7ZK)=7det . . . . 5
A : : .. :
PN+Kk—1(z1) PNy+k—-1(2) ... PN+k—-1@K)
(6.65)

5 See Brézin and Hikami [2011] for a derivation. Note that their formula equivalent to Eq. (6.67) is missing the K -dependent
constant factor.
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where A := A(z1,22,...,2k) is the usual Vandermonde determinant and the p,(x) are
the monic orthogonal polynomials orthogonal with respect to e~V V(¥) When K = 1,
A = 1 by definition and we recover our previous result F(z) = py(z). When the
arguments of Fg are not all different, Eq. (6.65) gives an undetermined result (0/0) but
the limit is well defined. A useful case is when all arguments are equal:

Fg(2) := Fg (2.2, ....z) = E[det(z1 — M)X]. (6.66)

Taking the limit of Eq. (6.65) we find the rather simple result

PN () @ o pE P
(K—1)
1 PN+1(2) P ... p
F(2) = ——— det N+ . N+l . (6.67)
He:o ¢! . . .
K—1
PN+K-1G@) Pk 1@ o Py @

where [)ék) (x) is the kth derivative of the £th polynomial. In particular the average-square
characteristic polynomial is given by

F2(2) = pN (D Py 41 @) — Py @ pN+1(). (6.68)

Exercise 6.3.1 Variance of the Characteristic Polynomial of a 2 x 2 Hermitian

Wigner Matrix
(a) Show that the characteristic polynomial of a 2 x 2 Hermitian Wigner matrix
is given by
0Y (@) = (2 —wiD(z — wa) — (W)” — (w}y)?, (6.69)

where wii, wyo, wllg and w{z are four real independent Gaussian random
numbers with variance 1 for the first two and 1/2 for the other two.

(b) Compute directly the mean and the variance of Q;V(z).

(c) Use Egs. (6.63) and (6.68) and the first few Hermite polynomials given in
Section 6.1.1 to obtain the same result, namely V[Q;V(z)] =272 42
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The Jacobi Ensemble*

So far we have encountered two classical random matrix ensembles, namely Wigner and
Wishart. They are, respectively, the matrix equivalents of the Gaussian and the gamma
distribution. For example a 1 x 1 Wigner matrix is a single Gaussian random number and
a 1 x 1 Wishart is a gamma distributed number (see Eq. (4.16) with N = 1). We also
saw in Chapter 6 that these ensembles are intimately related to classical orthogonal poly-
nomials, respectively Hermite and Laguerre. The Gaussian distribution and its associated
Hermite polynomials appear very naturally in contexts where the underlying variable is
unbounded above and below. Gamma distributions and Laguerre polynomials appear in
problems where the variable is bounded from below (e.g. positive variables). Variables
that are bounded both from above and from below have their own natural distribution
and associated classical orthogonal polynomials, namely the beta distribution and Jacobi
polynomials.

In this chapter, we introduce a third classical random matrix ensemble: the Jacobi
ensemble. It is the random matrix equivalent of the beta distribution (and hence often
called matrix variate beta distribution). It will turn out to be strongly linked to Jacobi
orthogonal polynomials.

Jacobi matrices appear in multivariate analysis of variance and hence the Jacobi ensem-
ble is sometimes called the MANOVA ensemble. An important special case of the Jacobi
ensemble is the arcsine law which we already encountered in Section 5.5, and will again
encounter in Section 15.3.1. It is the law governing Coulomb repelling eigenvalues with
no external forces save for two hard walls. It also shows up in simple problems of matrix
addition and multiplications for matrices with only two eigenvalues.

7.1 Properties of Jacobi Matrices
7.1.1 Construction of a Jacobi Matrix

A beta-distributed random variable x € (0, 1) has the following law:

F(CI)F(Q)xC] ~1
I'(c1 +¢2)
where ¢1 > 0 and ¢; > 0 are two parameters characterizing the law.

Py e, (x) = (1—x)2 1, (7.1)
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To generalize (7.1) to matrices, we could define J as a matrix generated from a beta
ensemble with a matrix potential that tends to V(x) = —log(P;, ¢, (x)) in the large N
limit. Although this is indeed the result we will get in the end, we would rather use a more
constructive approach that will give us a sensible definition of the matrix J at finite N and
for the three standard values of 8.

A beta(cy,cp) random number can alternatively be generated from two gamma-
distributed variables:

w1

X=— wi,2 ~ Gamma(cy,2, 1). (7.2)
w1 + wy

The same relation can be rewritten as
1

X = 1

= (7.3)
1+ wy

wy
This is the formula we need for our matrix generalization. An unnormalized white Wishart
with T = ¢N is the matrix generalization of a Gamma(c, 1) random variable. Combining
two such matrices as above will give us our Jacobi random matrix J. One last point before
we proceed, we need to symmetrize the combination wl_lwz to yield a symmetric matrix.
We choose /w> wl_1 /w2 which makes sense as Wishart matrices (like gamma-distributed
numbers) are positive definite.

We can now define the Jacobi matrix. Let E be the symmetrized product of a white
Wishart and the inverse of another independent white Wishart, both without the usual 1/T
normalization:

E=W,"W'W,”, where Wi,:=H; H],. (7.4)

The two matrices Hj » are rectangular matrices of standard Gaussian random numbers with
aspect ratio c; = T1/N and c; = T»/N (note that the usual aspect ratio is ¢ = ¢~ !). The
standard Jacobi matrix is defined as

J=a+EL (7.5)

A Jacobi matrix has all its eigenvalues between O and 1. For the matrices \TVl,z to make
sense we need cj2 > 0. In addition, to ensure that V~V1 is invertible we need to impose
c1 > 1. It turns out that we can relax that assumption later and the ensemble still makes
sense for any c1,2 > 0.

7.1.2 Joint Law of the Elements

The joint law of the elements of a Jacobi matrix for § = 1,2 or 4 is given by

Py () = ) M ety PNV der(1 — g oMb (7.6)

N

ra+sg/2)r T\ +T, — N+ j)/2

C/in,Tl,Tz zl—[ v I+ B/T(B(T + T D/2) 77
j=1

+Bi/DT (BT — N + j)/DT (BT — N + j)/2)
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over the space of matrices of the proper symmetry such that both J and 1 — J are positive
definite.
To obtain this result, one needs to know the law of Wishart matrices (Chapter 4) and the
law of a matrix given the law of its inverse (Chapter 1).
Here is the derivation in the real symmetric case. We first write the law of the matrix E
by realizing that for a fixed matrix W, the matrix E/ T, is a Wishart matrix with 7 = T
and true covariance \7\71_1 From Eq. (4.16), we thus have

E)(D—N-1/2 W \72/2 1 -
P (EIW,) = (detE) (det W) exp|:

N e To/2) —ETr (EW )]. (7.8)

The matrix Wl /Ty is itself a Wishart with probability

~ (det Wp)(T1—=N=1/2 1~
P = S p|:—§Tr (wl)] (7.9)
Averaging Eq. (7.8) with respect to w 1 we find
P E) — (det E)(2=N=D/2
NMADI/2T (T /2)T N (T2/2)
x / AW (det W) 12=N=D/2 o5y [—% Tr((1+ E)W)] . (7.10)

We can perform the integral over W by realizing that W/T is a Wishart matrix with
T = Ti 4+ T, and true covariance C = (1 + E)_l, see Eq. (4.16). We just need to
introduce the correct power of det C and numerical factors to make the integral equal to 1.
Thus,

p@®) = —NIHTD/D 4oy (N-D/2ge1 4 By~ THDI2, (.11

Py (T /DTN (T2/2)
The miracle that for any N one can integrate exactly the product of a Wishart matrix and
the inverse of another Wishart matrix will appear again in the Bayesian theory of scm (see
Section 18.3).
Writing E; = E 41 we find

PEs) = NDTTID g 1y TN-D2 e, )~ TH+2.(7.1)

Ly (T /DTN (T2/2)

Finally we want J := E_T_l. The law of the inverse of a symmetric matrix A = M~ ! of
size N is given by (see Section 1.2.7)

PA(A) = Pyp(A™ 1) det(A) N1, (7.13)

Hence,
Ty ((T1 + T2)/2) -1 (I=N-1)/2 (T1+T3)/2—N—1
P(J) = detJ~! — 1) (det )T +12 .
In(T /DTN (T2/2) ( )

(7.14)

Using det(J -1_ 1) det(J) = det(1 — J) we can reorganize the powers of the determinants
and get

Py = NIATIDGoiq B N-D2 gy yT=N=D2 (715

Iy (T /DTN (T2/2)
which is equivalent to Eq. (7.6) for 8 = 1.
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7.1.3 Potential and Stieltjes Transform

The Jacobi ensemble is a beta ensemble satisfying Eq. (5.2) with matrix potential

Th—-N+1-2 Ih—-N+1-2
-+ /P log(x) — 22—V F /P log(1 — x). (7.16)
N N
The derivative of the potential, in the large N limit, is given by
—1- -2
Vi) =2 (14 =2)x (7.17)
x(x—1)

The function V’(x) is not a polynomial or a Laurent polynomial but the function
x(x — 1)V/(x) is a degree one polynomial. With a slight modification of the argument of
Section 5.2.2, we can show that x(x — 1)IT(x) = r + sx is a degree one polynomial. In the

large N limit we then have

Vix)=-—

cp—1—(cy —2)z+ @i/c%rzz —2(cicy +c )z + (e — 1)?
2z(z — 1)

where we have used the fact that we need s = 0 and r = 1 + ¢ 4 ¢ to get a 1/z behavior

at infinity; we used the shorthand ¢y = ¢ %+ ¢.

From the large z limit of (7.18) one can read off the normalized trace (or the average
eigenvalue):

8(z) = , (7.18)

1

t(J) = (7.19)

c1+c’
which is equal to one-half when ¢; = ¢3. For ¢; > 1 and ¢; > 1, there are no poles, and
eigenvalues exist only when the argument of the square-root is negative. The density of
eigenvalues is therefore given by (see Fig. 7.1)

2.5 1

2.0 A

p(A)

1.0 A

0.5 A

0.0 T
0.0 0.2 0.4 0.6 0.8 1.0

A

Figure 7.1 Density of eigenvalues for the Jacobi ensemble with ¢ = 5 and ¢p = 2. The histogram
is a simulation of a single N = 1000 matrix with the same parameters.
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Vg =00 =)
2ea(l — &)

p(M) =cp , (7.20)

where the edges of the spectrum are given by

cies el £2 o =D
= : . (7.21)

B c
+
For0 < ¢y < 1lor0 < ¢ < 1, Eq. (7.18) will have Dirac deltas at z = O or z = 1,
depending on cases (see Exercise 7.1.1).
In the symmetric case ¢; = ¢3 = ¢, we have explicitly

=D -2+ Y32 —1)2—c(c-2)

a(z 7.22
(2) I (1.22)
The density for ¢ > 1 has no Dirac mass and is given by
Ap — A — A
pay = YO ) (23)
(1l —2x)
with the edges given by
1 J2c—1
A= YT (7.24)
2 2c
Note that the distribution is symmetric around A = 1/2 (see Fig. 7.2).
As ¢ — 1, the edges tend to 0 and 1 and we recover the arcsine law:
) = ! (7.25)
P = A= '
...... c= 10
3 1T TTT = 2
’ ) arcsine law
~ 27
) R
= ;
1A ',’ : \“
I 1
! 1
I 1
I 1
O ! T T T T -
0.0 0.2 0.4 0.6 0.8 1.0
A

Figure 7.2 Density of eigenvalues for a Jacobi matrix in the symmetric case (c; = ¢p = c¢) for
¢ = 20,2 and 1. The case ¢ = 1 is the arcsine law.
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Exercise 7.1.1 Dirac masses in the Jacobi density

(a) Assuming that c; > 1 and ¢ > 1 show that there are no poles in Eq. (7.18) at
z = 0 or z = 1 by showing that the numerator vanishes for these two values
of z.

(b) The parameters c; 2 can be smaller than 1 (as long as they are positive). Show
that in that case g(z) can have poles at z = 0 and/or z = 1 and find the residue
at these poles.

7.2 Jacobi Matrices and Jacobi Polynomials
7.2.1 Centered-Range Jacobi Ensemble

The standard Jacobi matrix defined above has all its eigenvalues between 0 and 1. We would
like to use another definition of the Jacobi matrix with eigenvalues between —1 and 1. This
will make easier the link with orthogonal polynomials. We define the centered-range Jacobi
matrix!

J.=2)—1. (7.26)
This definition is equivalent to
Jo = W' PW_) W2 where Wy = H H] + HyH}, (7.27)

with Hj 7 as above.
The matrix J; is still a member of a beta ensemble satisfying Eq. (5.2) with a slightly
modified matrix potential:

NVx)=—(T1 —N+1-2/B)log(l+x)— (T — N +1-2/B)log(l —x). (7.28)
In the large N limit, the density of eigenvalues can easily be obtained from (7.20):

VOr =D =)

A)=c , 7.29
p(A) =cq (=12 (7.29)
where the edges of the spectrum are given by
c—(2—cy)x4./cicalc+ — 1
hs = ( +) 2\/ 1c2(c+ )_ (7.30)
t
The special case ¢c; = ¢ = 1 is the centered arcsine law:
) ! (7.31)
pPA) = ——. .
7/ =A%)
1" Note that the matrix J. is not necessarily centered in the sense t(J¢) = 0 but the potential range of its eigenvalues is [—1, 1]

centered around zero.
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7.2.2 Average Expected Characteristic Polynomial

In Section 6.3.3, we saw that the average characteristic polynomial when = 2 is the Nth
monic polynomial orthogonal to the weight w(x) o exp(—N V (x)). For the centered-range
Jacobi matrix we have

wx) = (1 +x)1"N1 —x)=N, (7.32)

The Jacobi polynomials P,,(”’b) (x) are precisely orthogonal to such weight functions with
a =T, — N and b = T — N. (Note that unfortunately the standard order of the param-
eters is inverted with respect to Jacobi matrices.) Jacobi polynomials satisfy the following
differential equation:

A=xy"+b—a—(a+b+2)x)y +n(n+a+b+1)y=0. (7.33)

This equation has polynomial solutions if and only if n is an integer. The solution is then
y o PP ().
The first three Jacobi polynomials are

b
PP =1,

PPy = @ ’; +2 .4 - b (7.34)
plab) ) = @HBH 3)8(a thE o et 2)(a2+b 3
n (a+1)2(a+2).

The normalization of Jacobi polynomials is arbitrary but in the standard normalization
they are not monic. The coefficient of x” in P.“? (x) is
_ Tla+b+2n+1]
~ 2miTla+b+n—1]

(7.35)

dn

In summary we have (for g = 2)

NNIT[Ty+ T +1—N N.T -
E [det[z1 — Jo]] = F[[Tll:T;j 3 ]P}VT2 NI=N) (), (7.36)
Note that we must have 71 > N and 7> > N.
When 71 = T, = N (ie. c; = ¢ = 1, corresponding to the arcsine law), the
polynomials P,E,O’ » (z) are called Legendre polynomials Py (z):?

2N (N1)?

E [det[Zl — YC]] = W

Py (2). (7.38)

2 Legendre polynomials are defined as the polynomial solution of

dPy(x)
X

%[(l—xz) . ]+n(n+1)Pn(x):O, Pa(l) = 1. (7.37)
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7.2.3 Maximum Likelihood Configuration at Finite N

In Chapter 6, we studied the most likely configuration of eigenvalues for the beta ensemble
at finite N. We saw that the finite-N Stieltjes transform of this solution gy (z) is related to
a monic polynomial v (x) via

N

gn(@) = L Z L _ V@) where ¥ (x) = ﬁ(x —Ap). (7.39)
NiZz—h Ny (2)° i=1

The polynomial ¥ (x) satisfies Eq. (6.23) which we recall here:
Y (x) = NV ()9 (x) + N°TIy ()9 (x) =0, (7.40)

where the function Iy (x) is defined by Eq. (5.32). For the case of the centered-range

Jacobi ensemble we have

a—b+@+b+2)x
1 —x2

where we have anticipated the result by introducing the notation a = 7, — N — 2/8 and

b =T — N —2/B. The function Iy (x) is given by

N +SNXx
2

NV'(x) =

, (7.41)

My (x) = (7.42)

1—x
We will see below that the coefficient sy is zero because of the symmetry {cy,c2, A} —
{c2,c1, — Ax} of the most likely solution.
The equation for 1 (x) becomes

(1 =xHY" () + (b —a— (a+b+2)x)¥' (x) + ry N>y (x) = 0. (7.43)

We recognize the differential equation satisfied by the Jacobi polynomials (7.33). Its solu-
tions are polynomials only if ryN = N 4+ a 4 b + 1, which implies that ry = ¢1 4+ 2 —
1+ (1 —4p)/N. This is consistent with the large N limitr = ¢y + ¢3 — 1 in Section 7.1.3.
The solutions are given by

¥ (x) oc PP (), (7.44)

with the proportionality constant chosen such that ¥ (x) is monic.

In the special case 71 = T, = N +2/8,1i.e. T = N + 2 for real symmetric matrices
and T = N + 1 for complex Hermitian matrices, we have a = b = 0 and the polynomials
reduce to Legendre polynomials.

Another special case corresponds to Chebyshev polynomials:

1 1

A

Tn(x)an( )(x) and Un(x)=P,,<7’7)(x), (7.45)

where T, (x) and U, (x) are the Chebyshev polynomials of first and second kind respec-
tively. Sincea = T, — N —2/Band b = T} — N — 2/, they appear as solutions for
Th=T=N+2/B—1/2 (firstkind)or T) = T, = N 4+ 2/8 + 1/2 (second kind).
These values of 77 = T, are not integers but we can still consider the matrix potential
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Figure 7.3 Histogram of the 200 zeros of P2%80’ 600) (x). The full line is the Jacobi eigenvalue density,

Eq. (7.29), withcy =4 and ¢y = 2.

given by Eq. (7.28) without the explicit Wishart matrix construction. In the large N limit,
the density of the zeros of the Jacobi polynomials P,i,TZ_N’ =M (x) is given by Eq. (7.29)
with c12 = T1,2/N. Figure 7.3 shows a histogram of the zeros of Pz(ggo, 600) (x).

When ¢; — 1 and c; — 1, the density becomes the centered arcsine law. As a conse-
quence, we have shown that the zeros of Chebyshev (both kinds) and Legendre polynomials
(for which T} = T, = N + O(1)) are distributed according to the centered arcsine law in

the large N limit.

We have seen that in order for Eq. (7.40) to have polynomial solutions we must have
N1 —x)TIy@x)=N4a+b+1, (7.46)

where the function I1y (x) is defined from the most likely configuration or, equivalently,
the roots of the Jacobi polynomial PIE;Z -0 (z) by

N

1 V/(x) = V'(hg)
Myx) = N,CXZ(:)T' (7.47)

From these expressions we can find a relationship that roots of Jacobi polynomials must
satisfy. Indeed, injecting Eq. (7.41), we find

N
N —xHIyx) =Y
k=1

(@—b)(x2 = A2) + (@ +b +2)(x — A1+ xig)
(1= 2D (x = 2p) '

(7.48)

For each k the numerator is a second degree polynomial in x that is zero at x = Ag,
canceling the x — Ay factor in the denominator, so the whole expression is a first degree
polynomial. Equating this expression to Eq. (7.47), we find that the term linear in x of
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this polynomial must be zero and the constant term equal to N + a + b + 1, yielding two

equations:
1 L (a+b+ 2+ (a—b)
5 > a3 =0, (7.49)
k=1 k
1 L (@+b+2)+ (a— b
Z =N+a+b+1. (7.50)
N3 (=D

These equations give us non-trival relations satisfied by the roots of Jacobi polynomials
P]E,a b (x). If we sum or subtract the two equations above, we finally obtain?

1 1 a4b+ N+ 5h
N = (1= 2 T 2@+ ’
1Y a+b+N+1

-y = ) (7.52)
N &0+ 26 + 1)

7.2.4 Discrete Laplacian in One Dimension and Chebyshev Polynomials

Chebyshev polynomials and the arcsine law are also related via a simple deterministic
matrix: the discrete Laplacian in one dimension, defined as

2 -1 0 -~ 0 0
-1 2 -1 0 0

1o -1 2 0 0

0 0 0 . 0 -1

0 0 0 - —1 2

We will see that the spectrum of A —1 atlarge N is again given by the arcsine law. One way
to obtain this result is to modify the top-right and bottom-left corner elements by adding
—1. The modified matrix is then a circulant matrix which can be diagonalized exactly (see
Exercise 7.2.1 and Appendix A.3).

We will use a different route which will also uncover the link to Chebyshev polynomials.
We will compute the characteristic polynomial Qy(z) of A — 1 for all values of N by
induction. The first two are

01(2) =z, (7.54)

02(2) =% — i. (7.55)

3 These relations were recently obtained in Alict and Taeli [2015].
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For N > 3 we can write a recursion relation by expanding in minors the first line of
the determinant of z1 — A + 1. The (11)-minor is just Qn—_1(z). The first column of the
(12)-minor only has one element equal to 1/2; if we expand this column its only minor is
On_2(2). We find

1
On(2) =20N-1(2) = 7 ON-2(2). (7.56)
This simple recursion relation is similar to that of Chebyshev polynomials Uy (x):
Uy(x) =2xUy-1 — Un—2(x). (7.57)

The standard Chebyshev polynomials are not monic but have leading term Uy (x) ~ 2V x.
Monic Chebyshev (l7 N(&x) = 27VUy (%)) in fact precisely satisfy Eq. (7.56). Given our
first two polynomials are the monic Chebyshev of the second kind, we conclude that
On() = 27NUp(2) for all N. The eigenvalues of A — 1 at size N are therefore given
by the zeros of the Nth Chebyshev polynomial of the second kind. In the large N limit
those are distributed according to the centered arcsine law. QED.

We will see in Section 15.3.1 that the sum of two random symmetric orthogonal matrices
also has eigenvalues distributed according to the arcsine law.

Exercise 7.2.1 Diagonalizing the Discrete Laplacian
Consider M = A — 1 with —1/2 added to the top-right and bottom-left
corners.

(a) Show that the vectors [vi]; = el27k] are eigenvectors of M with eigenvalues
A = cos(2mk).

(b) Show that the eigenvalue density of M in the large N limit is given by the
centered arcsine law (7.31).
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Part I1

Sums and Products of Random Matrices






8

Addition of Random Variables and Brownian Motion

In the following chapters we will be interested in the properties of sums (and products)
of random matrices. Before embarking on this relatively new field, the present chapter
will quickly review some classical results concerning sums of random scalars, and the
corresponding continuous time limit that leads to the Brownian motion and stochastic
calculus.

8.1 Sums of Random Variables

Let us thus consider X = X+ X» where X and X» are two random variables, independent,
and distributed according to, respectively, Pi(x1) and P>(x»). The probability that X is
equal to x (to within dx) is given by the sum over all combinations of x; and x, such
that x; + x» = x, weighted by their respective probabilities. The variables X and X»
being independent, the joint probability that X; = x; and X, = x — x is equal to
Pi(x1) P,(x — x1), from which one obtains

PP (x) = / P (x")Py(x — x")dx’. 8.1

This equation defines the convolution between P and P, which we will write P @ =
P1 x P,. The generalization to the sum of N independent random variables is immediate. If
X = X1+ X2+ -+ Xy with X; distributed according to P; (x;), the distribution of X is
obtained as

N N

PO = [ [Tas P pace.... Putns (x - Zm) L 62
i=1 i=1

where §(.) is the Dirac delta function. The analytical or numerical manipulations of Egs.

(8.1) and (8.2) are much eased by the use of Fourier transforms, for which convolutions
become simple products. The equation P (x) = [P} = P»](x), reads, in Fourier space,

¢P k) = / () / PIGOPa(x —x) ' dv = o1 (D2(k), (8.3)

111
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where ¢ (k) denotes the Fourier transform of the corresponding probability density P (x). It
is often called its characteristic (or generating) function. Since the characteristic functions
multiply, their logarithms add, i.e. the function H (k) defined below is additive:

H (k) := log p(k) = log E[e'*X]. (8.4)
It allows one to recovers its so called cumulants c, (provided they are finite) through
dl’l
= (—)" —H(k . 8.5
n i= (=" G H@®)| (8.5)

The cumulants ¢, are polynomial combinations of the moments m, with p < n. For
example ¢; = m is the mean of the distribution and ¢y = my — m% = o2 its variance. It
is clear that the mean of the sum of two random variables (independent or not) is equal to
the sum of the individual means. The mean is thus additive under convolution. The same is
true for the variance, but only for independent variables.

More generally, from the additive property of H (k) all the camulants of two independent
distributions simply add. The additivity of cumulants is a consequence of the linearity
of derivation. The cumulants of a given law convoluted N times with itself thus follow
the simple rule ¢,, v = Ncy 1, where the {c, 1} are the cumulants of the elementary
distribution Pj.

An important case is when P; is a Gaussian distribution,

1 _a=m?
Pi(x) = —=e 2° | (8.6)
V2ro?

such that log ¢1 (k) = imk — o>k*/2. The Gaussian distribution is such that all cumulants
of order > 3 are zero. This property is clearly preserved under convolution: the sum of
Gaussian random variables remains Gaussian. Conversely, one can always write a Gaussian
variable as a sum of an arbitrary number of Gaussian variables: Gaussian variables are
infinitely divisible.

In the following, we will consider infinitesimal Gaussian variables, noted d B, such that
E[dB] = 0 and E[de] = dt, where dr — 0 is an infinitesimal quantity, which we will
interpret as an infinitesimal time increment. In other words, dB is a mean zero Gaussian
random variable which has fluctuations of order ~/dr.

8.2 Stochastic Calculus
8.2.1 Brownian Motion

The starting point of stochastic calculus is the Brownian motion (also called Wiener pro-
cess) X;, which is a Gaussian random variable of mean ¢ and variance o%t. From the
infinite divisibility property of Gaussian variables, one can always write

k—1 k—1
Xy =Y udt+y obBy, 8.7
=0 =0
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Figure 8.1 An example of Brownian motion.

where ty = kt/N,0 <k < N, 8t = T/N and § By ~ N(0,5t) for each £. By construction
X(ty) = X;. In the limit N — oo, we have §t — dt, 6By — dB and X, becomes a
continuous time process with

dX, = udt + 0dB,,  Xo =0, (8.8)

where d B, are independent, infinitesimal Gaussian variables as defined above (see Fig. 8.1).
The process X; is continuous but nowhere differentiable. Note that X; and X, are not
independent but their increments are, i.e. X,» and X; — X, are independent whenever ¢’ < 1.
Note the convention that X;, is built from past increments § By for £ < k but does not
include 8 By. This convention is called the Itd prescription.! Its main advantage is that X,
is independent of the equal-time dB;, but this comes at a price: the usual chain rule for
differentiation has to be corrected by the so-called Itd term, which we now discuss.

8.2.2 Ito’s Lemma

We now study the behavior of functions F(X;) of a Wiener process X;. Because dB? is of
order dr, and not dr2, one has to be careful when evaluating derivatives of functions of X;.

Given a twice differentiable function F'(.), we consider the process F(X;). Reverting
for a moment to a discretized version of the process, one has

6X)?
F'(X;) + 0(81), (8.9)

F(X(t+68t)=F(X,)+86X F'(X;) +

1 In the Stratonovich prescription, half of § By contributes to Xy, . In this prescription, the It6 lemma is not needed, i.e. the chain
rule applies without any correction term, but the price to pay is a correlation between X; and dB(¢). We will not use the
Stratonovich prescription in this book.
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where

60X = uét +0éB, (8.10)
and

(6X)? = pn2(81)* + 0281t + o2 [(53)2 — 5:] + 20818 B. (8.11)

The random variable (8 B)? has mean o28¢ so the first and last terms are clearly o(5¢) when
8t — 0. The third term has standard deviation given by +/2028¢; so the third term is also
of order §¢ but of zero mean. It is thus a random term much like § B, but much smaller since
8B is of order /8t >> 8t. The Itd lemma is a precise mathematical statement that justifies
why this term can be neglected to first order in §¢. Hence, letting §t+ — dt, we get

oF o2 3*F

dFy = —dX; + —=dt. 8.12
1= oy dd + > 2x (8.12)
When compared to ordinary calculus, there is a correction term — the Itd term — that depends
on the second order derivative of F.
More generally, we can consider a general It6 process where ¢ and o themselves depend

on X; and t, i.e.
dX; = u(Xy,t)dt + o (X;,1)dB;. (8.13)
Then, for functions F(X,t) that may have an explicit time dependence, one has

oF OF  o%(X, 1) 0%F
— (8.14)

dF, = —dX, + | —
"X t+|:8t+ 2 92X

1t6’s lemma can be extended to functions of several stochastic variables. Consider a
collection of N independent stochastic variables {X; ;} (written vectorially as X;) and
such that

dX; = i Xy, t)dt + dW; 4, (8.15)
where dW; ; are Wiener noises such that
E [dW; AW, ] := Cij(X;, 1)dt. (8.16)

The vectorial form of 1t6’s lemma states that the time evolution of a function F(X,,?) is
given by the sum of three contributions:

N

N 2
oF oF Cj(Xe.t) 9°F
dF =) X+ | o+ D dr. 8.17

(Tl T +ij:1 2 9X;0X; @17

The formula simplifies when all the Wiener noises are independent, in which case the Itd
term only contains the second derivatives 3> F /3> X;.



8.2 Stochastic Calculus 115

8.2.3 Variance as a Function of Time

As an illustration of how to use Itd’s formula let us recompute the time dependent variance
of X;. Assume u = 0 and choose F(X) = X2. Applying Eq. (8.12), we get that

t
dF, = 2X,dX, + o2dt = F(X;) = 2/ o X,dB; + o’t. (8.18)
0

In order to take the expectation value of this equation, we scrutinize the term E[ X dB;]. As
alluded to above, the random infinitesimal element dB; does not contribute to X, which
only depends on dBy . Therefore E[ X dB;] = 0, and, as expected,

E[X?] = E[F(X,)] = o°1. (8.19)

The Brownian motion has a variance from the origin that grows linearly with time. The
same result can of course be derived directly from the integrated form X, = o B, where B,
is a Gaussian random number of variance equal to 7.

8.2.4 Gaussian Addition

It6’s lemma can be used to compute a special case of the law of addition of independent
random variables, namely when one of the variables is Gaussian. Consider the random
variable Z = Y 4 X, where Y is some random variable, and X is an independent Gaussian
(X ~ N(u,0?%)). The law of Z is uniquely determined by its characteristic function:

o(k) = E[elF]. (8.20)
We now let Z — Z; be a Brownian motion with Zg = Y:
dZ; = udt + odB;, Zp=Y. (8.21)

Note that Z;— has the same law as Z. The idea is now to study the function F (Z;) := elkZi
using [t6’s lemma, Eq. (8.14). Hence,

. k2 2 . k2 2
dF; = iketZdz, — T”elsz dr = (ikuF _ TGF> dr +ikFdB,. (8.22)

Taking the expectation value, writing ¢, (k) = E[F(¢)], and noting that the differential d is
a linear operator and therefore commutes with the expectation value, we obtain

ko2
de; (k) = (ikM - T) @ (k)de, (8.23)
or
L4 w=34 ) = (i = & 8.24
ma‘ﬂz()—aog(%())—(lﬂ—T) (8.24)
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From its solution at r = 1, we get
252
log (¢1(k)) = log (po(k)) + iku — - (8.25)

Recognizing the last two terms in the right hand side as the characteristic function of a
Gaussian variable, we recover the fact that the log-characteristic function is additive under
the addition of independent random variables. Although the result is true in general, the
calculation above using stochastic calculus is only valid if one of the random variable is
Gaussian.

8.2.5 The Langevin Equation

We would like to construct a stochastic process for a variable X; such that in the steady-
state regime the values of X, are drawn from a given probability distribution P (x). To build
our stochastic process, let us first consider the simple Brownian motion with unit variance
per unit time:

As revealed by Eq. (8.19) the variance of X, grows linearly with time and the process
never reaches a stationary state. To make it stationary we need a mechanism to limit the
variance of X,;. We cannot ‘subtract’ variance but we can reduce X; by scaling. If at every
infinitesimal time step we replace X;14: by X;+4:/ +/1 + dt, the variance of X; will remain
equal to unity. We also know that the distribution of X; is Gaussian (if the initial condition is
Gaussian or constant). With this extra rescaling, X, is still Gaussian at every step, so clearly
this will describe the stationary state of our rescaled process. As a stochastic differential
equation, we have, neglecting terms of order (dr)3/?

Xi
1+ dt

This stationary version of the random walk is the Ornstein—Uhlenbeck process (see
Fig. 8.2). A physical interpretation of this equation is that of a particle located at X;
moving in a viscous medium subjected to random forces dB;/dt and a deterministic
harmonic force (“spring”) —X;/2. The viscous medium is such that velocity (and not
acceleration) is proportional to force.

We would like to generalize the above formalism to generate any distribution P (x) for
the distribution of X in the stationary state. One way to do so is to change the linear force
—X;/2 to a general non-linear force F(X;) := —V’'(X;)/2, where we have written the
force as the derivative of a potential V and introduced a factor of 2 which will prove to be
convenient. If the potential is convex, the force will drive the particle towards the minimum
of the potential while the noise d B; will drive the particle away. We expect that this system
will reach a steady state. Our stochastic equation is now

1

dX, = dB, + F(X,)dr. (8.28)
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Figure 8.2 (left) A simulation of the Langevin equation for the Ornstein—Uhlenbeck process (8.27)
with 50 steps per unit time. Note that the correlation time is 7. = 2 here, so excursions away from
zero typically take 2 time units to mean-revert back to zero. Farther excursions take longer to come
back. (right) Histogram of the values of X; for the same process simulated up to + = 2000 and
comparison with the normal distribution. The agreement varies from sample to sample as a rare far
excursion can affect the sample distribution even for ¢+ = 2000.

What is the distribution of X, in the steady state? To find out, let us consider an arbi-
trary test function f(X;) and see how it behaves in the steady state. Using Itd’s lemma,
Eq. (8.12), we have

1 1
df (X)) = f(Xy) [dB, — EV/(Xt)dt:I + Ef”(X;)dt. (8.29)

Taking the expectation value on both sides and demanding that dE[ f;]/d¢ = O in the steady
state we find

E[f'XoV' X)) =E[f"(X»]. (8.30)

This must be true for any function f. In order to infer the corresponding stationary distri-
bution P (x), let us write #(x) = f’(x) and write these expectation values as

fh(x)V’(x)P(x)dx = fh’(x)P(x)dx. (8.31)

Since we want to relate an integral of 4 to one of 4’ we should use integration by parts:

P'(x)
P(x)

/h/(x)P(x)dx = —/h(x)P/(x)dx = —/h(x) P(x)dx. (8.32)

Since Eq. (8.31) is true for any function z(x) we must have
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P'(x)
P
where Z is an integration constant that fixes the normalization of the law P (x).

To recapitulate, given a probability density P(x), we can define a potential V(x) =
—log P(x) (up to an irrelevant additive constant) and consider the stochastic differential
equation

V'(x) = = P =Z lexp[-V()], (8.33)

1
dX, = dB, — EV/(X,)dt. (8.34)

The stochastic variable X; will eventually reach a steady state. In that steady state the law of
X, will be given by P (x). Equation (8.34) is called the Langevin equation. The strength of
the Langevin equation is that it allows one to replace the average over the probability P (x)
by a sample average over time of a stochastic process.” Any rescaling of time t — o2t
would yield a Langevin equation with the same stationary state:

2
dX, = odB, — %v’(x,)dz. (8.35)

We have learned another useful fact from Eq. (8.30): the random variable V'(X) acts
as a derivative with respect to X under the expectation value. In that sense V'(X) can be
considered the conjugate variable to X.

It is very straightforward to generalize our one-dimensional Langevin equation to a set
of N variables {X;} that are drawn from the joint law P(x) = Z -1 exp[—V (x)]. We get

2

o° 0
dX; = odB; + 78_X, log P(x) dt, (8.36)

where we have dropped the subscript ¢ for clarity.

Exercise 8.2.1 Langevin equation for Student’s t-distributions
The family of Student’s t-distributions, parameterized by the tail exponent
is given by the probability density
_utl +1
Pu(x) =2 (1 + x—z> " with 77! = ﬁ (8.37)
T S N O} |
(a) What is the potential V (x) and its derivative V' (x) for these laws?
(b) Using Eq. (8.30), show that for a t-distributed variable x we have

IE[ x* }— ! (8.38)
P S T i

2 A process for which the time evolution samples the entire set of possible values according to the stationary probability is
called ergodic. A discussion of the condition for ergodicity is beyond the scope of this book.
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(c) Write the Langevin equation for a Student’s t-distribution. What is the
@ — oo limit of this equation?

(d) Simulate your Langevin equation for u = 3, 20 time steps per unit time and
run the simulation for 20 000 units of time. Make a normalized histogram of
the sampled values of X; and compare with the law for u = 3 given above.

(e) Compared to the Gaussian process (Ornstein—Uhlenbeck), the Student
t-process has many more short excursions but the long excursions are much
longer than the Gaussian ones. Explain this behavior by comparing the
function V'(x) in the two cases. Describe their relative small |x| and large
|x| behavior.

8.2.6 The Fokker-Planck Equation

It is interesting to derive, from the Langevin equation Eq. (8.28), the so-called Fokker—
Planck equation that describes the dynamical evolution of the time dependent probability
density P(x,t) of the random variable X;. The trick is to use Eq. (8.29) again, with f(x)
an arbitrary test function. Taking expectations, one finds

1
dE[f(X)] = E[f'(X) F(Xp)dr] + EE[f"(Xz)]dt, (8.39)

where we have used the fact that, in the Itd convention, E[ f'(X;)dB;] = 0. But by defini-
tion of P(x,t), one also has

E[f(X))] := / Fx)P(x,1)dx. (8.40)

Hence,
oP(x,1)
/ Jo)—
Integrating by parts the right-hand side leads to
IP(x,1) OF (x)P(x,1) 1 82P(x,1)
[f(x) dx = —/f(x)—dx + —/f(x)—zdx. (8.42)
at ax 2 ax
Since this equation holds for an arbitrary test function f(x), it must be that
IP(x,1)  OF(xX)P(x.1) N 029%P(x,1)
ar dx 2 9x2
which is called the Fokker—Planck equation. We have reintroduced an arbitrary value

of o here, to make the equation more general. One can easily check that when F(x) =
—V’(x)/2, the stationary state of this equation, such that the left hand side is zero, is

dx=ff’(x)F(x)P(x,t)dx+%ff”(x)P(x,t)dx. (8.41)

, (8.43)

P(x) = Z lexp[-V(x)/o?], (8.44)

as expected from the previous section.
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Dyson Brownian Motion

In this chapter we would like to start our investigation of the addition of random matrices,
which will lead to the theory of so-called “free matrices”. This topic has attracted substan-
tial interest in recent years and will be covered in the next chapters.

We will start by studying how a fixed large matrix (random or not) is modified when
one adds a Wigner matrix. The elements of a Wigner matrix are Gaussian random numbers
and, as we saw in the previous chapter, each of them can be written as a sum of Gaussian
numbers with smaller variance. By pushing this reasoning to the limit we can write the
addition of a Wigner matrix as a continuous process of addition of infinitesimal Wigner
matrices. Such a matrix Brownian motion process, viewed through the lens of eigenvalues
and eigenvectors, is called a Dyson Brownian motion (DBM) after the physicist Freeman
Dyson who first introduced it in 1962.

9.1 Dyson Brownian Motion I: Perturbation Theory
9.1.1 Perturbation Theory: A Short Primer

We begin by recalling how perturbation theory works for eigenvalues and eigenvectors.
This is a standard topic in elementary quantum mechanics, but is not necessarily well
known in other circles. Let us consider a matrix H = Hy + €¢H;, where Hy is a real
symmetric matrix whose eigenvalues and eigenvectors are assumed to be known, and Hj is
a real symmetric matrix that gives the perturbation, with € a small parameter. (In quantum
mechanics, Hg and H; are complex Hermitian, but the final equations below are the same
in both cases.)

Suppose Aj 0, 1 < i < N, are the eigenvalues of Hyp and v; 9, 1 < i < N, are the
corresponding eigenvectors. We assume that the perturbed eigenvalues and eigenvectors
are given by the series expansion (in €):

oo o0
M=o+ Y €hi vi=vio+ ) evig 9.1
k=1 k=1

with the constraint that

Ilvill =llviol=1, 1<i<N. 9.2)

121
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Since the quantity ||v;|| is constant, its first order variation with respect to € must be zero.
This constraint gives that v; | L v; o.

We assume that the A; o are all different, i.e. we consider non-degenerate perturbation
theory. Then, plugging (9.1) into

HV,' = )x,'Vi (9~3)

and matching the left and right hand side term by term in powers of €, one obtains

A =Aio+eMpi + Z (Hl)”| o o(e), 9.4)
j#l

where (Hy);;j := V?OHlVi,O, and

Hy);
Vi=vVio+e Z " V0 +O0(?). 9.5)
=1 z 0—
j#l
Notice that the first order correction to v; is indeed perpendicular to v; o as it does not have
a component in that direction.

9.1.2 A Stochastic Differential Equation for Eigenvalues

Next we use the above formulas to derive the so-called Dyson Brownian motion (DBM),
which gives the evolution of eigenvalues of a random matrix plus a Wigner ensemble whose
variance grows linearly with time. Let M be the initial matrix (random or not), and X; be a
unit Wigner matrix that is independent of My. Then we study, using (9.4), the eigenvalues of

M = My + dr X, 9.6)

where dr is a small quantity which will be interpreted as a differential time step.

The derivation of the SDE for eigenvalues is much simpler if we use the rotational
invariance of the Wigner ensemble. The matrix X; has the same law in any basis, we
therefore choose to express it in the diagonal basis of My. In order to do so we must work
with the exact rotationally invariant Wigner ensemble where the diagonal variance is twice
the off-diagonal variance.

First, for the first order term (in terms of €), we have

2
(Xl)ii = ViT’0X1V,"0 ~N <0,ﬁ) . (9.7)

Note that the (X1);; are independent for different i’s.
Then we study the second order term. We have

1
X1)ji =V o Xivio ~ N <0, ﬁ) . 9.8)
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Figure 9.1 A simulation of DBM for an N = 25 matrix starting for a Wigner matrix with oz =1 /4
and evolving for one unit of time.

So |(X1) i | is a random variable with mean 1/N and with fluctuations around the mean
also of order 1/N. As in Section 8.2.2, one can argue that these fluctuations are negligible
when integrated over time in the limit df — 0. In other words, [(X{) ;; |2 can be treated as
deterministic.

Now using (9.4), we get that

2
dry = [—
BN

where dB; denotes a Brownian increment that comes from the (X;);; term, and we have
added a factor 8 for completeness (equal to 1 for real symmetric matrices). This is the
fundamental evolution equation for eigenvalues in a fictitious time that describes how much
of a Wigner matrix one progressively adds to the “initial” matrix My (see Fig. 9.1). The
astute reader will probably have recognized in the second term a Coulomb force deriving
from the logarithmic Coulomb potential log [A; — A ;| encountered in Chapter 5.

One can also derive a similar process for the eigenvectors that we give here for § = 1:

9.9)

J#

N
dB;; 1 dr
dv; = i —_—V;, 9.10
Vi / Z )L _ )\4] 2N JXZ; ()\'l _ )\j)2Vl ( )

]:#t J#i

where dB;; = dBj; (i # j)is a symmetric collection of Brownian motions, independent of
each other and of the {dB;} above.

The formulas (9.9) and (9.10) give the Dyson Brownian motion for the stochastic evo-
lution of the eigenvalues and eigenvectors of matrices of the form
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M =M, + X,, ©.11)

where M is some initial matrix and X; is an independent Wigner ensemble with parameter
o2 = t. We will call the above matrix process a matrix Dyson Brownian motion.

In our study of large random matrices, we will be interested in the bBM when N is large,
but actually the pBM is well defined for any N. As for the It lemma, we used the fact
that the Gaussian process can be divided into infinitesimal increments and that perturbation
theory becomes exact at that scale. We made no assumption about the size of N. We did
need a rotationally invariant Gaussian process so the diagonal variance must be twice the
off-diagonal one. In the most extreme example of N = 1, the eigenvalue of a 1 x 1 matrix
is just the value of its only element. Under DBM it simply undergoes a standard Brownian
motion with a variance of 2 per unit time.

Exercise 9.1.1 Variance as a function of time under pBM
Consider the Dyson Brownian motion for a finite N matrix:

2 1SN
A = | =dB; + — 9.12
=\ ’+N/Z_}/\,~—/\,~ (9.12)

i

and the function F ({};}) that computes the second moment:

1 N
F((rih) = > oAl 9.13)
i=l1

(a) Write down the stochastic process for F ({A;}) using the Itd vectorial formula
(8.17). In the case at hand F does not depend explicitly on time and O'i2 =
2/N. You will need to use the following identity:

2 L= =L NN -1 9.14
Z Ai —Aj Z Ai —Aj ( ) O19
i, j=1 i,j=1
J#I J#i

(b) Take the expectation value of your equation and show that F(¢) :=
E[F{A;i(2)})] follows

N +1

F(t) = F(0) + t. 9.15)

Do not assume that N is large.

9.2 Dyson Brownian Motion II: It6 Calculus

Another way to derive the Dyson Brownian motion for the eigenvalues is to consider the
matrix Brownian motion (9.11) as a Brownian motion of all the elements of the matrix X.
We have to treat the diagonal and off-diagonal elements separately because we want to use
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the rotationally invariant Wigner matrix (GOE) with diagonal variance equal to twice the
off-diagonal variance. Also, only half of the off-diagonal elements are independent (the
matrix X is symmetric). We have

[2 /1
dXy = NdBkk and dXg, = NdBk@ for k < ¢, (9.16)

where dBy and dByy are N and N(N — 1)/2 independent unit Brownian motions.

Each eigenvalue A; is a (complicated) function of all the matrix elements of X. We can
use the vectorial form of Itd’s lemma (8.17) to write a stochastic differential equation (SDE)
for A; (X):

N 92 dr
i = Z 0 Xk dekk - X_: [ Bt Z 3X1%k N ; 3Xie 2N
(= k+1 t=k+1

9.17)
The key is to be able to compute the following partial derivatives:
AN AN 82 32

Xe©  Xe  ax% 9x%’ ©-18)
kk ke

where k < £.
Since X, is rotational invariant, we can rotate the basis such that Xy is diagonal:
Xo = diag(A1(0), ..., Axn(0)). 9.19)

In order to compute the partial derivatives above, we can consider adding one small element
to the matrix X, and compute the corresponding change in eigenvalues. We first perturb
diagonal elements and later we will deal with off-diagonal elements.

A shift of the kth diagonal entry of Xg by 8 X affects A; with i = k in a linear fashion
but leaves all other eigenvalues unaffected:

M —> M + Xk (9.20)
Thus we have
oA 8%x;
! = Slkv zl = O (921)
0 Xk X5,

Next we discuss how a perturbation in an off-diagonal entry of Xg can affect the eigen-
values. A perturbation of the (k¢) entry by §Xz, = §X entry leads to the following
matrix:

Al

Ak S Xre
X0+ 46X = . 9.22)
§X ke Iy,

AN
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Since this matrix is block diagonal (after a simple permutation), the eigenvalues in the N —2
other 1 x 1 blocks are not affected by the perturbation, so trivially

i 9% ,
— =0 — =0 Vi # kL. (9.23)
0 Xke X5,
On the other hand, the eigenvalues of the block
Mo 06Xk
9.24
(SXk@ 'y, ) ( )

are modified and and exact diagonalization gives

Mot | A=A 4(8Xre)?
Py + /1 . 9.25
* 2 2 t =2 ©-25)

We can expand this result to second order in § Xy, to find

§Xie)? §X1e)>
P W 2.0 P P 2.0 (9.26)
A Ae — Ak

k= At
We thus readily see that the first partial derivative of A; with respect to any off-diagonal
element is zero:

or;
—— =0fork < ¢£. (9.27)
0X ke
For the second derivative, on the other hand, we obtain
9%h, 26; 26;
P SOk " fork < €. (9.28)

X3, M= A A — M

Of the two terms on the right hand side, the first term exists only if £ > i while the second
term is only present when k < i. So, for a given i, only N — 1 terms of the form 2/(A; — 1 ;)
are present (note that the problematic term i = j is absent). Putting everything back into
Eq. (9.17), we find, with 8 = 1 here,

2 1 ar
= [ —dBi + — , 9.29
; ,/ﬂN ’+N;x,~—x,,~ (9.29)

J#i

where dB; are independent Brownian motions (the old dByy for k = i). We have thus
precisely recovered Equation (9.9) using It6’s calculus.

9.3 The Dyson Brownian Motion for the Resolvent
9.3.1 A Burgers’ Equation for the Stieltjes Transform

Consider a matrix M; that undergoes a DBM starting from a matrix M. At each time 7, M;
can be viewed as the sum of the matrix Mo and a Wigner matrix X; of variance ¢:

M, = My + X;. (9.30)
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In order to characterize the spectrum of the matrix M;, one should compute its Stieltjes
transform g(z), which is the expectation value of the large N limit of function gy(z),
defined by

N

1 1
gv @ (i) = Z et 9.31)

i=1
gn 1is thus a function of all eigenvalues {A;} that undergo pDBM while z is just a constant
parameter. Since the eigenvalues evolve with time gy is really a function of both z and ¢.
We can use It0’s lemma to write a sDE for gy (z,{};}). The ingredients are, as usual now,
the following partial derivatives:
dgy 11 Pgn 2 1

_ 1 : - = , 9.32
i N(z—x)2 922 N (z—1)? 032

We can now apply It6’s lemma (8.17) using the dynamical equation for eigenvalues (9.9)
to find

N N N
1 2 dB; 1 dt 2 dt
degv=—/= > ——— +— =y —
Y N;(z—kiﬂ N2 HZ::I (2= 3)%Ci = 7y) Nz§<z—w
J#

(9.33)

We now massage the second term to arrive at a symmetric form in i and j. In order to do
so, note that i and j are dummy indices that are summed over, so we can rename | — j
and vice versa and get the same expression. Adding the two versions and dividing by 2, we
get that this term is equal to

N2 £~ (2= 2)2(hi —hj)  2N2 = [ (z— 2200 —2j) (2= 2j)2(hj — &)
i,j=1 i,j=1
J#i J#i
1 ZN: 22— A —Apdt 1 ZN: dr
C2N? = (=222 — AP N2 A~ (z— Az —Aj)?
i,j=1 i,j=1
JEi J#i

N N N
1 dt 1 dr ognN 1 dt
=— — -y = = - =y
N? ,.]Z::I @) —i2 N ; CErO A P & ; (2 =23
(9.34)

Note that very similar manipulations have been used in Section 5.2.2. Thus we have

N

N
1 /2 dB; dgn 1 dr

dov = — —E—l— —dt—I——E—

ENE=NVN P (z —Ai)? N 0z N2 — (z—x)3

N 2
1 /2 dB; agN 1 9%gn
— oY —gn i+ o . 9.35
NVN & G—rp oz ¥ TN a2 ©3)
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Taking now the expectation of this equation (such that the d B; term vanishes), we get

d 1 82
RS

(9.36)

This equation is exact for any N. We can now take the N — oo limit, where gy (z) —
ar(2). Using the fact that the Stieltjes transform is self-averaging, we get a PDE for the time
dependent Stieltjes transform g, (z):

W@
at o dz

Equation (9.37) is called the inviscid Burgers’ equation. Such an equation can in fact
develop singularities, so it often needs to be regularized by a viscosity term, which is in
fact present for finite N: it is precisely the last term of Eq. (9.36). Equation (9.37) can be
exactly solved using the methods of characteristics. This will be the topic of Section 10.1

in the next chapter.

(9.37)

9.3.2 The Evolution of the Resolvent

Let us now consider the full matrix resolvent of My, defined as G;(z) = (z1 — M,)_l.
Clearly, the quantity g;(z) studied above is simply the trace of G;(z), but G;(z) also
contains information on the evolution of eigenvectors. Since each element of G; depends
on all the elements of M, one can again use Itd’s calculus to derive an evolution equation
for G¢(z). The calculation is more involved because one needs to carefully keep track of
all indices. In this technical section, we sketch the derivation of Dyson Brownian motion
for the resolvent and briefly discuss the result, which will be used further in Section 10.1.

Since M; = Mg + X, the It6 lemma gives

dGij(z) = i Xy + 5 % 0y d[ Xk Xmn] ©.38)
ij —kg_l Mg .24 2kémn_l Mg Monn k¢ Amn | .

where the last term denotes the covariation of X, and X,;,;;, and we have considered My;
and My to be independent variables following 100% correlated Brownian motions. Next,
we compute the derivatives

G 1

BMM - 2 [GiijK‘{‘ijGi(], (939)
from which we deduce the second derivatives
92G;; 1[G G GimGin) G (9.40)
m_z( imGin + GimGrin) Jg—i—...]’ )

where we have not written the other GG G products obtained by applying Eq. (9.39) twice.
Now, using the properties of the Brownian noise, the quadratic covariation reads

dr
d[XkZXm”] = N(‘skmfsﬁn + 5kn‘slm)’ 941)

so that we get from (9.38) and taking into account symmetries:

N N
1
dGijzn =Y GikG jedXke + > (Gingngj-l-Gl‘kangg)dl. (9.42)
k,0=1 k,4=1
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If we now take the average over the Brownian motions dXy, we find the following
evolution for the average resolvent:

1
#E[G;(2)] = TrG,(z) E[G?(2)] + NIE[G?(z)]. 9.43)
Now, one can notice that

G’ (z.t) = —0,G(z1); G (z1) = Ea?z(;(z,z), (9.44)

which hold even before averaging. By sending N — oo, we then obtain the following
matrix PDE for the resolvent:

E[G: ()] = —0:(2) 9:E[G:(2)], with E[Go(z)] = Gm,(2)- (9.45)

Note that this equation is /inear in G;(z) once the Stieltjes transform g;(z) is known.
Taking the trace of Eq. (9.45) immediately leads back to the Burgers’ equation (9.37) for
or (z) itself, as expected.

9.4 The Dyson Brownian Motion with a Potential
9.4.1 A Modified Langevin Equation for Eigenvalues

In this section, we modify Dyson Brownian motion by adding a potential such that the
stationary state of these interacting random walks coincides with the eigenvalue measure
of B-ensembles, namely

P(ih) = Zy'exp{ — ZNV(A)— Z log A — Al | ¢ (9.46)
i,j=1
J#

The general vectorial Langevin equation (8.36) leading to such an equilibrium with 0 =
2/N immediately gives us the following DBM in a potential V (1):

2
diy = /—dB V A dr, 9.47
o=\ 4B+ Zxk—xe () (9:47)

which recovers Eq. (9.9) in the absence of a potential. See Figure 9.2 for an illustration.

Dyson Brownian motion in a potential has many applications. Numerically it can be used
to generate matrices for an arbitrary potential and an arbitrary value of 8, a task not obvious
a priori from the definition (9.46). Figure 9.2 shows a simulation of the matrix potential
studied in Section 5.3.3. Note that DBM generates the correct density of eigenvalues; it also
generates the proper statistics for the joint distribution of eigenvalues.

It is interesting to see how Burgers’ equation for the Stieltjes transform, Eq. (9.37), is
changed in the case where V(1) = A2/2, i.e. in the standard GOE case B = 1. Redoing
the steps leading to Eq. (9.36) with the extra V' term in the right hand side of Eq. (9.47)
modifies the Burgers’ equation into
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p(A)

Figure 9.2 (left) A simulation of DBM with a potential for an N = 25 matrix starting from a Wigner

matrix with 62 = 1 /10 and evolving within the potential V (x) = % + "% for 10 units of time. Note
that the steady state is quickly reached (within one or two units of time). (right) Histogram of the
eigenvalues for the same process for N = 400 and 200 discrete steps per unit time. The histogram
is over all matrices from time 3 to 10 (560 000 points). The agreement with the theoretical density
(Eq. (5.58)) is very good.

00:(2) _ 99/(z) | 10(zg(2))
o7 =—0:(2) 9z ‘|'2 PP

The solution to this equation will be discussed in the next chapter.

More theoretically, DBM can be used in proofs of local universality, which is one of the
most important results in random matrix theory. Local universality is the concept that many
properties of the joint law of eigenvalues do not depend on the specifics of the random
matrix in question, provided one looks at them on a scale £ comparable to the average
distance between eigenvalues, i.e. on scales N~! < & « 1. Many such properties arise
from the logarithmic eigenvalue repulsion and indeed depend only on the symmetry class
(B) of the model.

Another useful property of DBM is its speed of convergence to the steady state. With time
normalized as in Eq. (9.47), global properties (such as the density of eigenvalues) converge
in a time of order 1, as we discuss in the next subsection. Local properties on the other hand
(e.g. eigenvalue spacing) converge much faster, in a time of order 1/N, i.e. as soon as the
eigenvalues have “collided” a few times with one another.

(9.48)

' The time needed for two Brownian motions a distance d apart to meet for the first time is of order d? /2. In our
case d = 1/N (the typical distance between two eigenvalues) and o2 = 2/N. The typical collision time is therefore (2N)™ 1
Note however that eigenvalues actually never cross under Eq. (9.47), but the corresponding eigenvectors strongly mix when
such quasi-collisions occur.
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Exercise 9.4.1 Moments under DBM with a potential
Consider the moments of the eigenvalues as a function of time:

1 N
Fe() = + > Ak, (9.49)
i=1

for eigenvalues undergoing DBM under a potential V (x), Eq. (9.47), in the
orthogonal case B = 1. In this exercise you will need to show (and to use)
the following identity:

N k _ k
A
4 k—t
2§ A—A § § Ekk . (9.50)
i,j=1 z]l i,j=14=0
J#i J#Fi J#i

(a) Using It6 calculus, write a SDE for F5 ().
(b) By taking the expectation value of your equation, show that

j ) 1
EE[Fz(t)] =1-E N Zl:)»i(t)V @) | + N 9.51)
i=
(¢) Inthe Wigner case, V'(x) = x, find the steady-state value of E[F> ()] for any
finite N.
(d) For a random matrix X drawn from a generic potential V (x), show that in the
large N limit, we have

T [VXX] =1, (9.52)

where 7 is the expectation value of the normalized trace defined by (2.1).

(e) Show that this equation is consistent with (W) = 1 for a Wishart matrix
whose potential is given by Eq. (5.4).

(f) In the large N limit, find a general expression for z[V’(X)X¥] by writing the
steady-state equation for E[Fj1(¢)]; you can neglect the Itd term. The first
two should be given by

T[V/(X)X?] =27[X] and [V/X)X’]=27[X*]+ 7[X]>.  (9.53)

(g) In the unit Wigner case V'(x) = x, show that your relation in (f) is equivalent
to the Catalan number inductive relation (3.27), with 7(X*") = C,, and
(Xt = Q.

9.4.2 The Fokker—Planck Equation for bBM

From the Langevin equation, Eq. (9.47), one can derive the Fokker—Planck equation
describing the time evolution of the joint distribution of eigenvalues, P ({};},?). It reads
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N
P 1 a [oP
e J iy e ) 9.54
ot N;E))\,- |:3)‘-i 7——[ i| ( )

where we use P as an abbreviation for P ({A;},7), and, for a quadratic confining potential
V(x) = A2 /2, a generalized force given by

N
1 NBA;
= — . 9.55
7i ﬂZM_M_ 5 (9.55)
j=1
J#i

The trick now is to introduce an auxiliary function W ({A;},?), defined as

B BN &
P({r;},1) :=exp 1 E 10g|)\i—)»j|—?§ Al-z W({A;}.1). (9.56)
i, j=1 i=1
J#i

Then after a little work, one finds the following evolution equation for w2

N T 42
ow 1 *w
— == — VW], 9.58
] o
with
BN? 5 BB s | NB (BN
Vir i} = AL — —— 1+ —. 959
iD= A 2 ;(M_wz 4(+ 5 ) 9.59)
J#
Looking for Wr such that
aWr
— = —TWp, 9.60
o r (9.60)
one finds that Wr is the solution of the following eigenvalue problem:
N 2
2 1oWr 1
— - ~V,Wr | =TWr. 9.61
N;[28A?+21F:| r 9.61)

One notices that Eq. (9.61) is a (real) Schrodinger equation for N interacting “particles” in
a quadratic potential, with an interacting potential that depends on the inverse of the square
distance between particles. This is called the Calogero model, which happens to be exactly
soluble in one dimension, both classically and quantum mechanically. In particular, the

whole spectrum of this Hamiltonian is known, and given by3

N
C(ny,n n )—é Zw—w : o 0<ny<ny--<ny. (9.62)
1,2, ..., AN 2 | - i ) 5 =nj 2 N- .
i=1
2 One has to use, along the line, the following identity:
1 1
g Y
i#j#k ! J k

3 Because Wr ({2;}) must vanish as two 1’s coincide, one must choose the so-called fermionic branch of the spectrum.
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The smallest eigenvalue corresponds tony = 0,np = 1,...,ny = N — 1 and is such that
I' = 0. This corresponds to the equilibrium state of the Fokker—Planck equation:

B+ BN <
Worih) =exp | 7 > logla; — Al - o YAt (9.63)
i, j=1 i=1
J#
All other “excited states” have positive I'’s, corresponding to exponentially decaying
modes (in time) of the Fokker—Planck equation. The smallest, non-zero value of I" is such
that ny = N, all other values of n; being unchanged. Hence I'{ is equal to /2.

In conclusion, we have explicitly shown that the equilibration time of the DBM in a
quadratic potential is equal to 2/8. As announced at the end of the previous section, the
density of eigenvalues indeed converges in a time of order unity.

The case B = 2 is particularly simple, since the interaction term in V; disappears
completely. We will use this result to show that, in the absence of a quadratic potential, the
time dependent joint distribution of eigenvalues, P ({A;},t), can be expressed, for § = 2,
as a simple determinant: this is the so-called Karlin—-McGregor representation, see next
section.

9.5 Non-Intersecting Brownian Motions and the Karlin-McGregor Formula

Let p(y,t|x) be the probability density that a Brownian motion starting at x att = 0 is
at y at time ¢

x—y?

1
p(y,tlx) = @exp< 2{) (9.64)

where we set o2 = 1. Note that p(y,t|x) obeys the diffusion equation

opG.1lx) _ 192p(y.rlx)
at 2 9y

(9.65)

We now consider N independent Brownian motions starting at X = (x1,x2,...Xy)
att = 0, with x; > x» > ... > xpn. The Karlin—-McGregor formula states that the
probability Pg s (y,t|x) that these Brownian motions have reached positions y = (y; >
yp > ... > yp) at time ¢t without ever intersecting between 0 and ¢ is given by the
following determinant:

pOLtx)  pOtlx) ... pO,tlxn)
p(y2.tlx1)  pO2.tlxa) ... pO.tlxn)

Pem(y. tx) = : . . . (9.66)
pON-tlx1)  pON,tx2) ... pON,tlxn)

One can easily prove this by noting that the determinant involves sums of products of N
terms p(y;,t|x;), each product IT involving one and only one y; . Each product IT therefore
obeys the multidimensional diffusion equation:

N 2
Il 1 9Tl
— == —_—. 9.67
Jat 2 Z E)y‘2 ( )
i=1 i
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Being the sum of such products, Pgp(y,?|X) also obeys the same diffusion equation, as it
should since we consider N independent Brownian motions:

N
LN o 0% PRm (¥ 11%)

, (9.68)
ot 2 i=1 8yi2

The determinant structure also ensures that Pgp(y,?|x) = O as soon as any two y’s are

equal. Finally, because the x’s and the y’s are ordered, Pk (y,? = 0|x) obeys the correct

initial condition.

Note that the total survival probability P(¢;x) := [ dy PrM (Y, |x) decreases with time,
since as soon as two Brownian motions meet, the corresponding trajectory is killed. In fact,
one can show that P(¢;x) ~ ~NIV=D/4 5 large times.

Now, the probability P (y,?|x) that these N independent Brownian motions end at y at
time ¢ conditional on the fact that the paths never ever intersect, i.e. for any time between
t = 0and ¢ = oo, turns out to be given by a very similar formula:

A(y)
P(y,1|x) = —— Prm(y, 1[X), 9.69)
A(x)
where A(x) is the Vandermonde determinant [ [; _ j (x;j — x;) (and similarly for A(y)).
What we want to show is that P(y,?|x) is the solution of the Fokker-Planck equation
for the Dyson Brownian motion, Eq. (9.54), with 8 = 2 and in the absence of any con-
fining potential. Indeed, as shown above, Pxy (¥, 7|X) obeys the diffusion equation for N
independent Brownian motions with the annihilation boundary condition Py (y,#x) = 0
when y; = y; for any given pair i, j.
Now compare with the definition Eq. (9.56) of W for the Dyson Brownian motions
with 8 = 2 and without any confining potential:

N
1
P(aihn) :=exp | 5 Y loglai =&l | WAL = AW AEn. (970)
Jj=1
J#I
From Eq. (9.58) we see that in the present case W ({1;},) also obeys the diffusion equation
for N independent Brownian motions. Since P ({A;},1) ~ |A; —A; |2 when two eigenvalues
are close, we also see that W ({A;},7) vanishes linearly whenever two eigenvalues meet,
and therefore obeys the same boundary conditions as P (Y, 7|X) with y; = A;.
The conclusion is therefore that the Dyson Brownian motion without external forces
is, for B = 2, equivalent to N Brownian motions constrained to never ever intersect.
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10
Addition of Large Random Matrices

In this chapter we seek to understand how the eigenvalue density of the sum of two large
random matrices A and B can be obtained from their individual densities. In the case where,
say, A is a Wigner matrix X, the Dyson Brownian motion formalism of the previous chapter
allows us to swiftly answer that question. We will see that a particular transform of the
density of B, called the R-transform, appears naturally. We then show that the R-transform
appears in the more general context where the eigenbases of A and B are related by a
random rotation matrix O. In this case, one can construct a Fourier transform for matrices,
which allows us to define the analog of the generating function for random variables. As
in the case of 1Ib random variables, the logarithm of this matrix generating function is
additive when one adds two randomly rotated, large matrices. The derivative of this object
turns out to be the R-transform, leading to the central result of the present chapter (and
of the more abstract theory of free variables, see Chapter 11): the R-transform of the
sum of two randomly rotated, large matrices is equal to the sum of R-transforms of each
individual matrix.

10.1 Adding a Large Wigner Matrix to an Arbitrary Matrix

Let M; = My + X be the sum of a large matrix My and a large Wigner matrix X;, such
that the variance of each element grows as ¢. This defines a Dyson Brownian motion as
described in the previous chapter, see Eq. (9.11). We have shown in Section 9.3.1 that in
this case the Stieltjes transform g, (z) of M; satisfies the Burgers’ equation:

90 (2) 99:(2)
= — , 10.1
” 9 (2) 3z (10.1)
with initial condition go(z) = gum,(z). We now proceed to show that the solution of

this Burgers’ equation can be simply expressed using an Mgy dependent function: its R-
transform.
Using the so-called method of characteristics, one can show that

8:(2) = g0(z — 18:(2)). (10.2)

136
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If the method of characteristics is unknown to the reader, one can verify that (10.2) indeed
satisfies Eq. (10.1) for any function go(z). Indeed, let us compute 9,g,(z) and 9,9;(z) using
Eq. (10.2):

_a(@)gp(z —161(2))
1+ 10)(z — 19/(2)

09:(2) = 96(2 —16¢(2)) [—6:(2) — 10,8 (2)] = 019/ (2) = (10.3)

and

8o(z — 18:(2))
1+ tgy(z — 19:(2)’

9,0 (2) = 9oz = 16:(2)) [1 = 18,0, (2)] = 9,8 (2) = (10.4)

such that Eq. (10.1) is indeed satisfied.

Example: Suppose My = 0. Then we have go(z) = z~!. Plugging into (10.2), we obtain
that

1

— 10.5
z—1g,(2) ( )

8 (2) =

which is the self-consistent Eq. (2.35) in the Wigner case with o2 = r. Indeed, if we start
with the zero matrix, then M; = X, is just a Wigner with parameter o> = .

Back to the general case, we denote as 3,(g) the inverse function! of g,(z). Now fix
g = 0;(2) = go(z — tg) and z = 3,(g), we apply the function 3¢ to g and get

30(g) =z —1g =38 —1g,
3:(8) = 30(g) +1g. (10.6)

The inverse of the Stieltjes transform of M, is given by the inverse of that of My plus a
simple shift zg. If we know go(z) we can compute its inverse 39(g) and thus easily obtain
3:(g), which after inversion hopefully recovers g; (z).

Example: Suppose My is a Wigner matrix with variance o>. We first want to compute
the inverse of gp(z); to do so we use the fact that go(z) satisfies Eq. (2.35), and we get that

1
30(g) = o’g + . (10.7)
Then, by (10.6), we get that
5 1
5 = 5@ +1g = (o7 1) g+ . (10.8)

which is the inverse Stieltjes transform for Wigner matrices with variance o> + . In other
words g;(z) satisfies the Wigner equation (2.35) with o? replaced by o2 + t. This result is
not surprising, each element of the sum of two Wigner matrices is just the sum of Gaussian
random variables. So M, is itself a Wigner matrix with the sum of the variances as its
variance.

1 We will discuss in Section 10.4 the invertibility of the function g(z).
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We can now tackle the more general case when the initial matrix is not necessarily
Wigner. Call B = M; and A = Mj. Then by (10.6), we get

3B(8) = 3a(8) +18 =3a(8) +3x,(8) — ; (10.9)
We now define the R-transform as
R =30 — <. (10.10)
Note that the R-transform of a Wigner matrix of variance ¢ is simply given by

Rx(g) = tg. (10.11)

This definition allows us to rewrite Eq. (10.9) above as a nice additive relation between
R-transforms:

Rp(g) = Ra(g) + Rx,(8)- (10.12)

In the next section we will generalize this law of addition to (large) matrices X that are
not necessarily Wigner. The R-transform will prove to be a very powerful tool to study
large random matrices. Some of its properties are left to be derived in Exercises 10.1.1 and
10.1.2 and will be further discussed in Chapter 15. We finish this section by computing
the R-transform of a white Wishart matrix. Remember that its Stieltjes transform satisfies
Eq. (4.37), i.e.

gza* — (z— 14+ q)g+1 =0, (10.13)

which can be written in terms of the inverse function 3(g):

1
3(g) = 7 +—. (10.14)
—q8 &
From which we can read off the R-transform:
Rw(g) = 1 . (10.15)
—4q8

Exercise 10.1.1 Taylor series for the R-transform
Let g(z) be the Stieltjes transform of a random matrix M:

(o1 1) - PO
8(2) =7 (1= M) )_/supp{p} —— (10.16)

We saw that the power series of g(z) around z = oo is given by the moments of
M (m, := t(M")):

> my .
g(2) = —— with mg = 1. (10.17)
n=0
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Call 3(g) the functional inverse of g(z) which is well defined in a neighborhood
of g = 0. And define R(g) as

R(g) =3(g) —1/g. (10.18)

(a) By writing the power series of R(g) near zero, show that R(g) is regular at
zero and that R(0) = m. Therefore the power series of R(g) starts at g°:

R(g) =) kag" " (10.19)
n=1

(b) Now assume m| = k1 = 0 and compute «3, k3 and x4 as a function of my, ms3
and my in that case.

Exercise 10.1.2 Scaling of the R-transform
Using your answer from Exercise 2.3.1: If A is a random matrix drawn from
a well-behaved ensemble with Stieltjes transform ga (z) and R-transform R (g),
what is the R-transform of the random matrices oA and A + b1 where « and b
are non-zero real numbers?
Exercise 10.1.3 Sum of symmetric orthogonal and Wigner matrices
Consider as in Exercise 1.2.4 a random symmetric orthogonal matrix M and a
Wigner matrix X of variance o-2. We are interested in the spectrum of their sum
E=M+X.

(a) Given that the eigenvalues of M are &1 and that in the large N limit each
eigenvalue appears with weight %, write the limiting Stieltjes transform gy (z).

(b) E can be thought of as undergoing Dyson Brownian motion starting at E(0) =
M and reaching the desired E at 1 = 2. Use Eq. (10.2) to write an equation
for gg(z). This will be a cubic equation in g.

(¢) You can obtain the same equation using the inverse function 3p(g) of your
answer in (a). Show that

1+ 1—4g2
2g ’
where one had to pick the root that makes 3(g) ~ 1/g near g = 0.

(d) Using Eq. (10.6), write zg(g) and invert this relation to obtain an equation for
oE(z). You should recover the same equation as in (b).

(e) Eigenvalues of E will be located where your equation admits non-real
solutions for real z. First look at z = 0; the equation becomes quadratic after
factorizing a trivial root. Find a criterion for ' such that the equation admits
non-real solutions. Compare with your answer in Exercise 1.2.4 (b).

(f) Ato? = 1, the equation is still cubic but is somewhat simpler. A real cubic

equation of the form ax3 + bx% + cx 4+ d = 0 will have non-real solutions
iff A < 0 where A = 18abed — 4b3d + b*c? — 4ac’ — 27a*d?. Using this

m(g) = (10.20)



140 Addition of Large Random Matrices

criterion show that for > = 1 the edges of the eigenvalue spectrum are given
by A = £3/3/2 ~ £2.60.

(g) Again at o2 = 1, the solution near g(0) = 0 can be expanded in fractional
powers of z. Show that we have

3
¢(2) = z'/? + O(z), which implies p(x) = % Jxl, (10.21)

for x near zero.

(h) Foro? = 1 /2,1 and 2, solve numerically the cubic equation for gg(z) for
z = x real and plot the density of eigenvalues p(x) = | Im(gg(x))|/m for one
of the complex roots if present.

10.2 Generalization to Non-Wigner Matrices
10.2.1 Set-Up

In the previous section, we derived a formula for the Stieltjes transform of the sum of a
Wigner matrix and an arbitrary matrix. We would like to find a generalization of this result
to a larger class of matrices.

Take two N x N matrices: A, with eigenvalues {A;}1<;<y and eigenvectors {v;}1<i<n,
and B, with eigenvalues {u;}1<;<y and eigenvectors {u;}1<;<y. Then the eigenvalues of
C = B + A will in general depend in a complicated way on the overlaps between the
eigenvectors of B and the eigenvectors of A. In the trivial case where v; = u; for all i, we
have that the eigenvalues of B 4+ A are simply given by v; = A; + u;. However, this is
neither generic nor very interesting.

One important property of Wigner matrices is that their eigenvectors are Haar dis-
tributed, that is, the matrix of eigenvectors is distributed uniformly in the group O(N) and
each eigenvector is uniformly distributed on the unit sphere S¥~!. Thus, when N is large,
it is very unlikely that any one of them will have a significant overlap with the eigenvectors
of B. This is the property that we want to keep in our generalization. We will study what
happens for general matrices B and A when their eigenvectors are random with respect
to one another. We will define this relative randomness notion (called “freeness’) more
precisely in the next chapter. Here, to ensure the randomness of the eigenvectors, we will
apply a random rotation to the matrix A and define the free addition as

C =B + OAO’, (10.22)

where O is a Haar distributed random orthogonal matrix. Then it is easy to see that
OAOT is rotational invariant since O’O is also Haar distributed for any fixed O’ € O(N).
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10.2.2 Matrix Fourier Transform

We saw in Section 8.1 that the function Hx () = log E exp(iz X) is additive when one adds
independent scalar variables. When X is a matrix, it is plausible that ¢ should also be a
matrix T, but in the end we need to take the exponential of a scalar, so a possible candidate
would be

IX,T) := <exp (% Tr TOXOT>> . (10.23)
(0]
The notation (-) o means that we average over all orthogonal matrices O (with a flat weight)
normalized such that (1) = 1. This defines the Haar measure on the group of orthogonal
matrices. Equation (10.23) defines the so-called Harish-Chandra—Itzykson—Zuber (HC1Z)
integral.> Note that by definition, 1(01X0[,T) = I(X,0;TO]) = I(X,T) for an
arbitrary rotation matrix Oyp. This means that / (X, T) only depends on the eigenvalues of
Xand T.
Now consider C = B+0; AO{ with a random Q. For large matrix sizes, the eigenvalue
spectrum of C will turn out not to depend on the specific choice of Oy, provided it is chosen
according to the Haar measure. Therefore, one can average I (C, T) over O; and obtain

I(C,T) = <exp (% TrTOB + O]AO{)OT>> =1B,T)I(AT), (10.25)
0,0
where we have used that 00 = O’ is a random rotation independent from O itself. Hence
we conclude that log I is additive in this case, as is the logarithm of the characteristic
function in the scalar case.

For a general matrix T, the HCIZ integral is quite complicated, as will be further dis-
cussed in Section 10.5. Fortunately, for our purpose we can choose the “Fourier” matrix T
to be rank-1 and in this case the integral can be computed. A symmetric rank-1 matrix can
be written as

T =tw, (10.26)

where 7 is the eigenvalue and v is a unit vector. We will show that the large N behavior of
I(T,B) is given, in this case, by

I(T,B) ~ exp (%Hﬂt)) , (10.27)

for some function Hp(¢) that depends on the particular matrix B.

2 The HCIZ can be defined with an integral over orthogonal, unitary or symplectic matrices. In the general case it is defined as

IgX.T) = <exp (NT’B Tr xom"‘)) , (10.24)
(0]

with beta equal to 1, 2 or 4 and O is averaged over the corresponding group. The unitary 8 = 2 case is the most often studied,
for which some explicit results are available.
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More formally we define
.2 tN r r
Hp(t) = lim —log({exp| — Trvv' OBO . (10.28)
N—oo N 2 o
If C = B + A where A is randomly rotated with respect to B, the precise statement is that

Hc(t) = Hp(1) + Ha (1), (10.29)

i.e. the function H is additive. We now need to relate this function to the R-transform
encountered in the previous section.

10.3 The Rank-1 HCIZ Integral

To get a useful theory, we need to have a concrete expression for this function Hg. Without
loss of generality, we can assume B is diagonal (in fact, we can diagonalize B and absorb
the eigenmatrix into the orthogonal matrix O we integrate over). Moreover, for simplicity
we assume that ¢ > 0. Then O” TO can be regarded as proportional to a random projector:

O'TO = yy”, (10.30)

with |¥ |2 = r and ¥/||¥|| uniformly distributed on the unit sphere. Then we make a
change of variable ¢ — ¥/ /N, and calculate

dVy

“B= ] G

1
5 (||¢||2 - Nt) exp (51/#3:#) , (10.31)

where we have added a factor of (277)~N/2 for later convenience. Because Z,(B) is not
properly normalized (i.e. Z,(0) # 1), we will need to normalize it to compute I (T, B):

<exp (% Tr TOBOT)>O = ?I ((l;)). (10.32)

10.3.1 A Saddle Point Calculation

We can now express the Dirac delta as an integral over the imaginary axis:

0 efizx ico efzx/Z
sw= [ Sa= [
oo 2T _ico 4im

Now let A be a parameter larger than the maximum eigenvalue of B: A > Anmax(B). We

1ﬂm¢gwg:m>

since ||¥]|> = Nt. Then, absorbing A into z, we get that

introduce the factor
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A+ioco dz de 1 Nzt
Z,(B) = — | —— ——v¥'(z—B — ). 10.33
t( ) /A_ioo 47 (27T)N/2 exp( 2'!’ (Z )'ﬁ + 2 > ( )
We can now perform the Gaussian integral over the vector ¥:

A+ioco d Nzt
Z;:(B) = / ﬁ det (z — B)_l/2 exp <Tz>

A—ioco

A+ioo dZ N 1
- /A—ioo 4 P [E (” N Xk:log(z - MB)))] : (10.34)

where L (B), 1 < k < N, are the eigenvalues of B. Then we denote
1
Fi(zB) =2t — ijlog(z — 2 (B)). (10.35)

The integral in (10.34) is oscillatory, and by the stationary phase approximation (see
Appendix A.1), it is dominated by the point where

1
0. Fi(zB) =0=1— NX/C: -8 =0 (10.36)

Z—m(B)

If g% (z) can be inverted then we can express z as 3(¢). For x > Amax, gg (x) is mono-
tonically decreasing and thus invertible. So for r < gg (Amax), @ unique 3(¢) exists and
3(t) > Amax (see Section 10.4). Since F;(z,B) is analytic to the right of z = Apax, We
can deform the contour to reach this point (see Fig. 10.1). Using the saddle point formula
(Eq. (A.3)), we have

A+ 10

Amax A \\\ 3(0)
NN

Imz

A— oo

Rez

Figure 10.1 Graphical representation of the integral Eq. (10.34) in the complex plane. The crosses
represent the eigenvalues of B and are singular points of the integrand. The integration is from A —ico
to A + ico where A > Amax. The saddle point is at z = 3(f) > Amax. Since the integrand is analytic
right of Amax, the integration path can be deformed to go through 3(7).
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4 /(4 N 1
2,y ~ YA/ G) {5 (3(t)t - 2 logG() — Ak(Bnﬂ
k

IN92ZF (3(0). B)[1/2 P
1

N 1
. —— a(r)t——Zlog(s(r)—xkas)))] (10.37)
2 /N7 ghG))] [2< N %

For the case B = 0, we have gg(z) = 77V =30) =171, sowe get

Z:(0) ~ exp [% (1 +log t)] . (10.38)

1
2t /N

In the large N limit, the prefactor in front of the exponential does not contribute to Hp(¢)
and we finally get

2 N
limoo ¥ log <exp (? Tr TOBOT>>

1
Jin = 301 — 1 —logr — — ;log(s(r) — 3 (B)).

(10.39)
By the definition (10.28), we then get that

1
Hy(t) = HG®, 0, H(z) =zt —1—logt — — Xk:log(z —Mm@B)).  (10.40)

10.3.2 Recovering R-Transforms

We found an expression for Hg(¢) but in a form that is not easy to work with. But note
H (z,t) comes from a saddle point approximation and therefore its partial derivative with
respect to z is zero: 9, H (3(¢),#) = 0. This allows us to compute a much simpler expression
for the derivative of Hg(t):

dHp(1)  9H ()  oH _IH - Lo
T = ST60.0 I + SEG0.0 = TG0 = 30 — 7 = Ra(), (1041)

where Rp(t) denotes the R-transform defined in (10.10) (we have used the very definition of
3(t) from the previous section). Moreover, from its definition, we trivially have Hg(0) = 0.
Hence we can write

t
Hy(t) == / Rp (x)dx. (10.42)
0

We already know that H is additive. Thus its derivative, i.e. the R-transform, is also
additive:

Rc(t) = Rp(t) + RA (1), (10.43)

as is the case when A is a Wigner matrix. This property is therefore valid as soon as A is
“free” with respect to B, i.e. when the basis that diagonalizes A is a random rotation of the
basis that diagonalizes B.



10.4 Invertibility of the Stieltjes Transform 145

The discussion leading to Eq. (10.42) can be extended to the Hciz integral (Eq. (10.23)),
when the rank of the matrix T is very small compared to N. In this case we get>

I(T,B) ~ exp <§ Z HB(t,-)) = exp (% Tr HB(T)> , (10.45)
i=1

where #; are the n non-zero eigenvalues of T and with the same Hp(¢) as above. When T
has rank-1 we recover that Tr Hg(T) = Hp(t), where ¢ is the sole non-zero eigenvalue
of T.

The above formalism is based on the assumption that g(z) is invertible, which is gen-
erally only true when t = g(z) is small enough. This corresponds to the case where z is
sufficiently large. Recall that the expansion of g(z) at large z has coefficients given by the
moments of the random matrix by (2.22). On the other hand, the expansion of H (¢) around
t = 0 will give coefficients called the free cumulants of the random matrix, which are
important objects in the study of free probability, as we will show in the next chapter.

10.4 Invertibility of the Stieltjes Transform

The question of the invertibility of the Stieltjes transform arises often enough that it is
worth spending some time discussing it. In Section 10.1, we used the inverse of the lim-
iting Stieltjes transform g(z) to solve Burgers’ equation, which led to the introduction
of the R-transform R(g) = 3(g) — 1/g. In Section 10.3.1 we invoked the invertibil-
ity of the discrete Stieltjes transform gy (z) to compute the rank-1 HCIZ integral.

10.4.1 Discrete Stieltjes Transform

Recall the discrete Stieltjes transform of a matrix A with N eigenvalues {Ax}:

N

1 1
A
= — E . 10.46
gn (@) N Lo " ( )

This function is well defined for any z on the real axis except on the finite set {A;}. For
Z > Amax, €ach of the terms in the sum is positive and monotonically decreasing with z so
gﬁ(z) is a positive monotonically decreasing function of z. As z — oo, gx (z) — 0. By
the same argument, for z < Amin, gjt,(z) is a negative monotonically decreasing function
of z tending to zero as z goes to minus infinity. Actually, the normalization of g}’\‘, (z) is such
that we have

3 The same computation can be done for any value of beta, yielding

n
Ig(T.B) ~ exp (1\;’3 > HB(z,»)) =exp (? Tr HB(T)>, (10.44)
i=1

where 15 (T, B) is defined in the footnote on page 141 and T has low rank.
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Figure 10.2 (left) A particular g% (z) for A a Wigner matrix of size N = 5 shown for real values of
z. The gray areas left of Ap,j, and right of Amax show the values of z for which it is invertible. (right)
The inverse function 3(g). Note that g(z) behaves as 1/z near zero and tends to A and Amax as g
goes to plus or minus infinity respectively.

1 1
gy = ~+0 <Z—2> when |z] — oo. (10.47)
For large |z], gﬁ (z) is thus invertible and its inverse behaves as
1
3(g) = — +regularterms when |g] — O. (10.48)
8

If we consider values of gﬁ (z) for z > Amax, We realize that the function takes all possible
positive values once and only once, from the extremely large (near z = Amax) to almost zero
(when z — 00). Similarly, all possible negative values are attained when z € (—00, Amin)
(see Fig. 10.2 left). We conclude that the inverse function 3(g) exists for all non-zero values
of g. The behavior of g% (z) near Amin and Amax gives us the asymptotes

lim 3(g) = Amin and lim 3(g2) = Amax- (10.49)
g—>—00 §—>00

10.4.2 Limiting Stieltjes Transform

Let us now discuss the inverse function of the limiting Stieltjes transform g(z). The limiting
Stieltjes transform satisfies Eq. (2.41), which we recall here:

a(z) = f plxdx. (10.50)

upp{p} < — X
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where p(A) is the limiting spectral distribution and may contain Dirac deltas. We denote
A4 the edges of the support of p. We have that for z > A4, g(z) is a positive, monotonically
decreasing function of z. Similarly for z < A_, g(z) is a negative, monotonically decreasing
function of z. From the normalization of p (1), we again find that

1 1
8(z)=-+0 (—2) when [z] = oo. (10.51)
K4 b4

Using the same arguments as for the discrete Stieltjes transform, we have that the inverse
function 3(g) exists for small arguments and behaves as

1
3(g) = — +regular terms when |g| — O. (10.52)
8

The behavior of g(z) at Ay can be different from that of gx(z) at its extreme eigenval-
ues. The points A+ are singular points of g(z). If the density near A, goes to zero as
p(A) ~ (Ay — 2)? for some 6 > 0 (typically 6 = 1/2) then the integral (10.50) converges
at z = A4 and g4 := g(A4) is a finite number. For z < A4 the function g(z) has a branch
cut and is ill defined for z on the real axis. The point z = A4 is an essential singularity of
§(z). The function is clearly no longer invertible for z < Ay. Similarly, if p(A) grows as a
positive power near A_, then g(z) is invertible up to the point g_ := g(A_).

If the density p(A) does not go to zero at one of its edges (or if it has a Dirac delta), the
function g(z) diverges at that edge. We may still define g+ = lim,_,,, g(z) if we allow g4
to be plus or minus infinity.

In all cases, the inverse function 3(g) exists in the range g_ < g < g, with the property

3(g+) = Ax. (10.53)

In the unit Wigner case, we have A+ = 2 and g+ = %1 and the inverse function 3(g)
only exists between —1 and 1 (see Fig. 10.3).

10.4.3 The Inverse Stieltjes Transform for Larger Arguments

In some computations, as in the HCIZ integral, one needs the value of 3(g) beyond g+.
What can we say then? First of all, one should not be fooled by spurious solutions of the
inversion problem. For example in the Wigner case we know that g(z) satisfies

1
g+——2z=0, (10.54)
8
so we would be tempted to write
1
(g =g+ — (10.55)
8
for all g. But this is wrong as g + 1/g is not the inverse of g(z) for |g| > 1 (Fig. 10.3).

The correct way to extend 3(g) beyond g+ is to realize that in most computation, we
use g(z) as an approximation for gy (z) for very large N. For z > A4 the function gy (z)
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9(z)

Figure 10.3 (left) The limiting function g(z) for a Wigner matrix, a typical density that vanishes at
its edges. The function is plotted against a real argument. In the white part of the graph, the function
is ill defined and it is shown here for a small negative imaginary part of its argument. In the gray
part (z < A— and z > Ay ) the function is well defined, real and monotonic. It is therefore invertible.
(right) The inverse function 3(g) only exists for g— < g < g4 and has a 1/g singularity at zero. The
dashed lines show the extension of 3(g) to all values of g that are natural when we think of g(z) as
the limit of gx(z) with maximal and minimal eigenvalues A4. The dotted lines indicate the wrong
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branch of the solution of 3(g) = g + 1/g.

converges to g(z) and this approximation can be made arbitrarily good for large enough
N. On the other hand we know that on the support of p, g (z) does not converge to g(z).
The former has a series of simple poles at random locations, while the later has typically
a branch cut.

At large but finite N, there will be a maximum eigenvalue Amax. This eigenvalue is
random but to dominant order in N it converges to A, the edge of the spectrum. For z
above but very close to A4 we should think of gy (z) as

1 1 1
sN@ gD+ ——— =g+ — (10.56)

N z — Amax Nz—Xiy

Because 1/N goes to zero, the correction above does not change the limiting value of g(z)
at any finite distance from A . On the other hand, this correction does change the behavior
of the inverse function 3(g). We now have

lim gny(z) > o0 and 3(g) =A4 forg > gy. (10.57)
Z—)A.+

For negative z and negative g, the same argument follows near A_. We realize that, while
the limiting Stieltjes transform g(z) loses all information about individual eigenvalues,
its inverse function 3(g), or really the large N limit of the inverse of the function gx (z),
retains information about the smallest and largest eigenvalues. In Chapter 14 we will study
random matrices where a finite number of eigenvalues lie outside the support of p. In the
large N limit, these eigenvalues do not change the density or g(z) but they do show up in
the inverse function 3(g).



10.5 The Full-Rank HCIZ Integral 149

Let us define zpy1k (g), the inverse function of g(z) without considering extreme eigen-
values or outliers. In the presence of outliers we have Amax > A+ and gmax ‘= §(Amax) <
g(A4) and similarly for gni,. With arguments similar to those above we find the following
result for the limit of the inverse of gx (z):

Amin for g < gmins
3(8) = { zbuk ()  for gmin < & < gmax. (10.58)
Amax for g > gmax-

In the absence of outliers the result still applies with max and min (extreme eigenvalues)
replaced by + and — (edge of the spectrum), respectively.

10.4.4 Large t Behavior of I,

Now that we understand the behavior of 3(g) for larger arguments we can go back to
our study of the rank-1 HCIiZ integral. There is indeed an apparent paradox in the result
of our computation of /;(B). For a given matrix B there are two immediate bounds to
I;(B) = Z;(B)/Z;(0):

NtAmi NtA
exp (%) < I;(B) <exp (%) R (10.59)

where Apin and Amax are the smallest and largest eigenvalues of B, respectively. Focusing
on the upper bound, we have

Hg(?) < tAmax- (10.60)
On the other hand, the anti-derivative of the R-transform for a unit Wigner matrix reads
t2
Rw() =1t — Hw() = =, (10.61)

whereas Amax — A+ = 2. One might thus think that the quadratic behavior of Hvy(z)
violates the bound (10.60) for ¢ > 4. We should, however, remember that Eq. (10.42) is in
fact only valid for < g4, the value at which g(z) ceases to be invertible. In the absence
of outliers, g+ = g(A4). For a unit Wigner this point is g1 = g(2) = 1; the bound is
not violated. For r > g, one can still compute Hg(¢) but the result depends explicitly
on Amax-

Now that we understand the behavior of 3(g) for larger arguments, including in the
presence of outliers, we can extend our result for Hg(¢) for large #’s. We just need to use
Eq. (10.58) into Eq. (10.41):

dHg(t) _ | Rp(1) for # < gmax := g(Amax),

= 10.62
dr Amax — 1/t fort > gmax, ( )

where the largest eigenvalue Amax can be either the edge of the spectrum A4 or a true
outlier. We will show in Section 13.3 how this result can also be derived for Wigner
matrices using the replica method.

10.5 The Full-Rank HCIZ Integral

We have defined in Eq. (10.23) the HCI1Z integral as a generalization of the Fourier transform
for matrices, and have seen how to evaluate this integral in the limit N — 0o when one
matrix is of low rank. A generalized HCIZ integral /5(A,B) can be defined as
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I5(A.B) = / dUes TrAUBU" (10.63)
G(N)

where the integral is over the (flat) Haar measure of the compact group U € G(N) =
O(N),U(N) or Sp(N) in N dimensions and A,B are arbitrary N x N symmetric (resp.
Hermitian or symplectic) matrices, with, correspondingly, 8 = 1,2 or 4. Note that by
construction /g (A, B) can only depend on the eigenvalues of A and B, since any change of
basis on B (say) can be reabsorbed in U, over which we integrate. Note also that the Haar
measure is normalized, i.e. fG(N) dU=1.

Interestingly, it turns out that in the unitary case G(N) = U(N) (8 = 2), the HCIZ
integral can be expressed exactly, for all N, as the ratio of determinants that depend on
A,B and additional N-dependent prefactors. This is the Harish-Chandra—-Itzykson—Zuber
celebrated result, which cannot be absent from a book on random matrices:

ey det(eNVit)
NN2=N)/2 A(A)AB)’

with {v;}, {A;} the eigenvalues of A and B, A(A), A(B) are the Vandermonde determinants
of Aand B, and cy = 1—[?/—1 £,

Although this result is fully explicit for 8 = 2, the expression in terms of determinants is
highly non-trivial and quite tricky. For example, the expression becomes degenerate (0/0)
whenever two eigenvalues of A (or B) coincide. Also, as is well known, determinants
contain N! terms of alternating signs, which makes their order of magnitude very hard
to estimate a priori. The aim of this technical section is to discuss how the HCIZ result can
be obtained using the Karlin-McGregor equation (9.69). We then use the mapping to the
Dyson Brownian motion to derive a large N approximation for the full-rank HCIZ integral
in the general case.

h(A,B) = (10.64)

10.5.1 Hciz and Karlin—-McGregor

In order to understand the origin of Eq. (10.64), the basic idea is to interpret the HCIZ
integrand in the unitary case, exp[ N Tr AUBU'], as a part of the diffusion propagator in
the space of Hermitian matrices, and use the Karlin—-McGregor formula.

Indeed, adding to A a sequence of infinitesimal random Gaussian Hermitian matrices
of variance d¢ /N, the probability to end up with matrix B in a time r = 1 is given by

P(B|A) o« NV /2= N/2 Te(B=A)? (10.65)

where we drop an overall normalization constant in our attempt to understand the structure
of Eq. (10.64). The corresponding eigenvalues follow a Dyson Brownian motion, namely

N
1 1 dt
dx; = |/ —=dB; + — , 10.66
X N i+ N J; Xi— X, ( )
J#

withx; (t = 0) = v; and x; ( = 1) = A;. Now, for 8 = 2 we can use the Karlin-McGregor
equation (9.69) to derive the conditional distribution of the {A;}, given by
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AB N .
P} = ﬁm,z — 1), (10.67)

where P (X, t = 1|v) is given by a determinant, Eq. (9.66). With the present normalization,
this determinant reads

] NG
POt =1]7) = (2—) o3 (TrAZ+TrB?) 4o (eN”f’\J‘) . (10.68)
JT

Now, the distribution of eigenvalues of B can be computed from Eq. (10.65). First we
make P (B|A) unitary-invariant by integrating over U (N):

/2 JuvydU o—N/2 Tr(UBU—A)?

P(BIA) > P(B|A) = NV
QN
_ N2~ YA TR @ , (10.69)
N

where Qy = [, UN) dU is the “volume” of the unitary group U (N). This new measure,
by construction, only depends on {A;}, the eigenvalues of B. Changing variables from B
to {X;} introduces a Jacobian, which in the unitary case is the square of the Vandermonde
determinant of B, A2(B). We thus find a second expression for the distribution of the {A;}:

PO} o NV 2 A2 B)e= T (TFAHTEBY) 1) (o ). (10.70)

Comparing with Egs. (10.67) and (10.68) we thus find

(N—N%)/2 det (eN"i)‘j)
L(A,B) x NV ™ —_— 10.71
2(A,B) x AAAB) ( )

which coincides with Eq. (10.64), up to an overall constant ¢y which can be obtained
by taking the limit A = 1, i.e. when all the eigenvalues of A are equal to 1. The limit is
singular but one can deal with it in a way similar to the one used by Brézin and Hikami
to go from Eq. (6.65) to (6.67). In this limit, the right hand side of Eq. (10.71) reads
exp(N TrB)/cy, while the left hand side is trivially equal to exp(N Tr B). Hence a factor
¢y is indeed missing in the right hand side of Eq. (10.71).

Equation (10.64) can also be used to obtain an exact formula for the rank-1 HCiZ
integral (when B = 2). The trick is to have one of the eigenvalues of v; equal to some
non-zero number ¢ and let the N — 1 others go to zero. The limit can again be dealt with
in the same way as Eq. (6.65). One finally finds

N Nithj
(N1 eNthj
hB) = oy ; M0y =0 (10.72)

The above formula may look singular at ¢+ = 0, but we have lim;_,q I»(t,B) = 1 as
expected.

10.5.2 HcIz at Large N: The Euler—-Matytsin Equations

We now explain how /(A,B) can be estimated for large matrix size, using a Dyson
Brownian representation of P(B|A), Eq. (10.66). In terms of these interacting Brownian
motions, the question is how to estimate the probability that the x; () start at x; (f = 0) =
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v; and end at x; (f = 1) = X;, when their trajectories are determined by Eq. (10.66), which
we rewrite as

1 1
dxj = |/ dB; —dy,V db, V({xi})::—ﬁzmlxi—le. (10.73)

i<j
The probability of a given trajectory for the N Brownian motions between time ¢ = 0 and
time r = 1 is then given by4

1
Px;()) = Z Vexp— g/o dtZ(xiJraxiv)z =277V (10.74)

where Z is a normalization factor that we will not need explicitly. Expanding the square
as xl2 + 20y, Vx; + (0 V)2, one can decompose S = S + 3 into a total derivative term
equal, in the continuum limit, to boundary terms, i.e.

C=B

1
Sp = 5 [/ dxdypc(x)pc(y)In|x — yl} (10.75)
C=A
and
IR
L 2 1 a v)2
S = 2N/0 dti;[xl + (8, V) ] (10.76)

We now look for the “instanton” trajectory that contributes most to the probability P for
large N, in other words the trajectory that minimizes S,. This extremal trajectory is such
that the functional derivative of S, with respect to all x; (¢) is zero:

82 ., Vox,V =0, (10.77)

which leads, after a few algebraic manipulations, to
d2x,-
dr2 = N2 Z

This can be interpreted as the motion of unit mass particles, accelerated by an attractive
force that derives from an effective two-body potential ¢ (r) = —(N r)_2. The hydrody-
namical description of such a fluid, justified when N — o0, is given by the Euler equations
for the density field p(x,¢) and the velocity field v(x,?):

10.
(x; - xm (o

orp(x,t) + dx[p(x,H)v(x,1)] =0 (10.79)
and
orv(x,t) + v(x,1)dxv(x,t) = —;Bxl'[(x,t), (10.80)
p(x,1)

where I1(x,?) is the pressure field, which reads, from the “virial” formula for an interact-
ing fluid at temperature TS

4 We neglect here a Jacobian which is not relevant to compute the leading term of 75 (A, B) in the large N limit.
5 See e.g. Le Bellac et al. [2004], p. 138.
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1

1 o
M=pT = 3p I —xeld/ (i —x0) ~ =5 >
L#i (221

because the fluid describing the instanton is at zero temperature, 7 = 0. Now, writing
2
xi —xg = (i —£)/(Np)and Y02 | n?= 7, one finally finds

7'[2 3
Mo = = Zp0en)’, (10.82)

Equations (10.79) and (10.80) for p and v with IT given by (10.82) are called the Euler—
Matytsin equations. They should be solved with the following boundary conditions:

p(x,t =0) = pp(x); p(x,1) = pg(x); (10.83)

the velocity field v(x,# = 0) should be chosen such that these boundary conditions are
fulfilled.

Expressing S» in terms of the solution of the Euler—-Matytsin equations gives, in the
continuum limit,

2
SH(A,B) ~ %/dxp(x,t) |:v2(x,t) + jgpz(x,t)j|. (10.84)

Hence, the probability P({A;}|{v;}) to observe the set of eigenvalues {A;} of B for a
given set of eigenvalues v; for A is, in the large N limit, proportional to exp[—N 2(s 1+
$7)]. Comparing with Eq. (10.70), we get as a final expression for F»(A,B) :=
—limy_ oo N 21n (A, B):

3 1
PAB) =+ HAB) - Efdxxz(pA(x) 4 oB(O)
1
+3 / drdy [oa (oA () + ppIPEOIInlx — v (10.85)

This result was first derived in Matytsin [1994], and proven rigorously in Guionnet and
Zeitouni [2002]. Note that this expression is symmetric in A, B, as it should be, because
the solution of the Euler—Matytsin equations for the time reversed path from pg to pp are
simply obtained from p(x,t) — p(x,1 — ) and v(x,t) - —v(x,1 — t), which leaves
S7 (A, B) unchanged.

The whole calculation above can be repeated for the 8 = 1 (orthogonal group) or
B = 4 (symplectic group) with the final (simple) result Fg(A,B) = SF>(A,B)/2.
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Free Probabilities

In the previous chapter we saw how to compute the spectrum of the sum of two large
random matrices, first when one of them is a Wigner and later when one is “rotationally
invariant” with respect to the other. In this chapter, we would like to formalize the notion
of relative rotational invariance, which leads to the abstract concept of freeness.

The idea is as follows. In standard probability theory, one can work abstractly by defin-
ing expectation values (moments) of random variables. The concept of independence is
then equivalent to the factorization of moments (e.g. E[A3 B?] = E[A3]E[B?] when A and
B are independent).

However, random matrices do not commute in general and the concept of factorization
of moments is not powerful enough to deal with non-commuting random objects. Follow-
ing von Neumann, Voiculescu extended the concept of independence to non-commuting
objects and called this property freeness. He then showed how to characterize the sum and
the product of free variables. It was later realized that large rotationally invariant matrices
provide an explicit example of (asymptotically) free random variables. In other words, free
probabilities gave us very powerful tools to compute sums and products of large random
matrices. We have already encountered the free addition; the free product will allow us to
study sample covariance matrices in the presence of non-trivial true correlations.

This chapter may seem too dry and abstract for someone looking for applications. Bear
with us, it is in fact not that complicated and we will keep the jargon to a minimum. The
reward will be one of the most powerful and beautiful recent developments in random
matrix theory, which we will expand upon in Chapter 12.

11.1 Algebraic Probabilities: Some Definitions
The ingredients we will need in this chapter are as follows:!

¢ A ring R of random variables, which can be non-commutative with respect to the multi-
plication.?

' In mathematical language, the first three items give a *-algebra, while t gives a tracial state on this algebra.
2 Recall that a ring is a set equipped with two binary operations that generalize the arithmetic operations of addition and
multiplication.
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« A field of scalars, which is usually taken to be C. The scalars commute with everything.

¢ An operation *, called involution. For instance, % denotes the conjugate for com-
plex numbers, the transpose for real matrices, and the conjugate transpose for complex
matrices.

A positive linear functional 7(.) (R — C) that satisfies T(AB) = 7(BA) for A,B € R.
By positive we mean t(AA*) is real non-negative. We also require that t be faithful,
in the sense that T(AA*) = 0 implies A = 0. For instance, T can be the expectation
operator [E[.] for standard probability theory, or the normalized trace operator % Tr(.)
for a ring of matrices, or the combined operation %E[Tr(.)].

We will call the elements in R the random variables and denote them by capital letters.
For any A € Rand k € N, we call 7(A%) the kth moment of A and we assume in what
follows that 7 (A¥) is finite for all k. In particular, we call T(A) the mean of A and 7(A?) —
7(A)? the variance of A. We will say that two elements A and B have the same distribution
if they have the same moments of all orders.?

The ring of variables must have an element called 1 such that A1 = 1A = A for every
A. It satisfies (1) = 1. We will call 1 and its multiples a1 constants. Adding a constant
simply shifts the mean as

T(A+al) =1(A) + . (11.1)

11.2 Addition of Commuting Variables

In this section, we recall some well-known properties of commuting random variables, i.e.
such that

AB = BA, VA,BeR. (11.2)

Note that A is not necessarily a real (or complex) number but can be an element of
a more abstract ring. We will say that A and B are independent, if 7(p(A)g(B)) =
7(p(A))t(q(B)) for any polynomial p,q. This condition is equivalent to the factorization
of moments.

From a scalar o« we can build the constant &1 and write A 4« to mean A +«1. Constants
of the ring are independent of all other random variables, so if A and B are independent,
A + o and B are also independent. This setting recovers the classical probability theory of
commutative random variables (with finite moments to every order).

11.2.1 Moments

Now let us study the moments of the sum of independent random variables A + B. First we
trivially have by linearity

T(A+ B) = t(A) + t(B). (11.3)

3 This is of course not correct for standard commuting random variables: some distributions are not uniquely determined by
their moments.
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From now on we will assume 7(A) = 7(B) = 0, i.e. A, B have mean zero, unless stated
otherwise. For a non-zero mean variable A, we write A = A — r(/{) such that T (A) = 0.
One can recover the formulas for moments and cumulants of A simply by substituting
A — A — t(A) in all formulas written for zero mean A. The procedure is straightforward
but leads to rather cumbersome results.

For the second moment,

v ((A+B)?) = 7(4d) + 7(B?) + 2t(AB)
= 1(A%) + 7(B) + 21(A)1(B) = 1(A%) + 1(B?), (11.4)
i.e. the variance is also additive. For the third moment, we have
T ((A + 3)3) = 1(A%) + 1(B?) 4+ 31 (A)1(B?) + 31(B)t(A%) = 1(A%) + 1(B?),
(11.5)

which is also additive. However, the fourth and higher moments are not additive anymore.
For example we get, expanding (A + B)*,

T ((A + B)“) = 1(AY + 1(BY + 61(AH) 7 (B?). (11.6)

11.2.2 Cumulants

For zero mean variables the first three moments are additive but not the higher ones.
Nevertheless, certain combinations of higher moments are additive; we call them cumulants
and denote them as «;, for the nth cumulant. Note that for a variable with non-zero mean
A, the second and third cumulants are the second and third moments of A := A — t(A):

k1(A) = T(A),
k2(A) = (A% = t(A%) — T (A)?%, (11.7)
k3(A) = T(A%) = 1(A%) = 3t(AD)T(A) + 21 (A)>.

For the fourth cumulant, let us consider for simplicity zero mean variables A and B, and
define k4 as

ka(A) == T(A%) — 31(4D)>2. (11.8)
Then we can verify that
ki (A+B) =1 ((A + B)4) _3¢ ((A + B)z)2
— (A% 4+ 1 (B + 61(A%)7(B?) — 3 (I(Az) + 1(32))2

= 1(A%) = 3t(4%)? + ©(B*) — 3t(BH)? = k4(A) + k4(B), (11.9)

which is additive again.
In general, 7((A + B)") will be of the form 7(A") + t(B") plus some homogeneous
mix of lower order terms. We can then define the nth cumulant «,, iteratively such that



158 Free Probabilities
kn(A+ B) = kp(A) + k,(B), (11.10)
where
kn(A) = T(A™) + lower order terms moments. (11.11)

In order to have a compact definition of cumulants, recall that we are looking for quantities
that are additive for independent variables. But we already know that the log-characteristic
function introduced in Eq. (8.4) is additive. In the present context, we define the character-

istic function as*
pa(t) —r(”“) (11.12)
where the exponential function is formally defined through its power series:
¢
: t
(e = Z (l) £(AD), (11.13)
£=0

hence the characteristic function is also the moment generating function. Now, from the
formal definition of the exponential and the factorization of moments one can easily show
that for independent, commuting A, B,

va+B() = @a(t)pp (7). (11.14)

Here is an algebraic proof. For each &,

k
(A + B)% =Z(];>r(Ai)r(Bk_i), (11.15)
i=0

with which we get

ink—i (B Gr)it(AY
mw(r)—ZZ(U) <l> (gt =y T f(l.), A l.f,( )

k=0i<k i<k

ir)ir (Al inJr(BJ
= (Z o :,( )) (Z o ?( )) = 9A(Oep(1). (11.16)

!
; J

We now define Hy () := log ¢4 (¢). Then, for independent, commuting A, B, we have
Hu4p() = Hy(t) + Hp(2). (11.17)

We can expand H4(t) as a power series of ¢ and call the corresponding coefficients the
cumulants, i.e.

HA(t):logf(ei’A) :_ZK”( ) Giry". (11.18)

n=1

4 The factor i in the definition is not necessary in this setting as the formal power series of the exponential and the logarithm do
not need to converge. We nevertheless include it by analogy with the Fourier transform.
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From the additive property of H, the cuamulants defined in the above way are automatically
additive. In fact, using the power series for log(1 + x), we have

— (—1)~! n (A
=Y (Z (o’ (Ak>) EZ"( Gy, (11.19)

n=1 k=1 n=1

Matching powers of (ir) we obtain an expression for «,, for any n. We can work out by hand
the first few cumulants. For example, for n = 1, Eq. (11.19) readily yields k1 (A) = t(A).
‘We now assume A has mean zero, i.e. T(A) = 0. Then

; t t t
z (e”A) _ 4 U7 ) a2 ¢+ 4° ) (A% + 2 (l ) r(AY +- (11.20)
whereas the first few terms in the expansion of (11.19) are

2 3 4 252
(ir) <t> r(A)_r<A>>+m’

HA(t)—— (A%) + L1 (A%) + (in)* ( o A (11.21)

from which we recover the first four cumulants defined above:
k1(A) =0, Kk2(A) =1(A%), K3(A) =1(A%), Ka(A) = (A% —31(4H% (11.22)

The expression for k, soon becomes very cumbersome for larger n. Nevertheless, by
exponentiating Eq. (11.18) and matching with Eq. (11.13), one can extract the following
moment—cumulant relation for commuting variables:

n’K{'K£2~ K
ny __
wAh = 2 (AN (n)2r iyl - -1y
P12, 20 (11.23)

r1+2rp+-tnrp=n
= Ky + products of lower order terms + lc’f.

In particular, the scaling properties for the moments and cumulants (see (11.28) below)
are consistent due to the relation r{ 4+ 2rp + - - - + nrp, = n.

Exercise 11.2.1 Cumulants of a constant
Show that a constant o1 has k1 = « and k, = 0 for n > 2. (Hint: compute

Hoy (k) = log (v (¢%°1)).)

11.2.3 Scaling of Moments and Cumulants

Moments and cumulants obey simple transformation rules under scalar addition and multi-
plication. For example, when adding a constant to a variable, A := A+, where 7(A) = 0,
we only change the first cuamulant:

k1(A)=a and k,(A) =k,(A) for n>2. (11.24)
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For the case of multiplication by an arbitrary scalar o, by commutativity of scalars and
linearity of T we have

T ((ozA)k) — okt (Ak) : (11.25)
For the cumulant, we first look at the scaling of the log-characteristic function:
Hoa(t) = log (r (ei"“‘)) — Hy(at). (11.26)

And by (11.18), we have

oo

n
A
Haa(t) = Haar) = w(iz)n. (11.27)
n=1
Thus we have the simple scaling property
kn(@A) = o'k, (A). (11.28)

11.2.4 Law of Large Numbers and Central Limit Theorem

Continuing our study of algebraic probabilities, we would like to recover two very impor-
tant theorems in probability theory, namely the law of large numbers (LLN) and the central
limit theorem (cLT). The first states that the sample average converges to the mean (a
constant) as the number of observations N — oo, and the second that a large sum of
properly centered and rescaled random variables converge to a Gaussian.

First we need to define in our context what we mean by a constant and a Gaussian. For
simplicity, we can think of the variables in this section as standard random variables. We
will later introduce non-commutating cumulants. The arguments of this section apply in
the non-commutative case with independence replaced by freeness.

We have defined the constant variable A = «1, which satisfies

ki(A) =a, Kke(A)=0, V£ > 1. (11.29)
Then we define the “Gaussian” random variable as an element A that satisfies
kp(A) 20, ke(A) =0, VL > 2. (11.30)

Note that this definition (in the scalar case) is equivalent to the standard Gaussian random

variable with density
(x — w)?
=), 11.31
exp ( = (11.31)

Pmaz(x) =

1
V2mwo?

with k; = w and kp = o2.

By extension, we call k1(A) the mean, and k>(A) the variance. Now we can give a
simple proof for the LLN and cLT within our algebraic setting. Let
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K
1
Sk = ?ZAi’ (11.32)
i=1
where A; are K 1p variables.’ Then by (11.28) and the additive property of cumulants, we
get that
K K—o00 Kl(A), if £ = 1,
ke(Sg) = —ke(A) — (11.33)
K¢ 0, ife> 1.
In other words, Sg converges to a constant in the sense of cumulants.
Assume now that k1 (A) = 0 and consider

K

- 1

Sk = ZAi. (11.34)
K i=I

5

Then it is easy to see that

. 0, ife=1,
«(Sk) = (A = YiaA), =2, (11.35)
0, if e > 2.

In other words, §K converges to a “Gaussian” random variable with variance x3(A) =
7(A2), in the sense of cumulants.

In our algebraic probability setting we have made the assumption that the variables we
consider have finite moments of all orders. This is a very strong assumption. In particular it
excludes any variable whose probability decays as a power law. If we relaxed this assump-
tion we would find that some sums of power-law distributed variables converge not to a
Gaussian but to a Lévy-stable distribution. A similar concept exists in the non-commutative
case, but it is beyond the scope of this book.

11.3 Non-Commuting Variables

We now return to our original goal of developing an extension of standard probabilities for
non-commuting objects. One of the goals is to generalize the law of addition of independent
variables. We consider a variable equal to A + B where A and B are now non-commutative
objects such as large random matrices. If we compute the first three moments of A + B,
no particular problems arise thanks to the tracial property of 7, and they behave as in the
commutative case. For example, consider the third moment

5 up copies are variables A; that have exactly the same cumulants and are all independent. We did not define independence for

more than two variables but the factorization of moments can be easily extended to more variables. Note that pairwise
independence is not enough to assure independence as a group. For example if x|, xo and x3 are 11D Gaussians, the Gaussian
variables x, xo and y3 = sign(xx;)|x3| are pairwise independent but not all independent as E[xjx,y3] > 0 whereas

Elx; |Elx|E[y3] = 0.
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T((A+ B)*) = ©(A%) + T(A’B) + T1(ABA) + t(BA?)
+1(AB?) + t(BAB) + t(B*A) + t(BY). (11.36)

But since 7(A2B) = 1(ABA) = t(BA?) (and similarly when A appears once and B
twice), the classic independence property

7(A’B) = 1(AY)T(B) =0 (11.37)
appears to be sufficient. Things become more interesting for the fourth moment. Indeed,
t((A+ B)*) = t(A") + 1(A’B) + 1(A’BA) + t1(ABA?) + 1(BA?)
+ 1(A’B?) + t(ABAB) + t1(BA’B) + t1(AB%>A) + t1(BABA)
+1(B*A%) + t(B*A) + t(B’AB) + t(BAB?) + t(AB®) + t(B%)

= 7(A%) +47(A’B) + 4t(A*B?) + 21 (ABAB) + 4t (AB>) + 1(B%),
(11.38)

where in the second step we again used the tracial property of 7. For commutative random
variables, independence of A, B means 1(A2B%) = 1(A%)t(B?), and this is enough to
treat all the terms above. In the non-commutative case, we also need to handle the term
T (ABAB). In general ABAB is not equal to A>B?. “Independence” is therefore not
enough to deal with this term, so we need a new concept. A radical solution would be
to postulate that T(ABAB) is zero whenever T(A) = t(B) = 0. As we compute higher
moments of A+ B we will encounter more and more complicated similar mixed moments.
The concept of freeness deals with all such terms at once.

11.3.1 Freeness

Given two random variables A, B, we say they are free if for any polynomials py, ..., p,
and q1, .. .,qn such that

T(p(A)) =0, (qk(B)) =0, V&, (11.39)

we have

T (p1(A)q1(B)p2(A)q2(B) - - - pn(A)gn(B)) = 0. (11.40)

We will call a polynomial (or a variable) traceless if T(p(A)) = 0. Note that o1 is free with
respect to any A € R because t(p(al)) = p(«l), from the definition of 1. Hence,

t(p(al)) =0 & p(al) = 0. (11.41)

Moreover, it is easy to see that if A, B are free, then p(A), g(B) are free for any polynomials
p,q. By extension, F(A) and G(B) are also free for any function F and G defined by their
power series.

The freeness is non-trivial only in the non-commutative case. For the commutative case,
it is easy to check that A, B are free if and only if either A or B is a constant. Free random
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variables are “maximally” non-commuting, in a sense made more precise for the example
of free random matrices in the next chapter. For example, for free and mean zero variables A
and B, we have T(ABAB) = 0 whereas 1(A2B?) = 1((A2 = t(A2))BY) + 1(A%)1(B?) =
1(A%)7(B?).

Assuming A, B are free with 7(A) = t(B) = 0, we can compute the moments of the
free addition A 4+ B. The second moment is easy:

T((A + B)?) = 1(A?) + 1(B?) +2t1(AB) = 1(A%) + t(B?), (11.42)

because both 7(A),t(B) are zero. For the third and higher moments the trick is, as just
above, to add and subtract quantities such that, in each term, at least one object of the form
(C — t(0)) is present:
1((A + B)*) = ©(A%) + ©(B?) + 31(AB) + 31 (AB?)
= 1(A%) + 1(B®) + 31((A%? — ©(A%))B) + 3t (A®)T(B)
+37(A(B* — T(B?)) + 3t(A)T(B?)
= 7(A%) + 1 (B>), (11.43)

and for the fourth moment:
T((A+ B)*) = t(A") + 41(A’B) + 41 (A*B*) + 21 (ABAB) + 4t(AB®) + 1(B%)
= 1(AY) +41((A* — 1(AV)B) + 47 (A%)T(B)
+47((A% — ©(A%)(B* — 1(B?))) + 41 (AH)T(B?)
+4t(A(B? — 1(BY)) + 4t (A)T(B?) + 7(BY
= 1(AY + (B + 41 (A>T (B?). (11.44)
In particular, we find

t((A+B)*) —2t((A + B)2)2 =1(AY + 1(BY — 2t(A®)? —21(B®?.  (11.45)

11.3.2 Free Cumulants

Let us define the cumulants of A as

K1(A) = T(A), K2(A) = T(AD), K3(A) =T(AD), Ka(A) = T(A}) — 2T(A})%,
(11.46)

where Ao is a short-hand for A — t(A)1. Then these objects are additive for free random
variables. The first three are the same as the commutative ones. But for the fourth cumulant,
the coefficient in front of I(A%)2 is now 2 instead of 3. Higher cumulants all differ from
their commutative counterparts.

As in the commutative case, we can define the kth free cumulant iteratively as

kr(A) =1 (Ak ) + homogeneous products of lower order moments, (11.47)
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such that
k(A + B) = ki (A) + ki (B), Vk, (11.48)

whenever A, B are free.
An important example of non-commutative free random variables is two independent
large random matrices where one of them is rotational invariant — see next chapter.®

11.3.3 Additivity of the R-Transform

In the previous chapter, we saw that the R-transform is additive for large rotationally
invariant matrices. We will show here that we can define the R-transform in our abstract
algebraic probability setting and that this R-transform is also additive for free variables. In
the next chapter, we will dwell on why large rotationally invariant matrices are free.

First we define the Stieltjes transform as a moment generating function as in (2.22); we
can define g4 (z) for large z as

— 1
a4(x) = Y o 7(Ah). (11.49)
k=0 <

Then we can also define the R-transform as before:
1
Ra(g) :=34(8) — < (11.50)

for small enough g. Here the inverse function 34(g) is defined as the formal power series
that satisfies g4(34(g)) = g to all orders.
‘We now claim that the R-transform is additive for free random variables, i.e.

Ra1p(8) = Ra(g) + Rp(g), (11.51)

whenever A, B are free.
We let 34(g) be the inverse function of

ga() =1 [(z - A)*l] : (11.52)
whose power series is actually given by (11.49). Consider a fixed scalar g. By construction
T(gl) =g = 94Ga(®) =7 [Ga®) = H']. (11.53)

The arguments of 7(.) on the left and on the right of the above equation have the same mean
but they are in general different, so let us define their difference as gX 4 via

gXai=(za—A) ' —¢gl, (11.54)

where 74 := 34(g). From its very definition, we have 7(X4) = 0.

6 Freeness is only exact in the large N limit of random matrices.
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We can invert Eq. (11.54) and find
1
A—ZA=—§(1+XA)_1. (11.55)

Consider another variable B, free from A. For the same fixed g we can find the scalar
zp := 3p(g) and define X p with t(Xpg) = 0 as for A, to find

1
B—zB=—§(1+XB)_1. (11.56)
Since X 4 and X g are functions of A and B, X4 and X g are also free. Now,

1 1
A+B—za—zp= —g(l + X7 = §(1 +Xp)~!

1
=—§(1+XA)_1(2+XA+XB)(1+XB)_1. (11.57)
Hence, noting that (1 + X4)(1 + Xp) + 1 — XaXp =2+ X4 + X3,

1 1
A+B—z4—zp+ P —2(1 + X)) — XaXp) A+ Xp) 7

!
|:A+B—<ZA +ZB_§>:| =—g(1+Xp)(1 = XaXp) ' (1+X4). (1158

Using the identity

(1= XaXp) ™' =) (XaXp)", (11.59)
n=0

we can expand the expression
o[+ X1 = XaXp) ™ (1 + X ] (11.60)

which will contain 1 plus terms of the form t (X4 XpX4Xp... Xp) where the initial and
final factor might be either X4 or Xp but the important point is that X4 and X p always
alternate. By the freeness and zero mean of X 4 and X p, all these terms are thus zero. Hence
we get

!
‘CH:A-FB—(ZA‘FZB_E)} ]=—g=>9A+B(ZA+ZB—gl)=g, (11.61)

finally leading to the announced result:’

341B=24+28— ¢ ' = Rayp = Ra + Rp. (11.62)

7 The above compact proof is taken from Tao [2012].
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11.3.4 R-Transform and Cumulants

The R-transform is defined as a power series in g. We claim that the coefficients of this
power series are in fact exactly the non-commutative cumulants defined earlier. In other
words, R 4(g) is the cumulant generating function:

Ra(g) =) ki(A)g" . (11.63)
k=1

To show that these coefficients are indeed the cumulants we first realize that the general
equality R(g) = 3(g) — 1/g is equivalent to

284(2) — 1 = 84(2) Ra(84(2)). (11.64)

We can compute the power series of the two sides of this equality:

o0
wa@) — 1= 2F, (11.65)
z
k=1
where my, := 7(A¥) denotes the kth moment, and
ad 1 e my ¢
0A(DRABAR) = ) ki (Z +> W) : (11.66)
k=1 =1

Equating the right hand sides of Egs. (11.65) and (11.66) and matching powers of 1/z we
get recursive relations between moments (m) and cumulants (ki):

m| =K1 = mi| =Ki,
my = Ky + kymq = my =K2+K12,
m3 = k3 + 2komq + k1ma = m3 = k3 + 3Kk +Kij,

myg = k4 + dzmy + k2[2my + m%] +K1m3 = mg4=kK4+ 6K2K12 + 2/(22 + 43Ky + Kf.
(11.67)

By looking at the z 7% term coming from the [1/z + - - - ]¥ term in Eq. (11.66) we realize
that my = «; + - - - where “. - - ” are homogeneous combinations of lower order ki and my.
Since the coefficients of the power series Eq. (11.63) are additive under addition of free
variables and obey the property

k(A =Tt (Ak) + homogeneous products of lower order moments, (11.68)

they are therefore the cumulants defined in Section 11.3.2.

11.3.5 Cumulants and Non-Crossing Partitions

We saw that Eq. (11.64) can be used to compute cumulants iteratively. Actually that
equation can be translated into a systematic relation between moments and cumulants:

mp= Y KnpcKng, (11.69)
7w eNC(n)
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Figure 11.1 List of all non-crossing partitions of four elements. In Eq. (11.69) for my, the first
partition contributes x1kjk1k] = K;". The next six all contribute K2K12 and so forth. We read

my = Kf + 6K2K12 + 2K22 + 43y + k4.

‘ me, ‘ mg, Ny, ‘ n ‘ nys

K5

Figure 11.2 A typical non-crossing diagram contributing to a large moment mj,. In this example
the first element is connected to four others (giving a factor of «5) which breaks the diagram into
five disjoint non-crossing diagrams contributing a factor mg, mg,ng,mg,mys. Note that we must
have 1 + ¢y + 43+ €4+ {5 =n.

where m € NC(n) indicates that the sum is over all possible non-crossing partitions of n
elements. For any such partition 7 the integers {71, 72, ..., 7 } (I < £z < n)equal the
number elements in each group (see Fig. 11.3). They satisfy

U
n=Yy m. (11.70)
k=1

We will show that, provided we define cumulants by Eq. (11.69), we recover
Eq. (11.64). But before we do so, let us first show this relation on a simple example.
Figure 11.1 shows the computation of the fourth moment in terms of the cumulants.

The argument is very similar to the recursion relation obtained for Catalan numbers
where we considered non-crossing pair partitions (see Section 3.2.3). Here the argument
is slightly more complicated as we have partitions of all possible sizes. We consider the
moment m, for n > 1. We break down the sum over all non-crossing partitions of n
elements by looking at ¢, the size of the set containing the first element (for example in
Fig. 11.3, the first element belongs to a set of size £ = 5). The size of this first set can
be 1 < ¢ < n. This initial set breaks the partition into £ (possibly empty) disjoint smaller
partitions. They must be disjoint, otherwise there would be a crossing. In Figure 11.2 we
show how an initial 5-set breaks the full partition into 5 blocks. In each of these blocks,
every non-crossing partition is possible, the only constraint is that the total size of the
partition must be n. The sum over all possible non-crossing partitions of size k of the
relevant «’s is the moment mj. Note that the empty partition contributes a multiplicative
factor 1, so we define mg = 1. Putting everything together we obtain the following
recursion relation for my,;:

n
mn=ZKg l_[ Mg Mgy -+ . M, - (11.71)
=1 ki,ka,..., k¢>0
ky+ky+-+ke=n—L

Let us multiply both sides of this equation by z~" and sum over n from 1 to co. The left
hand side gives zg(z) — 1, by definition of g(z). The right hand side reads
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LU UL

Figure 11.3 Generic non-crossing partition of 23 elements with two singletons, five doublets, two
triplets, and one quintent, such that 23 = 5+2-3+5-2+2-1. In Eq. (11.69), this particular partition

appears for my3 and contributes K5K%K§ /clz.

I(A1A2A3)=‘ ‘ ‘-I—u ‘-I—m-l—‘ U-I—Lu

Figure 11.4 List of all non-crossing partitions of three elements. From this we get Eq. (11.74) for
three elements: T(A1A2A3) = k1 (ADk1(A2)k1(A3) + k2(A1, A)k1(A3) + k(A1 A3)k (A) +
k2(A2, A3)K1(A3) + k3(Ay, Ag, A3).

o0 n

Mgy My -« . M,
Z Z ke 1—[ Sky kot thp=n—t ki lthky | 1tk (11.72)
n=10=1  ky,ko,....kg>0

which can be transformed into

12
00

x
DS ZT—i]fllq = g(2)R(g(2)), (11.73)
t=1 | k=0

where we have used Eq. (11.63). We thus recover exactly Eq. (11.64), showing that the
relation (11.69) is equivalent to our previous definition of the free cumulants.

It is interesting to contrast the moment—cumulant relation in the standard (commuta-
tive) case (Eq. (11.23)) and the free (non-commutative) case (Eq. (11.69)). Both can be
written as a sum over all partitions on n elements; in the standard case all partitions are
allowed, while in the free case the sum is only over non-crossing partitions.

11.3.6 Freeness as the Vanishing of Mixed Cumulants

We have defined freeness in Section 11.3.1 as the property of two variables A and
B such that the trace of any mixed combination of traceless polynomials in A and in B
vanishes. There exists another equivalent definition of freeness, namely that every mixed
cumulant of A and B vanish. To make sense of this definition we first need to introduce
cumulants of several variables. They are defined recursively by

T(A1Ay. Ay = Y Kkn(A1Ay... Ap). (11.74)
weNC(n)

where the A;’s are not necessarily distinct and NC(n) is the set of all non-crossing parti-
tions of n elements. Here

Kn (A1Ag. .. An) =k () Ky () (11.75)

are the products of cumulants of variables belonging to the same group of the correspond-
ing partition — see Figure 11.4 for an illustration. We also call these generalized cumulants
the free cumulants.

When all the variables in Eq. (11.74) are the same (A; = A) we recover the previous
definition of cumulants with a slightly different notation (e.g. k3(A, A, A) = «k3(A)).
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Cumulants with more than one variable are called mixed cumulants (e.g. k4(A, A, B, A)).
By applying Eq. (11.74) we find for the low generalized cumulants of two variables
m(A) = k1 (A),
my (A, B) = i1 (B« (B) + ka(A, B),

m3(A, A, B) =k (A)2K1 (B) + k2(A, A)k1(B) + 2k2(A, B)x1(A) + k3(A, A, B).
(11.76)

We can now state more precisely the alternative definition of freeness: a set of variables
is free if and only if all their mixed cumulants vanish. For example, in the low cumulants
listed above, freeness of A and B implies that (A, B) = x3(A, A, B) = 0.

This definition of freeness is easy to generalize to a collection of variables, i.e. a
collection of variables is free if all its mixed cumulants are zero. As noted at the end
of Section 11.3.7 below, pairwise freeness is not enough to ensure that a collection is free.

We remark that vanishing of mixed cumulants implies that free cumulants are additive.
In Speicher’s notation, ki (A, B, C, .. .) is a multi-linear function in each of its arguments,
where k gives the number of variables. Thus we have

kp(A+ B,A+ B,...) =« (AA,...)+«r(B,B, ...)+ mixed cumulants
=kk(A A, ...)+xx(B,B,...), (11.77)
1.e. kg is additive.

We will give a concrete application of the formalism of free mixed cumulants in
Section 12.2.

11.3.7 The Central Limit Theorem for Free Variables

We can now go back and re-read Section 11.2.4. We can replace every occurrence of the
word independent with free, and cumulant with free cumulant. The LLN now states that the
sum of K free identically distributed (FID) variables normalized by K ! converges to a
constant (also called a scalar) with the same mean.

Let us define a free Wigner variable as a variable with second free cuamulant «» > 0 and
all other free cumulants equal to zero. In other words, a free Wigner variable is such that
Rw (x) = kpx. The cLT then states that the sum of K zero-mean free identical variables
normalized by K ~!/? converges to a free Wigner variable with the same second cumulant.

In the case where our free random variables are large symmetric random matrices,
the Wigner defined here by its cumulant coincides with the Wigner matrices defined in
Chapter 2. We indeed saw that the R-transform of a Wigner matrix is given by R(x) = o2x,
i.e. the cumulant generating function has a single term corresponding to k = o2,

Alternatively, we note that the moments of a Wigner are given by the sum over non-
crossing pair partitions (Eq. (3.26)). Comparing with Eq. (11.69), we realize that partitions
containing anything other than pairs must contribute zero, hence only the second cumulant
of the Wigner is non-zero.

The LLN and the CLT require variables to be collectively free, in the sense that all mixed
cumulants are zero. As is the case with independence, pairwise freeness is not enough to
ensure freeness as a collection (see footnote on page 161). Indeed, in Section 12.5 we will
encounter variables that are pairwise free but not free as a collection. One can have A
and B mutually free and both free with respect to C but A 4+ B is not free with respect



170 Free Probabilities

to C. This does not happen for rotationally invariant large matrices but can arise in other
constructions. The definition of a free collection is just an extension of definition (11.40)
including traceless polynomials in all variables in the collection. With this definition, sums
of variables in the collection are free from those not included in the sum (e.g. A 4+ B is
free from C).

11.3.8 Subordination Relation for Addition of Free Variables

We now introduce the subordination relation for free addition, which is just a rewriting of
the addition of R-transforms. For free A and B, we have

RA(8) + Rp(8) = RatB(8) = 34(8) + Rp(8) = 34+B(8), (11.78)

where

94+BGA+B) = & = 94(z4) = 94 Ga+B — RB(3)). (11.79)

We call z := 344 5(g), then the above relations give

9A+8(2) =94 (2 — Rp(3a+8(2))). (11.80)

which is called a subordination relation (compare with Eq. (10.2)).

11.4 Free Product

In the previous section, we have studied the property of the sum of free random variables. In
the case of commuting variables, the question of studying the product of (positive) random
variables is trivial, since taking the logarithm of this product we are back to the problem of
sums again. In the case of non-commuting variables, things are more interesting. We will
see below that one needs to introduce the so-called S-transform, which is the counterpart
of the R-transform for products of free variables.

We start by noticing that the free product of traceless variables is trivial. If A, B are free
and 7(A) = 7(B) = 0, we have

T((AB)*) = t(ABAB... AB) = 0. (11.81)

11.4.1 Low Moments of Free Products

We will now compute the first few moments of the free products of two variables with a
non-zero trace: C := AB where A, B are free and t(A) # 0, T(B) # 0. Without loss of
generality, we can assume that t(A) = t(B) = 1 by rescaling A and B. Then

T(C)=1t((A—-1t(A)B —1(B)) + t(A)T(B) =t(A)T(B) = L. (11.82)
We can also use (11.74) to get
7(C) = Kk2(A, B) + k1 (A)k1(B) = k1 (A)k1(B) = 1, (11.83)
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Figure 11.5 List of all non-crossing partitions of six elements contributing to T(ABABAB)
excluding mixed AB terms. Terms involving A are in thick gray and B in black. Equation (11.86)
can be read off from these diagrams. Note that k1 (A) = k(B) = 1.

4
[

since mixed cumulants are zero for mutually free variables. Similarly, using Eq. (11.74) we
can get that (see Fig. 11.1 for the non-crossing partitions of four elements)

1(C?) = t1(ABAB) = k1(A)*k1(B)? + 12(A)k1 (B)* + k1(A)*k2(B)
= 1 +K2(A) + K2(B), (11.84)

which gives
2(C) := 1(C?) — 1(C)* = k2(A) + k2(B). (11.85)
For the third moment of C = AB, we can follow Figure 11.5 and get
7(C* =t (ABABAB)
=1+ 3k2(A) + 3k2(B) + 3k2(A)k2(B) + «3(A) + k3(B), (11.86)
leading to
Ki3(C) : = T(C?) = 31(CHT(C) +2t(C)?
= k3(A) + 13(B) + 3x2(A)k2(B). (11.87)

Under free products of unit-trace variables, the mean remains equal to one and the
variance is additive. The third cuamulant is not additive; it is strictly greater than the sum of
the third cumulants unless one of the two variables is the identity (unit scalar).

11.4.2 Definition of the S-Transform

‘We will now show that the above relations can be encoded into the S-transform S(¢) which
is multiplicative for products of free variables:

Sap(t) = Sa()Sp(1) (11.88)
for A and B free. To define the S-transform, we first introduce the T-transform as
@ =c[a-¢c'a7] -
=¢9a(0) -1

—, (11.89)
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The behavior at infinity of the T-transform depends explicitly on m 1, the first moment of A
(t(¢) ~ m1/¢), unlike the Stieltjes transform which always behaves as 1/z.

The T-transform has the same singularities as the Stieltjes transform except maybe at
zero. When A is a matrix, one can recover the continuous part of its eigenvalue density
p(x) using the following T-version of the Sokhotski—Plemelj formula:

lim Imt(x —in) = 7xp(x). (11.90)

n—0+
Poles in the T-transform indicate Dirac masses. If t(¢) ~ A/(¢ — Xp) near A¢ then the
density is a Dirac mass of amplitude A/A¢ at Ag. The behavior at zero of the T-transform is
a bit different from that of the Stieltjes transform. A regular density at zero gives a regular
Stieltjes and hence t(0) = —1. Deviations from this value indicate a Dirac mass at zero,
hence when t(0) # —1, the density has a Dirac at zero of amplitude t(0) + 1.
The T-transform can also be written as

tA(g)zr[A (;—A)—l]. (11.91)

We define ¢4 (¢) to be the inverse function of t4 (). When m # 0, t4 is invertible for large

¢, and hence ¢4 exists for small enough ¢. We then define the S-transform as®
t+1
Sa(t) = 2 (11.92)
154(1)

for variables A such that t(A) # 0.
Let us compute the S-transform of the identity S1(¢):

1 1
WO =y =an= % = S1(1) = 1, (11.93)

as expected as the identity is free with respect to any variable. The S-transform scales in a
simple way with the variable A. To find its scaling we first note that

taa® =7 [ =@ 'O )T - 1= ta ¢/, (11.94)
which gives
Caa(t) = afa(?). (11.95)
Then, using (11.92), we get that
Saa(t) = a'SA(0). (11.96)

The above scaling is slightly counterintuitive but it is consistent with the fact that
S4(0) = 1/7(A). We will be focusing on unit trace objects such that S(0) = 1.

8 Most authors prefer to define the S-transform in terms of the moment generating function v (z) := t(1/z). The definition
S(t) = 1//*1 ()(t + 1)/t is equivalent to ours (g[/*l (1) is the functional inverse of ¥ (z)). We prefer to work with the
T-transform as the function 7(¢) has an analytic structure very similar to that of g(z). The function v (z) is analytic near zero
and singular for large values of z corresponding to the reciprocal of the eigenvalues.



11.4 Free Product

The construction of the S-transform relies on the properties of mixed moments of free
variables. In that respect it is closely related to the R-transform. Using the relation 74 (¢) =

£84(Z) — 1, one can get the following relationships between R4 and Sy:

Sa(t) = Ra(g) =

Ra(tSa())’ Sa(gRa(9))

11.4.3 Multiplicativity of the S-Transform

We can now show the multiplicative property (11.88). The proof is similar to the one
given for the additive case and is adapted from it.

We fix t and let ¢4 and ¢p be the inverse T-transforms of t4 and tg. Then we define
E 4 through

l+t+E s=(—A/ca)” ), (11.98)

and similarly for Eg. We have 1(E4) = 0, t(Eg) = 0, and, since A and B are free,
E 4, E g are also free. Then we have

A -1
=1 —(+r+E» L (11.99)
tA

which gives

AB _ _ —1 B 1
CA;B_[l (1+1+Ep) ][1 (1+1+Ep) ]
—(I4+14+E) G+ ENGC+ERDI(1+1+Ep) . (11.100)
Using the identity

t
HEa+Ep) =1 [(1 +1+EQ)(+1t+Ep) —(1+1)%— EAEB], (11.101)

we can rewrite the above expression as

AB L +i+E )*1[ t+EAEB](1+t+E )~
talp 1+t 4 141 B
14+t AB _ EAEp 1
S1—-————=0+0(+1+Ey) [1— (14+1+Ep)
t tAlB t(141)
1+t AB 77! 1 [ EAEp ]—1
l————— | =——(+t+Ep)|l— 1+1t+Ep).
[ ‘ cA;B] E—l 2 oy A)
(11.102)
Using the expansion
—1 n
EA Ep EAEp
| — = , 11.103
[ z(1+z)] Z(r(H—t) ( )

n=0
one can check that

EAEp
t(A+1)

-1
T {(1 +1+Ep) [1 - ] (1 +t+EA)i| =(1+41)% (11.104)

(11.97)
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where we used the freeness condition for £ 4 and Ep. Thus we get that

1+r AB 77 t15AlB\ _
f{[l_lm] }_1+z - tAB<1_H>—t, (11.105)

which gives that

Sap() = Sa(®)Sp() (11.106)

thanks to the definition (11.92).

11.4.4 Subordination Relation for the Free Product

We next derive a subordination relation for the free product using (11.88) and (11.92):

Sas) = Sa0S50) = tan) = AL (11.107)
Sp(t)
where
tap(CaB (1)) =t =1A(La (@) = tA(CaB () SB(D)). (11.108)
We call ¢ := ¢4p(t), then the above relations give
tap(¢) =ta (¢ Sp(tan(¢))), (11.109)

which is the subordination relation for the free product. In fact, the above is true even when
S4 does not exist, e.g. when t(A) = 0.

When applied to free random matrices, the form AB is not very useful since it is not
necessarily symmetric even if A and B are. Butif A > 0 (i.e. A is positive semi-definite
symmetric) and B is symmetric, then A2BA? has the same moments as AB and is also
symmetric. In our applications below we will always encounter the case A > 0 and call
A2BA? the free product of A and B.

Exercise 11.4.1 Properties of the S-transform
(a) Using Eq. (11.92), show that
1
T S@RG)’
Hint: define t = xR(x) = zg — 1 and identify x as g.
(b) For a variable such that t(M) = «; = 1, write S(¢) as a power series in 7,

compute the first few terms of the powers series, up to (and including) the r2
term, using Eq. (11.110) and Eq. (11.63). You should find

R(x) (11.110)

S(t) = 1 — kot + (23 — k3)t> +0(1%). (11.111)
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(c) We have shown that, when A and B are mutually free with unit trace,

7(AB) = 1, (11.112)
T(ABAB) — 1 = ix(A) + k2 (B), (11.113)

T(ABABAB) = «3(A) + k3(B) + 3k2(A)k2(B) + 3(k2(A) + k2(B)) + 1.
(11.114)

Show that these relations are compatible with SAp(z) = Sa (¢) Sg(¢) and the
first few terms of your power series in (b).

(d) Consider M| = 1+ oyW; and My = 1 + 0o W, where W; and W, are
two different (free) unit Wigner matrices and both o’s are less than 1/2. M;
and M, have «3 = 0 and are positive definite in the large N limit. What is
k3(MiM3)?

Exercise 11.4.2 S-transform of the matrix inverse

(a) Consider M an invertible symmetric random matrix and M~! its inverse.
Using Eq. (11.89), show that

1
tm(Z) + ty-1 <E) +1=0. (11.115)
(b) Using Eq. (11.115), show that
1
Sn- =\ 11.116
M () = s (11.116)
Hint: write u(x) = 1/¢(¢) where u(x) is such that x = ty;—1 (u(x)). Equation
(11.115) is then equivalent to x = —1 — 7.
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12

Free Random Matrices

In the last chapter, we introduced the concept of freeness rather abstractly, as the proper
non-commutative generalization of independence for usual random variables. In the present
chapter, we explain why large, randomly rotated matrices behave as free random variables.
This justifies the use of R-transforms and S-transforms to deal with the spectrum of sums
and products of large random matrices. We also revisit the abstract central limit theorem
of the previous chapter (Section 11.2.4) in the more concrete case of sums of randomly
rotated matrices.

12.1 Random Rotations and Freeness
12.1.1 Statement of the Main Result

Recall the definition of freeness. A and B are free if for any set of traceless polynomials
Pl,---,pnand qy, ... ,q, the following equality holds:

T (p1(A)q1(B)p2(A)q2(B) ... pn(A)gn(B)) = 0. az.n

In order to make the link with large matrices we will consider A and B to be large symmetric
matrices and (M) := 1/N Tr(M). The matrix A can be diagonalized as UAUT and B as
VA’VT. A traceless polynomial p;(A) can be diagonalized as UA;U”, where U is the same
orthogonal matrix as for A itself and A; = p;(A) is some traceless diagonal matrix, and
similarly for g; (B). Equation (12.1) then becomes

T (A1OA[O" A20A50" ... A, OA,0") =0, (12.2)

where we have introduced O = U’V as the orthogonal matrix of basis change rotating the
eigenvectors of A into those of B.

As we argue below, in the large N limit Eq. (12.2) always holds true when averaged over
the orthogonal matrix O and whenever matrices A; and A} are traceless. We also expect
that in the large N limit Eq. (12.2) becomes self-averaging, so a single matrix O behaves as
the average over all such matrices. Hence, two large symmetric matrices whose eigenbases
are randomly rotated with respect to one another are essentially free. For example, Wigner
matrices X and white Wishart matrices W are rotationally invariant, meaning that the
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matrices of their eigenvectors are random orthogonal matrices. We conclude that for N
large, both X and W are free with respect to any matrix independent from them, in particular
they are free from any deterministic matrix.

12.1.2 Integration over the Orthogonal Group

We now come back to the central statement that in the large N limit the average over O
of Eq. (12.2) is zero for traceless matrices A; and A;. In order to compute quantities like

(t (A10A]07 A20A507 ... A,OA,07)),, (12.3)

one needs to understand how to compute the following moments of rotation matrices,
averaged over the Haar (flat) measure over the orthogonal group O (N):

1G.j,n) == (04,045 - - Oy o)y - (12.4)

The general formula has been worked out quite recently and involves the Weingarten
functions. A full discussion of these functions is beyond the scope of this book, but
we want to give here a brief account of the structure of the result. When N — oo, the
leading term is quite simple: one recovers the Wick’s contraction rules, as if O;, i, were
independent random Gaussian variables with variance 1/N. Namely,

i1J1

P — e e —n—1
I(I’J’n) =N Z 817{(1)17[(2) 5]71(1)]71(2) e 817‘[(2}171)17‘[(2}1) 8]71(2}171)]71(2}1) + O(N )-
pairings

(12.5)

Note that all pairings of the i-indices are the same as those of the j-indices. For example,
for n = 1 and n = 2 one has explicitly, for N — oo,

N (Oiljl Oi2j2>0 =38i1i201 > (12.6)
and
2
N <0i1j1 0i,,0is 3 Oi4j4)0 = 8i1i8 1 j0i3i48 3 ju
+8i1i38 1 j38i2i40 o ju
+8i1i40 1 j48iriz8jr js- (12.7)

The case n = 1 is exact and has no subleading corrections in N, so we can use it to
compute

N
(t(A10A 0T} = N1 3 (A <Oi‘j(Al])j0§i)0
i,j=1

N
=N (Apiah;
i,j=1
=t(ADT(A). (12.8)

(Recall that t(A) is equal to N -1 TrA.) Clearly the result is zero when t(A;) =
r(A’l) = 0, as required by the freeness condition.
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Figure 12.1 Number of loops £(rr, ) for r = (1,2)(3,6)(4,5). The bottom part of the diagram (thick
gray) corresponds to the first partition = and the top part (black) to the second partition, here also

equal to 7. In this example there are three loops each of size 2.

Now, using only the leading Wick terms for n = 2 and after some index contractions
and manipulations, one would obtain

(t(A1OA]0" A,0A507)) = T(A1ADT(ADT(AS) + T(ADT(AQ)T(A]AY).
(12.9)

lim
N—oo

However, this cannot be correct. Take for example A; = Ay = 1, for which (A OA’1 o7
A20AL0") = t(A}A)}) exactly, whereas the formula above adds an extra term
t(A)T(A)). The correct formula actually reads

Nlim (r(AIOA’loTAZOA’zof))O = T(A1A)T(ADT(AY) + T(ADT(AD)T(A]A))
—00
— T(ADT(A)T(ADT(AY), (12.10)

which again is zero whenever all individual traces are zero (i.e. the freeness condition).

12.1.3 Beyond Wick Contractions: Weingarten Functions

Where does the last term in Eq. (12.10) come from? The solution to this puzzle lies in
the fact that some subleading corrections to Eq. (12.7) also contribute to the trace we are
computing: summing over indices from 1 to N can prop up some subdominant terms and
make them contribute to the final result. Hence we need to know a little more about the
Weingarten functions. This will allow us to conclude that the freeness condition holds for
arbitrary n. The general Weingarten formula reads

I(,j.n) = Z Wi (70.0)8i . 1)in 8oy Jo @ * * * Sin@ntyin@n Co@nt)joan
pairings , 0

(12.11)

where now the pairings = of i’s and o of j’s do not need to coincide. The Weingarten
functions Wy, (7, 0) can be thought of as matrices with pairings as indices. They are given
by the pseudo-inverse1 of the matrices M, (r,0) :(= N Um.9) where £(7r,0) is the number
of loops obtained when superposing 7 and o. For example, when m = o one finds n
loops, each of length 2, see Figure 12.1. While when 7 # o the number of loops is always
less than n (£(w,0) < n), see Figure 12.2. At large N, the diagonal of the matrix M,
dominates and the matrix is always invertible. By expanding in powers of 1/N, we see
that its inverse W, whose elements are the Weingarten functions, has an N " behavior

1 The pseudo-inverse of M is such that WMW = W and MWM = M. When M is invertible, W = M~V IfMis
diagonalizable, the eigenvalues of W are the reciprocal of those of M with the rule 1/0 — 0.
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N
L)

Figure 12.2 Number of loops £(rr,0) for 7 = (1,4)(2,3) and o = (1,2)(3,4). In this example there
is only one loop.

on the diagonal and off-diagonal terms are at most N —7=1 More generally, one has the
following beautiful expansion:

o0
Wy, (,0) = NET0)=2n Z Qg (m,0)N 78, (12.12)
g=0

where the coefficients Q¢ (7r,0) depend on properties of certain “geodesic paths” in the
space of partitions. The bottom line of this general expansion formula is that non-Wick
contractions are of higher order in N -1

As an illustration, let us come back to the missing term in Eq. (12.9) when one
restricts to Wick contractions, for which the number of loops (v, 7) = 2. The next term
corresponds to £(r,0) = 1 for which Wy (7r,0) ~ —-N3 (see Exercise 12.1.1). Consider
the pairings i| = ig, ip = i3 and j| = jo, j3 = ja, for which £(7,0) = 1 (see Fig. 12.2).
Such pairings do not add any constraint on the 2n = 4 free indices that appear in
Eq. (12.3); summing over them thus yields (A 1)7(A2)T(A})7(A%), with a —1 coming
from the Weingarten function W5 (;r, o). Hence we recover the last term of Eq. (12.10).

Exercise 12.1.1 Exact Weingarten functions atn = 2
There are three possible pair partitions of four elements. They are shown
on Figure 3.2. If we number these 77, 7y and w3, M5 is a 3 x 3 matrix whose
elements are equal to N¢C7i-7)).

(a) By trying a few combinations of the three pairings, convince yourself that
forn =2, {(m;,wj) = 2if i = j and 1 otherwise.

(b) Build the matrix M;. For N > 1 it is invertible, find its inverse W,. Hint:
use an ansatz for Wy with a variable a on the diagonal and b off-diagonal.
For N = 1 find the pseudo-inverse of M.

(c) Finally show that (when N > 1) of the nine pairs of pairings, the three
Wick contractions (diagonal elements) have

3 N+1 N—o0
wvick — N2, 12.13
2 N3+ N2 -2N (=)
and the six non-Wick parings (off-diagonal) have
: 1 N—>o00 _
wion-Wick - ¥3Z% N3 12.14
2 N34+ N2-2N ey

For N = 1, all nine Weingarten functions are equal to 1/9.

(d) The expression (t (007 00T)) is always equal to 1. Write it as a sum over
four indices and expand the expectation value over orthogonal matrices as
nine terms each containing two Dirac deltas multiplied by a Weingarten
function. Each sum of delta terms gives a power of N; find these for all
nine terms and using your result from (c), show that indeed the Weingarten
functions give (t(00T00”)) = 1 for all N.
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12.1.4 Freeness of Large Matrices

We are now ready to show that all expectations of the form (12.3) are zero. Let us look
at them more closely:

(r (A10A 0" AL0A50" ... A, 0A;,07)),

1 .
= N Z I(ls‘]’n)[Al]iznil [AZ]i2i3 ce [An]i2n72i2n71 [AI]]jljz [A/z]j3j4 cee [A:’l]jZizfljZn .
1
(12.15)

The object I(i,j,n) contains all possible pairings of the i indices and all those of the j
indices with a Weingarten function as its prefactor. The i and j indices never mix. We
concentrate on i pairings. Each pairing will give rise to a product of normalized traces of
A matrices. For example, the term

T(A5)T(AgA1A2)T(A3A6) (12.16)

would appear for n = 6. Each normalized trace introduces a factor of N when going from
Tr(.) to 7(.). Since by hypothesis t(A;) = 0, the maximum number of non-zero traces is
ln/2], e.g.

T(A1A3)T(A506)T(A2AY). (12.17)
The maximum factor of N that can be generated is therefore N ln/21, Applying the same

reasoning to the j pairing, and using the fact that the Weingarten function is at most
O(N™™), we find

Nz,
(12.18)

{7 (A10A]07 4204507 ... A,0A,,07))g| < O (N=1+21/20=)

Using the same arguments one can shown that large unitary invariant complex Her-
mitian random matrices are free. In this case one should consider an integral of uni-
tary matrices in Eq. (12.4). The result is also given by Eq. (12.11) where the functions
Wy (w,0) are now unitary Weingarten functions. They are different than the orthogonal
Weingarten functions presented above but they share an important property in the large N
limit, namely

ONMifr =0,

Wy (r,0) = .
n(7,0) OWN~""kyif 7 # o for some k > 1,

(12.19)

which was the property needed in our proof of freeness of large rotationally invariant
symmetric matrices.

12.2 R-Transforms and Resummed Perturbation Theory

In this section, we want to explore yet another route to obtain the additivity of R-
transforms, which makes use of perturbation theory and of the mixed cumulant calculus
introduced in the last chapter, Section 11.3.6, exploited in a concrete case.

We want to study the average Stieltjes transform of A + BR where BR is a randomly
rotated matrix B: BR := OBO”. We thus write

az) == <1’ ((zl _A- BR)*1)>0 —— ((zl —A- BR)’I) : (12.20)
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where tR is meant for both the normalized trace t and the average over the Haar measure
of the rotation group. We now formally expand the resolvent in powers of BR, Introducing
Gy =(z1— A)_l, one has

8(2) = ]R(GA) + R(GABRG 4) + R(GABRGABRG ) + - (12.21)

Now, since in the large N limit G 4 and BR are free, we can use the general tracial formula,
Eq. (11.74), noting that all mixed cumulants (containing both G 4 and BR) are identically
Zero.

In order to proceed, one needs to introduce three types of mixed moments where BR
appears exactly n times:

m = ;R(GABRG4...GABRG), mP = mBRG,...G4BR) (12.22)
and
m .= rBRG,4...BRG,) = r(G4BR...G4BR). (12.23)

Note that m(()l) = g4(z) and m(()Z) = m(()B)

corresponding generating functions:

= 0. We also introduce, for full generality, the

o
MOw =" mPu",  a=123. (12.24)

Note however that we will only be interested here in g(z) = M (1)(14 = 1) (cf. Eq.
(12.21)).

Let us compute m( ) using the same method as in Section 11.3.5, i.e. expanding in the
size ¢ of the group to which the first G4 belongs (see Eq. (11.71)):

n+1
1 2 2 2 3
( ) = E KG 4,0 l_[ m](q)m](cz) e m]((e)_lml(q), (12.25)
ki,k2,....kg>0
ki+ky+---+kg=n—L

where n > 1 and k¢ , ¢ are the free cumulants of G 4. Similarly,

2 1 1 1 3
my ZK” I1 midmi) i) ) (12.26)
kl,kz ..... k[ZO
ki+ko+--+ke=n—L
and
n+1
m? = ZK y I1 mm i, (12.27)

k1,k2,....kg>0
ky+ky+--+kg=n—~

where kg ¢ are the free cumulants of B. Multiplying both sides of these equations by 1"

and summing over n leads to, respectively,

o
MDD ) =g4@) + Y kg, et IMP @)1 M @), (12.28)
=1
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and

o0 o
MP @)=Y kg o MV MV @), MVw) =" kp 11D W)

=1 =1
(12.29)
Recalling the definition of R-transforms as a power series of cumulants, we thus get
MO @) =g4:) +uM®w)Re, (uM<2) (u)) (12.30)
and
MO w) = ub® w)Ry (uM(”(u)), M w) = um D w)Ry (uM(l)(u)) .
(12.31)

Eliminating M @ () and M3 (1) and setting # = 1 then yields the following relation:

8() = 84(2) + 8(2) RB(6()) Ra, (3R 6(2))) - (12.32)

In order to rewrite this result in more familiar terms, let us consider the case where B = b1,
in which case Rp(z) = b and, since A+B = A+b1, g(z) = g4 (z—b). Hence, for arbitrary
b, R, must obey the relation

—az+b
RG, (h%8(2) = %. (12.33)

Now, if for a fixed z we set b = Rp(g(z)), we find that Eq. (12.32) is obeyed provided
8(z) = g4(z — Rp(g(2))), i.e. precisely the subordination relation Eq. (11.80).

12.3 The Central Limit Theorem for Matrices

In the last chapter, we briefly discussed the extension of the CLT for non-commuting vari-
ables. We now restate the result in the context of random matrices, with a special focus on
the preasymptotic (cumulant) corrections to the Wigner distribution.

Let us consider the following sum of K large, randomly rotated matrices, all assumed to
be traceless:

K
Zo,-A,-ol.T, TrA; = 0, (12.34)

1
Mg = —
ﬁ i=1

where O; are independent, random rotation matrices, chosen with a flat measure over
the orthogonal group O(N). We also assume, for simplicity, that all A; have the same
(arbitrary) moments:

tAH =my, Vi (12.35)

This means in particular that all A;’s share the same R-transform:

o0
Ra(2) =) k2l (12.36)
=2
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Using the fact that R-transforms of randomly rotated matrices simply add, together with
Rem(z) = Rm(az), one finds

o0
Ry (@) =) K"zt (12.37)
=2

We thus see that, as K becomes large, all free cumulants except the second one tend to
zero, which implies that the limit of Mg when K goes to infinity is a Wigner matrix, with
a semi-circle eigenvalue spectrum.

It is interesting to study the finite K corrections to this result. First, assume that the
spectrum of A; is not symmetric around zero, such that the skewness m3 = k3 # 0. For
large K, the R-transform of M can be approximated as

B2 (12.38)

VK

In order to derive the corrections to the semi-circle induced by skewness, we posit that the
Stieltjes transform can be expanded around the Wigner result gx(z) as

Ry (2) ~ 0%z +

K3
... 12.39
gM, (2) = 9x(2) + fgs(Z) + ( )

and assume the second term to be very small. The R-transform, Ry, (z), can be similarly
expanded, yielding

Rx (QX(Z) + K—3g3(z)) + 2 Ryax () = 2 = Raox@) = — 22 (12.40)
VK VK 9x (2)
or, equivalently,
03(2) = —8x () R3(3x(2)) = —0x (Dox (2). (1241)
For simplicity, we normalize the Wigner semi-circle such that > = 1, and hence
_ 1 EUNY 2
ox(z) = A G A); A=z"—4. (12.42)
One then finds
D
1 z VA
a3(2) = ~1 (1 - Z_) (zz -2-z %) (12.43)

The imaginary part of this expression when z — A + i0 gives the correction to the semi-
circle eigenvalue spectrum, and reads, for A € [—2,2],

Sp(h) = —=2 102 —3) (12.44)
P = on VK Va2 '

This correction is plotted in Figure 12.3. Note that it is odd in A, as expected, and diverges
near the edges of the spectrum, around which the above perturbation approach breaks down
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Figure 12.3 First order correction to the Wigner density of eigenvalues for non-zero skewness
(6p3 (1)) and kurtosis (8p4 (1)), Egs. (12.44) and (12.47), respectively.

(because the density of eigenvalues of the Wigner matrix goes to zero). Note that the excess
skewness is computed to be

2
/ WSpO)dh = 2 (12.45)

-2 VK’

as expected.

One can obtain the corresponding correction when A; is symmetric around zero, in
which case the first correction term comes from the kurtosis. For large K, the R-transform
of Mg can now be approximated as

Ry ()~ 022+ 22204 (12.46)

Following the same path as above, one finally derives the correction to the eigenvalue
spectrum, which in this case reads, for A € [—2,2],

kg AP =422 42

Sp(X) = 12.47
(L) mK Ty ( )
(see Fig. 12.3). The correction is now even in A and one can check that
2
/ Sp(A)da = 0, (12.48)
-2

as it should be, since all the mass is carried by the semi-circle. Another check that this
result is correct is to compute the excess free kurtosis, given by

2
/ F = 222)8p(M)dr = %“ (12.49)
-2

again as expected.
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These corrections to the free CLT are the analog of the Edgeworth series for the classical
cLT. In full generality, the contribution of the nth cumulant to §p (1) reads

Kn T (%)
Ak Jg—

where T,,(x) are the Chebyshev polynomials of the first kind.

Spn ) =

(12.50)

12.4 Finite Free Convolutions

We saw that rotationally invariant random matrices become asymptotically free as their
size goes to infinity. At finite NV freeness is not exact, except in very special cases (see
Section 12.5). In this section we will discuss operations on polynomials that are analogous
to the free addition and multiplication but unfortunately lack the full set of properties
of freeness as defined in Chapter 11. When the polynomials are thought of as expected
characteristic polynomials of large matrices, finite free addition and multiplication do
indeed converge to the free addition and multiplication when the size of the matrix (degree
of the polynomial) goes to infinity.

12.4.1 Notations: Roots and Coefficients

Let p(z) be a polynomial of degree N. By the fundamental theorem of algebra, this
polynomial will have exactly N roots (when counted with their multiplicity) and can be
written as

N
p@ =ap [z =) (12.51)

i=1

If ag = 1 we say that p(z) is monic and if all the X;’s are real the polynomial is called
real-rooted. In this section we will only consider real-rooted monic polynomials. Such a
polynomial can always be viewed as the characteristic polynomial of the diagonal matrix
A containing its roots, i.e.

p(z) =det(z1 — A). (12.52)
We can expand the product (12.51) as
N
p@ =Y (=DfazN k. (12.53)
k=0

Note that we have defined the coefficient ay, as the coefficient of zV —k and not that of z¥

and that we have included alternating signs (— D¥ in its definition. The reason is that we
want a simple link between the coefficients a; and the roots A;. We have

N
ar =Y ijkiy.-hip (12.54)
ordered
k-tuples i
N N N
ay=1, ay=Y M, a= Y Akrj ... ay=]]%n. (12.55)
i=1 i=1 i=1

j=i+1
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Note that the coefficient a; is homogeneous to 2*. From the coefficients aj we can
compute the sample moments? of the set of A;’s. In particular we have

W= md o2 <D 2
n({ t})—N an o ({ l})_N N_1
The polynomial p(z) will often be the expected characteristic polynomial of some
random matrix M of size N with joint distribution of eigenvalues P ({i;}). The coef-
ficients a; are then multi-linear moments of this joint distribution. If the random
eigenvalues p; do not fluctuate, we have A; = u; but in general we should think
of the A;’s as deterministic numbers fixed by the random ensemble considered. The
case of independent eigenvalues gives a trivial expected characteristic polynomial,
ie. p(2) = z —E@w)N orelse A; = E(u) Vi.

Shifts and scaling of the matrix M can be mapped onto operations on the polynomial
pM (z). For a shift, we have

(12.56)

PM+a1(2) = pMm(z — ). (12.57)

Multiplication by a scalar gives

Pem(@) = o pme@12) &= a = dkay. (12.58)

Finally there is a formula for matrix inversion which is only valid when the eigenvalues
are deterministic (e.g. M = OAOT with fixed A):

N
< aN—k
pm-1(@) = —pml/2) = ap = —. (12.59)
an an
A degree N polynomial can always be written as a degree N polynomial of the deriva-
tive operator acting on the monomial zV. We introduce the notation p as

k!
p(z) =: p(dy) ZV  the coefficients of pare ap = (—I)Nﬁa/\/,k, (12.60)
where d; is a shorthand notation for d/dz. It will prove useful to compute finite free
convolutions.

12.4.2 Finite Free Addition

The equivalent of the free addition for two monic polynomials p1(x) and p>(x) of the
same degree N is the finite free additive convolution defined as

p18p2(2) = (detlz1 — A — 0A207 ], (12.61)

where the diagonal matrices A  contain the roots of pj 2(z) all assumed to be real. The
averaging over the orthogonal matrix O is as usual done over the flat (Haar) measure. We
could have chosen to integrate O over unitary matrices or even permutation matrices; the
final result would be the same.

As we will show in Section 12.4.5, the additive convolution can be expressed in a very
concise form using the polynomials py o (x):

~ ~ ~ ~ N
P18 p2(2) = p1(dz) p2(z) = p2(dz) p1(2) = p1(dg) p2(dz) 2. (12.62)
2 Here we have chosen to normalize the sample variance with a factor (N — D11t may seem odd to use the formula suited to

when the mean is unknown for computing the variance of deterministic numbers, but this definition will later match that of the
finite free cumulant and give the Hermite polynomial the variance of the corresponding Wigner matrix.
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It is easy to see that when ps(z) = p1 B pa(z), ps(z) is again a monic polynomial of
degree N. What is less obvious, but true, is that pg(x) is also real-rooted. A proof of this
is beyond the scope of this book. The additive convolution is bilinear in the coefficients of
p1(2) and po(z), which means that the operation commutes with the expectation value. If
P1,2(z) are independent random polynomials (for example, characteristic polynomials of
independent random matrices) we have a relation for their expected value:

Elp1 8 p2(2)] = E[p1 ()] BE[p2(2)]. (12.63)

The finite free addition can also be written as a relation between the coefficients a,({s)

of ps(z) and those of pj 7(2):

) _ (N=D!(N—=D' 1) @
i+j=k

More explicitly, the first three coefficients are given by

a(()s) =1,

ags) = agl) + agz), (12.65)
N -1

0 =i a4 V10

From which we can verify that both the sample mean and the variance (Eq. (12.56)) are
additive under the finite free addition.

If we call py,(z) = (z— ,u)N the polynomial with a single root  so po(z) = zV is the
trivial monic polynomial, we have that, under additive convolution with any p(z), po(z)
acts as a null element and p, (z) acts as a shift:

pEpo(2) =pi) and pHEpuE) = pz—w. (12.66)

Hermite polynomials are stable under this addition:
Hy @ Hy(2) = 2V Hy @V, (12.67)

where the factors 2V/2 compensate the doubling of the sample variance.

The average characteristic polynomials of Wishart matrices can easily be understood
in terms the finite free sum. Consider an N-dimensional rank-1 matrix M = xx” where x
is a vector of IID unit variance numbers. It has one eigenvalue equal to N (on average) and
all others are zero, so its average characteristic polynomial is

p@=""1e-N)y=1-d)z", (12.68)
from which we read that p(d;) = (I — d;). But since an unnormalized Wishart matrix of

parameter 7 is just the free sum of T such projectors, Eq. (12.62) immediately leads to
pr(2) = (1 —d)TzV, which coincides with Eq. (6.41).

12.4.3 A Finite R-Transform

If we look back at Eq. (12.62), we notice that the polynomial p(d;) behaves like the
Fourier transform under free addition. Its logarithm is therefore additive. We need to be
a bit careful of what we mean by the logarithm of a polynomial. The function p(d;) has
two important properties: first as a power series in d; it always starts 1 + O(d;); second it
is defined by its action on Nth order polynomials in z, so only its N + 1 first terms in its

Taylor series matter. We will say that the polynomial is defined modulo dév +1, meaning
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that higher order terms are set to zero. When we take the logarithm of p(u) we thus mean:
apply the Taylor series of the logarithm around 1 and expand up to the power u® . The
resulting function

L(u) == —[log pw)] mod u™+! (12.69)

is then additive. For average characteristic polynomials of random matrices, it should be
related to the R-transform in the large N limit.
Let us examine more closely L(u) in three simple cases: identity, Wigner and Wishart.

« For the identity matrix of size N we have

N NN kK N—k X (—ak N N
r1@=@c-1 =Z(k>(—l) z ZZTZ =exp(—dy)z".
k=0 k=0
(12.70)
So we find
1) = [exp(—w)] mod M1 = Lyw) =u. (12.71)

¢ For Wigner matrices, we saw in Chapter 6 that the expected characteristic polynomial
of a unit Wigner matrix is given by a Hermite polynomial normalized as

1 [(d)?
px(@ =N"N"PHy (VN =exp| —< (=) |2V, (12.72)
2N \dz
where the right hand side comes from Eq. (6.8). We then have
M2 M2
px) = fexp (= || mod WMNT = Lxw) = N (12.73)

¢ For Wishart matrices, Eq. (6.41) expresses the expected characteristic polynomial as
a derivative operator acting on the monomial zN . For a correctly normalized Wishart
matrix, we then find the monic Laguerre polynomial:

1d\" 4
pW(Z)=<1_?Iz> ", (12.74)

from which we can immediately read off the polynomial p(z):

pw ) = (1 — ﬂ)N/q mod uVt!
N (12.75)

N u
= Lw() = —— [log (1 - q—)] mod u™M+1,
q N
We notice that in these three cases, the L function is related to the corresponding limiting
R-transform of the infinite size matrices as
L'(u) = [Ru/N)] mod uV T, (12.76)

The equality at finite N holds for these simple cases but not in the general case. But the
equality holds in general in the limiting case:

lim L'(Nx) = R(x). 12.77)
N—o00
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12.4.4 Finite Free Product

The free product can also be generalized to an operation on a real-rooted monic poly-
nomial of the same degree. We define

p1 X py(z) = (det[z1 — A{OA,0" ]}, (12.78)

where as usual the diagonal matrices A1 7 contain the roots of py 2(z). As in the additive
case, averaging the matrix O over the permutation, orthogonal or unitary group gives the
same result.

We will show in Section 12.4.5 that the result of the finite free product has a simple
expression in terms of the coefficient aj defined by (12.53). When pm(z) = p1 X pa(z)

we have
N -1
a™ = [(kﬂ aVa®. (12.79)

Note that if A; = o1 is a multiple of the identity with « # 0 we have

paa=G-a = 4P = <]]:’)ozk. (12.80)
Plugging this into Eq. (12.79), we see that the free product with a multiple of the identity
multiplies each aj by o which is equivalent to multiplying each root by «. In particular
the identity matrix (o« = 1) is the neutral element for that convolution.
When pm(z) = p1 X pr(z), the sample mean of the roots of pm(z) (Eq. (12.56))
behaves as

H(m) = KDHHQ)-
When both means are unity, we have for the sample variance
2 2
04,0
2 2 2 [OMC)
Olm) =91y T %0 — N (12.81)

At large N the last term becomes negligible and we recover the additivity of the variance
for the product of unit-trace free variables (see Eq. (11.85)).

Exercise 12.4.1 Free product of polynomials with roots 0 and 1

Consider an even degree N = 2M polynomial with roots 0 and 1 both with

multiplicity M: p(z) = zM (z — )M . We will study the finite free product of this

polynomial with itself pp,(z) = pX p(z). We will study the large N limit of this

problem in Section 15.4.2.

(a) Expand the polynomial and write the coefficients a; in terms of binomial

coefficients.
(b) Using Eq. (12.79) show that the coefficients of py(z) are given by
M 2[ N ]71 henk < M
a](cm) — (k) (k) when k < M, (12.82)
0 otherwise.

(¢) The polynomial pp,(z) always has zero as a root. What is its multiplicity?
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(d) The degree M polynomial ¢(z) = z~™ py(z) only has non-zero roots. What
is its average root?

(e) For M =2, show that the two roots of ¢ (z) are 1/2 + 1/ /12.

(f) The case M = 4 can be solved by noticing that ¢(z) is a symmetric function
of (z — 1/2). Show that the four roots are given by

1 1 [15+24/30
Ay = — £ = | ===V 12.83
=909 35 (12.83)

12.4.5 Finite Free Convolutions: Derivation of the Results

We will first study the definition (12.61) when the matrix O is averaged over the
permutation group Sy . In this case we can write

N
1 1 2
r@=pEp@=1r > ] (z A Af,()l.)) : (12.84)

" permutations i=1
o

The coefficients a,(cs) are given by the average over the permutation group of the coeffi-
cients of the polynomial with roots {)Lfl) + )L((Tz()’.) }. For example for ais) we have
) _ 1 (D) @)
S
a =N DS (}‘i + )‘a(i))
permutations i
o
al 1 2 1 2
=Z(x§)+xl? ))za})+a§). (12.85)
i

For the other coefficients ay, the combinatorics is a bit more involved. Let us first figure
out the structure of the result. For each permutation we can expand the product

(z =2 —22)) (e =2 = 22)) - (c 20 =22y ). (12.86)

To get a contribution to a; we need to choose the variable z (N — k) times, we can then
choose a A(1 i times and a A(® (k — i) times. For a given k and for each choice of i, once
averaged over all permutations, the product of the A and that of the 2 must both be
completely symmetric and therefore proportional to al.(l)a](cz_) ;- We thus have

k
aY =Y cikNaMa?, (12.87)
i=0
where C(i,k, N) are combinatorial coefficients that we still need to determine. There is

an easy way to get these coefficients: we can use a case that we can compute directly and
match the coefficients. If A, = 1, the identity matrix, we have

n@=c-n" = a,?):(ZZ). (12.88)
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For a generic polynomial p(z), the free sum with pq(z) is given by a simple shift in the
argument z by 1:

N k ,
_ ‘ N —i
P =p— D=3 DV E 5 a® =) (N_k>a§”-
k=0 i=0

(12.89)
Combining Eqs. (12.87) and (12.88) and matching the coefficient to (12.89), we arrive at

algs) Z(N—l)‘(N k+D)! 1) @

NI or (12.90)

i=0
which is equivalent to Eq. (12.64). For the equivalence with Eq. (12.62) see
Exercise 12.4.2.

Now suppose we want to average Eq. (12.61) with respect to the orthogonal or unitary
group (O(N) or U(N)). For a given rotation matrix O, we can expand the determinant,

keeping track of powers of z and of the various A that appear in products containing at
most one of each A(I). After averaging over the group, the combinations of A must be

permutation invariant, i.e. proportional to a( ), (g)

IS in O] alh 0291
i=0

where the coefficients C (i, k,N, {)\5.2) }) depend on the roots )»5.2). By dimensional anal-

; we then get for the coefficient a;,

ysis, they must be homogeneous to (M@ =i _Since the expression must be symmetrical
in (1) < (2), it must be of the form (12.87). And since the free addition with the
unit matrix is the same for all three groups, Eq. (12.64) must be true in all three cases
(Sn, O(N) and U(N)).

‘We now turn to the proof of Eq. (12.79) for the finite free product. Consider Eq. (12.78),
where the matrix O is averaged over the permutation group Sy . For ppn(z) = p1 X py(2)
we have

N
Pm(@) = ], 3 ]_[( —a"0) = i 3 pe@.  (1292)

permutatlons i=1 permutatlons
a o

For a given permutation o, the coefficients aj are given by

N
— M, M M, 5@ (@)
af = Y kM A ey - (12.93)
ordered
k-tuples i

After averaging over the permutations ¢, we must have that a® a](cl)algz). By counting
the number of terms in the sum defining each aj, we realize that the proportionality
constant must be one over this number. We then have

(m) M1 o @
a, = X ay ay”. (12.94)

We could have derived the proportionality constant by requiring that the polynomial
p1(@) = (2 — l)N is the neutral element of this convolution.
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Exercise 12.4.2 Equivalence of finite free addition formulas
For a real-rooted monic polynomial pi(z) of degree N, we define the
polynomial pj(u) as

N
pr(u) = Z Sl k) atd (—Dkuk, (12.95)
k=0 :

where the coefficients a ) are given by Eq. (12.53).
(a) Show that

d
p1(@) = p1 (d—> V. (12.96)
%

(b) For another polynomial p;(z), show that

131( )pz(z) Z( l)kZ ]\;3(5\17\/ kl;+z)lai(1)a1§2)lzzv &

(12.97)

which shows the equivalence of Egs. (12.62) and (12.64).

12.5 Freeness for 2 x 2 Matrices

Certain low-dimensional random matrices can be free. For N = 1 (1 x 1 matrices) all
matrices commute and thus behave as classical random numbers. As mentioned in Chapter
11, freeness is trivial for commuting variables as only constants (deterministic variables)
can be free with respect to non-constant random variables.

For N = 2, there exist non-trivial matrices that can be mutually free. To be more precise,
we consider the space of 2 x 2 symmetric random matrices and define the operator>

T(A) = 1 E[TrA]. (12.98)

We now consider matrices that have deterministic eigenvalues but random, rotationally
invariant eigenvectors. We will see that any two such matrices are free. Since 2 x 2 matrices
only have two eigenvalues we can write these matrices as

A:al—i—UO((l) _01> o, (12.99)

3 More formally, we need to consider 2 x 2 symmetric random matrices with finite moments to all orders. This space is closed
under addition and multiplication and forms a ring satisfying all the axioms described in Section 11.1.
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where a is the mean of the two eigenvalues and o their half-difference. The matrix O is a
random rotation matrix which for N = 2 only has one degree of freedom and can always
be written as

0= co§9 sme’ (12.100)
—sinf cosf

where the angle 6 is uniformly distributed in [0,27]. Note again that we are considering
matrices for which @ and o are non-random. If we perform the matrix multiplications and
use some standard trigonometric identities we find

A:al+a<cos29 sin 20 )

sin20 —cos26 (12.101)

12.5.1 Freeness of Matrices with Deterministic Eigenvalues

We can now show that any two such matrices A and B are free. If we put ourselves in
the basis where A is diagonal, we see that traceless polynomials p;(A) and g;(B) are
necessarily of the form

(12.102)

1 0
Pr(A) = ax <0 _1) and g (B) = by (sin29 —co0s26

cos20  sin20 )
for some deterministic numbers a; and by and where 6 is the random angle between the
eigenvectors of A and B. We can now compute the expectation value of the trace of products
of such polynomials:

n Aol | 2 ! L b\ (0520 sin26 " 12,103
T L[lpk( ) B) | = gak k r(—sinze cos20> . (12.103)
We notice that the matrix on the right hand side is a rotation matrix (of angle 26) raised
to the power n and therefore itself a rotation matrix (of angle 2n0). The average of such a
matrix is zero, thus finishing our proof that two rotationally invariant 2 x 2 matrices with
deterministic eigenvalues are free.

As a consequence, we can use the R-transform to compute the average eigenvalue
spectrum of A + OBO” when A and B have deterministic eigenvalues and O is a
random rotation matrix. In particular if A and B have the same variance (o) then this
spectrum is given by the arcsine law that we encountered in Section 7.1.3. For positive
definite A we can also compute the spectrum of v/AOBO” +/A using the S-transform (see
Exercises 12.5.1 and 12.5.2).

Exercise 12.5.1 Sum of two free 2 x 2 matrices

(a) Consider A a traceless rotationally invariant 2 x 2 matrix with deterministic
eigenvalues A+ = £o. Show that
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V1+402g2 —1

2g

(b) Two such matrices A1 and Ay (with eigenvalues =01 and +0», respectively)
are free, so we can sum their R-transforms to find the spectrum of their sum.
Show that ga, 44, (2) is given by one of the roots of

*z
gA1+A2(Z) = o (12105)

\/(014 +03) —2(0 + 0Pz +z*

z
ga(z) = s and R(g) = (12.104)

(c) In the basis where A is diagonal A; + A, has the form

A— (01 + 07 cos 20 07 sin 26 )

12.1
o7 sin 20 —01 — 03 cos 260 ( 06)

for a random angle 6 uniformly distributed between [0,27]. Show that the
eigenvalues of A| + Aj are given by

Ay = £,/0f + 0} + 2010, cos 26. (12.107)

(d) Show that the densities implied by (b) and (c) are the same. For o1 = o7, itis
called the arcsine law (see Section 7.1.3).

Exercise 12.5.2 Product of two free 2 x 2 matrices

A rotationally invariant 2 x 2 matrix with deterministic eigenvalues 0 and
a1 > 0 has the form

A1:O(O O)OT. (12.108)
0 a

Two such matrices are free so we can use the S-transform to compute the
eigenvalue distribution of their product.
(a) Show that the T-transform and the S-transform of A are given by
a 2 t+1
t)= —— and S(t)= — .
2(¢ —ay) a; 2t + 1

(b) Consider another such matrix A, with independent eigenvectors and non-zero
eigenvalue az. Using the multiplicativity of the S-transform, show that the
T-transform and the density of eigenvalues of /A1A3 +/A] are given by

1 1
tA1A2 =S~~~ _é‘ (12110)
2 2\ ¢ —ajay

1 1
AN)==-06A)+—————For0 <A <ajay, 12.111
PAA, (L) 3 (A) I Y TV <A=Zaa ( )

(12.109)

and
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where the delta function in the density indicates the fact that one eigenvalue
is always zero.

(c) By directly computing the matrix product in the basis where A is diagonal,
show that, in that basis,

vVAIA2 VAl = a1ap <g 0 ) , (12.112)

1 — cos 26

where 6 is a random angle uniformly distributed between 0 and 2.
(d) Show that the distribution of the non-zero eigenvalue implied by (b) and (c) is
the same. It is the shifted arcsine law.

12.5.2 Pairwise Freeness and Free Collections

For the 2 x 2 matrices A and B to be free, they need to have deterministic eigenvalues.
The proof above does not work if the eigenvalues of one of these matrices are random. As
an illustration, consider three matrices A, B and C as above (2 x 2 symmetric rotationally
invariant matrices with deterministic eigenvalues). Each pair of these matrices is free. On
the other hand, the free sum A + B has random eigenvalues and it is not necessarily free
from C. Actually we can show that it is not free with respect to C.

First we show that A, B and C do not form a free collection. For simplicity, we consider
them traceless with 0o = og = o¢c = 1. Then one can show that

7 (ABCABC) = 7((ABC)?) = 1, (12.113)

violating the freeness condition for three variables. Indeed, let us compute explicitly ABC
in the basis where A is diagonal. We find

ABC — (cos 260 cos2¢ + sin260sin2¢  cos 20 sin2¢ — sin 26 cos 2¢

12.114
cos 20 sin2¢ — sin26 cos2¢p — cos 20 cos 2¢p — sin 26 sin 2¢) > ( )

where ¢ is the angle between the eigenvectors of A and those of C. The matrix ABC is a
non-zero symmetric matrix, so the trace of its square must be non-zero. Actually one finds
(ABC)? = 1.

Another way to see that A, B and C are not free as a group is to compute the mixed
cumulant «¢ (A,B,C,A,B,C), given that odd cumulants such as «1(A) and «3(A,B,C)
are zero and that mixed cumulants involving two matrices are zero (they are pairwise
free). The only non-zero term in the moment—cumulant relation for r (ABCABC) (see
Eq. (11.74)) is

7 (ABCABC) = x4 (A,B,C,A,B,C) = 1. (12.115)
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The matrices A, B and C have therefore at least one non-zero cross-cumulant and cannot
be free as a collection.

Now, to show that A + B is not free from C, we realize that if we expand the sixth cross-
cumulant kg (A +B,A + B,C,A + B, A + B,C), we will encounter the above non-zero
cross-cumulant of A, B and C. Indeed, a cross-cumulant is linear in each of its arguments.
Since all other terms in this expansion are zero, we find

«6(A +B,A +B,C,A +B,A +B,C)
= k6 (A,B,C,A,B,C) + k¢ (B,A,C,A,B,C)
+ k6 (A,B,C,B,A,C) + k6 (B,A,C,B,A,C) = 4 # 0. (12.116)

As a consequence, even though 2 x 2 symmetric rotationally invariant random matrices
with deterministic eigenvalues are pairwise free, they do not satisfy the free cLT. If they
did, it would imply that 2 x 2 matrices with a semi-circle spectrum would be stable under
addition, which is not the case. Note that Gaussian 2 x 2 Wigner matrices (which are stable
under addition) do not have a semi-circle spectrum (see Exercise 12.5.3).

Exercise 12.5.3 Eigenvalue spectrum of 2 x 2 Gaussian matrices
Real symmetric and complex Hermitian Gaussian 2 x 2 matrices are stable
under addition but they are not free. In this exercise we see that their spectrum is
not given by a semi-circle law.

(@) Use Eq. (5.22) and the Gaussian potential V (x) = x2 /2 to write the joint
probability (up to a normalization) of | and A;, the two eigenvalues of a real
symmetric Gaussian 2 X 2 matrix.

(b) To find the eigenvalue density, we need to compute

p(A1) = /OO dAo P(A1,A2). (12.117)

—00

This integral will involve an error function because of the absolute value in
P(A1,A2). If you have the courage compute p(A) leaving the normalization
undetermined.

(c) It is easier to do the complex Hermitian case. Use Eq. (5.26) and the same
potential to adapt your answer in (a) to the 8 = 2 case.

(d) The absolute value has now disappeared and the integral in (b) is now much
easier. Perform this integral and find the normalization constant. You should
obtain

A+do
—26_}‘ .

7

p(A) = (12.118)
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13
The Replica Method*

In this chapter we will review another important tool to perform compact computations in
random systems and in particular in random matrix theory, namely the “replica method”.
For example, one can use replicas to understand the R-transform addition rule when one
adds two large, randomly rotated matrices.

Suppose that we want to compute the free energy of a large random system. The free
energy is the logarithm of some partition function Z.! We expect that the free energy does
not depend on the particular sample so we can average the free energy with respect to
the randomness in the system to get the typical free energy of a given sample. Unfor-
tunately, averaging the logarithm of a partition function is hard. What we can do more
easily is to compute the partition function to some power n and later let n — 0 using the
“replica trick™:

. Z"—1
log Z = lim .
n—0 n

(13.1)

The partition function Z” is just the partition function of n non-interacting copies of the
same system Z, these copies are called “replicas”, hence the name of the technique. Averag-
ing the logarithm is then equivalent to averaging Z" and taking the limit n — 0 as above.
The averaging procedure will however couple the n copies and the resulting interacting
system is in general hard to solve. In many interesting cases, the partition function can only
be computed as the size of the system (say N) goes to infinity. Naturally one is tempted to
interchange the limits (n — 0 and N — 00) but there is no mathematical justification (yet)
for doing so. Another problem is that we can hope to compute E[Z"] for all integers n but
is that really sufficient to do a proper n — 0 limit?

For all these reasons, replica computations are not considered rigorous. Nevertheless,
they are a precious source of intuition and they allow one to obtain results mathematicians
would call conjectures, but that often turn out to be mathematically exact. Although a lot
of progress has been made to understand why the replica trick works, there is still a halo of
mystery and magic surrounding the method, and a nagging impression that an equivalent
but more transparent formalism awaits revelation.

1 See e.g. Section 13.4 for an explicit example.
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In the present chapter, we will show how all the results obtained up to now can be
rederived using replicas. We start by showing how the Stieltjes transform can be expressed
using the replica method, and obtain once more the semi-circle law for Gaussian random
matrices. We then discuss R-transforms and S-transforms in the language of replicas.

13.1 Stieltjes Transform

As we have shown in Chapter 2, the density of eigenvalues p()) of a random matrix is
encoded in the trace of the resolvent of that matrix, which defines the Stieltjes transform of
o (A). Here we show how this quantity can be computed using the replica formalism.

13.1.1 General Set-Up

To use the replica trick in random matrix theory, we first need to express the Stieltjes
transform as the average logarithm of a (possibly random) determinant. In the large N
limit and for z sufficiently far from the real eigenvalues, the discrete Stieltjes transform
gn (2) converges to a deterministic function g(z). The replica trick will allow us to compute
E[gn (z)], which also converges to g(z).

Using the definition Eq. (2.19) and dropping the N subscript, we have

N
1 1
E =—FE , 13.2
@] = LX:;Z_XJ (13.2)
whereas the determinant of z1 — A is given by

N
det(z1 — A) = [z = 20 (13.3)

k=1

We can turn the product in the determinant into a sum by taking the logarithm and obtain
(z — Ax)~! from log(z — Ax) by taking a derivative with respect to z. We then get

Elga(2)] = %E [d% log det(z1 — A)} . (13.4)

To compute the determinant we may use the multivariate Gaussian identity

"y ex (—WM'ﬁ) _ (13.5)
Qm)N/2 2 - JdetM’ '

which is exact for any N as long as the matrix M is positive definite. For z larger than the
top eigenvalue of A, (z1 — A) will be positive definite. The Gaussian formula allows us to
compute the inverse of the square-root of the determinant, but we can neutralize the power
—1/2 by introducing an extra factor —2 in front of the logarithm. Applying the replica trick
(13.1) we thus get
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E[ga(z)] = —2FE il z" -1 (13.6)
lsa@] =~ |:d 20 Nn ] :
with
~odVy, Lylzl - Ay,
:/HWexp(—Zf , (13.7)
a=1 a=1

where we have written Z” as the product of n copies of the same Gaussian integral. This
is all fine, except our Z" is only defined for integer n and we need to take n — 0. The
limiting Stieltjes transform is defined as ga(z) = limy— o E[ga(2)], but in practice the
replica trick will allow us to compute
A (2) 29 fim i HEI L (13.8)
=—-2—lim lim —, .
9alz dz n>0N—>oc0 Nn
and hope that the two limits # — 0 and N — oo commute, such that g (z) = ga (z). There
is, however, no guarantee that these limits do commute.

13.1.2 The Wigner Case

As a detailed example of replica trick calculation, we now give all the steps necessary to
compute the Stieltjes transform for the Wigner ensemble. We want to take the expectation
value of Eq. (13.7) in the case where A = X, a symmetric Gaussian rotational invariant
matrix:

n N'/f Z n N N 1 N
E[Z”]:/l_[ o )NO;ZE exp |- D Ve — Y XijVai ) —sziilﬂaﬂﬂai :
o= O(=1 i=1 1<j i
= dVy, . n
= / l—[ Qn)N/2 €Xp (_5 Z 1%;) HE |:3XP <—Xij Z 1//mllfaj>:|
a=1 a=1i=1 i<j a=1

N n
<[ [E |:6Xp (—%Xﬁ > Vs wmﬂ , (13.9)
i a=1

where we have isolated the products of expectation of independent terms and separated the
diagonal and off-diagonal terms. We can evaluate the expectation values using the following

2

identity: for a centered Gaussian variable x of variance o“, we have

E[e®] = 7 ¢°/2, (13.10)

Using the fact that the diagonal and off-diagonal elements have a variance equal to, respec-
tively, 202/N and o2/ N (see Section 2.2.2), we get
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ElZ"] = f]‘[(2 Sz ex ( ZZwa,)HeXp ﬁ<2wan/fa,)

a=l1i=1 i<j
N o2 n
x [ Jexp m(zlmiw) : (13.11)
i a=1

We can now combine the last two sums in the exponential into a single sum over {ij}, which
we can further transform into

(Z%n/m,) ZN 3 (me) . (13.12)

ljl o, =1

We would like to integrate over the variables ,; but the argument of the exponential
contains fourth order terms in the ’s. To tame this term, one uses the Hubbard—

Stratonovich identity:
2 2
ax dg q
— | = - . 13.13
ew (%) = [ e (- L +x) (13.13)

Before we use Hubbard—Stratonovich, we need to regroup diagonal and off-diagonal terms
in af:

2

2 n N 2 2 n N , .
G_N <Z I/I()til//ﬂi) (Z Vi 1///31> + % Z (Z %) s
a,B=1 \i=1 ot<ﬂ a=1 \i=l

(13.14)

where in the diagonal terms we have pushed the factor 1/4 in the squared quantity for later
convenience. We can now use Eq. (13.13), introducing diagonal g4, and upper triangular
qup to linearize the squared quantities. Writing the ¢’s as a symmetric matrix q we have

m NTl"q2 A (Z(S()tﬁ - Qaﬁ)waiWﬁi
E[Z"] /dqfl_[ 2n )N/2 —\ 22 +Z Z 5 ,

i=1a, p=1

(13.15)

where dq is the integration over the independent component of the n x n symmetric
matrix q; note that we have dropped z-independent constant factors. The integral of 1y;
is now a multivariate Gaussian integral, actually N copies of the very same n-dimensional
Gaussian integral:

Todde [ - (2Pap — qup) Vet | i
/l:[lmexp a;:l 5 = (det(z1 — q)) /2. (13.16)
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Raising this integral to the Nth power and using det M = exp Trlog M we find

¢ 1 N
E[Z"] x /dqexp — |:N Tr (—2 + = log(z1 — q)>] = /dqexp (——F(q)) .
4o 2 2
(13.17)

We now fix n and evaluate E[Z"] for very large N, leaving the limit n — O for later. In
the large N limit, the integral over the matrix q can be done by the saddle point method.
More precisely, we should find an extremum of F(q) in the n(n + 1)/2 elements of q.
Alternatively we can diagonalize q, introducing the log of a Vandermonde determinant in
the exponential (see Section 5.1.4).2 In terms of the eigenvalues g, of q, one has

n

2

q 1

F({qa}) = E —2:2 +1og(z — qo) — N E log [ga — gl (13.18)
a=1 a#p

To find the saddle point, we take the partial derivatives of F{g,} with respect to the {g,}
and equate them to zero:

1 1 2
Y =0 (13.19)

The effect of the last term is to push the eigenvalues g, away from one another, such that
in equilibrium their relative distance is of order 1/N and the last term is of the same order
as the first two. Since there are only n such eigenvalues, the total spread (from the largest
to smallest) is of order n/N, which we will neglect when N — oo. Hence we can assume
that all eigenvalues are identical and equal to ¢*(z), where ¢*(z) satisfies

o

1—qf=—. (13.20)

*

We recognize the self-consistent equation for the Stieltjes transform of the Wigner (Eq.
(2.35)) if we make the identification g*(z) = o2ax (z). For N large and n small we indeed
have

n Nn N . q2
E[Z"] = exp (_TFI (z,q9 (Z))) with Fi(z,q) = 292 + log(z — q), (13.21)

o)
E[Z"] -1 Fi(z,q*
lim fim o211 AG&E@) (13.22)
n—0 N— o0 Nn 2
Finally, from Eq. (13.8), we should have
d
0x(z) = —F1(z,4™(2)). (13.23)

dz

2 A third method is used in spin-glass problems where the integrand has permutation symmetry but not necessarily rotational
symmetry, see Section 13.4.
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To finish the computation we need to take the derivative of F)(z,q*(z)) with respect to z,
but since ¢*(z) is an extremum of Fj, the partial derivative of F)(z,q) with respect to ¢q is
zero at ¢ = ¢*(z). Hence

9 1 *
ox(z) = —Fi(z,q) _ 1@

= = . 13.24
9z g=¢*@ @47 o? ( )

We thus recover the usual solution of the self-consistent Wigner equation.

13.2 Resolvent Matrix
13.2.1 General Case

We saw that the replica trick can be used to compute the average Stieltjes transform of
a random matrix. The Stieltjes transform is the normalized trace of the resolvent matrix
Ga() = (z1 — AL In Chapter 19 we will need to know the average of the elements
of the resolvent matrix for free addition and multiplication. These averages can also be
computed using the replica trick. An element of an inverse matrix can indeed be written as
a multivariate Gaussian integral:

1 1 [ dVy ¥'M ¥ My
M ],f o Vivi exP( 2 ) / ez <_ 2 )
(13.25)

which we can rewrite as

[M_l]ij = lim zm/dW Yir; exp <—WM'/’). (13.26)

m—>—1 2

If we express Z™ for m € Nt as m Gaussian integrals and combine them with the integral
with the ¥;v; term (which we label number 1) we get, withn = m + 1:

[M—l] —hm/ﬁ dN'ﬁa w_w.ex Zwr '/,C( _(ww )
i~ a0 ) 1L @y S T L T ) A s
(13.27)
This equation can then be used to compute averages of elements of the resolvent matrix
by using M = z1 — A for the relevant random matrix A. For example, in the case of
Gaussian Wigner matrices, the correlation <1//1 i J)n:O can be computed using the saddle
point configuration of the v’s. Since different i all decouple and play the same role, it is
clear that

E[Gx())ij = (¥1i¥1),_ = 8ij9x (), (13.28)

i.e. the average resolvent of a Gaussian matrix is simply the average Stieltjes transform
times the identity matrix.
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13.2.2 Free Addition

In this section we will show how to use Eq. (13.27) to compute the average of the full
resolvent for the sum of two randomly rotated matrices. Since we know these matrices are
free in the large N limit, we expect to recover the additivity of R-transforms, but we will in
fact obtain a slightly richer result. Also, the replica method is very convenient to manipulate
and resum the perturbation theory alluded to in Section 12.2.

Consider two symmetric matrices A and B and the new matrix C = A+OBO” where O
is a random orthogonal matrix. We want to compute

E[Ge(z)] = E [(zl —A- OBOT)—I] , (13.29)

where the expectation value is over the orthogonal matrix O. We can always choose B to
be diagonal. If B is not diagonal to start with, we just absorb the orthogonal matrix that
diagonalizes B in the matrix Q. Expressing G¢(z) in the eigenbasis of A is equivalent
to choosing A to be diagonal. In that basis, the off-diagonal elements of E[G¢(z)] must
be zero by the following argument: since both A and B are diagonal, for every matrix O
that contributes to an off-diagonal element of E[G¢(z)] there exists an equally probable
matrix O with the same contribution but opposite sign, hence the average must be zero.
Note that while the average matrix E[G¢(z)] commutes with A, a particular realization of
the random matrix G¢(z) (corresponding to a specific choice for Q) will not in general
commute with A.
Now, let us use the replica formalism to compute E[G¢(z)], i.e. start with

. ~ dVy, — Yozl — Ay,
Gc(2)ij =3%/QW¢UV/1]’ exp (_Z_; 7

x E [exp (Z MH , (13.30)
a=1

where now we skip the i, j indices on ¥, treated as vectors.
The last term with the expectation value can be rewritten as

I=E [exp (% ZTrQa,QOBoTﬂ , (13.31)

a=l1

where Qy g = wallfg /N is an n x n symmetric matrix. We recognize the Harish-Chandra—
Itzykson—Zuber integral discussed in Chapter 10, with one matrix (ZZ=1 Qg o) being at
most of rank n < N, so we can use the low-rank formula Eq. (10.45). Our expectation
value thus becomes

I =exp (% Tr, HB(Q)> , (13.32)

where Tr, denotes the trace of an n x n matrix and Hp is the anti-derivative of the
R-transform of B.
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‘We now need to perform the integral of ¥, in Eq. (13.30). But in order to do so we must
deal with Tr Hg(Q), which is a non-linear function of the . The trick is to make the
matrix Q an integration variable that we fix to its definition using a delta function. The
delta function is itself represented as an integral over another (n x n) symmetric matrix Y
along the imaginary axis. In other words, we introduce the following representation of the
delta function in Eq. (13.30):

2

oo aﬁl

ico Nn(n+1)/2dY N
f Sz P |~ T QY+ Z Yo 59,V | (13.33)

where the integrals over dQ and dY are over symmetric matrices. We have absorbed a factor
of N in Y and a factor of 2 on its diagonal, hence the extra factors of 2 and N in front of
dY. We can now perform the following Gaussian integral over ¥ ,:

Jij —/HH W 1//111ﬂ1jexp ——Z Z Vak (280, — Ak, p — Yap)Vpk | »

k=la=1 k=1, p=1
(13.34)

where we have written the vectors ¥, in terms of their components ¥4, and where a; are
the eigenvalues of A. We notice that the Gaussian integral is diagonal in the index k, so we
have N — 1 n-dimensional Gaussian integrands differing only by their value of ai, and a
last integral for k = i = j, where the term ¢12i is in front of the Gaussian integrand (the
integral is zero if i # j, meaning that G¢(z) is diagonal, as expected). The result is then

N
By =8 [(@=apt, =07 et = a1, =)~ (13.35)
k=1

where the first term is the 11 element of an n x n matrix, coming from the term 1//121"
Returning to our main expression Eq. (13.30) and dropping constants that are 1 as
n— 0,

E[Gc(2)];; = limO ) / avs; [ —ant, — ']

—ioco

N

X exp [% (— Tr, QY + Tr, Hg(Q) — % ZTrn log((z — a)1, — Y))} .
k=1

(13.36)

For large N the integral over Y and Q is dominated by the saddle point, i.e. the extremum
of the argument of the exponential. The inverse-matrix term in front of the exponential does
not contain a power of N so it does not contribute to the determination of the saddle point.
The extremum is over a function of two n x n symmetric matrices. Taking derivatives with
respect to Qg and equating it to zero gives

Yo = [RB(Q)]up, (13.37)
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and similarly when taking derivatives with respect to Yqg:
N

1 -
Qs =52 (a0t —n'] (13.38)

Let us look at these equations in a basis where Q is diagonal. The first equation shows that
Y is also diagonal, so that the second equation reads

N

1 1
= — ———— =ga(z— You)- 13.39
Quo N};Z_ak_Yw 2a(z — Yoo (13.39)
Hence all n diagonal elements Qg and Yoo, @ = 1, ... ,n satisfy the same pair of equa-

tions. For large z, there is a unique solution to these equations, hence Q and Y must
be multiples of the identity Q = ¢*1, and Y = y*1,, as expected from the rotational
symmetry of the argument of the exponential that we are maximizing. The quantities ¢g*
and y* are the unique solutions of

y = Rp(q) and q =9a(z— ). (13.40)

The saddle point for Y is real while our integral representation Eq. (13.33) was over purely
imaginary matrices; but for large values of z, the solutions of Egs. (13.40) give small values
for g* and y*, and for such small values the integral contour can be deformed without
encountering any singularities. We also justify the use of Rg(¢*) = Hy(g*) as ¢* can be
made arbitrarily small by choosing a large enough z.

The expectation of the resolvent is thus given, for large enough z and N, by

E[Gc(2)i]
~ lim L exp [ﬂ (—q*y)k + Hp(q™) — i ﬁ:log(z —ai — y*)):| .
=0 G —ai—y") | 2 N &
(13.41)
As n — 0 the exponential drops out and we obtain, in matrix form,
E[Gc(2)] = Ga(z — Re(¢")) with ¢* =ga(z — R(g™). (13.42)

13.2.3 Resolvent Subordination for Addition and Multiplication

Equation (13.42) relates the average resolvent of C to that of A. By taking the normalized
trace on both sides we find

q* = ac(z) = ga(z — RB(¢™)). (13.43)

which is precisely the subordination relation for the Stieltjes transform of a free sum that
we found in Section 11.3.8. We just have rederived this result once again with replicas.
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But what is more interesting is that we have found a relationship for the average of a matrix
element of the full resolvent matrix, namely

E[Gc(z)] = Ga (z — RB(8c(2))) - (13.44)

This relation will give precious information on the overlap between the eigenvalues of A
and B and those of C. Note that, by symmetry, one also has

E[Gc(2)] = GB (z — Ra(ac(2))) - (13.45)

1 1 .. .
In the free product case, namely C = AZBA?2 where A and B are large positive definite
matrices whose eigenvectors are mutually random, a very similar replica computation gives
a subordination relation for the average T matrix:

E[Tc(8)] = TalSB(tc(£))<], (13.46)

with Sg(¢) the S-transform of the matrix B. If we take the normalized trace on both sides,
we recover the subordination relation Eq. (11.109). Equation (13.46) can then be turned
into a subordination relation for the full resolvent:

E[Gc(z2)] = S*Ga(zS*) with 8% := Sp(zac(z) — 1). (13.47)

13.2.4 “Quenched” vs “Annealed”

The replica trick is quite burdensome as one has to keep track of n copies of an integration
vector ¥, and these vectors interact through the averaging process. At large N one typically
has to do a saddle point over one or several n x n matrices (e.g. Q and Y in the free
addition computation of the previous section), and at the end take the n — 0 limit. But in
all computations of Stieltjes transforms so far, taking n = 1 instead of n — 0 gives the
correct saddle point and the correct final result. In other words, assuming that

Ellog Z] ~ log E[Z] (13.48)

leads to the correct result. For historical reasons coming from physics, E[log Z] is called a
quenched average whereas log E[Z] is called an annealed average.

For example, if we go back to Eq. (13.21) we see that taking the logarithm of the n = 1
result gives the same result as the correct n — 0 limit. The same is true for the Wishart
case. For the free addition and multiplication one can also compute the Stieltjes transform
using n = 1. This is a general result for bulk properties of random matrices. Most natural
ensembles of random symmetric matrices (such as those from Chapter 5 and those arising
from free addition and multiplication) feature a strong repulsion of eigenvalues. Because
of this repulsion, eigenvalues do not fluctuate much around their classical positions — see
the detailed discussion in Section 5.4.1. It is the absence of eigenvalue fluctuations on the
global scale that makes the n = 1 and n — 0 saddle points equivalent.

For the rank-1 HC1Z integral, on the other hand, things are more subtle. As we show
in the next section, the annealed average n = 1 gives the right answer in some interval
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of parameters, when the integral is dominated by the bulk properties of eigenvalues. Out-
side this regime, fluctuations of the largest eigenvalue matter and the n = 1 result is no
longer correct.

13.3 Rank-1 HC1Z and Replicas

In Chapter 10 we studied the rank-1 HcCIz integral and defined the function Hp(#) as

2 N
H = lim —1 — TrTOBO” 13.4
B(1) NgnooN og<exp(2 r TOBO >>0’ (13.49)

where the averaging is done over the orthogonal group for O, T is a rank-1 matrix with
eigenvalue ¢ and B a fixed matrix. If B is a member of a random ensemble, such as the
Wigner ensemble, the averaging over O should be done for a fixed B and only later the
function Hg(¢) can be averaged, if needed, over the randomness of B (quenched average).
One could also do an annealed average over B, defining another function H(1) as

N—o00

N 2 N
H(t) := lim — log{exp | — TrTOBO" . (13.50)
N 2 0.B

It turns out that for small enough values of 7, the two quantities are equal, i.e. H(r) =
Hg(t). For larger values of ¢, however, these two quantities differ. The aim of this section is
to compute explicitly these quantities in the Wigner case using the replica trick, and show
that there is a phase transition for a well-defined value r = ¢, beyond which quenched and
annealed averages do not coincide.

13.3.1 Annealed Average

Let us compute directly the “annealed” average when B = X is a Wigner matrix and T =

telef, where ¢ is the only non-zero eigenvalue of T and e; is the unit vector (1,0, ...,0)".
Then
N Nt
exp| = TrTX ={exp| —e¢;Xe;
2 X 2 X
dX 1 NtX11 N _,
= | —F7———=°¢Xp — 24l
JVano?/N 2 4o
N o (13.51)
= X _— . .
Plo
so the annealed ﬁwig(t) is given by
A o2
Hyig(1) = 7#, (13.52)

which, at least superficially, coincides with the integral of the R-transform of a Wigner
matrix, Eq. (10.61).
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13.3.2 Quenched Average

The annealed average corresponds, in the replica language, to n = 1. Let us now turn to
arbitrary (integer) n. To keep notation light we will set 02 = 1. As in Eq. (10.31) we define
the partition function

1 T
/ o )N/z (912~ ) exp (Ew/f pr), (13.53)
seeking to compute, at the end of the calculation,
2 ZM(X) -1
E[Hx(#)] = 11m — lim { ——— | — 1 —logt, (13.54)
oo N n—0 n

where 1+ log¢ is the large N limit of 2/N log Z; (X = 0), with Z;(0) given by Eq. (10.38).
If we write Z}'(X) as multiple copies of the same integral and express the Dirac deltas as
Fourier integrals over z,, we get

i 1 n
Z;’<X>=/_i ]‘[ za/]‘[(2 Sz ox (22(% W) + Zwrxw)
a=1
(13.55)

In order to take the expectation value over the Gaussian random matrix X, we need as
always to separate the diagonal and off-diagonal elements of X. The steps are the same as
those we took in Section 13.1.2:

[mqo( Zwﬁ X%ﬂ = exp i # (i waiwaj)2

i,j=1 a=1
1 n N 2

=exp | o > (Z waiwﬁi) , (13.56)

o, B=1 \i=1

which can be rewritten as a Hubbard—Stratonovich integral over an n x n matrix q:
T Qaﬁ %u wﬂl
=C d —N——— , 13.57
EL..]= (n)/ qexp +ZW;] > (13.57)
l

where C (n) is a numerical coefficient. After Gaussian integration, one thus finds

2
E[Z]] = / l_[ dzg / dqC(n) exp [g (t Trz — TrTq — Trlog(z — q)>:|, (13.58)

which makes sense provided that the real part of z is larger than all the eigenvalues of (.
We now define

Trq?
F.(q,z;t) =t Trz — - Trlog(z — q), (13.59)
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where z is the vector of z, treated as a diagonal matrix. For n > 1 we need to find a
saddle point in the space of n x n matrices z and q, i.e. a point in that space where the first
derivatives of Fy(q,z) are zero with a negative Hessian.

As a check, for n = 1 we have at the saddle point

* = L d = L * = ! d ¢g*= 13.60
L]—m an t—m = Z—[+? and ¢q = t. (13.60)
Hence
2
t
Fi(g*, 250 =t>4+1— 5 +logt, (13.61)
or
R 2
Hyig (1) = 5 (13.62)

as it should be.
We now go back to the general n case. Using Eq. (1.37) we can take a matrix derivative
of Eq. (13.59) with respect to q and z:

q=(z— q)*1 and [(z — q)*]]aa =1. (13.63)

In the following technical part, we solve these equations for integer n > 1. We discuss the
final result at the end of this subsection.

The second equation in (13.63) comes from the derivative with respect to z; remember
z is only a diagonal matrix, the derivative with respect to z tells us only about the diagonal

elements.
From this we can argue that z must be a multiple of the identity and q of the form?3
t b ... b
b t b
q= , (13.64)
. . b
b b t

for some b to be determined. To find an equation for b and z we need to express Egs.
(13.63) in terms of those quantities. To do so we first write the matrix q as a rank-1
perturbation of a multiple of the identity matrix:

q = (t — b)1 + nbPy, (13.65)

where P| = ee’ is the projector onto the normalized vector of all 1:

—_
—_—

3 More complicated, block diagonal structures for q sometimes need to be considered in the limit n — 0. This is called “replica
symmetry breaking”, a phenomenon that occurs in many “complex” optimization problems, such as spin-glasses — see Section
13.4. Fortunately, in the present case, these complications are not present.
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Note that the eigenvalues of the matrix q are (+ — b) 4+ nb (with multiplicity 1) and (r — b)
(with multiplicity (n — 1)). Since z is a multiple of the identity, the matrix z — q is a
rank-1 perturbation of a multiple of the identity and it can be inverted using the Sherman—
Morrison formula, Eq. (1.28). The first of Egs. (13.63) becomes

1 nbP

t —b)1 +nbP| = + )
( ML+ nbPy z—t+b  (z—t+b20 —nb(z—t+b)~)

(13.67)

We can now equate the prefactors in front of the identity matrix 1 and of the projector P
separately, to get two equations for our two unknowns (z and b). For the identity matrix
we get

1 1
t—b)y=—— =@-b)+—-. 13.68
(=b)=—— = =(-h+ — (13.68)
For the second equation, we first replace (z — t + b)~! byt — b and get
— b)*nb
np—= L= DYmb (13.69)
1 —nb(t —b)

We immediately find one solution: b = 0. For this solution both q = ¢gl and z = zp1
are multiples of the identity and we have gy = t and zg = ¢ + +~L. This coincides with
the (unique) solution we found in the annealed (n = 1) case. For general n, there are
potentially other solutions. Simplifying off nb, we find a quadratic equation for b:

1 —nb(t —b) = (t — b)?, (13.70)
whose solutions we write as
(=21 & (22 —4(n — 1))
- 2n—1)

bt (13.71)
From the two solutions for b we can compute the corresponding values of z using Eq.
(13.68). We get a term with a square-root on the denominator that we simplify using
ct v l=(=F «/E)/(c2 — d). After further simplification we find

n2t £ (n—2)y/ (22 —4(n — 1))
4 = 2= . (13.72)

We now need to choose one of the three solutions zg, z4+ and z—. First, we consider
integer n > 1 where the replica method is perfectly legitimate. We will later deal with the
n — 0 limit.

Forn = 1, z_ is ill defined while z+ becomes identical to zg. The only solution for all
t is therefore zg and we recover the annealed result discussed in the previous subsection.

For n > 2, we first notice that the solutions z+ do not exist for r < t5 :=2+/n — 1/n;
they yield a complex result when the result must be real. So for ¢ < s, z( is the solution.
For larger values of ¢ we should compare the values of Fy(q*,z*;f) and choose the
maximum one. For t > fg, the z4 solution always dominates z—, so we only consider
z+ and zg henceforth.

For n = 2, the analysis is easy, ts = l and . = l:atr = 1,z = zg and for¢t > 1
the z4+ solution dominates. For n > 2, the situation is a bit more subtle. The z4 solution
appears at f; < 1 but at that point z( still dominates. At r = 1, z4+ dominates. At some
t = tc, with tg < tc < 1, we must have Fj,(qq,2q; tc) = Fn(q+,2Z+;1c). This point could
in principle be shown analytically but it is easier numerically. In particular we do not have
an analytical expression for #:(n) except the above bound #:(n > 2) < 1 and the value
tc(2) = 1 (see Fig. 13.1).
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Figure 13.1 The point fc(n) where the F,(qg,zg;?c) = Fn(q+,z+;t:) and beyond which the z4
solution dominates. Also shown is the point z5(n) = 2+/n — 1/n where the z solution starts to
exist. Note that r; < #c < 1 for all n > 2. Hence the transition appears below ¢t = 1. Note also that
te > 0asn — oo.

We can now put everything together but there is a trick to save computation effort.
Given that our solutions cancel the partial derivatives of F;(q,z;¢) with respect to q and z,
we can easily compute its derivative with respect to z:

d 0
EFn(q*,z*;z) = &Fn(q*,z*;t) =Trz*(t) = nz*(1). (13.73)

Note that we can follow the value of F,(q*,z*;r) through the critical point ;. because
Fn(q*,z*; 1) is continuous at that point (even if its derivative is not).

The above analysis therefore allows us to find, forn > 1,

log BIZ{] ~ "7, (13.74)
where
d t+1 fort < t.(n),
Eﬂ(t) - n2t+(n—2)2W fort > t.(n), (13.75)

with the boundary condition %, (0) = 0.

We can now analytically continue this solution down to n — 0. The first regime, for
small 7, is easy as it does not depend on #n. In the large ¢ regime, the extrapolation of z ()
ton — 0 gives the very simple result (see Eq. (13.72)): z4 = 2 for all ¢. The most tricky
part is to find the critical point where one goes from the zg = ¢+ 1/ solution to the 7, = 2
solution. We cannot analytically continue #.(n) to n — 0, as we have no explicit formula
for it. On the other hand, we can directly find the point #.(n = 0) at which the two solutions
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Figure 13.2 The function Hx(¢) for a unit Wigner computed with a “quenched” average (HCIZ
integral) and an “annealed” average. We also show the upper bound given by Eq. (10.59). The
annealed and quenched averages are identical up to r = 7 = 1 and differ for larger 7. The annealed
average violates the bound, which is expected as in this case Amax fluctuates and exceptionally large
values of Amax dominate the average exponential HC1Z integral.

lead to the same Fo. It is relatively straightforward to show that this point is 7, = 1.
Correspondingly,

t+1 fort <1.(0) =1,
2 fort > #.(0) = 1.

We can now go back to the definition of the function E[Hx(#)] (Eq. (13.54)). After
taking the n — 0 and N — oo limits we find (see Fig. 13.2)

d
a91‘0(;) = { (13.76)

t fort <1,

2—% fort > 1,

iI[-E[Hx(t)] = { (13.77)
dr
with the condition E[ Hx(t = 0)] = 0.

The upshot of this (rather complex) calculation is that, as announced in the introduction,
for t < t. = 1 the quenched and annealed results coincide, i.e. I:IWig(t) = E[Hx(®)].
For t > t., on the other hand, the two quantities are different. The reason is that for
sufficiently large values of ¢, the average HCIZ integral becomes dominated by very rare
Wigner matrices that happen to have a largest eigenvalue significantly larger than the
Wigner semi-circle edge . = 2. This allows ﬁwig(t) to continue its quadratic progression,
while E[Hx (#)] is dominated by the edge of the average spectrum and its growth with ¢
is contained (see Fig. 13.2). When one computes higher and higher moments of the HCIZ

4 Something peculiar happens as n — 0, namely the minimum solution becomes the maximum one and vice versa. In other
words for small 7, where we know that z) is the right solution, we have ¥ (zo;?) < Fo(z+:1) and the opposite at large ¢. This
paradox is always present within the replica method when n — 0.
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integral (i.e. as the number of replicas n increases), the dominance of extreme eigenvalues
becomes more and more acute, leading to a smaller and smaller transition point 7. (n).

13.4 Spin-Glasses, Replicas and Low-Rank HCI1Z

“Spin-glasses” are disordered magnetic materials exhibiting a freezing transition as the
temperature is reduced. Typical examples are silver—-manganese (or copper—manganese)
alloys, where the manganese atoms carry a magnetic spin and are randomly dispersed
in a non-magnetic matrix. Contrary to a ferromagnet (i.e. usual magnets like permalloy),
where all microscopic spins agree to point more or less in the same direction when the
temperature is below a certain transition temperature (872 K for permalloy), spins in spin-
glasses freeze, but the configuration they adopt is disordered, “amorphous”, with zero net
magnetization.

A simple model to explain the phenomenon is the following. The energy of N spins
S; = %1 is given by

N
1
HASH =5 D 3iSiS), (13.78)
i j=1

where J is a random matrix, which we take to be drawn from a rotational invariant
ensemble, i.e. J = OAOT where O is chosen according to the (flat) Haar measure over
O(N) and A is a certain fixed diagonal matrix with 7 (A) = 0, such that any pair of spins is
as likely to want to point in the same direction or in opposite directions. The simplest case
corresponds to J = X, a Wigner matrix, in which case the spectrum of A is the Wigner
semi-circle. This case corresponds to the celebrated Sherrington—Kirkpatrick (SK) model,
but other cases have been considered in the literature as well.

The physical properties of the system are encoded in the average free energy F,
defined as

HASH
F:=—-TEj|logZ]|; Z:= .
3 [log Z]; Zm( ) (13.79)
{s}
where the partition function Z is obtained as the sum over all 2N configurations of the N
spins, and T is the temperature. One of the difficulties of the theory of spin-glasses is to

perform the average over the interaction matrix J of the logarithm of Z. Once again, one
can try to use the replica trick to perform this average, to wit,

d
Eyflog 7] = By [27]

(13.80)
n=0

One then computes the right hand side for integer n and hopes that the analytic continua-
tion to n — 0 makes sense. Introducing n replicas of the system, one has

Yoo b o dij SESY
By[z']) =By | Y ew | TR L (13.81)
(51,82,.... 5"}

Now, for a fixed configuration of all n N spins {Sl, S2, ...,8"}, the N x N matrix Kl(j) =

Z:l S?S;?‘ /N is at most of rank n, which is small compared to N which we will

5 A very similar mechanism is at play in Derrida’s random energy model, see Derrida [1981].



216

The Replica Method

take to infinity. So we have to compute a low-rank HCIZ integral, which is given by
Eq. (10.45):

N N
Ejy [exp <ﬁ TrOAOTK(”)>i| A exp (E Tr HJ(K(")/T)) , (13.82)

where Hj is the anti-derivative of the R-transform of J (or A). Now the non-zero eigen-

values of the N x N matrix K/ are the same as those of the n x n matrix Qup =
N
i=1

the configurations {S“} and {Sb }. Hence, we have to compute

S;" 5143 /N, called the overlap matrix, because its elements measure the similarity of

N
Ey [Zn] — Z exp (? Try, HJ(Q/T)) . (13.83)
(S1,82,...,5"}

It should be clear to the reader that all the steps above are very close to the ones followed in
Section 13.2.2. We continue in the same vein, introducing a new n x n matrix for imposing

the constraint Qg = ZlNzl S S,ﬁ/N3

ico Nn(n+l)/2dY
1=

n N
: W/C‘Qexp NTRQY+ Y Yo Y S¢S/ |, (3s4)
—100

o, =1 i=1
The nice thing about this representation is that sums over i become totally decoupled. So
we get
ico N
Ey [Z”] = C/ dY/ dQexp (5 Tr, Hy(Q/T) — N Tr, QY + NG(Y)) ,
—ioco
(13.85)

where C is an irrelevant constant and
vy : — > p=t Yo pSSP
S(Y):=logZ with Z:=|) eswp=lie . (13.86)
S
In the large N limit, Eq. (13.85) can be estimated using a saddle point method over Y and

Q. As in Section 13.2.2 the first equation reads
1

Yop = ﬁ[RJ(Q/ Dlap: (13.87)
and taking derivatives with respect to Yy g, we find
1 b Y, 8¢ s
==Y sesPeta p=1 Yo p , 13.88
Qup = = ; (13.88)

which leads to the following self-consistent equation for Q:
5 SesPeTr Tur gt lRIQ/ Tl 5"

1 ! B!
Sl s gy [RY(Q/ Ty S’ SP

Qup = = (SYSPy . (13.89)

At sufficiently high temperatures, one can expect the solution of these equations to be
“replica symmetric”, i.e.

Qup = dap(1 —q) +q. (13.90)
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This matrix has two eigenvalues, one non-degenerate equal to 1 + (n — 1)g and another
(n — 1)-fold degenerate equal to 1 — g. Correspondingly, Ry(Q) has eigenvalues
Ry((1+ (m—1)q)/T) and Ry((1 — q)/T), from which we reconstruct the diagonal
and off-diagonal elements of Ry(Q):
1
r:=[RyQlyp = . [Ry((1+ (n = Dg)/T) = Ry(1 — ¢)/ T)],
rd 1 = [Ry(Q)laa = Ry((1 —q)/T) +r. (13.91)

Injecting in the definition of Z, we find
l n
Z=) exp 57 |t Y osesf . (13.92)
N a#f=1

where we have used S2 = 1. Writing Dt p=l sesh = (38 S"‘)2 — n and using a
Hubbard-Stratonovich transformation, one gets

rg=r [T x2 &
Z:Zen oT / dx exp - —l—x\/;ZSW . (13.93)
N o

—00

The sums of different S* now again decouple, leading to

2

_x

rg-r +oo e 2 r
Z= e"T+"1082/ dx cosh” [x /f] : (13.94)
—00 N2 T

Now, one can notice that

3 (98P =ntn —1)q = 2T813gz, (13.95)
r

a#p=1

to get, in the limit n — 0 and a few manipulations (including an integration by parts), an
equation involving only g:

+0o0 d 2
q:/ J%e_Ttanhz [x /H (13.96)
—00 T

where, in the limit n — 0,

1—
r= g (T‘f) (13.97)

Clearly, ¢ = 0 is always a solution of this equation. The physical interpretation of g is

the following: choose randomly two microscopic configurations of spins {S{*} and {S lﬁ 1
each with a weight given by exp <m> /Z. Then, the average overlap between these
configurations, Z,N: 1 Sf‘ S}S /N, is equal to g. When g = 0, these two configurations are
thus uncorrelated. One expects this to be the case at high enough temperature, where the
system explores randomly all configurations.

When the spins start freezing, on the other hand, one expects the system to strongly
favor some (amorphous) configurations over others. Hence, one expects that g >0
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in the spin-glass phase. Expanding the right hand side of Eq. (13.96) for small ¢

gives
+00 dx 2 r
e™ T tanh? [x —]

—co 21 T
2
R.(1/T) RI(1/T) R.(1/T)
:qJT_qZ JT3 +2< JT2 ) +0(g%). (13.98)

Assuming that the coefficient in front of the q2 term is negative, we see that a non-zero ¢
solution appears continuously below a critical temperature 7. given by

2 / 1
T; =RJ Tc . (13.99)

When J is a Wigner matrix, the spin-glass model is the one studied originally by Sherring-
ton and Kirkpatrick in 1975. In this case, Ry(x) = x and therefore T, = 1. There are cases,
however, where the transition is discontinuous, i.e. where the overlap ¢ jumps from zero
for T > T, to a non-zero value at 7¢. In these cases, the small g expansion is unwarranted
and another method must be used to find the critical temperature. One example is the
“random orthogonal model”, where the coupling matrix J has N /2 eigenvalues equal to
+1 and N /2 eigenvalues equal to —1.

The spin-glass phase T < T, is much more complicated to analyze, because the replica
symmetric ansatz Qug = Sap(l — q) + g is no longer valid. One speaks about “replica
symmetry breaking”, which encodes an exquisitely subtle, hierarchical organization of the
phase space of these models. This is the physical content of the celebrated Parisi solution
of the SK model, but is much beyond the scope of the present book, and we encourage the
curious reader to learn more from the references given below.
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14
Edge Eigenvalues and Outliers

In many instances, the eigenvalue spectrum of large random matrices is confined to a
single interval of finite size. This is of course the case for Wigner matrices, where the
correctly normalized eigenvalues fall between A_ = —2 and A4 = +2, with a semi-
circular distribution between the two edges, and, correspondingly, a square-root singularity
of the density of eigenvalues close to the edges. This is also the case for Wishart matrices,
for which again the density of eigenvalues has square-root singularities close to both edges.
As discussed in Section 5.3.2, this is a generic property, with a few notable exceptions. One
example is provided by Wishart matrices with parameter ¢ = 1, for which the eigenvalue
spectrum extends down to A = 0 with an inverse square-root singularity there. Another
case is that of Wigner matrices constrained to have all eigenvalues positive: the spectrum
also has an inverse square-root singularity — see Eq. (5.94). One speaks of a “hard edge” in
that case, because the minimum eigenvalue is imposed by a strict constraint. The Wigner
semi-circle edge at Ay = 2, on the other hand, is “soft” and appears naturally as a result
of the minimization of the energy of a collection of interacting Coulomb charges in an
external potential.!

Consider for example Wigner matrices of size N. The existence of sharp edges delimit-
ing a region where one expects to see a non-zero density of eigenvalues from a region where
there should be none is only true in the asymptotically large size limit N — oo. For large
but finite NV, on the other hand, one expects that the probability to find an eigenvalue beyond
the Wigner sea is very small but non-zero. The width of the transition region, and the tail
of the density of states was investigated a while ago, culminating in the beautiful results by
Tracy and Widom on the distribution of the largest eigenvalue of a random matrix, which
we will describe in the next section. The most important result is that the width of the region
around A4 within which one expects to observe the largest eigevalue of a Wigner matrix
goes down as N~2/3,

Hence the largest eigenvalue Ap,x does not fluctuate very far away from the classical
edge A . Take for example N = 1000; Apay is within 100072/3 = 0.01 away from A, = 2.
In real applications the largest eigenvalue can deviate quite substantially from the classical

1" Note that there are also cases where the soft edge has a different singularity, see Section 5.3.3, and cases where the eigenvalue
spectrum extends up to infinity, for example “Lévy matrices” with 11D elements of infinite variance.
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edge. The origin of such a large eigenvalue is usually not an improbably large Tracy—
Widom fluctuation but rather a true outlier that should be modeled separately. This is the
goal of the present chapter. We will see in particular that perturbing a Wigner (or Wishart)
matrix with a deterministic, low-rank matrix of sufficient amplitude a > a. generates
“true” outliers, which remain at a distance O(a) from the upper edge. For a < a. on the
other hand, the largest eigenvalue remains at distance N ~2/3 from A ...

14.1 The Tracy—Widom Regime

The Tracy—Widom result characterizes precisely the distance between the largest eigen-
value Amax of Gaussian Wigner or Wishart matrices and the upper edge of the spectrum
which we denoted by Ay. This result can be (formally) stated as follows: the rescaled
distribution of Apax — A4 converges, for N — oo, towards the Tracy—Widom distribution,
usually noted Fi:

P (hmax < 2s +yN7Pu) = Fi(w, (14.1)

where y is a constant that depends on the problem and Fi(u) is the 8 = 1 Tracy—Widom
distribution. For the Wigner problem, A, = 2 and y = 1, whereas for Wishart matrices,
Ar =14+ ﬂ)z and y = ﬁki@ In fact, Eq. (14.1) holds for a much wider large class
of N x N random matrices, for example symmetric random matrices with arbitrary 1p
elements with a finite fourth moment. The Tracy—Widom distribution for all three values
of B is plotted in Figure 14.1. (The case where the fourth moment is infinite is discussed in
Section 14.3 below.)

— Ja(u)
0.5 A — fa2(u)
JSi(u)
0.4
S 03
<
0.2 1
0.1 A
0.0 /I T T T
—4 -2 0 2

Figure 14.1 Rescaled and shifted probability density of the largest eigenvalue for a large class
of random matrices such as Wigner and Wishart: the Tracy—Widom distribution. The distribution
depends on the Dyson index (8) and is shown here for 8 = 1,2 and 4.
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Everything is known about the Tracy—Widom density fi(u) = Fj(u), in particular its
left and right far tails:

In fi(u) & —u?,  (u — +00); In fi(u) o —|ul®, (u— —o0). (14.2)

One notices that the left tail is much thinner than the right tail: pushing the largest eigen-
value inside the Wigner sea implies compressing the whole Coulomb gas of repulsive
charges, which is more difficult than pulling one eigenvalue away from Ay. Using this
analogy and the formalism of Section 5.4.2, the large deviation regime of the Tracy—Widom
problem (i.e. for Apax — A+ = O(1)) can be obtained. Note that the result is exponentially
small in N as the u3/? behavior for 1 — 0o combines with N2/3 to give a linear in N
dependence.

The distribution of the smallest eigenvalue Ay around the lower edge A_ is also Tracy—
Widom, except in the particular case of Wishart matrices with ¢ = 1. In this case A_ = 0,
which is a “hard” edge since all eigenvalues of the empirical matrix must be non-negative.”

The behavior of the width of the transition region can be understood using a simple
heuristic argument. Suppose that the N = oo density goes to zero near the upper edge A
as (A4 — A)? (generically, & = 1/2 as is the case for the Wigner and the Maréenko—Pastur
distributions). For finite N, one expects not to be able to say whether the density is zero or
non-zero when the probability to observe an eigenvalue is of order 1/N, i.e. when the O(1)
eigenvalue is within the “blurred” region. This leads to a blurred region of width

1
25 =g o — AMT ~ N—Ti, (14.3)
which goes to zero as N ~2/3 in the generic square-root case & = 1/2. More precisely, for
Gaussian ensembles, the average density of states at a distance ~ N~2/3 from the edge
behaves as

PN G-~ ) = N7 [N = 24 (14.4)

with ®1(u — —00) &~ /—u/m so as to recover the asymptotic square-root singularity,
since the N dependence disappears in that limit. Far from the edge, In ®1(# — +00) «
—u3/?, showing that the probability to find an eigenvalue outside of the allowed band
decays exponentially with N and super-exponentially with the distance to the edge. The
function @1 () is not known analytically for real Wigner matrices (8 = 1) but an explicit
expression is available for complex Hermitian Wigner matrices, and reads (Fig. 14.2)

Dy(u) = A% (1) — u Ai*(u), (14.5)

with the same asymptotic behaviors as @ (). (Ai(u) is the standard Airy function.)

2 This special case is treated in Péché [2003].
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Figure 14.2 Behavior of the density near the edge Ay at the scale N =2/3 for complex Hermitian
Wigner matrices given by Eq. (14.5). For comparison the probability of the largest eigenvalue
f2(u) is also shown. For positive values, the two functions are almost identical and behave as
exp(—4u3/ 2 /3)/(8mu) for large u (right). For negative arguments the functions are completely
different: ®,(u) behaves as +/—u/m for large negative u while f>(u) — 0 as the largest eigenvalue
cannot be in the bulk (left).

14.2 Additive Low-Rank Perturbations
14.2.1 Eigenvalues

We will now study the outliers for an additive perturbation to a large random matrix. Take a
large symmetric random matrix M (e.g. Wigner or Wishart) with a well-behaved asymptotic
spectrum that has a deterministic right edge . We would like to know what happens when
one adds to M a low-rank (deterministic) perturbation. For simplicity, we only consider the
rank-1 perturbation auu’ with |ju|| = 1 and a of order 1, but the results below easily
generalize to the case of a rank-n perturbation withn < N.

We want to know whether there will be an isolated eigenvalue of M + auu” outside the
spectrum of M (i.e. an “outlier”) or not. To answer this question, we calculate the matrix
resolvent

Gu(2) = (z—M—auu") " (14.6)

The matrix G,(z) has a pole at every eigenvalue of M + auu’. An alternative approach
would have been to study the zeros of the function det (z -—M- auuT), but the full resol-
vent G, (z) also gives us information about the eigenvectors.

Now we apply the Sherman—Morrison formula (1.28); taking A = z — M, we get

G(2)uu’G(z)

Ga(Z) = G(Z) + am,

(14.7)
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where G(z) is the resolvent of the original matrix M. We are looking for a real eigenvalue
such that A1 > A. Let us take z = A1 € R outside the spectrum of M, so G(2) is real and
regular. To have an outlier at A, we need a pole of G, at A1, i.e. the following equation
needs to be satisfied:

1 —au"G(uu = 0. (14.8)

Assume now that M is drawn from a rotationally invariant ensemble or, equivalently, that
the vector u is an independent random vector uniformly distributed on the unit sphere. In
the language of Chapter 11, we say that the perturbation auu” is free from the matrix M.
We then have, in the eigenbasis of G,

VG@u =) wGi(z) ~ %TrG(z) = on(2) "2 g02). (14.9)

1

Thus we have a pole when
ag(rq1) =1 = g(r1) = 1/a. (14.10)

If 3(g), the inverse function of g(z), exists, we arrive at

=3 (i) (14.11)

The condition for the invertibility of g(z) happens to be precisely the same as the condition
to have an outlier, i.e. A; > Ay — see Section 10.4. We have established there that 1; =
3(1/a) is monotonically increasing in a, and A1 = A4+ when a = a* = 1/g(A4), which
is the critical value of a for which an outlier first appears. Generically, g4 = g(Ay) is a
minimum of 3(g):

di(g)

=0 when 3(g4)=Axrs. (14.12)
dg

8+

For instance, for Wigner matrices, we have 3(g) = o>g + g~ !, for which
02 —gt=0=>g; =01, (14.13)

and A4 = 3(6 ") = 20, which is indeed the right edge of the semi-circle law.

In sum, for a > a* = 1/g4, there exists a unique outlier eigenvalue that is increasing
with a. The smallest value for which we can have an outlier is a* = 1/g, corresponding
to A; = A. Fora < a* there is no outlier to the right of .3

Using the relation between the inverse function 3(g) and the R-transform (10.10), we
can express the position of the outlier as

1 1
A =R <—> +a for a>a*=—. (14.14)
a 8+

3 Outliers such that A < A_ behave similarly, we just need to consider the matrix —M — auu’ and follow the same logic.
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Figure 14.3 Largest eigenvalue of a Gaussian Wigner matrix with 02 = 1 with a rank-1 perturbation
of magnitude a. Each dot is the largest eigenvalue of a single random matrix with N = 200. Equation
(14.16) is plotted as the solid curve. For a < 1, the fluctuations follow a Tracy—Widom law with
N~2/3 scaling, while for a > 1 the fluctuations are Gaussian with N -172 scaling. From the graph,
we see fluctuations that are indeed smaller when a < 1. They also have a negative mean and positive
skewness, in agreement with the Tracy—Widom distribution.

Using the cumulant expansion of the R-transform (11.63), we then get a general expression
for large a:

K2 (M)
a

M=a+t(M)+ +0@™?). (14.15)

For Wigner matrices, we actually have for all a (see Fig. 14.3)

2
o *
AM=a+ — for a>a =o. (14.16)
a
When a — a*, on the other hand, one has
da d
@) _ dig) _o (14.17)
da a* dg g+=1/a*

Hence, one has, for @ — a* and for generic square-root singularities,
M=AL+Cla—a)+0 ((a _ a*)3), (14.18)

where C is some problem dependent coefficient.

By studying the fluctuations of uG(A)u” around g(1), one can show that the fluctuations
of the outlier around A; = R(a~!) + a are Gaussian and of order N—/2. This is to
be contrasted with the fluctuations of the largest eigenvalue when there are no outliers
(a < g4), which are Tracy-Widom and of order N~2/3. The transition between the two
regimes is called the Baik—Ben Arous—Péché (BBP) transition.
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Figure 14.4 Plot of the inverse function 3(g) = g + 1/g for the unit Wigner function g(z). The gray
dot indicates the point (g+,A+). The line to the left of this point is the true inverse of g(z): 3(g) is
defined on [0, g+) and is monotonously decreasing in g. The line to the right is a spurious solution
introduced by the R-transform. Note that the point g = g4 is a minimum of 3(g) = g + 1/g.

‘We finish this section with two remarks.

e One concerns the solutions to Eq. (14.14), and the way to find the value a* beyond
which an outlier appears. The point is that, while the function R(g = 1/a) is well
defined for g € [0, g+), it also often makes sense even beyond g (see the discussion in
Section 10.4). In that case, one will find spurious solutions: Figure 14.4 shows a plot of
3(g) = R(g) + 1/g in the unit Wigner case, which is still well defined for g > g =1
even if this function is no longer the inverse of g(z) (Section 10.4). There are two
solutions to 3(g) = Aj, one such that ¢ < g4 and the other such that g > g,. As
noted above, the point g is a minimum of 3(g), beyond which the relation between A
and a is monotonically increasing because g(z) is monotonically decreasing for z > A .

» The second concerns the case of a free rank-n perturbation, when n < N. In this case
one cannot use the Sherman—-Morrison formula but one can compute the R-transform
of the perturbed matrix, and infer the 1/N correction to the Stieltjes transform. The
poles of this correction term give the possible outliers. To each eigenvalue a; (k =

1, ...,n) of the perturbation, one can associate a candidate outlier A; given by
1 1
AM=R|—|)+a when a > —. (14.19)
ag 8+

14.2.2 Outlier Eigenvectors

The matrix resolvent in Eq. (14.7) can also tell us about the eigenvectors of the perturbed
matrix. We expect that, for a very strong rank-1 perturbation auu’, the eigenvector v;
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associated with the outlier A1 will be very close to the perturbation vector u. On the other
hand, for A1 &~ A, the vector u will strongly mix with bulk eigenvectors of M so the
eigenvector v; will not contain much information about u.

To understand this phenomenon quantitatively, we will study the squared overlap |v{u|2.
With the spectral decomposition of M + auu’, we can write

N

viv]
Go) =) —- (14.20)
- M

i=1
where A denotes the outlier and v its eigenvector, and A;,v;, i > 1 all other eigenval-
ues/eigenvectors. Thus we have

lim u'G,(2u- (z — A1) = v’ (14.21)
77— A

Hence, by (14.7) and (14.9), we get

2
viul® = zl—iﬁll (g(z) +a 8) ) (z— A1)

1 —ag(z)
. Z— A
= lim g(z2) ————. (14.22)
e>h 1 —ag(2)
We cannot simply evaluate the fraction above at z = A1, for at that point g(A;) = a~! and
we would get 0/0. We can however use 1’'Hospital’s rule* and find
A 2
viu? = ——gf 2y (14.24)
g'(x1)

where we have used a~! = g({). The right hand side is always positive since g is a
decreasing function for A > A.

We can rewrite Eq. (14.24) in terms of the R-transform and get a more useful formula.
To compute g’(z), we take the derivative with respect to z of the implicit equation z =
R(3(2)) + ¢~ ' (z) and get

’ ’ g/(Z) , 1
1=R - = . 14.25
@@ @)~ 5 = 80 = e (14.25)
Hence we have
Viul? =1 —g(x1)?R'(a(11))
=1-—a?R'@". (14.26)

We can now check our intuition about the overlap for large and small perturbations. For a
large perturbation a — oo, Eq. (14.26) gives

4 L’Hospital’s rule states that

o L0 _ o)
x=x0 g(x) g’ (xp)

when £(xq) = g(xg) = 0. (14.23)
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Figure 14.5 Overlap between the largest eigenvector and the perturbation vector of a Gaussian
Wigner matrix with o2 = 1 with a rank-1 perturbation of magnitude a. Each dot is the overlap
for a single random matrix with N = 200. Equation (14.31) is plotted as the solid curve.

K2 (M)

-—+0(@@™) when a— oo. (14.27)
a

Viu?=1-

As expected, vi — u when a — oo: the angle between the two vectors decreases as 1/a.
The overlap near the transition A; — A4 can be analyzed as follows. The derivative of
g(z) can be written as

I Ky 16))

For a density that vanishes at the edge as p(X) ~ (A4 — 1)? with exponent 6 between 0 and
1, we have that g(z) is finite at z = A4 but ¢(z) diverges at the same point, as |z — A4 |01,
From Eq. (14.24), we have in that case’

viu? oc A — 2% when Al — Ag. (14.29)
In the generic case, one has & = 1/2 and, from Eq. (14.18), A1 — A4 « (a —a*)z, leading to
Viul?> xa —a* when a— a*. (14.30)

2

These general results are nicely illustrated by Wigner matrices, for which R(x) = o“x.
The overlap is explicitly given by (see Fig. 14.5)

*

2
Viu?=1- <a_) when a>a*=o. (14.31)
a

S In Chapter 5, we encountered a critical density where p (i) behaves as (A4 — )L)e with an exponent 6 = % > 1. In this case
g/ (z) does not diverge as z — A4 and the squared overlap at the edge of the BBP transition does not go to zero (first order
transition). For example for the density given by Eq. (5.59) we find |vlTu\2 = % at the edge 1] = 2+/2.
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Asa — a*, Ay — 20 and |V1Tll|2 = 2(a — a*)/a* — O0: the eigenvector becomes
delocalized as the eigenvalue merges with the bulk. For ¢ < a*, one can rigorously show
that there is no information left in the eigenvalues of the perturbed matrix that would allow
us to reconstruct u.

Note that for A; > A4, |V{u|2 is of order unity. In Chapter 19 we will see that this is
not the case for the overlaps between perturbed and unperturbed eigenvectors in the bulk,
which have typical sizes of order N 1.

Exercise 14.2.1 Additive perturbation of a Wishart matrix
Define a modified Wishart matrix Wy such that every element (W1);; =
W;; +a/N, where W is a standard Wishart matrix and a is a constant of order
1. W is a standard Wishart matrix plus a rank-1 perturbation W; = W + quu”.

(a) What is the normalized vector u in this case?

(b) Using Egs. (14.14) and (10.15) find the value of the outlier and the minimal a
in the Wishart case.

(c) The square-overlap between the vector u and the new eigenvector v is given
by Eq. (14.26). Give an explicit expression in the Wishart case.

(d) Generate a large modified Wishart (g = 1/4, N = 1000) for a few a in the
range [1,5]. Compute the largest eigenvalue A; and associated eigenvector v .
Plot A1 and |vfu|2 as a function of a and compare with the predictions of (b)
and (c).

14.3 Fat Tails

The previous section allows us to discuss the very interesting situation of real symmetric
random matrices X with 11D elements X;; that have a fat-tailed distribution, but with a finite
variance (the case of infinite variance will be alluded to at the end of the section). In order

to have eigenvalues of order unity, the random elements must be of typical size N~!/2, so
we write
Xij = i, (14.32)
VN

with x;; distributed according to some density P (x) of mean zero and variance unity, but
that decays as p|x|~'™# for large x. This means that most elements X; j are small, of
order N~!/2, with some exceptional elements that are of order unity. The probability that
|X;j| > 11is actually given by
o0
~ wo_ 2

Since there are in total N(N — 1)/2 =~ N 2 /2 such random variables, the total number of
such variables that exceed unity is given by N2>~#/2. Hence, for ;v > 4, this number tends
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Tracy-Widom

s N= 1000

Figure 14.6 Distribution of the largest eigenvalue of N = 1000 Wigner matrices with elements
drawn from a distribution with © = 5 compared with the prediction from the Tracy—Widom
distribution. Even though as N — oo this distribution converges to Tracy—Widom, at N = 1000
there is no agreement between the laws as the power law tail P(Apax > x) ~ xd / VN still
dominates.

to zero with N: there are typically no such large elements in the considered random matrix.
Since each pair of large entries X;; = X j; can be considered as a rank-2 perturbation of a
matrix with all elements of order N 1/2, one concludes that for > 4 there are no outliers,
and the statistics of the largest eigenvalue is given by the Tracy—Widom distribution around
A4+ = 2. This hand-waving argument can actually be made rigorous: in the large N limit,
the finiteness of the fourth moment of the distribution of matrix elements is sufficient to
ensure that the largest eigenvalue is given by the Tracy—Widom distribution. However, one
should be careful in interpreting this result, because although very large elements appear
with vanishing probability, they still dominate the tail of the Tracy—Widom distribution for
finite N. The reason is that, whereas the former decreases as N 2=1/2 the latter decreases
much faster, as exp(—N (Amax — k+)3/2) (see Fig. 14.6).

Now consider the case 2 < u < 4. Since u > 2, the variance of X;; is finite and
one knows that the asymptotic distribution of eigenvalues of X is given by the Wigner
semi-circle, with Ay = 2. But now the number of large entries in the matrix X grows
with N as N>~*/2, which is nevertheless still much smaller than N. Each large pair of
entries X;; = Xj; = a larger than unity (in absolute value) contributes to two outliers,
given by A = &(a + 1/a). So there are in total O(N>~*/2) outliers, the density of which
is given by

00 1
Pout(h > 2) = Nl—“/Z/1 dxxlliué (A —x— ;) . (14.34)
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This is a rather strange situation where the density of outliers goes to zero as N — oo as
soon as 0 > 2, but at the same time the largest eigenvalue in this problem goes to infinity as

2 1
Amax ~ N#® 2, 2 <u<4. (14.35)

Finally, let us briefly comment on the case u < 2, for which the variance of the entries
of X diverges (a case called “Lévy matrices” in the literature). For eigenvalues to remain
of order unity, one needs to scale the matrix elements differently, as

xij

X;j =L, (14.36)
Nu
with
I'(1+ ) sin(*4)
P SR 14.37
(x) oy miET ( )

where the funny factor involving the gamma function is introduced for convenience only.
The eigenvalue distribution is no longer given by a semi-circle. In fact, the support of the
distribution is in this case unbounded. For completeness, we give here the exact expression
of the distribution in terms of Lévy stable laws Lg’ﬁ (u), where B is called the asymmetry

parameter and C the scale parameter.6 For a given value of A, one should first solve the
following two self-consistent equations for C and 8:

+o00
_ C,
c= [ agier P21k 170

e ¢]

(14.38)
oo 2-2,C,p
cp= [ agsientoe 2 LS 0~ 1/0)
—0oQ
Finally, the distribution of eigenvalues p; (1) of Lévy matrices is obtained as
C(A), B(A
pr (V) = LEW-BR (14.39)

w/2

One can check in particular that this distribution decays for large A exactly as P(x)
itself. In other words, the tail of the eigenvalue distribution is the same as the tail of the
independent entries of the Lévy matrix.

14.4 Multiplicative Perturbation

In data-analysis applications, we often need to understand the largest eigenvalue of a sample
covariance matrix. A true covariance with a few isolated eigenvalues can be treated as a
matrix Co with no isolated eigenvalue plus a low-rank perturbation. The passage from the
true covariance to the sample covariance is equivalent to the free product of the true covari-
ance with a white Wishart matrix with appropriate aspect ratio ¢ = N/T. To understand
such matrices, we will now study outliers for a multiplicative process.

Consider the free product of a certain covariance matrix Co with a rank-1 perturbation
and another matrix B:

1 L

1 1
E=B2C] (1+auu’) C B2, (14.40)

6 More precisely, Lﬁ’ﬁ(x) is the Fourier transform of exp(—C |k|* (1 + iBsign(k) tan(rr 1/2))) for u # 1, and of
exp(—Clk|(1 +i(2B/m)sign(k) log |k|)) for u = 1.
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where u is a normalized eigenvector of Cy with eigenvalue 1, and B is positive semi-
definite, free from Cy, and with t(B) = 1. In the special case where B is a white Wishart,
our problem corresponds to a noisy observation of a perturbed covariance matrix, where
one of the modes (the one corresponding to u) has a variance boosted by a factor (1 + a).

The matrix Eg := B> C()B% has an unperturbed spectrum with a lower edge A_ and an
upper edge A . We want to establish, as in the additive case, the condition for the existence
of an outlier A1 > A4 or A; < A_, and the exact position of the outlier when it exists.

The eigenvalues of E are the zeros of its characteristic polynomial, in particular for the
largest eigenvalue A1 we have

det(\;1 — Eg — aB2 Couu’B?) = 0. (14.41)

We are looking for an eigenvalue outside the spectrum of Eq, i.e. A1 > A4 or 1 < A_. For
such a A1, the matrix A;1 — Eg is invertible and we can use the matrix determinant lemma
Eq. (1.30):

det(A + uv’) = detA - (1 +vTA*‘u), (14.42)

withA =11 —Ejandu=—v= \/EB%Céu. Equation (14.41) becomes
det(h.;1 — Ey) - (1 - auTCéBi(}O(xl)Bicéu> —0, (14.43)
where we have introduced the matrix resolvent Go(11) := (111 — Eg)~!. As we said, the
matrix A11 — Eg is invertible so its determinant is non-zero. Thus any outlier needs to solve
arou"BZGo(A)Blu = 1. (14.44)

Again we assume that B is a rotationally invariant matrix with respect to Cp. Then we
know that in the large N limit Go(z) is diagonal in the basis of B and reads (see, mutatis
mutandis, Eq. (13.47))

Go(z) ~ S*(2)Gp (25" (2)), S*(z) := Sc,(z80(z) — D). (14.45)
Furthermore, since u and B are also free,
w’BIGoG.)Bu ~ N~ Tr (B GoGh)B? ) = §* Gt (i S*(h1)), (14.46)
where we have recognized the T-transform of the matrix B:
tg(z) =T (B(z - B)_l) . (14.47)
Thus, the position of the outlier 1| is given by the solution of
aroS*(ADtB(A1 S* (A1) = 1. (14.48)

In order to keep the calculation simple, we now assume that Cop = 1. In this case, §* = 1
and Ag = 1, so the equation simplifies to
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atg(h) = 1. (14.49)

To know whether this equation has a solution we need to know if tg(¢) is invertible. The
argument is very similar to the one for g(z) in the additive case. In the large N limit, tg(¢)
converges to

At
tp () =/ PBOOX 4 (14.50)
_ f—x

So tg(¢) is monotonically decreasing for ¢ > A4 and is therefore invertible. We then have
rM=¢C@)  when A > AL, (14.51)

where we use the notation ¢ (¢) for the inverse of the T-transform of B, in the region where
it is invertible.

The inverse function ¢ () can be expressed in terms of the S-transform via Eq. (11.92).
We get

—1 a—+1 1

M=¢a )= c—— when a> . (14.52)
Sla™) tg (A1)
Applying the theory to a Wishart matrix B = W with
1

Sw(x) = . ax=(1£ )2 14.53
wx) =7 o I+ Vq) ( )

one finds that an outlier appears to the right of A, fora > /g, with
A =@+ 1) (1 n g) . (14.54)

a

For large a, we have A1 ~ a 4+ 1 + ¢, i.e. a large eigenvalue a + 1 in the covariance matrix
C will appear shifted by ¢ in the eigenvalues of the sample covariance matrix.

Nothing prevents us from considering negative values of a, such thata > —1 to preserve
the positive definite nature of C. In this case, an outlier appears to the left of A_ when
a < — ,/q. Its position is given by the very same equation (14.54) as above.

Exercise 14.4.1 Transpose version of multiplicative perturbation
Consider a positive definite rotationally invariant random matrix B and a
normalized vector u. In this exercise, we will show that the matrix F defined by

F =1+ cuu”)B( + cuu’), (14.55)

with ¢ > 0 sufficiently large, has an outlier A given by Eq. (14.52) withb+ 1 =
(c+ 1)
(a) Show that for two positive definite matrices A and B, B%AB% has the same
eigenvalues as AZBA>.
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(b) Show that for a normalized vector u

1
1+ (@—Duwa")2 =1+ (Va — Huu'. (14.56)
(c) Finish the proof of the above statement.

Exercise 14.4.2 Multiplicative perturbation of an inverse-Wishart matrix
We will see in Section 15.2.3 that the inverse-Wishart matrix M , is defined as

M, =(1-qW, !, (14.57)

where W, is a Wishart matrix with parameter g and p the variance of the inverse-
Wishart is given by p = ﬂ—q. The S-transform of M, is given by

Sm, (@) =1—pt. (14.58)

Consider the diagonal matrix D with Dj; = d and all other diagonal entries
equal to 1.

(a) D can be written as 1 + cuu’. What is the normalized vector u and the
constant c?

(b) Using the result from Exercise 14.4.1, find the value of the largest eigenvalue
of the matrix DM ,D as a function of d. Note that your expression will only
be valid for sufficiently large d.

(c) Numerically generate matrices M, with N = 1000 and p = 1/2 (g = 1/3).
Find the largest eigenvalue of DM ,D for various values of d and make a plot
of A1 vs d. Superimpose your analytical result.

(d) (Harder) Find analytically the minimum value of d to have an outlier A;.

14.5 Phase Retrieval and Outliers

Optical detection devices like CCD cameras or photosensitive films measure the photon
flux but are blind to the phase of the incoming light. More generally, it is often the case
that one can only measure the power spectral density of a signal, which is the magnitude
of its Fourier transform. Can one recover the full signal based on this partial information?
This problem is called phase retrieval and can be framed mathematically as follows. Let an
unknown vector x € RY be “probed” with T vectors ag, in the sense that the measurement
apparatus gives us y; = |alfx|2 withk = 1,...,T.7 Vectors x and ay, are taken to be real
but they can easily be made complex.

The phase retrieval problem is

2
% = argmin Z “a,{x‘z - yk’ ) (14.59)
X
k

7 We could consider that there is some additional noise in the measurement of vk but for simplicity we keep here with the
noiseless version.
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It is a difficult non-convex optimization problem with many local minima. To efficiently
find an acceptable solution, we need a starting point X that somehow points in the direc-
tion of the true solution x. The problem is that in large dimensions the probability that a
random vector x( has an overlap |x”x(| > & is exponentially small in N as soon as & > 0.
We will explore here a technique that allows one to find a vector X with non-vanishing
overlap with the true x.

The idea is to build some sort of weighted Wishart matrix such that this matrix will have
an outlier with non-zero overlap with the unknown true vector x. Consider the following
matrix:

T

1
M= > fOw agay. (14.60)
k=1

where the T vectors a; are of size N and f(y) is a function that we will choose later.
The function f(y) should be bounded above, otherwise we might have outliers domi-
nated by a few large values of f(yg). One such function that we will study is the sim-
ple threshold f(y) := ©(y — 1). In large dimensions the results should not depend
on the precise statistics of the vectors a; provided they are sufficiently random. Here
we will assume that all their components are standard 1D Gaussian. This assumption
makes the problem invariant by rotation. Without loss of generality, we can assume the
true vector X is in the canonical direction ej. The weights f(yy) are therefore assumed
to be correlated to |[ak]1|2 = |a,€el|2 and independent of all other components of the
vectors ay.

Given that the first row and column of M contain the element [a ]{, we write the matrix
in block form as in Section 1.2.5:

M1 Mpp
M= s 14.61
< My, My, (14.61)

with the (11) block of size 1 x 1 and the (22) block of size (N — 1) x (N — 1). To find a
potential outlier, we look for the zeros of the Stieltjes transform gy (z) = t((z1— M)~ h.
Combining Eqgs. (1.32) and (1.33),

1+ Tr[G(2)M21M2G22(2)]

Ngm(z) = TrGy(2) +
M 2 z—Mj; —M2G2(2)My

, (14.62)

where Gy, (z) is the matrix resolvent of the rotationally invariant matrix My, (i.e. the
matrix M without its first row and column). In the large N limit we expect Mp) to
have a continuous spectrum with an edge A4. When the condition for the denominator
to vanish, i.e.

A — My — MG (A1)Mpy =0, (14.63)

has a solution for A > A4 we can say that the matrix M has an outlier. The overlap
between the corresponding eigenvector v| and X is given by the residue

P

—A
Ix|? = [vier* = tim X

. (14.64)
=h 2 — My —M2G(2)My

In the large N limit the scalar equation (14.63) becomes self-averaging. We have

T
1 -
My = = Y foodadn? ST E [ Fo)aln? . (14.65)
k=1

235
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For the second term we have

T N
1
M2G2(@2)My) = Z ﬁf()’k)f()%)[ak]l[ae]l Z [ag )i [Gaa (D) ]ijlacl;
k,e=1 i,j>1
T—o00 2 2
- qE[f (»m(alp) ]h(z), (14.66)
where g = N/T and
HH’
h(z)=r< - Gzz(z)), M, = [ag); > L. (14.67)

We can now put everything together and use I’Hospital’s rule to compute the residue. For
convenience we define the constants ¢, := E [f” (y)([a]1)2]. There will be an outlier
with overlap

1

= 14.68
¢ T T qal Gy (14.68)

when there is a solution A > A4 of
Al =c1 +qcah(hy). (14.69)

We will come back later to the computation of A(z). In the ¢ — 0 limit the matrix M
becomes proportional to the identity M = E[ f(y)]1 := m 1, so gm(z) = 1/(z —m) and
h(z) = 1/(z — mq). For ¢ = 0 we have a solution A1 = ¢ which satisfies ¢c; > my. In
this limit the overlap tends to one. The linear correction in g is easily obtained as we only
need 4 (z) to order zero. We obtain

)
(¢ —my)?

Note that ¢y /(c] —m 1)2 is always positive so the overlap decreases with g starting from
o = 1 at ¢ = 0. For the unit thresholding function f(y) = ®(y — 1) we have m| =
erfc(1/+/2) 20317 and ¢ = ¢3 = m] + /2/(em) ~ 0.801 (see Fig. 14.7).

Since we have the freedom to choose any bounded function f(y) we should choose
the one that gives the largest overlap for the value of g given by our dataset. We will do an
easier computation, namely minimize the slope of the linear approximation in g. We want

C
A =cp +qﬁ +0(¢%, o=1-g¢ +0(g?). (14.70)

Eq [ /2@’

. ) .
Jopt(y) = argmin —————— = argmin s (14.71)
fo) €Cr=m)? i) Eq [f@®)@? - D]
where the law of a is N(0, 1). A variational minimization gives
1
Jopt(y) =1— Vv (14.72)

The optimal function is not bounded below and therefore the distribution of eigenvalues is
singular with ¢ — oo and m| — —o0. One should think of this function as the limit of a
series of functions such that ¢y /(c; — m 1)2 — 0. In Figure 14.7 we see that numerically
this function has indeed an overlap as a function of ¢ with zero slope at the origin. As a
consequence it has non-zero overlap for much greater values of ¢ (fewer data 7') than the
simple thresholding function. It turns out that our small ¢ optimum f(y) = 1 — 1/y is
actually the optimal function for all values of ¢.
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Figure 14.7 Overlap o = |vfx|2 /|X|2 between the largest eigenvector and the true signal as a
function of ¢ := N/T for two functions: the simple f(y) = ®(y — 1) and the optimal f(y) =
1 — 1/y. Each dot corresponds to a single matrix of aspect ratio ¢ and NT = 10°. The solid line
corresponds to the linear ¢ approximation Eq. (14.70) in the thresholding case. For the optimal case,
the slope at the origin is zero.

For completeness we show here how to compute the function %(z). We have the fol-
lowing subordination relation (for the (22) block of the relevant matrices):

tm(¢) = tw, (Sr(atm@))2). (14.73)
where S ¢(#) is the S-transform of a diagonal matrix with entries f (yi). We then have
h(z) = T(W,Gn(2) = St [(Szl M) M-Sz + Sz)]
= S(zom(z) — 1), (14.74)
with § := S¢(g(zgm(z) — 1)). Since

SMm(1) = fzqutt) = %, (14.75)
we have
h(z) = am (@)1 + q(zem(2) — D], (14.76)
where the function gpg(z) can be obtained by inverting the relation
© 4 fGDe—*/2
3(g) = /700 \/727% + P (14.77)
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15
Addition and Multiplication: Recipes and Examples

In the second part of this book, we have built the necessary tools to compute the spectrum
of sums and products of free random matrices. In this chapter we will review the results
previously obtained and show how they work on concrete, simple examples. More sophisti-
cated examples, and some applications to real world data, will be developed in subsequent
chapters.

15.1 Summary

We introduced the concept of freeness which can be summarized by the following intuitive
statement: two large matrices are free if their eigenbases are related by a random rotation.
In particular a large matrix drawn from a rotationally invariant ensemble is free with respect
to any matrix independent of it, for example a deterministic matrix.! For example A and
OBO are free when O is a random rotation matrix (in the large dimension limit). When A
and B are free, their R- and S-transforms are, respectively, additive and multiplicative:

Ra4B(x) = RA(x) + Rp(x), SAB(?) = SA(t)SB(2). (15.1)

The free product needs some clarification as AB is in general not a symmetric matrix,
the S-transform Sap(?) in fact relates to the eigenvalues of the matrix VAB \/K, which are
the same as those of +/BA +/B when both A and B are positive semi-definite (otherwise the
square-root is ill defined).

15.1.1 R- and S-Transforms

The R- and S-transforms are defined by the following relations:

n@=r1[c-47"], (15.2)
@ =7[1=¢7A)7 ] = 1= - (15.3)
1 1
RAG) = 34 (0) = =, S(0) = t:(t) ifT(A) 0, (15.4)

1 By large, we mean that all normalized moments computed using freeness are correct up to corrections that are O(1/N).
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where 34 (x) and ¢a (¢) are the inverse functions of ga (z) and ta (¢), respectively.
Under multiplication by a scalar they behave as

Roa(x) = aRp(x), Saa(t) = a7 SA (D). (15.5)
While the R-transform behaves simply under a shift by a scalar,
Rata1(x) = a + Rp(x), (15.6)

there is no simple formula for computing the S-transform of a shifted matrix. On the other
hand, the S-transform is simple under matrix inversion:

1
Sa_ = 15.7
A-1(x) Six = 1) (15.7)
The two transforms are related by the following equivalent identities:
1
Salt) = o———=, Ra(x) = ————. (15.8)
RA(SA (1)) SA(xRA(x))
The identity matrix has particularly simple transforms:
= —— 1) = —— (159)
0(2) =~ 14“—{_1, .
Ri(x) =1, S1(7) = 1. (15.10)
The R- and S-transforms have the following Taylor expansion for small arguments:
2 1 K2 2K2 — K1K3 ,
Ra(x) =K1 + KX + K34+ -+, Sa) = ———Zx+ ——F—x"+---,
K1 K3 ki
(15.11)

where «,, are the free cumulants of A:

k1 =1A), Kk2=1t(A)—12A), «3=1(AY) —37(A)T(A?) +27°(A).
(15.12)

Combining Egs. (15.7) and (15.11), we can obtain the inverse moments of A from its
S-transform. In particular,

TA™) = Sa(=1), (A7) = Sa(=1) (Sa(=1) — Sh(=1)). (15.13)

15.1.2 Computing the Eigenvalue Density

The R-transform provides a systematic way to obtain the spectrum of the sum C of two
independent matrices A and B, where at least one of them is rotationally invariant. Here is
a simple recipe to compute the eigenvalue density of a free sum of matrices:

1 Find g (z) and ga (2).
2 Invert gg(z) and ga (z) to get 3g(g) and 3a(g), and hence Rp(x) and Rp (x).
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3 Re(x) = Rp(x) + Ra(x), which gives 3¢(g) = Re(g) — g~
4 Solve 3¢(g) = z for g¢(2).
5 Use Eq. (2.47) to find the density:

lim,,_,+ Im ¢ (» — in)

oc(h) = (15.14)

b1d
In the multiplicative case (C = A% BA% ), the recipe is similar:

Find tg(¢) and tA ().

Invert tg(¢) and tA (&) to get ¢p(¢) and ¢a (¢), and hence Sg(7) and Sa (¢).
Sc(t) = Sp(t)Sa(t), which gives {c(t)Sc(t)t =t + 1.

Solve ¢c(t) = ¢ for tc(¢).

Equation (2.47) for gc(z) = (tc(z) + 1)/z is equivalent to

N B~ W N =

lim, _, g+ Imtc (A — in)
A ’

In some cases, the equation in step 4 is exactly solvable. But it is usually a high order
polynomial equation, or worse, a transcendental equation. In these cases numerical solution
is still possible. There always exists at least one solution that satisfies

3(x) =z +0iEH) (15.16)

pc(r) = (15.15)

for z — o00. Since the eigenvalues of B and A are real, their R- and S-transforms are real
for real arguments. Hence the equation in step 4 is an equation with real coefficients. In
order to find a non-zero eigenvalue density we need to find solutions with a strictly positive
imaginary part when the parameter n goes to zero. When the equation is quadratic or cubic,
complex solutions come in complex conjugated pairs: therefore, at most one solution will
have a strictly positive imaginary part. As a numerical trick, 7o (1) can be equated with the
maximum of the imaginary part of all two or three solutions (the density will be zero when
all solutions are real). For higher order polynomial and transcendental equations, we have
to be more careful as there can be spurious complex solutions with positive imaginary part.
Exercise 15.2.1 shows how to do these computations in concrete cases.

15.2 R- and S-Transforms and Moments of Useful Ensembles
15.2.1 Wigner Ensemble

The Wigner ensemble is rotationally invariant, therefore a Wigner matrix is free from any
matrix from which it is independent. For a Wigner matrix X of variance o2, the R-transform
reads

Rx(x) = o%x. (15.17)

The Wigner matrix is stable under free addition, i.e. the free sum of two Wigner matrices
of variance 012 and 022 is a Wigner with variance 012 + 022.
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The Wigner matrix is traceless (t(X) = 0), so its S-transform is ill-defined. However, we
can shift the mean of the entries of X by a certain parameter m. We then have Rx,,(x) =
m + o2x. We can use Eq. (11.97) and compute the S-transform:

vm?2+40%t —m m 402t
Sxm () = = =5 |1+ -1 (15.18)

It is regular at # = O whenever m > 0 and tends to (o /7)~! when m — 0.
Finally, let us recall the formula for the positive moments of Wigner matrices:

(2k)! o2
(k + 1k!?
The negative moments of X are all infinite, because the density of zero eigenvalues is
positive.

(X% = : (X% = 0. (15.19)

15.2.2 Wishart Ensemble

For a white Wishart matrix W, with parameter g = N /T, one has (see Section 10.1)

Rw, (x) = (15.20)

1—gx
To compute its S-transform we first remember that its Stieltjes transform g(z) satisfies Eq.
(4.37), which can be written as an equation for t(¢) or its inverse £ (t):

1

t—( HE+1)=0 Sw, () = . 15.21
¢t — (4@ + 1) = Sw0 =1 (15.21)
The first few moments of a white Wishart matrix are given by
1
TW) =L TWp =1dg: TW, D)= t(W,) = 755 (1522)

I—g¢g

15.2.3 Inverse-Wishart Ensemble

We take the opportunity of this summary of R- and S-transforms to introduce a very
useful ensemble of matrices, namely the inverse-Wishart ensemble. We will call an inverse-
Wishart matrix? the inverse of a white Wishart matrix, which, we recall, has unit normalized
trace.

For a Wishart matrix to be invertible we need to have ¢ < 1. Let W, be such a matrix.
Using Eq. (11.116) we can show that

Sw,1 () =1-q—qt. (15.23)

2 More generally the inverse of a Wishart matrix with any covariance C can be called an inverse-Wishart but we will only
consider white inverse-Wishart matrices.
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Since r(W;l) = 1/(1 — q), we define the (normalized) inverse-Wishart as M, =
1- q)Wq_1 and call p := g /(1 — q). Rescaling and changing variable we obtain

Sm, () =1— pt. (15.24)

By construction the inverse-Wishart has mean 1 and variance p. Using Eq. (15.11), we find
that it has k3(M,) = 2 p?, which is higher than the skewness of a white Wishart matrix
with the same variance (k3(W,) = qz).
From the S-transform we can find the R-transform using Eq. (15.8):
1—-J/1-4
Ry, (x) = — Y —7P% (15.25)
F 2px

To find the Stieltjes transform and the density, it is easier to compute the T-transform from
Eq. (11.63) and convert the result into a Stieltjes transform:

(I+2p)z—1- §(z—1)2—4pz

2pz?

am, (2) = (15.26)

We can use Eq. (2.47) to find the density of eigenvalues or do the following change of
variable in the white Wishart density (Eq. (4.43)):

1 —
x=—2 and p=9_ (15.27)
A 1—g
Both methods give (see Fig. 15.1)
Ve — 00 —x)

2w px?

pm, (x) = , X_ <X <Xy, (15.28)

with the edges of the spectrum given by

X =2p+1+£22(p+ D). (15.29)

From the Stieltjes transform we can obtain
(M) = —limam, () = 1 + p. (15.30)
z—0
Other low moments of the inverse-Wishart matrix read

tMp) =1 M) =1+p; tM,H=1+p M, =+p(A+2p).
(15.31)

Finally, the large N inverse-Wishart matrix potential can be obtained from the real part
of the Stieltjes transform using (5.38)

1 1+2p
VM, (x) = — +
px

log x. (15.32)
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1.50

inverse-Wishart p= 1/2
1.25 A —— white Wishart g = 1/2

Figure 15.1 Density of eigenvalues for an inverse-Wishart distribution with p = 1/2. The white
Wishart distribution (¢ = 1/2) is shown for comparison. Both laws are normalized, have unit mean
and variance 1/2.

For completeness we give here the law of the elements of a general (not necessarily
white) inverse-Wishart matrix at finite N. We recall the law of a general Wishart matrix
Eq. (4.16):

PE) =

NT/2 (T-N-1)/2
(T/2) (detE) exp [_Z Tr (chl)] i (15.33)

In(T/2) (detO)T/2

where E is an N x N Wishart matrix measured over T time steps with true correlations
C and normalized such that E[E] = C. We define the inverse-Wishart as M = E~!. Note
that a finite N Wishart matrix has

E[E—l] - ﬁc—l _— (15.34)

where we have defined the matrix ¥ such that E[M] = X. To do the change of variable
E — M in the joint probability density, we need to multiply by the Jacobian (det m)—N-1
(see Eq. (1.41)). Putting everything together we obtain

(T—N-DNT2  (detx)T/2 T—N-1 1
P(M) = S ( 2) .
(M) 2NT/2FN(T/2) (detM)(T+N+l)/2 eXp 2 M
(15.35)
In the scalar case N = 1, the inverse-Wishart distribution reduces to an inverse-gamma
distribution:
Plmy = 2 maebim, (15.36)
I'(a)

withb = (T —2)=/2anda = T/2.
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Exercise 15.2.1 Free product of two Wishart matrices
In this exercise, we will compute the eigenvalue distribution of a matrix E =
(qu)%Wq (qu)%; as we will see in Section 17.1, this matrix would be the
sample covariance matrix of data with true covariance given by a Wishart with
qo observed over T samples such thatg = N/T.

(a) Using Eq. (15.21) and the multiplicativity of the S-transform, write the S-
transform of E.

(b) Using the definition of the S-transform write an equation for tg(z). It is a
cubic equation in ¢. If either gg or g goes to zero, it reduces to the standard
Marcenko—Pastur quadratic equation.

(c) Use Eq. (15.15) and a numerical root finder to plot the eigenvalue density of
E forgo = 1/2 and g € {1/4,1/2,3/4}. In practice you can work with n = 0;
of the three roots of your cubic equation, at most one will have a positive
imaginary part. When all three solutions are real pg(A) = 0.

(d) Generate numerically two independent Wishart matrices with g =1/2
(N'=1000 and T =2000) and compute E = (W,,)2W,(W,,)?2. Note that
the square-root of a matrix is obtained by applying the square-roots to
its eigenvalues. Diagonalize your E and compare its density with your
result in (c).

15.3 Worked-Out Examples: Addition
15.3.1 The Arcsine Law

Consider the free sum of two symmetric orthogonal matrices, i.e. matrices with eigen-
values +1 with equal weights. Let M| and Mj be two such matrices, their Stieltjes and
R-transforms are given by

z V1+4g2—1

a(z) = o and R(g) = 2 (15.37)
from which we can deduce that M = %(Ml + M3) has an R-transform given by
Vi+gr—1
Rm(g) = —g, (15.38)
8
where we have used the scaling Ry (x) = o Ra (@x) witha = 1/2.
The corresponding Stieltjes transform reads
1
(15.39)

om(z) = Z\/TW
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From this expression we deduce that the density of eigenvalues is given by the centered
arcsine law:

om(h) = ! . ae(=1,D), (15.40)

T A1 — A2

and zero elsewhere. This corresponds to a special case of the Jacobi ensemble that we have
encountered in Section 7.1.3.

15.3.2 Sum of Uniform Densities

Suppose now we want to compute the eigenvalue distribution of a matrix M = U+ OUOT,
where U is a diagonal matrix with entries uniformly distributed between —1 and 1 (e.g.
[Ulgrk = 1+ (1 — 2k)/N) and O a random orthogonal matrix. This is the free sum of two
matrices with uniform eigenvalue density.

First we need to compute the Stieltjes transform of U. We have

1
ou(h) = > re(—1,1). (15.41)
The corresponding Stieltjes transform is
L hod 1 241
= - = —1 . 15.42
gu(z) 2/_1z—)» 20g<z_1> ( )

Note that when —1 < A < 1 the argument of the log in gy(z) is negative so Img(A —
in) = im/2, consistent with a uniform distribution of eigenvalues. We then compute the
R-transform by finding the inverse of gy(z):

e’ 41
3(g) = P coth(g). (15.43)
And so the R-transform of U is given by
1
Ry(g) = coth(g) — —. (15.44)
8

The R-transform of M is twice that of U. To find the Stieltjes transform of U we thus need
to solve

1 1
z=Rm(g) + g = 2coth(g) — gT’ (15.45)

for g(z). This is a transcendental equation and we need to solve it for complex z near the
real axis. Before attempting to do this, it is useful to plot 3(g) (Fig. 15.2). The region where
z = 3(g) does not have real solutions is where the eigenvalues are. This region is between
a local maximum and a local minimum of 3(g). We should look for complex solutions
of Eq. (15.45) near the real axis for Re(z) between —1.54 and 1.54. We can then put this
equation into a complex non-linear solver. The density will be given by Im g(z) /7 for Im(z)

3 A more general uniform density between [m — a,m + a] has mean m, variance a? /3 and
9y (@) =log((z —m +a)/(z —m — a))/(2a).
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Figure 15.2 The function 3(g) = Rm(g) + 1/g for the free sum of two flat distributions. Note that
there is a region of z near [—1.5,1.5] when z = 3(g) does not have real solutions. This is where the
eigenvalues lie. The inset shows a zoom of the region near z = 1.5, indicating more clearly that 3(g)
has a minimum at g4+ ~ 1.49, so A+ = 3(g+). The exact edges of the spectrum are A+ ~ +1.5429.
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Figure 15.3 Density of eigenvalues for the free sum of two uniform distributions. Continuous curve
was computed using a numerical solution of Eq. (15.45). The histogram is a numerical simulation
with N = 5000.

very small and Re(z) in the desired range. Note that complex solutions come in conjugated
pairs, and it is hard to force the solver to find the correct one. This is not a problem; since
their imaginary parts have the same absolute value, we can just use

Img(h —i
p() = Hmg( = in)] for some small 7. (15.46)
14

We have plotted the resulting density in Figure 15.3.
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15.4 Worked-Out Examples: Multiplication
15.4.1 Free Product of a Wishart and an Inverse-Wishart

Consider the free product of a Wishart W, of parameter ¢ and an independent inverse-
Wishart M, of parameter p, ie. E = /M,W, /M. We already have the building
blocks:

1 1 — pt
Sm, () =1— pt; Sw, () = —— Sg(?) = , 15.47
m, () p w, (1) T+ qt = Se@) T+ qt ( )
leading to
t+DA+gqg0
t) = ——F———-. 15.48
w0 =" (15.48)
Inverting this relation to obtain tg(¢) leads to a quadratic equation for #:
(t+ DA +q1) = ¢t (1 = pr), (15.49)
which can be explicitly solved as
—g-1-% 1-22—4
tg(z) = — 1 Vig+1-2°~4lg+zp) (15.50)
2(q +zp)
Using Eq. (15.15) finally yields
4pr+q)— (1 —qg—2)?
pE() = VAl +g 4= (15.51)

2 A (ph +q)
The edges of the support are given by

Ay = [1+q+2p:|:2\/(1+p)(q+p)]. (15.52)

One can check that the limit p — 0 recovers the trivial case My = 1 for which the
Marcenko—Pastur edges indeed read

= (4q) £2./7. (15.53)

Exercise 15.4.1 Free product of Wishart and inverse-Wishart

(a) Generate numerically a normalized inverse-Wishart M, for p = 1/4 and
N = 1000. Check that T(M,) = 1 and r(AAf,) = 1.25. Plot a normalized
histogram of the eigenvalues of M, and compare with Eq. (15.28).

(b) Generate an independent Wishart W, with ¢ = 1/4 and compute E =
VMW, /M. To compute /M, diagonalize M, take the square-root of
its eigenvalues and reconstruct \/ATq . Check that T (E) = 1 and r(Ez) = 1.5.
Plot a normalized histogram of the eigenvalues of E and compare with
Eq. (15.51).
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(c) For every eigenvector v, of E compute & := v,ﬁAA »Vk, and make a scatter
plot of & vs A, the eigenvalue of vi. Your scatter plot should show a noisy
straight line. We will see in Chapter 19, Eq. (19.49), that this is related to the
fact that linear shrinkage is the optimal estimator of the true covariance from
the sample covariance when the true covariance is an inverse-Wishart.

15.4.2 Free Product of Projectors

As our last simple example, consider a space of large dimension N, and a projector P
on a subspace of dimension Ni < N, i.e. a diagonal matrix with N; diagonal elements
equal to unity, and N — Nj elements equal to zero. We now introduce a second projector
P; on a subspace of dimension N> < N, and would like to study the eigenvalues of the
free product of these two projectors, P = P P,. Clearly, all eigenvalues of P must lie in the
interval (0, 1).

As now usual, we first need to compute the T-transform of Py and P,. We define the
ratios g, = N,/N, a = 1,2. Since P, has N, eigenvalues equal to unity and N — N,
eigenvalues equal to zero, one finds

1 N, N—Na} qa— 14z qa
op,(2) = — + = = t = . 15.54
ap, (2) N[ P S PO =1 (559
Therefore, the inverse of the T-transforms just read ¢p, () = 1 + g,/t, and
t+1 (t +1)?
Sp, (1) = = p=—"——""—. (15.55)
t+qq (l+111)(f+6]2)
Now, going backwards,
(t+qD)( +q2)
)= ———, 15.56
ep(1) 1D ( )
again leading to a quadratic equation for tp(¢):
=D+ —q1— gDt —q192 =0, (15.57)
whose solution is
_ D2 _ 2 ) _ 2
(o= DT =OF V2 =20(q1 + g2 — 2q192) + (q1 — q2) ’ (15.58)

200 -1

where the notation £/ defined by Eq. (4.56) ensures that we pick the correct root. Note
that the argument under the square-root has zeros for

hi=q1 4@ = 20192 £ 2V q192(1 — 1) (1 — o). (15.59)

One can check that A_ > 0, the zero bound being reached for g; = ¢». Note also that
Apho = (g1 — q2)*
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The Stieltjes transform of P can thus be written as

1 (qg1+q—2)+ ®\/zz =2z2(q1 + 2 — 2q192) + (1 — q2)?
op(z) = — + .
z 2z(z = 1)

(15.60)

This quantity has poles at z = 0 and z = 1, and an imaginary part when z € (Ay,A_). The
spectrum of P therefore has a continuous part, given by

VOr =0 =)
2 (1 — Q)

pp(A) = , (15.61)
and two delta peaks, Apd(1) and A;§(A — 1). To find the amplitude of the potential poles,
we need to compute the numerator of (15.60) at the values z = 0 and z = 1. Remember
that €/~ equals — /* on the real axis left of the left edge and ./~ right of the right edge.
The amplitude of the z = 0 pole of gp(z) is

@t a) - Vi —@)?

2

Ap =1 1 — min(q1,g2), (15.62)

while the amplitude of the z = 1 pole is

_@t+e-Db+ V1I=2(q1 +q = 2q192) + (q1 — ¢2)?

2
@+ -D+ Vg +q—1)2
N 2

Ay

= max(q1 + q2 — 1,0). (15.63)

This makes a lot of sense geometrically: our product of two projectors can only have a unit
eigenvalue if the sum of the dimensions of space spanned by these two projectors exceeds
the total dimension N, i.e. when N1 + N> > N. Otherwise, there cannot be (generically)
any eigenvalue beyond A .

When g1 4+ g2 < 1, the density of non-zero eigenvalues (15.61) is the same (up to
a normalization) as the density of eigenvalues of a Jacobi matrix (7.20). If we match the
edges of the spectrum we find the identification ¢; = gmax/¢gmin and c+ = 1/¢min- The ratio
of normalization 1/cy = gmin implies that the product of projectors density has a missing
mass of 1 —gmin, which is precisely the Dirac mass at zero. The special case g1 = ¢q» = 1/2
was discussed in the context of 2 x 2 matrices in Exercise 12.5.2. In that case, half of the
eigenvalues are zero and the other half are distributed according to the arcsine law: the
arcsine law is the limit of a Jacobi matrix with ¢y — 1 and ¢4 — 2.

There is an alternative, geometric interpretation of the above calculation that turns out
to be useful in many different contexts, see Section 17.4 for an extended discussion. The
eigenvectors of projector P; form a set of Ny orthonormal vectors Xy, @ = 1,..., Ny,
from which an N1 x N matrix X of components (xy); can be formed. Similarly, we define
an Ny x N matrix Y of components (yg);, B =1, ..., N>. Now, one can write P as

P=X"XYTY. (15.64)



15.4 Worked-Out Examples: Multiplication

The non-zero eigenvalues of P are the same as the non-zero eigenvalues of M” M (or those
of MM7”), where M is the N x N, matrix of overlaps:

N
My g =Y (xa)i(yp)i- (15.65)

i=1

The eigenvalues of P correspond to the square of the singular values s of M. The geo-
metrical interpretation of these singular values is as follows: the largest singular value
corresponds to the maximum overlap between any normalized linear combination of the
X¢ on the one hand and of the yg on the other hand. These two linear combinations define
two one-dimensional subspaces of the spaces spanned by x and yg. Once these optimal
directions are removed, one can again ask the same question for the remaining N1 — 1 and
N> — 1 dimensional subspaces, defining the second largest singular value of M, and so on.

15.4.3 The Jacobi Ensemble Revisited

We saw in the previous section that the free product of two random projectors has a
very simple S-transform and that its non-zero eigenvalues are given by those of a Jacobi
matrix. We suspect that the Jacobi ensemble has itself a simple S-transform. Rather than
computing its S-transform from its Stieltjes transform (7.18), let us just use the properties
of the S-transform to compute it directly from the definition of a Jacobi matrix.

Recall from Chapter 7, an N x N Jacobi matrix J is defined as (1 + E)f1 where the
matrix E is the free product of the inverse of an unnormalized Wishart matrix Wy with
T1 = c1 N and another unnormalized Wishart W5 with 7p = co N.

The two Wishart matrices have S-transforms given by

Sw,,(0) =Ti2 1 +i1_£t = Nc1,21+t' (15.66)
Using the relation for inverse matrices (15.7), we find
Sy (D) = Nl =t —. (15.67)
The S-transform of E is just the product
SE(D) = Syy-1 () Sw, (1) = a-r-1 (15.68)
1 )+t

The next step is to shift the matrix E by 1. As mentioned earlier, there is no easy rule
to compute the S-transform of a shifted matrix. So this will be the hardest part of the
computation.

The R-transform behaves simply under shift. The trick is to use one of Egs. (15.8) to
write an equation for Rg(x), shift E by 1 and use the other R-S relation to find back an
equation for Sgy1(¢). First we write

(cr+1)Sg=cy —t— 1. (15.69)

The second of Egs. (15.8) can be interpreted as the replacements S — 1/R and t — xR
and gives

(14+x—c1+Rg)Rg +c¢p =0. (15.70)
Now Rg(x) = Rg41(x) — 1, s0
(x—c1+Rg+1)(RE+1 — 1) + 2 =0. (15.71)
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Following the first of Egs. (15.8), we make the replacements R — 1/S and x — ¢S and
find

I—eitidater—1—DSgar=0 = Spy@= "1
‘1 c2ta E+1 = E+1 Til-c—c
(15.72)
Finally, using the relation for inverse matrices, Eq. (15.7) gives
t+cy+cq
Sy(t) = ———. 15.73
J(0) Tt ( )
We can verify that the T-transform of the Jacobi ensemble
cr+1l—cyl+ ®\/Ci§2 —2(ciet + e — 2D + (] — 1)?
ty(¢) = (15.74)

2¢-1D

is compatible with our previous result on the Stieltjes transform, Eq. (7.18). We can use
the Taylor series of the S-transform (15.11) to find the first few cumulants:

= g=2 ke (15.75)
crte (c1+¢2) (c1 +¢2)
From the S-transform we can compute the R-transform using Eq. (15.8):
1 — o — 249 _ 2
Ry(x) = x—ci—cp— Vx2+2(c1 —c)x + (el +c2) . (15.76)

2x

Finally, we note that the arcsine law is a Jacobi matrix with ¢c; = ¢p = 1 and has the
following transform:

t42 —2—Vx2+4
Sy =F2 Rtz Vet (15.77)
t+1 2x

For the centered arcsine law we have Rs(r) = 2R(2x) + 1 and we recover Eq. (15.38).
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Products of Many Random Matrices

In this chapter we consider an issue of importance in many different fields: that of prod-
ucts of many random matrices. This problem arises, for example, when one considers the
transmission of light in a succession of slabs of different optical indices, or the propagation
of an electron in a disordered wire, or the way displacements propagate in granular media.
It also appears in the context of chaotic systems when one wants to understand how a
small difference in initial conditions “propagates” as the dynamics unfolds. In this context,
one usually linearizes the dynamics in the vicinity of the unperturbed trajectory. If one
takes stroboscopic snapshots of the system, the perturbation is obtained as the product
of matrices (corresponding to the linearized dynamics) applied on the initial perturbation
(see Chapter 1). If the phase space of the system is large enough, and the dynamics chaotic
enough, one may expect that approximating the problem as a product of large, free matrices
should be a good starting point.

16.1 Products of Many Free Matrices

The specific problem we will study is therefore the following: consider the symmetrized
product of K matrices, defined as

Mg = AgAg_1... AJA 1 ATAL . AL A%, (16.1)

where all A; are identically distributed and mutually free, i.e. randomly rotated with respect
to one another. We know now that in such a case the S-transforms simply multiply. Noting
as S;(z) the S-transform of AiAl.T, and Sm (z) the S-transform of Mg, one has

K
Swg (@) = [[Si@) = $i)F. (16.2)
i=1

Now, it is intuitive that all the eigenvalues of Mg will behave for large K as uX, where
is itself a random variable which we will characterize below. We take this as an assumption
and indeed show that the distribution of w’s tends to a well-defined function poo (@) as
K — oo. Note here a crucial difference with the case of sums of random matrices. If we
assume that the eigenvalues of a sum of K free random matrices behave as K x p, one can
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easily establish that the distribution of u’s collapses for large K to §(u — 7(A)), with, once
again, 7(.) = Tr(.)/N. For products of random matrices, on the other hand, the distribution
of p remains non-trivial, as we will find below.

Let us compute Smy (z) in the large K limit using our ansatz that the eigenvalues of M
are indeed of the form uX . We first compute the function tg (z) equal to

t<>~—f 1w ——/; (d (16.3)
K(2) = Z_/,LKIOOO/VL n = l_ZM_KIOOOH‘ M. .

Setting z := uX, we see that for K — oo there is no contribution to this integral from the

region ;< u, whereas the region © > u simply yields

tx(2) ~ —P- (/%) Po(u) = / Poo()diL. (16.4)

The next step to get the S-transform is to compute the functional inverse of tx (z). Within
the same approximation, this is given by

t!(2) = [Pi—“(—z)]K, (16.5)

where Pi_l) is the functional inverse of the cumulative distribution function P- . Finally,
by definition,

14z

S @) i= s = si@". (16.6)
Hence one finds, in the large K limit where ((1 + z)/z)l/K — 1,
PE(-2) = —— = Po(u) = —S{" (1) (16.7)
$1(2) n
and finally poo(t) = —PL(w). The final result is therefore quite simple, and entirely

depends on the S-transform of A;A7.

A simple case is when A; AT is a large Wishart matrix, with parameter ¢ < 1. In this case
S1(z) = +qz)_1, from which one easily works out that poo () = 1/g foru € (1 —g¢,1)
and zero elsewhere (see Fig. 16.1 for an illustration).

In many cases of interest, the eigenvalue spectrum of A;Al has some symmetries,
coming from the underlying physical problem one is interested in. For example, when our
chaotic system is invariant under time reversal (like the dynamics of a Hamiltonian system),
each eigenvalue A must come with its inverse A~!. A simple example of a spectrum with
such a symmetry is the free log-normal, further discussed in the next section. It is defined
from its S-transform, given by

SO (2) = e9CE+D), (16.8)
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p(u)

0.4 0.6 0.8 1.0 12
U= AI/K

Figure 16.1 Sample density of u = A1/K for the free product of K = 40 white Wishart matrices
with ¢ = 1/2 and N = 1000. The dark line corresponds to the asymptotic density (K — o0), which
is constant between 1 — ¢ and 1 and zero elsewhere. The two dashed vertical lines give the exact
positions of the edges of the spectrum (u— = 0.44 and u4+ = 1.10) for K = 40, as computed in
Exercise 16.1.1.

where the parameter a is related to the trace of the corresponding matrices equal to e®/2.
Multiplying K such matrices together leads to eigenvalues of the form uX, with

=D /1 1 logu
Po(n) =— (S —)==- : 16.9
(1) ( LN) (l“) ) a ( )
corresponding to
1
poo(i) = =PL (1) = " e (e e, (16.10)

and zero elsewhere. One can explicitly check that 12~ ! has the same probability distribution
function as u.

One often describes the eigenvalues of large products of random matrices in terms of
the Lyapunov exponents A, defined as the eigenvalues of

1
A= lim —logMg. (16.11)

K—o0

Therefore the Lyapunov exponents are simply related to the w’s above as A = log u. For
the free log-normal example, the distribution of A is found to be uniform between —a /2
and a /2.

Let us end this section with an important remark: we have up to now considered products
of K matrices with a fixed spectrum, independent of K, which leads to a non-universal
distribution of Lyapunov exponents (i.e. a distribution that explicitly depends on the full
function S1(z)). Let us now instead assume that these matrices are of the form
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o1+ Y14 B
AA _(1+2K)1+ﬁ, (16.12)

where a is a parameter and B is traceless and characterized by its second cumulant b =
7(B2). For large K, S1(z) can then be expanded as

s =1-2 L ok (16.13)
)=1————z40 . :
1\Z 7K KZ

Therefore, for large K, the product of such matrices converges to a matrix characterized by

a b \* —a/2—b
SMy@D=|1—z%——=z) —e Z, (16.14)

which can be interpreted as a multiplicative CLT for free matrices, since the detailed statis-
tics of B has disappeared. The choice b = a corresponds to the free log-normal with
inversion symmetry SEN (see next section).

Exercise 16.1.1 Edges of the spectrum for the free product of many white
Wishart matrices
In this exercise, we will compute the edges of the spectrum of eigenvalues of
a matrix M given by the free product of K large white Wishart matrices with
parameter q.

(a) The S-transform of M is simply given by the S-transform of a white Wishart
raised to the power K. Using Eq. (11.92), write an equation for the inverse of
the T-transform, ¢ (¢), of the matrix M. This is a polynomial equation of order
K +1.

(b) For odd N, plot ¢(¢) for various K and 0 < g < 1 and convince yourself that
there is always a region of { where ¢ (#) = ¢ has no real solution. This region
is between a local maximum and a local minimum of ¢(¢). For even N, the
argument is more subtle, but the correct branch exists only between the same
two extrema.

(c) Differentiate ¢ () with respect to ¢ to find an equation for the extrema of ¢ (#).
After simplifications and discarding the # = —1/g solution, this equation is
quadratic in t* with two solutions corresponding to the local minimum and
maximum. Find the two solutions ¢} and plug these back in your equation for
¢ (¢) to find the edges of the spectrum .

(d) Use your result for K = 40 and g = 0.5 to verify the edges of the spectrum
given in Figure 16.1.

(e) Compute the large K limit of ¢f. You should find t* — —1 and 1} —

(g(K — 1))~L. Show that at large K we have Al_/K — 1 —¢q and )Lir/K — 1.
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16.2 The Free Log-Normal
There exists a free version of the log-normal. Its S-transform is given by
SIN(t) = e /20 (16.15)

As a two-parameter family, the free log-normal is stable in the sense that the free product of
two free log-normals with parameters ai, b1 and a», b, is a free log-normal with parameters
a = aj+ay, b = b1 +by. The first three free cumulants can be computed from Eq. (16.15):

1
Sin(t) = e /2 [1 — bt + Ebztz] +0(). (16.16)
Comparing with Eq. (15.11), this leads to
Kl = ea/Z’
_ a
2 = be’, (16.17)
3b?
K3 = —e,
2

In the special case b = a, the free log-normal SEN has the additional property that its
matrix inverse has exactly the same law. Indeed, we have shown in Section 11.4.4 that the
following general relation holds:

1
Sv-1() = —————, 16.18
(0= 5 (16.18)
or, in the free log-normal case with a = b,
Syp-1 (1) = e@/2700+D — gyr(r) (16.19)

when b = a. This implies that the eigenvalue distribution is invariant under A — 1/A and
therefore that M has unit determinant. Let us study in more detail the eigenvalue spectrum
for the symmetric case a = b. By looking for the real extrema of

t+1
;“(t)=—Jtr e +1/2), (16.20)

we can find the points #+ where #(¢) ceases to be invertible, which in turn give the edges
of the spectrum Ay = {(t+):

£/1+2-1
= —m—— (16.21)
2
or
2
1 a [ a | a?

Apg=—= = 1+ - — . 16.22

+ =50 [\/;+ +4] exp a+4 ( )

Note that .y = A_ = 1 whena = b = 0, corresponding to the identity matrix. The

eigenvalue distribution is symmetric in A — 1/A so the density p(£) of £ = log(}) is even.
Figure 16.2 shows the density of £ for a = 100.
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0.012
0.010 +
0.008
S i
= 0.006
0.004
0.002 free log-normal
—— Wigner
0.000 T T T T T
—50 -25 0 25 50
1

Figure 16.2 Probability density of £ = log(A) for a symmetric free log-normal (16.15) witha = b =
100 compared with a Wigner semi-circle with the same endpoints. As expected, the distribution is
even in £. For a < 1 the density of ¢ is indistinguishable to the eye from a Wigner semi-circle (not
shown), whereas for a — oo the distribution of £/a tends to a uniform distribution on [—1/2,1/2].

In the more general case a # b, the whole distribution of £ = log(}) is just shifted by
(a — b) /2, as expected from the scaling property of the S-transform upon multiplication by
a scalar.

16.3 A Multiplicative Dyson Brownian Motion

Let us now consider the problem of multiplying random matrices close to unity from a
slightly different angle. Consider the following iterative construction for N x N matrices:

1 ae 1
M, 1 =M; [(1 + 7)1 + JEB,,] M_, (16.23)

where B, is a sequence of identical, free, traceless N x N matrices and ¢ < 1. Using
second order perturbation theory, one can deduce an iteration formula for the eigenvalues
Ai.n of M, which reads

)\i,nAﬂj,n(V,?:anVj,n)z
)\i,n - )\j,n

ae
Ai,n-i—l = )"i,n <1 + 7 + \/EViT’anVi,n) +e Z s (16.24)

j#i
where v; , are the corresponding eigenvectors. Noting that M, and B,, are mutually free
and that t(B,) = 0, one has, in the large N limit (using, for example, Eq. (12.8)),

b

Elv; ,BaVinl = 0; E[(v] ,Bavjn)*] = N (16.25)
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where b = ‘C(B%). Choosing ¢ = dt, an infinitesimal time scale, we end up with a
multiplicative version of the Dyson Brownian motion in fictitious time ¢:

d)»i a b
— =+ — — A&, 16.26
- ZA Y ,/N i& (16.26)

where &; is a Langevin noise, independent for each A; (compare with Eq. (9.9)).
Now, let us consider the “time” dependent Stieltjes transform, defined as usual as

1 1
7,t) = — _ 16.27
a(z,1) N;z—ki(t) (16.27)
Its evolution is obtained as
di; 10 1 di;
2 e —_— 16.28
ot N Xl: (z — )L,')z dr N 0z ; (z —X;) dt ( )

After manipulations very similar to those encountered in Section 9.3.1, and retaining only
leading terms in N, one finally obtains

a9 10
B 2 b - a)zg — bs? ] 16.29
ot 20z [( @)28 — bz (16.29)
Now, introduce the auxiliary function h(€,t) := etael,r) +a /2b — 1, which obeys
dh dh
— = —bh—. (16.30)
ot ol

This is precisely the Burgers’ equation (9.37), up to a rescaling of time t — bt. Its solution
obeys the following self-consistent equation obtained using the method of characteristics

(see Section 10.1):

1 a
et +ﬁ_1’ (16.31)
where we have assumed that at time + = 0 the dynamics starts from the identity matrix:
My = 1, for which g(z,0) = (z — 1)~!. Hence, with z = e,

1
80 = ——ZTmenranh

h(€,t) = ho(£ — bth(L,1)); ho(€) :=h(£,0) =

(16.32)

Now, let us compare this equation to the one obeyed by the Stieltjes transform of the free
log-normal. Injecting t = zgrn — 1 in

t+1
7= 16.33)
1SIN() ¢

and using Eq. (16.15), one finds

1

a/2—b+bzgLN _
— -
9LN 7z — ebzoLN+a/2-b ’

ZgLN — 1 = gLNe (16.34)

which coincides with Eq. (16.32) for ¢ = 1, as it should. For arbitrary times, one finds that
the density corresponding to the multiplicative Dyson Brownian motion, Eq. (16.26), is the
free log-normal, with parameters fa and tb.
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16.4 The Matrix Kesten Problem

The Kesten iteration for scalar random variables appears in many different situations.
It is defined by

Zyt1 =21+ Zy), (16.35)
where z; are 1ID random variables. In the following, we will assume that
n = 1+em+ Jeony, (16.36)

where ¢ < 1 and 7, are 1D random variables, of zero mean and unit variance. Setting
Zn = Uy /e and expanding to first order in €, one obtains

U
Upy1 = (1 +em + Jean,) (1 + 7”) = Uy, + emUy + Veon,Uy, + ¢ (16.37)

or, in the continuous time limit dz = ¢, the following Langevin equation:

dUu
' =14+mU+onU. (16.38)
The corresponding Fokker—Planck equation reads
i) 14 muyp)+ o [U2P] (16.39)
—_— = m —_—— . .
ot U 2 9U2
This process has a stationary distribution provided the drift m is negative. We will thus
write m = — with /i > 0. The corresponding stationary distribution Peq(U) obeys
(1 — AU) Pog = o? 0 [ ZP] (16.40)
S T ’ ’
which leads to
__2
2K e o2U n 2
Peq(U) = ni=142m/o”, (16.41)

Do Ut

to wit, the distribution of U is an inverse-gamma, with a power-law tail U —I=1t with a
non-universal exponent u = 1 4 2m /02.
Now we can generalize the Kesten iteration for symmetric matrices as

U U
Uy =& /1+ =2 ((1 +me)l + JeoB) \[1+ —2, (16.42)
& &

Uyl —Up =1 +mUy,) + 0 v /UB/U,. (16.43)

Following the same steps as in the previous section, we obtain a differential equation for
the eigenvalues of U (where we neglect the noise when N — 00):

dA; R o2

Mo e

de " ’+NZ
J#

1

or

Ak
A _)\‘j’

(16.44)

where we again assume that m < 0 in order to find a stationary state for our process. The
corresponding evolution of the Stieltjes transform reads, for large N,

' The results of this section have been obtained in collaboration with T. Gautié and P. Le Doussal.
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g 0 2 ~ 1 222
S R . 16.45
o az[ 9+ (0 +ii)zg— S0z (16.45)

If an equilibrium density exists, its Stieltjes transform must obey

1 N
50720 + (1= @ + g+ C =0, (16.46)
where C is a constant determined by the fact that zg — 1 when z — co. Hence,
I, .
C = 56 +m. (16.47)

From the second order equation on g one gets

g= % [((az +iiz —1) - ®\/rf1222 —2(02 +m)z + 1] : (16.48)
o~z

As usual, the density of eigenvalues is non-zero when the square-root becomes imaginary.
The edges are thus given by the roots of the second degree polynomial inside the square-
root, namely

Ay = (16.49)

o2+ £ Vo202 +2m)
2 '
So only when m — 0 can the spectrum extend to infinity, with a power-law decay as
173/2, Otherwise, the power law is truncated beyond 202 /rﬁz. Note that, contrary to the
scalar Kesten case, the exponent of the power law is universal, with u© = 1/2.
In fact, if one stares at Eq. (16.48), one realizes that the stationary Kesten matrix U is an
inverse-Wishart matrix. Indeed, the eigenvalue spectrum given by Eq. (16.48) maps into
the Marcenko—Pastur law, Eq. (4.43), provided one makes the following transformation:

2 1
Ao x= o (16.50)
o2 4+2m A
The parameter g of the Mar¢enko—Pastur law is then given by
1, (16.51)
= = — < . .
4 o2 +2m nw

Although not trivial, this result is not so surprising: since Wishart matrices are the matrix
equivalent of the scalar gamma distribution, the matrix equivalent of the Kesten variable
distributed as an inverse-gamma, Eq. (16.41), is an inverse-Wishart.
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Sample Covariance Matrices

In this chapter, we will show how to compute the various transforms (S(#), t(z), g(z)) for
sample covariance matrices (SCM) when the data has non-trivial true correlations, i.e. is
characterized by a non-diagonal true underlying covariance matrix C and possibly non-
trivial temporal correlations as well. More precisely, N time series of length 7 are stored
in a rectangular N x T matrix H. The sample covariance matrix is defined as

1 T
E=_HH'. (17.1)

If the N time series are stationary, we expect that for T > N, the scMm E converges to the
“true” covariance matrix C. The non-trivial correlations encoded in the off-diagonal ele-
ments of C are what we henceforth call spatial (or cross-sectional) correlations. But the T
samples might also be non-independent and we will also model these temporal correlations.
Of course, the data might have both types of correlations (spatial and temporal).

We will be interested in the eigenvalues {A;} of E and their density pg(A), which we
will compute from the knowledge of its Stieltjes transform gg(z) using Eq. (2.47). We can
also compute the singular values {si} of H; note that these singular values are related to the
eigenvalues of E via sp = /T Ag.

17.1 Spatial Correlations

Consider the case where H are multivariate Gaussian observations, drawn from N (0, C).
We saw in Section 4.2.4 that E is then a general Wishart matrix with column covariance C,
and can be written as

E=CIW,C2. (17.2)

We recognize this formula as the free product of the covariance matrix C and a white
Wishart of parameter g, W,. Note that since the white Wishart is rotationally invariant, it
is free from any matrix C. From the multiplicativity of the S-transform and the form of the
S-transform of the white Wishart (Eq. (15.21)), we have

Sc(t)

Sg(t) = 1+qt'

(17.3)

267
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We can also use the subordination relation of the free product (Eq. (11.109)) to write this
relation in terms of T-transforms:

Z
1+ qtg(2)’

This last expression can be written in terms of the more familiar Stieltjes transform using
t(z) = z9(z) — I:

te(2) =tc (Z(z)), Z(z) = (17.4)

Z
Z20E(2) = Zgc(Z), where Z = ——-——. (17.5)
1 —q+qz8E(z)
This is the central equation that allows one to infer the “true” spectral density of C, pc (1),
from the empirically observed spectrum of E. Note that this equation can equivalently be

rewritten in terms of the spectral density of C as

pc(u)du
_ . 17.6
9E(2) / z—u(l — g+ qzae(2) e

We will see in Chapter 20 some real world applications of this formula. One of the most
important properties of Eq. (17.5) is its universality: it holds (in the large N limit) much
beyond the restricted perimeter of multivariate Gaussian observations H. In fact, as soon
as the observations have a finite second moment, the relation between the “true” spectral
density pc and the empirical Stieltjes transform gg(z) is given by Eq. (17.5).

Let us discuss some interesting limiting cases. First, when ¢ — 0, i.e. when T > N,
one expects that E ~ C. This is indeed what one finds since in that limit Z = z + O(q);
hence gg(z) = g¢(z) and pg = pc.

Second, consider the case C = 1, for which gc(Z) = 1/(Z — 1). We thus obtain

@) Z Z 1
ZgE Z) = = —>
Z—-1 (z—-1+q—-qzee(@) OE()
which coincides with Eq. (4.37). In the next exercise, we consider the case where C is an
inverse-Wishart matrix, in which case some explicit results can be obtained.
We can also infer some properties of the spectrum of E using the moment generating
function. The T-transform of E can be expressed as the following power series for z — oco:

=zl4+q —qzoe(), (17.7)

te@) — > tE) (17.8)
k=1

We thus deduce that

Z
— .
%o T+q a5, t(Bhz

Z(2)

Therefore we have, for z — oo,

>, 7(C) > ¢
te(Z@) =2 ) <1+QZ‘L’(E€)Z€) : (17.9)
k=1

k
N =1
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Hence, one can thus relate the moments of pg with the moments of pc by taking z — oo
in Eq. (17.4), namely

oo o0

k k ad ‘
Z ‘E(I*i ) _ Z T(Z(]f ) (1 —}-L]ZT(E‘Z)Z_(Z) . (17.10)

k=1 < k=1 =1

In particular, Eq. (17.10) yields the first three moments of pg:

7(E) = 7(0),
T(E?) = 7(C?) +4¢, (17.11)
T(E®) = 7(C?) +3¢7(CY) + ¢,
We thus see that the mean of E is equal to that of C, whereas the variance of E is equal to
that of C plus g. As expected, the spectrum of the sample covariance matrix E is always
wider (for g > 0) than the spectrum of the population covariance matrix C.

Another interesting expansion concerns the case where g < 1, such that E is invertible.
Hence gg(z) for z — 0 is analytic and one readily finds

() —> - ; T (E"‘) 1 (17.12)

This allows us to study the moments of E~!, which turn out to be important quantities for
many applications. Using Eq. (17.5), we can actually relate the moments of the spectrum
E~! to those of C~!. Indeed, for z — 0,

z

l—q—q3 2 7 (Bt
Hence, we obtain the following expansion:

00 0 k k
ZT(E_k>Zk=];T(C_k)<liq) (hﬁZ?‘;f(E‘Z)Z‘Z) . (17.13)

k=1

Z(2) =

After a little work, we get
r(C™! t(C2 r(C)?
r(E_l)z ( ), I(E_2>= ( )2+q ( 2 . (17.14)
l—gq =9 I-9
We will discuss in Section 20.2.1 a direct application of these formulas: (E~!) turns out
to be related to the “out-of-sample” risk of an optimized portfolio of financial instruments.

Exercise 17.1.1 The exponential moving average sample covariance matrix
(EMA-SCM)

Instead of measuring the sample covariance matrix using a flat average over

a fixed time window 7', one can compute the average using an exponential
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(a)

(b)

(©)

(d)

(e
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weighted moving average. Let us compute the spectrum of such a matrix in the
null case of 11D data. Imagine we have an infinite time series of vectors of size N
{x;} for ¢ from minus infinity to now. We define the EMA-SCM (on time scale t.) as

t
E0)=ve Y (- "xx0, (17.15)

t'=—00

where y, := 1/7.. Hence,
E(®) = (1 —y)E@F — 1) + yexpX;,. (17.16)

The second term on the right hand side can be thought of as a Wishart matrix
with T = 1 (or ¢ = N). Now, both E(¢) and E(r — 1) are equal in law so we
write
in law
E = (I1-y)E+ Vcwq=N~ (17.17)
Given that E and W are free, use the properties of the R-transform to get the
equation

Re(x) = (1 = yo)RE((1 — ¥o)x) + ye(1 = Nyex). (17.18)

Take the limit N — oo, 7. — oo with g := N/t fixed to get the following
differential equation for Rg(x):

d
Rg(x) = —x—R :
E(X) = —x - Re(x) + T —qx

(17.19)

The definition of E is properly normalized, t(E)=1 [show this using
Eq. (17.17)], so we have the initial condition R(0) = 1. Show that
log(1 —
Rg(x) = _logd —4x) (17.20)
qx

solves your equation with the correct initial condition. Compute the variance
K2 (E).

To compute the spectrum of eigenvalues of E, one needs to solve a complex
transcendental equation. First write 3(g), the inverse of g(z). For g = 1/2 plot
3 as a function of g (for —4 < g < 2). You will see that there are values of
z that are never attained by 3(g), in other words g(z) has no real solutions for
these z. Numerically find complex solutions for g(z) in that range. Plot the
density of eigenvalues pg(A) given by Eq. (2.47). Plot also the density for a
Wishart with the same mean and variance.

Construct numerically the matrix E as in Eq. (17.15). Use N = 1000, t, =
2000 and use at least 10000 values for #’. Plot the eigenvalue distribution of
your numerical E against the distribution found in (d).
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17.2 Temporal Correlations
17.2.1 General Case

A common problem in data analysis arises when samples are not independent. Intuitively,
correlated samples are somehow redundant and the sample covariance matrix should
behave as if we had observed not 7' samples but an effective number 7* < T. Let us
analyze more precisely the sample covariance matrix in the presence of correlated samples.
We will start with the case when the true spatial correlations are zero, i.e. C = 1. Our data
can then be written in a rectangular N x T matrix H satisfying

E[H; Hj;] = §;; Ky, (17.21)

where K is the T x T temporal covariance matrix that we assumed to be normalized as
7(K) = 1. Following the same arguments as in Section 4.2.4, we can write

H = HyK?, (17.22)

where Hy is a white rectangular matrix. So the sample covariance matrix becomes

E = ~HH' = ~H,KH], (17.23)
T T oo '

Now this is not quite the free product of the matrix K and a white Wishart, but if we define
the (T x T) matrix F as

1 1
F=  HH= NK%HgHOK% = KW, K2, (17.24)
then F is the free product of the matrix K and a white Wishart matrix with parameter 1/q.

Hence,

Sk (1)
1+t/q
To find the S-transform of E, we go back to Section 4.1.1, where we obtained Eq. (4.5)

relating the Stieltjes transforms of E and F. In terms of the T-transform, the relation is even
simpler:

Sp(t) =

(17.25)

tr(z) = qte(qz) = Cu() = qir(qt), (17.26)

where the functions ¢(f) are the inverse T-transforms. Using the definition of the
S-transform (Eq. (11.92)), we finally get

Sk(gq?)

SE(1) = T+qr

(17.27)

which can be expressed as a relation between inverse T-transforms:

Ce() = q(1 + 1)k (gD). (17.28)
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We can also write a subordination relation between the T-transforms:

Z
t =1 ). 17.29
qhe(2) =t <q(1 +tE<z>)> (17.29)

This is a general formula that we specialize to the case of exponential temporal correlations
in the next section. Note that in the limit z — 0, the above equation gives access to T(E™1).
Using

tg(2) = —1—1E Hz4+ 0>, (17.30)
we find
1
EHy=—— " 17.31
R e (17.31)

17.2.2 Exponential Correlations

The most common form of temporal correlation in experimental data is the decaying expo-
nential, corresponding to a matrix Ky in Eq. (17.21) given by

K, :=da"*l, (17.32)
where 1/log(a) defines the temporal span of the correlations.
In Appendix A.3 we explicitly compute the S-transform of K. The result reads
t+1

JI+ B2 D2+ bt

where b = (1 + a2) /(1 — az). From Sk one can also obtain {k and its inverse tkg, which
read

Sk(t) =

(17.33)

NERCET !

K(t) = —————+0b, K@) = ——F————. (17.34)
t VE2—2tb+1
Combining Eq. (17.27) with Eq. (17.33), we get
1
SE(1) = . (17.35)
VI+ = 1(gn?* + bgt
From the S-transform, we find
141¢ I+t
1)=——=——|/1+®>=1(g)*+bqt ), 17.36
O i (\/ +( >(q>+q) (17.36)

which when inverted leads to a fourth order equation for tg(z) that must be solved numeri-
cally, leading to the densities plotted in Fig. 17.1. However, one can obtain some informa-
tion on t(E~!). From Egs. (17.31) and (17.34), one obtains

. 1 1
(B = = , (17.37)

VB2 —1)+1—-bg 1—g*
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Figure 17.1 Density of eigenvalues for a sample covariance matrix with exponential temporal
correlations for three choices of parameters ¢ and b such that gb = 0.25. All three densities are
normalized, have mean 1 and variance ol% = gb = 0.25. The solid light gray one is the Mar¢enko—

Pastur density (¢ = 0.25), the dotted black one is very close to the limiting density for g — 0 with
ol = bq fixed.

Figure 17.2 Effective value ¢* versus the one-lag autocorrelation coefficient a for a sample
covariance matrix with exponential temporal correlations shown for two values of g. The dashed
lines indicate the approximation (valid at small a) g* = g (1 + 2a?). The approximation means that,

for 10% autocorrelation, g™ is only 2% greater than q.

where g* = N/T* defines the effective length of the time series, reduced by temporal
correlations (compare with Eq. (17.14) with C = 1). Figure 17.2 shows ¢* as a function
of a. As expected, g* = ¢g for a = 0 (no temporal correlations), whereas g* — 1 when

a — 1,1.e. when 7, — ooc. In this limit, E becomes singular.
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Looking at Eq. (17.35), one notices that when b > 1 (corresponding to a — 1,
i.e. slowly decaying correlations), the S-transform depends on b and g only through the
combination gb. One can thus define a new limiting distribution corresponding to the limit
qg —> 0,b — oo with gb = o2 (which turns out to be the variance of the distribution, see
below). The S-transform of this limiting distribution is given by

1

S0 = 1+ (022 + 02t (17.38)
while the equation for the T-transform boils down to a cubic equation that reads:
2 (2) — 2022 ()(1 + 1(2)) = (1 + t(2)%. (17.39)
The corresponding R-transform is
R(z) = !
V1-202;
=1+02z+ %a“zz + 0. (17.40)

The last equation gives its first three cumulants: its average is equal to one, its variance
is o2 as announced above, and its skewness is k3 = %OA. We notice that this skewness is
larger than that of a white Wishart with the same variance (¢ = o2) for which k3 = o*.
The equations for the Stieltjes g(z) and the T-transform are both cubic equations. The
corresponding distribution of eigenvalues is shown in Figure 17.3. Note that, unlike the
Marcenko—Pastur, there is always a strictly positive lower edge of the spectrum A_ > 0
and no Dirac at zero even when o> > 1. Unfortunately, the equation giving A~ is a fourth

order equation that does not have a concise solution.

2.0
....... 62 =0.25
-== 02=05
1.5 o’ =
~ 'l\\\..‘
S04 1A
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[ \
1\
[ \\
0.5 11 N
E \\\:,::. .
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0.0 L T T - T = T
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Figure 17.3 Density of eigenvalues for the limiting distribution of sample covariance matrix with
exponential temporal correlations W > for three choices of the parameter 02:0.25,0.5and 1.
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An intuitive way to understand this particular random matrix ensemble is to consider
N independent Ornstein—Uhlenbeck processes with the same correlation time 7. that we
record over a long time 7. We sample the data at interval A, such that the total number
of observations is 7/A. We then construct a sample covariance matrix of the N variables
from these observations. If A > 1., then each sample can be considered independent
and the sample covariance matrix will be a Mar¢enko—Pastur with ¢ = NA/T. But if
we “oversample” at intervals A <« 1., such that our observations are strongly correlated,
then the resulting sample covariance matrix no longer depends on A but only on t.. The
sample covariance matrix converges in this case to our new random matrix characterized
by Eq. (17.38), with parameter 6> = gb = Nt./T.

17.2.3 Spatial and Temporal Correlations

In the general case where spatial and temporal correlations exist, the sample covariance
matrix can be written as
1

1
E = HH' = 7C%HOKHgC%, (17.41)

using the same notations as above. After similar manipulations, the S-transform of E is
found to be given by

_ Sc(®)Sk(g)
Sg(t) = BTV p (17.42)
which leads to

Ce(?) = qtic()ik(qt), (17.43)

or, in terms of T-transforms,

z

t =tg| ———— ). 17.44
) =k (nt(z>cc<tE(z>)) (1749

When C =1, ¢c(t) = (1 4 t)/t and one recovers Eq. (17.29). Specializing to the case of
exponential correlations in the limit g — 0, @ — 1, gb = o2, we obtain the following
equation for the T-transform of the limiting distribution, now for an arbitrary covariance
matrix C:

2% —20%2tg(2)¢c (R (2) = (& (tE(2)), (17.45)

where we used tg(z) = —1/+/z%2 —2zb + 1. When C = 1, one recovers Eq. (17.39).
When C is an inverse-Wishart matrix, {c(t) = (t 4+ 1)/t (1 — pt), the equation for tg(z) is
of fourth order.

Note finally that Eq. (17.44), in the limit z — 0, yields a simple generalization of
Eq. (17.31) that reads

7(ChH

E)y=-—" "
A st

(17.46)
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Comparing with Eq. (17.14) allows us to define an effective length of the time series which,
interestingly, is independent of C and reads

N
q" = = 14+ qik(—¢q). (17.47)

Exercise 17.2.1 On the futility of oversampling
Consider data consisting of N variables (columns) with true correlation C and
T independent observations (rows). Instead of computing the sample covariance
matrix with these 7' observations, we repeat each one m times and sum over
mT columns. Obviously the redundant columns should not change the sample
covariance matrix, hence it should have the same spectrum as the one using only
the original 7 observations.

(a) The redundancy of columns can be modeled as a temporal correlation with
an mT x mT covariance matrix K that is block diagonal with 7' blocks of
size K and all the values within one block equal to 1 and zero outside the
blocks. Show that this matrix has 7T eigenvalues equal to m and (7 — 1)m zero
eigenvalues.

(b) Compute tg(z) for this model.

(c) Show that Sk(t) = (1 +¢)/(1 + mt).

(d) If we include the redundant columns we have a value of ¢,, = N/(mT), but
we need to take temporal correlations into account so Sg(#) = Sc(¢) Sk (gm?)/
(1 + gmt). Show that in this case Sg(t) = Sc()/(1 + gt) withg = N/T,
which is the result without the redundant columns.

17.3 Time Dependent Variance

Another common and important situation is when the N correlated time series are het-
eroskedastic, i.e. have a time dependent variance. More precisely, we consider a model
where

xlt = UlHiT7 (17.48)
where o; is time dependent, and
EM; H;] = 6,5Cj, (17.49)

i.e. x! is the product of a time dependent factor o; and a random variable with a general
correlation structure C but no time correlations. The scm E can be expressed as

T
1
E=)"P. P = TaleHlT, (17.50)
t=1
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where each P; is a rank-1 matrix with a non-zero eigenvalue that converges, when N and
T tend to infinity, to qolzt(C) with, as always, g = N/T.

We will first consider the case C = 1, i.e. a structureless covariance matrix. In this case,
the vectors X’ are rotationally invariant, the matrix E can be viewed as the free sum of a
large number of rank-1 matrices, each with a non-zero eigenvalue equal to qcr,z. Hence,

T
Re(2) =) Ri(). (17.51)

To compute the R-transform of the matrix E we need to compute the R-transform of a
rank-1 matrix. Note that since there are T terms in the sum, we will need to know R;(g)
including correction of order 1/N:

0 (2) 1<N_1+ ! ) LRI (17.52)
0 (z) = — = - —_—. .
t N z 7 — qo_tz N 2(z — qU[Z)
Inverting to first order in 1/N we find
1 o?
() =—+ ——q : (17.53)
§ Nl1-gqolg
Now, since R(z) = 3(g) — 1/z, we find
T
RE(g) = (17.54)
Z qUt g

The fluctuations of o> can be stochastic or deterministic. In the large T limit we can encode
them with a probability density P(s) for s = o2 and convert the sum into an integral,
leading to'

o0

P

Re(9) =/ SPO s (17.55)
o l—gsg

Note that if the variance is always 1 (i.e. P(s) = (s — 1)), we recover the R-transform of

a Wishart matrix of parameter ¢:

Ry(g) = (17.56)

1—qg
In the general case, the R-transform of E is simply related to the T-transform of the distri-
bution of s:

RE(g) =t (i> . (17.57)
q8

' When the distribution of s is bounded, the integral (17.55) always converges for small enough g and the R-transform is well
defined near zero. For unbounded s, the R-transform can be singular at zero indicating that the distribution of eigenvalues
doesn’t have an upper edge.
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In the more general case where C is not the identity matrix, one can again write the SCM as
~ 1 1 . .

E = C2EC2, where E corresponds to the case C = 1 that we just treated. Hence, using
the fact that C and E are mutually free, the S-transform of E is simply given by

Sg() = Sc(@)Se(@). (17.58)

Another way to treat the problem is to view the fluctuating variance as a diagonal temporal
covariance matrix with entries drawn from P (s). Following Section 17.2.3, we can write
Ss (gt Sc(t)Ss (gt
e o) = Se0S:an
1+ gt 1+ gt
with S;(¢) the S-transform associated with t; ().
A particular case of interest for financial applications is when P (s) is an inverse-gamma

SE(t) = ; (17.59)

distribution. When x’ is a Gaussian multivariate vector, one obtains for o,x’ a Student
multivariate distribution (see bibliographical notes for more on this topic).

17.4 Empirical Cross-Covariance Matrices

Let us now consider two time series X’ and y’, each of length T, but of different
dimensions, respectively N1 and N,. The empirical cross-covariance matrix is an N1 x Np
rectangular matrix defined as

T
1
Ey = t;x’(y’)r. (17.60)

Let us assume that the “true” cross-covariance matrix E[xy”] is zero, i.e. that there are
no true cross-correlations between our two sets of variables. What is the singular value
spectrum of Eyy in this case?

As with scm that are described by the Mar¢enko—Pastur law when N, T — oo with
a fixed ratio ¢ = N/T, we expect that some non-trivial results will appear in the limit
N1,Np, T — oo with gy = Ny/T and go = N,/ T finite. A convenient way to perform
this analysis is to consider the eigenvalues of the Nj x N| matrix My, = ExyE)TCy, which
are equal to the square of the singular values s of Eyy.

The matrix My, shares the same non-zero eigenvalues as those of Exﬁy, where E\x

and Ey are the dual 7 x T sample covariance matrices:
E.=x"x, E,=yy. (17.61)

Hence one can compute the spectral density of My using the free product formalism and
infer the spectrum of the product Exﬁy. However, the result will depend on the “true”
covariance matrices of X and y, which are usually unknown in practical applications.

A way to obtain a universal result is to consider the sample-normalized principal
components of x and of y, which we call X and ¥, such that the corresponding dual
covariance matrix E3 has N; eigenvalues exactly equal to 1 and T — Nj eigenvalues
exactly equal to zero, whereas E5 has N, eigenvalues exactly equal to 1 and T — N,
eigenvalues exactly equal to zero. This is precisely the problem studied in Section 15.4.2.
The singular value spectrum of Eyy, is thus given by

V2 —y ) (g —s?)
ws(l — 52)

p(s) =max(gy +¢g2 — 1,0)6(s — 1) +Re , (17.62)
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where y+ are given by

y£=q1+a0 — 20192 £2/q192(1 —q)(1 —q2), 0<yx <1. (17.63)

The allowed s’s are all between 0 and 1, as they should be, since these singular values can
be interpreted as correlation coefficients between some linear combination of the x’s and
some other linear combination of the y’s.

In the limit 7 — oo at fixed N, N», all singular values collapse to zero, as they
should since there are no true correlations between x and y. The allowed band in the limit
41,92 — 0 becomes

s € [Ivar - vaal vai + vz

showing that for fixed N1, Np, the order of magnitude of allowed singular values decays

1 . . - »
as T~ 2. The above result allows one to devise precise statistical tests to detect “true
cross-correlations between sets of variables.
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Bayesian Estimation

In this chapter we will review the subject of Bayesian estimation, with a particular focus on
matrix estimation. The general situation one encounters is one where the observed matrix
is a noisy version of the “true” matrix one wants to estimate. For example, in the case of
additive noise, one observes a matrix E which is the true matrix C plus a random matrix X
that plays the role of noise, to wit,

E=C+X. (18.1)
In the case of multiplicative noise, the observed matrix E has the form
E=CIWC:, (18.2)

When W is a white Wishart matrix, this is the problem of sample covariance matrix encoun-
tered in Chapter 17.

In general, the true matrix C is unknown to us. We would like to know the probability
of C given that we have observed E, i.e. compute P(C|E). This is the general subject of
Bayesian estimation, which we introduce and discuss in this chapter.

18.1 Bayesian Estimation

Before doing Bayesian theory on random matrices (see Section 18.3), we first review
Bayesian estimation and see it at work on simpler examples.

18.1.1 General Framework

Imagine we have an observable variable y that we would like to infer from the observation
of a related variable x. The variables x and y can be scalars, vectors, matrices, higher
dimensional objects ... We postulate that we know the random process that generates y
given x, i.e. y could be a noisy version of x or more generally y could be drawn from
a known distribution with x as a parameter. The generation process of y is encoded in a
probability distribution P (y|x), which is called the sampling distribution or the likelihood
function.

281
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Given our knowledge of P(y|x), we would like to write the inference probability
P(x|y), also called the posterior distribution. To do so, we can use Bayes’ rule:

Paly) = TR, (18.3)

)

To obtain the desired probability, Bayes’ rule tells us that we need to know the prior
distribution Py(x). In theory Py(x) is the distribution from which x is drawn and it is
in some cases knowable. In many practical applications, however, x is actually not random
but simply unknown and Py(x) encodes our ignorance of x. It should represent our best
(probabilistic) guess of x before we observe the data y. The determination (or arbitrariness)
of the prior Py(x) is considered to be one of the weak points of the Bayesian approach.
Often Py(x) is just taken to be constant, i.e. no prior knowledge at all on x. However, note
that Py(x) = constant is not invariant upon changes of variables, for if x’ = f(x) is a non-
linear transformation of x, then Py(x’) is no longer constant! In Section 18.1.3, we will see
how the arbitrariness in the choice of Py(x) can be used to simplify modeling.

The other distribution appearing in Bayes’ rule P(y) is actually just a normalization
factor. Indeed, y is assumed to be known, therefore P (y) is just a fixed number that can be
computed by normalizing the posterior distribution. One therefore often simplifies Bayes’
rule as

1
P(xly) = ZP(ylx) Po(x), Z:= /dx P (ylx) Py(x), (18.4)

where P (y|x) represents the measurement (or noise) process and Py(x) the (often arbitrary)
prior distribution.

From the posterior distribution P (x|y) we can build an estimator of x. The optimal esti-
mator depends on the problem at hand, namely, which quantity are we trying to optimize.
The most common Bayesian estimators are

1 mmsE: The posterior mean E[x],. It minimizes a quadratic loss function and is hence
called the Minimum Mean Square Error estimator.

2 MAVE: The posterior median or Minimum Absolute Value Error estimator.

3 maAp: The Maximum A Posteriori estimator, defined as X = argmax, P (x|y).

18.1.2 A Simple Estimation Problem
Consider the simplest one-dimensional estimation problem:
y=x-+e¢, (18.5)

where x is some signal to be estimated, ¢ is an independent noise, and y is the observation.
Then P (y|x) is simply P, (.) evaluated at y — x:

P(ylx) = Pe(y — x). (18.6)
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Suppose further that ¢ is a centered Gaussian noise with variance anz, where the subscript
n means “noise”. Then we have

1 (v — x)2>
P(ylx) = ——=ex (—— . (18.7)
== R
Then we get that
2xy — x2
P(x|y) o< Po(x) exp ez ) (18.8)
Gn

where Py(x) is the prior distribution of x and we have dropped x-independent factors.
Depending on the choice of Py(x) we will get different posterior distributions and hence
different estimators of x.

Gaussian Prior
Suppose first Py(x) is a Gaussian with variance 052 (for signal) centered at xo. Then

(x — x0)2 2xy — x2
202 202

P(x]y) o exp (—

A\ 2
1 (x —x) (18.9)
= ——exp|——=—], .
2mo? P 202
with
Xi=x0+r(y—x0)={—r)xg+ry; o” = ror%, (18.10)

where the signal-to-noise ratio r is r = 02/(62 + 02). The posterior distribution is thus a
Gaussian centered around £ and of variance o2

For a Gaussian distribution the mean, median and maximum probability values are all
equal to x, which is therefore the optimal estimator in all three standard procedures, MMSE,
MAVE and MAP. This estimator is called the linear shrinkage estimator as it is linear in
the observed variable y. The linear coefficient of y is the signal-to-noise ratio r, a number
smaller than one that shrinks the observed value towards the a priori mean x.

Note that this estimator can also be obtained in a completely different framework: it
is the affine estimator that minimizes the mean square error. The estimator is affine by
construction and minimization only involves first and second moments; it is therefore not
too surprising that we recover Eq. (18.10), see Exercise 18.1.2. As so often in optimization
problems, assuming Gaussian fluctuations is equivalent to imposing an affine solution.

Another important property of the linear shrinkage estimator is that it is rather conserva-
tive: it is biased towards xg. By assumption x fluctuates with variance crsz and y fluctuates
with variance o2 + o2. This allows us to compute the variance of the estimator £(y) as

4

A 2,2 2N Oy 2
V[x(y)]_r (Us +O'n)—m fO’S. (1811)
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So the variance of the estimator' is not only smaller than that of the observed variable y it
is also smaller than the fluctuations of the true variable x!

Exercise 18.1.1 Optimal affine estimator
Suppose that we observe a variable y that has some non-zero covariance with
an unknown variable x that we would like to estimate. We will show that the
best affine estimator of x is given by the linear shrinkage estimator (18.10). The
variables x and y can be drawn from any distribution with finite variance. We
write the general affine estimator

£=ay+b, (18.12)

and choose a and b to minimize the expected mean square error.

(a) Initially assume that x and y have zero mean — we will relax this assumption
later. Show that

E [(x - 12)2] = %02 + b + 07 — 202, (18.13)
where 03, 0)2, and a)?y are the variances of x, y and their covariance.

(b) Show that the optimal estimator has a = szy / Uy2 and b = 0.

(c) Compute b in the non-zero mean case by considering x — xq estimated using
Yy = Yo-

(d) Compute 0)% and U)?y when y = x + ¢ with ¢ independent of x.

(e) Show that when E[¢] = 0 we recover Eq. (18.10).

Bernoulli Prior

When Py (x) is non-Gaussian, the obtained estimators are in general non-linear. As a second
example suppose that Py(x) is Bernoulli random variable with Py(x =1) = Pp(x = —1) =
1/2. Then, after a few simple manipulations one obtains

P(x|y) = % ((1 + tanh <0y—2)> 81 + (1 — tanh (%)) ax,1> . (18.14)

The posterior distribution is now a discrete function that takes on only two values, namely
=+ 1. In this case the maximum probability and the median are such that

Xuar(y) = sign(y). (18.15)

1" One should not confuse the variance of the posterior distribution o2 with the variance of the estimator ro2. The first one
measures the remaining uncertainty about x once we have observed y while the second measures the variability of X(y) when
we repeat the experiment multiple times with varying x and noise ¢.
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It is also easy to calculate the MMSE estimator:

Rse(y) = E[x]y = tanh (%) . (18.16)
n

It may seem odd that the MMSE estimator takes continuous values between —1 and 1 while

we postulated that the true x can only be equal to &-1. Nevertheless, in order to minimize the

variance it is optimal to shoot somewhere in the middle of —1 and 1 as choosing the wrong

sign costs a lot in terms of variance. The estimator x(y) is biased, i.e. E[Xyyse|x] # x. It

also has a variance strictly less than 1, whereas the variance of the true x is unity.

Laplace Prior

As a third example, consider a Laplace distribution
b —b|x|
Po(x) = 5¢ (18.17)

for the prior, with variance 2b~2. In this case the posterior distribution is given by

P(xly) o exp (—b|x|+2xy—_xz>. (18.18)
202

The MMSE and MAVE estimators can be computed but the results are not very enlightening

as they are given by an ugly combination of error functions and even inverse error functions

(for MAVE). The maP estimator is both simpler and more interesting in this case. It is

given by

0 for |y| < bo2,

Tvar(y) = (18.19)

y— banzsign(y) otherwise.
The MAP estimator is sparse in the sense that in a non-zero fraction of cases it takes the
exact value of zero. Note that the true variable x itself is not sparse: it is almost surely

non-zero. This example is a toy-model for the “LASSO” regularization that we will study in
Section 18.2.2.

Non-Gaussian Noise

The noise in Eq. (18.5) can also be non-Gaussian. When the noise has fat tails, one can even
be in the counter-intuitive situation where the estimator is not monotonic in the observed
variable, i.e. the best estimate of x decreases as a function of its noisy version y. For
example, if x is centered unit Gaussian and ¢ is a centered unit Cauchy noise, we have

—x2/2

(18.20)

Whereas the Cauchy noise ¢ and the observation y do not have a first moment, the
posterior distribution of x is regularized by the Gaussian weight and all its moments
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Figure 18.1 A non-monotonic optimal estimator. The MMSE estimator of a Gaussian variable
corrupted by Cauchy noise (see Eq. (18.21)). For small absolute observations y, the estimator is
almost linear with slope 2 — /2/en /erfc(1/ V2) &~ 0.475 (dashed line).

are finite. After some tedious calculation we arrive at the conditional mean or MMSE
estimator:

Im(®)
Re(d)’

Elxly=y+ where @ = e"erfc < + 1y> . (18.21)

V2
The shape of the estimator as a function of y is not obvious from this expression but it is
plotted numerically in Figure 18.1. The interpretation is the following:

¢ When we observe a small (order 1) value of y, we can assume that it was generated by a
moderate x with moderate noise, hence we are in the regime of the linear estimator with
a signal-to-noise ratio close to one-half (x ~ 0.475y).

¢ On the other hand, when y is much larger than the standard deviation of x it becomes
clear that y can only be large because the noise takes extreme values. When the noise is
large our knowledge of x decreases, hence the estimator tends to zero as |y| — 0.

18.1.3 Conjugate Priors

The main weakness of Bayesian estimation is the reliance on a prior distribution for the
variable we want to estimate. In many practical applications one does not have a prob-
abilistic or statistical knowledge of Py(x). The variable x is a fixed quantity that we do
not know, so how are we supposed to know about Py(x)? In such cases we are left with
making a reasonable practical guess. Since Py(x) is just a guess, we can at least choose a
functional form for Py(x) that makes computation easy. This is the idea behind “conjugate
priors”.
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Figure 18.2 The inverse-gamma distribution Eq. (18.24). Its mean is given by b/(a — 1) and it
becomes increasingly peaked around this mean as both a and b become large.

When we studied the one-dimensional estimation of a variable x corrupted by additive
Gaussian noise (Eq. (18.5), with Gaussian &) we found that choosing a Gaussian prior for
x gave us a Gaussian posterior distribution. In many other cases, we can find a family of
prior distributions that will similarly keep the posterior distribution in the same family. This
concept is better explained in an example.

Imagine we are given a series of 7' numbers {y;} generated independently from a cen-
tered Gaussian distribution of variance c that is unknown to us. We use the variable ¢ rather
than o2 to avoid the confusion between the estimation of ¢ and that of ¢ = o2. The joint
probability of the y’s is given by

P(ylc) ! 'y (18.22)
)= ——=exp|—=—]). .

YO= oo P\ "¢

The posterior distribution is thus given by

y'y
P(cly) o< Poc)e™ T exp (—2—> . (18.23)
C

Now if the prior Py(c) has the form Py(c) o e~ le=b/c the posterior will also be of that
form with modified values for a and b. Such a Py(c) will thus be our conjugate prior. This
law is precisely the inverse-gamma distribution (see Fig. 18.2):

be '
Py(c) = e~ lemble (¢ > 0). (18.24)

It describes a non-negative variable, as a variance should. It is properly normalized when
a > 0 and has mean b/(a — 1) whenever a > 1. If we choose such a law as our variance
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prior, the posterior distribution after having observed the vector y is also an inverse-gamma
with parameters
T y'y
ap:a—i—E and bp:b—i—T. (18.25)
The MMSE estimator can then just be read off from the mean of an inverse-gamma distribu-
tion:

b 2b+y"
Efcly= —% = _2FYY (18.26)
ap—1 2a@-1D)+T
which can be written explicitly in the form of a linear shrinkage estimator:
Elely = (1 — o+ Y with r=— (18.27)
=1-r r—— with r= , .
cly woTrTr 2a-D)+T

and co = b/(a — 1) is the mean of the prior. We see that » — 1 when 7' — o0: in this case
the prior guess on ¢y disappears and one is left with the naive empirical estimator y"y/T.

Exercise 18.1.2 Conjugate prior for the amplitude of a Laplace distribution
Suppose that we observe T variables y; drawn from a Laplace distribution
(18.17) with unknown amplitude b. We would like to estimate b using the
Bayesian method with conjugate prior.

(a) Write the joint probability density of elements of the vector y for a given b.
This is the likelihood function P (y|b).

(b) As a function of b, the likelihood function has the same form as a gamma
distribution (4.17). Using a gamma distribution with parameters ag and by
for the prior on b show that the posterior distribution of b is also a gamma
distribution. Find the posterior parameters a;, and by.

(c) Given that the mean of a gamma distribution is given by a /b, write the MMSE
estimator in this case.

(d) Compute the estimator in the two limiting cases 7 = 0 and T — oo.

(e) Write your estimator from (c) as a shrinkage estimator interpolating
between these two limits. Show that the signal-to-noise ratio » is given by
r = Tm/(Tm + 2by) where m = Y |y;|/T. Note that in this case the
shrinkage estimator is non-linear in the naive estimate b=1 /Q2m).

18.2 Estimating a Vector: Ridge and LASSO

A very standard problem for which Bayesian ideas are helpful is linear regression. Assume
we want to estimate the parameters ¢; of a multi-linear regression, where we assume that
an observable y can be written as
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N
y=) ax+e, (18.28)
i=1
where x; are N observable quantities and ¢ is noise (not directly observable). We observe
a time series of y of length T that we stack into a vector y, whereas the different x; are
stacked into an N x T data matrix H;;, = xl? , and ¢ is the corresponding T-dimensional
noise vector. We thus write

y=H"a+s, (18.29)

where a is an N-dimensional vector of coefficients we want to estimate. We assume the
following structure for the random variables x and ¢:

1 1
7E[ssT] =o21; 7E[HHT] =C, (18.30)

where C can be an arbitrary covariance matrix, but we will assume it to be the identity 1 in
the following, unless otherwise stated.

Classical linear regression would find the coefficient vector a that minimizes the error
E=|y—Hal?ona given dataset. As is well known, the regression coefficients are
given by

aree = (HH') ™' Hy. (18.31)

This equation can be derived easily by taking the derivatives of & with respect to all a; and
setting them to zero. Note that when g := N/T < 1, HH” is in general invertible, but
when ¢ > 1 (i.e. when there is not enough data), Eq. (18.31) is a priori ill defined.

In a Bayesian estimation framework, we want to write the posterior distribution P (aly)
and build an estimator of a from it. We expect that the Bayesian approach will work better
than linear regression “out of sample”, i.e. on a new independent sample. The reason is
that the linear regression method minimizes an “in-sample” error, and is thus devised to fit
best the details of the observed dataset, with no regard to overfitting considerations. These
concepts will be clarified in Section 18.2.3.

Following the approach of Section 18.1, we write the posterior distribution as

1
2
On

P(aly) o Py(a)exp (—2 ly - HTa||2) , (18.32)

where on2 is the variance of the noise €. Now, the art is to choose an adequate prior

distribution Py(a).

18.2.1 Ridge Regression

The likelihood function in Eq. (18.32) is a Gaussian function of a, so choosing a
Gaussian prior for Pp(a) will give us a Gaussian posterior. To construct a Gaussian
distribution for Py(a) we need to choose a prior mean ap and a prior covariance matrix.
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Regression coefficients can be positive or negative, so the most natural prior mean is the

zero vector ag = 0. In the absence of any other information about the direction in which

a may point, we should make a rotationally invariant prior for the covariance matrix.> The

only rotationally invariant choice is a multiple of the identity aszl for the prior covariance.

Assuming that the coefficients a; are 11D gives the same answer. However, we do not have a

good argument to set the scale of the covariance 052; we will come back to this point later.
The posterior distribution is then written

1 2
P(aly) o exp <—ﬁ (aT <HHT + 6—"21> a— ZaTHy)> . (18.33)
n

US
As announced, the posterior is a multivariate Gaussian distribution. The MMSE, MAVE and
MAP estimator are all equal to the mode of the distribution, given by>

T —1 2

Elaly = (H;{ +;1) ? = 7?23 (18.34)
This is called the “ridge” regression estimator, as it amounts to adding weight on the
diagonal of the sample covariance matrix (HH")/T. This can also be seen as a shrinkage
of the covariance matrix towards the identity, as we will discuss further in Section 18.3
below.

Another way to understand what ridge regression means is to notice that Eq. (18.31)
involves the inverse of the covariance matrix (HH”)/T, which can be unstable in large
dimensions. This instability can lead to very large coefficients in a. One can thus regularize
the regression problem by adding a quadratic (or LZ-norm) penalty for a so the vector does
not become too big:

Ajidge = argmin [||y — HTa||2 +T¢ ||a||2] ) (18.35)
a

Setting { = 0 we recover the standard regression. The solution of the regularized opti-
mization problem yields exactly Eq. (18.34); it is often called the Tikhonov regularization.
Note that the resulting equation for a;jgee remains well defined even when g > 1 as long as
¢ >0.

In both approaches (Bayesian and Tikhonov regularization) the result depends on the
choice of the parameter ¢ = anz / (Tasz) which is hard to estimate a priori. The modern way
of fixing ¢ in practical applications is by using a validation (or cross-validation) method.
The idea is to find the value of ajgge on part of the data (the “training set”’) and measure the
quality of the regression on another, non-overlapping part of the data (the “validation set”).
The value of ¢ is then chosen as the one that gives the lowest error on the validation set.

2 This assumption relies on our hypothesis that the covariance matrix C of the x’s is the identity matrix. Otherwise, the
eigenvectors of C could be used to construct non-rotationally invariant priors.

3 We have introduced a factor of 1 /T in the definition of ¢ so it parameterizes the shift in the normalized covariance matrix
(HHT)/T. 1t turns out to be the proper scaling in the large N limit with ¢ = N/T fixed. Note that if the elements of a and H
are of order one, the variance of the elements of H” a is of order N'; for the noise to contribute significantly in the large N limit
we must have 6.2 of order N and hence ¢ of order 1.
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In cross-validation, the procedure is repeated with multiple validation sets (always disjoint
from the training set) and the error is then averaged over these sets.

18.2.2 1LASSO

Another common estimating method for vectors is the “Lasso” method* which combines a
Laplace prior with the MAP estimator.

In this method, the prior distribution amounts to assuming that the coefficients of a are
1D Laplace random number with variance 252, The posterior then becomes

N
1 2
P(aly) o exp (—bz la;| — 3.3 |y —H"a| ) .
i=1 n
As in the toy model Eq. (18.18), the MMSE and MAVE estimators look rather ugly, but the MAP
one is quite simple. It is given by the maximum of the argument of the above exponential:

N
A pss0 = Argmin [217(;3 Z lai| + |y — HTaH ) (18.36)
a i=1
This minimization amounts to regularizing the standard regression estimation with an abso-
lute value penalty (also called L'-norm penalty), instead of the quadratic penalty for the
ridge regression. Interestingly, the solution to this minimization problem leads to a sparse
estimator: the absolute value penalty strongly disfavors small values of |a;| and prefers
to set these values to zero. Only sufficiently relevant coefficients a; are retained — LASSO
automatically selects the salient factors (this is the “so” part in LAss0), which is very useful
for interpreting the regression results intuitively.

Note that the true vector a is not sparse, as the probability to find a coefficient a; to
be exactly zero is itself zero for the prior Laplace distribution, which does not contain a
singular §(a) peak. The sparsity of the LASSO estimator aj ,ss0 iS controlled by the param-
eter b. When bon2 — 0, the penalty disappears and all the coefficients of the vector a are
non-zero (barring exceptional cases). When ban2 — 00, on the other hand, all coefficients
are zero. In fact, the number of non-zero coefficients is a monotonic decreasing function of
bar?. As for the parameter ¢ for the ridge regression, it is hard to come up with a good prior
value for b, which should be estimated again using validation or cross-validation methods
(Figure 18.3). Finally we note that it is sometimes useful to combine the L' penalty of
LAssO with the L? penalty of ridge, the resulting estimator is called an elastic net.

18.2.3 In-Sample and Out-of-Sample Error
Standard linear regression is built to minimize the sum of the squared-residuals on the

dataset at hand. We call this error the in-sample error. In many cases, we are interested in

4 LAsso stands for Least Absolute Shrinkage and Selection Operator.
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Figure 18.3 Illustration of the validation method in LASSO regularization. We built a linear model
with 500 coefficients drawn from a Laplace distribution with b = 1 and Gaussian noise o> = 1000.
The model is estimated using 7 = 1000 unit Gaussian data and validated using a different set of
the same size. The error on the training set is minimal with no regularization and gets worse as b
increases (dashed line, left axis). The validation error (full line, left axis) is minimal for b about equal
to 1. The dotted line (right axis) shows the fraction of the coefficient estimated to be exactly zero;
this number grows from zero (no regularization) to almost 1 (strong regularization).

the predictive power of a linear model and the relevant error is the mean square error on a
new independent but statistically equivalent dataset: the out-of-sample error. If the number
of fitted variables (degree of freedom) is small with respect to the number of samples,
the in-sample error is a good estimator of the out-of-sample error and the standard linear
regression is also the optimal linear predictive model. The situation changes radically when
the number of fitted variables becomes comparable to the number of samples, as we discuss
below.
To summarize, linear regression, regularized or not, addresses two types of task:

 In-sample estimator: we observe some H; and y, and estimate a.

¢ Out-of-sample prediction: we observe some other H;, non-overlapping with Hy, and
use them to predict y, with the in-sample estimate of a.

The result of the in-sample estimation is given by Eq. (18.31), which we write as
1 1
Qg = E 'b: E = THIHT’ b= THIYI' (18.37)

This is the best in-sample estimator. However, this is not necessarily the case for the out-
of-sample prediction.

Note that both the standard regression and the ridge regression estimator (Eq. (18.34))
are of the form 4 = 2~ !'b with 2 = E and E = E + ¢1, respectively. We will compute
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in the following the in-sample and out-of-sample estimation error for any estimator of
that nature.

Recalling that E[ee”] = 01%1 and after some calculations, one finds that the in-sample
(Rizn) error is given by

2 a 1 2 H71 H*l H*l
R (@) = = |an [T —2Tr(8"'E) + T(E~'EE E)]
+al (E—2EE_1E+EE_1EE_1E) a]. (18.38)

In the special case E = E, we have

2
g,
R2 (Areg) = = (T =N)=(- o2,

which is smaller than the true error, which is simply equal to O’I%. In fact, the error goes
to zero as ¢ — 1, i.e. when the number of parameters becomes equal to the number of
observations. This error reduction is called “overfitting”, or in-sample bias: if the task is
to find the best model that explains past data, one can do better than the true error. Note
that the above result is quite special, in the sense that it actually does not depend on either
E ora.

Next we calculate the expected out-of-sample (R2,) error. We draw another matrix H
of size N x T» and consider another independent noise vector €, of variance ;> and size
T, (where T, does not need to be equal to 7, it can even be equal to 1). We calculate

. 1 N
Rgut(a) = EEHLEz [”H;a +éex— H;a”2]

1
= EEHZ;EZ [‘

where we denote E; := T~! H;H[. We now assume that T{lE[HzHg ] = C with a general
covariance C.
In the standard regression case, E = E and a = areg and we have

1
Hja+e) —HLE 'Eja— H;E_I?Hlel

2
], (18.39)

1 1
Rgut(areg) = FEHLE‘Z |: &) — HgE l—Hlé‘l
b3 T

2 2
} o2+ 07“ TH(E~'C).  (18.40)

Now since E is a sample covariance matrix with true covariance C, we have

N
TrE~'C) = Tr (C—%W(;lc—%c) = Te(W, ) ~ — (18.41)
—q
where W, denotes a standard Wishart matrix. Thus we find
2 2 R (a
Rou(Areg) = 07 + 9% _ 0 _ in (A (18.42)

l-q 1-q (1-¢q?
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As an illustration see Figure 18.3 where without regularization (b = 0) we have indeed
R2,/R2 ~ (1 — q)~2 = 4. Thus, we see that we can make precise statements about the
following intuitive inequalities:

in-sample error < true error < out-of-sample error. (18.43)

Note that the out-of-sample error tendstoocoas N — T.
Now, let us compute the expected out-of-sample error (Rgut) for the ridge predictor
Aidge, parameterized by ¢. The result reads

2

o2

R2 (Aridge) = 072 + - Tr(CE'EE™") + ¢* Tr(CE 'aa" 71, (18.44)
with E = E + ¢1. Expanding to linear order for small ¢ then leads to
2
Rou @idge) = Riyi(@reg) — = THCE™)¢ + 0(c%)
202 B
= Ry (reg) — ﬁr(e e + 0@, (18.45)

where t(.) = Tr(.)/N and we have used the fact that ‘E(W;z) = (1 — ¢)~3. The important
point here is that the coefficient in front of ¢ is negative, i.e. to first order, the ridge estimator
has a lower out-of-sample error than the naive regression estimator:

ridge estimation error < naive estimation error. (18.46)

However, the ridge estimator introduces a systematic bias since ||arid§>,e||2 < ||areg||2 when
¢ > 0. This gives the third term in Eq. (18.44), which becomes large for larger ¢. So one
indeed expects that there should exist an optimal value of ¢ (which depends on the specific
problem at hand) which minimizes the out-of-sample error. We now show how this optimal
out-of-sample error can be elegantly computed in the large N limit.

The Large N Limit

In the large N limit we can recover the fact that the ridge estimator of Section 18.2.1
minimizes the out-of-sample risk without the need of a Gaussian prior on a. We will also
find an interesting relation between the Wishart Stieltjes transform and the out-of-sample
risk of the ridge estimator.

In the following we will assume that the elements of the out-of-sample data H, are 11D
with unit variance, i.e. that C = 1. Then when E = E| + ¢1, Eq. (18.44) becomes, in the
large N limit,

Ru(ariage) = of (1= qow, (—0)) + ¢ (g0 — clal) gy, (=0),  (18.47)
where we have used that E is a Wishart matrix free from aa’, and that
(@ -EDTD =aw,@: (Gl -ED7T?) = —gy, @) (18.48)

For ¢ = 0, we have aw, (0) = —1/(1 — g) and we thus recover Eq. (18.42). In the
large N limit, the out-of-sample error for an estimator with E = E| + ¢1 depends on the
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vector a only through its norm lal2, regardless of the distribution of its components. The

optimal value of ¢ must then also only depend on la|2.
Now, we know that when a is drawn from a Gaussian distribution, the value opr =

O’I% / (Tasz) is optimal. In the large N limit, la|? is self-averaging and equal to N 032. So
Sopt = qonz /|a|2. We can check directly that this value is optimal by computing the
derivative of Eq. (18.47) with respect to ¢ evaluated at {opt. Indeed we have

o7 qy, (—Sopt) — Soptlal*ayy, (~opt) = 0. (1849)

For the optimal value of ¢ we also have

Rgut(aridge) = Jr% (1 — 49w, (_Copt)) ) (18.50)

where aw, (2) is given by Eq. (4.40). Since —gwq(—z) is positive and monotonically
decreasing for z > 0, we recover that the optimal ridge out-of-sample error is smaller than
that of the standard regression.

18.3 Bayesian Estimation of the True Covariance Matrix

We now apply the Bayesian estimation method to covariance matrices. From empirical data,
we measure the sample covariance matrix E, and want to infer the most reliable information
about the “true” underlying covariance matrix C. Hence we write Bayes’ equation for
conditional probabilities for matrices:

P(CIE) o P(E|C) Po(C). (18.51)
We now recall Eq. (4.16) established in Chapter 4 for Gaussian observations:
—-T/2 r —1
P (EIC) o (det )" exp| =3 Tr (c E) . (18.52)

As explained in Section 18.1.3, in the absence of any meaningful prior information, it is
interesting to pick a conjugate prior, which here is of the form

Po (C) o (det C) exp [—b Tr (C—lx)] (18.53)

for some matrix X, which turns out to be proportional to the prior mean of C. Indeed,
this prior is in fact the probability density of the elements of an inverse-Wishart matrix.
Consider an inverse-Wishart matrix C of size N, T* degree of freedom and centered at a
(positive definite) matrix X. If 7* > N + 1, C has the density (see Eq. (15.35))

. T* N -1
P(C) o (det C)~T"+N+D/2 oy [_T Tr (c—lx)} : (18.54)

Note that here T* > N is some parameter that is unrelated to the length of the time series
T. The chosen normalization is such that Eq[C] = X. As T* — oo, we have C — X.
With this prior we thus obtain

. T
P(CIE) o (det C)~T+T"+N+D/2 gy y [—5 Tr <C‘1E*)} : (18.55)
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where we define

. T* =N —1
E'=E+—/——X (18.56)

We now notice that (18.55) is, by construction, also a probability density for an inverse-
Wishart with T = T + T*, with

E[CIE] = T—E* =rE+ (1 -rX, (18.57)
T+T*—N-—1
with
r= ; (18.58)
T+T*—N-—-1

Hence we recover a linear shrinkage, similar to Eq. (18.10) in the case of a scalar variable
with a Gaussian prior. We will recover this shrinkage formula in the context of rotationally
invariant estimators in the next chapter, see Eq. (19.49).

We end with the following remarks:

¢ The linear shrinkage works even for the finite N case, i.e. without the large N hypothesis.
¢ In general, if one has no idea of what X should be, one can use the identity matrix, i.e.

E[CIE]=rE+ (1 —r)1. (18.59)

Another simple choice is a covariance matrix X corresponding to a one-factor model (see
Section 20.4.2):

Xij =0of [8ij + p(1—8;)]. (18.60)

where p is the average pairwise correlation (which can also be learned using validation).
 Note that T* (or equivalently r) is generally unknown. It may be inferred from the data
or learned using validation.
¢ As we will see in Chapter 20, the linear shrinkage works quite well in financial applica-
tions, showing that inverse-Wishart is not a bad prior for the true covariance matrix in
that case (see Fig. 15.1).
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Eigenvector Overlaps and Rotationally Invariant
Estimators

19.1 Eigenvector Overlaps
19.1.1 Setting the Stage

We saw in the first two parts of this book how tools from rRMT allow one to infer many
properties of the eigenvalue distribution, encoded in the trace of the resolvent of the random
matrix under scrutiny. As in the previous chapters, random matrices of particular interest
are of the form

E=C+X, o E=CWC?, (19.1)

where X and W represent some “noise”, for example X might be a Wigner matrix in the
additive case and W a white Wishart matrix in the multiplicative case, whereas C is the
“true”, uncorrupted matrix that one would like to measure. One often calls E the sample
matrix and C the population matrix.

In this section we want to discuss the properties of the eigenvectors of E, and in particu-
lar their relation with the eigenvectors of C. There are, at least, two natural questions about
the eigenvectors of the sample matrix E:

1 How similar are sample eigenvectors [v;];c(1, n) of E and the true ones [u;];¢(1, 5) of C?

2 What information can we learn by observing two independent realizations — say
E = C2WC? and E' = C2W'CZ in the multiplicative case — that remain correlated
through C?

A natural quantity to characterize the similarity between two arbitrary vectors — say x
and ¢ — is the scalar product of x and ¢. More formally, we define the “overlap” as x7¢.
Since the eigenvectors of real symmetric matrices are only defined up to a sign, it is in
fact more natural to consider the squared overlaps (x”¢)2. In the first problem alluded to
above, we want to understand the relation between the eigenvectors of the sample matrix
[vilic1, vy and those of the population matrix [u;];e(1, 5). The matrix of squared overlaps
is defined as (v;"u j)z, which actually forms a so-called bi-stochastic matrix (positive
elements with the sums over both rows and columns all equal to unity).

297



298 Eigenvector Overlaps and Rotationally Invariant Estimators

In order to study these overlaps, the central tool is again the resolvent matrix (and not
its normalized trace as for the Stieltjes transform), which we recall is defined as

Ga(z) =(z1 - A", (19.2)

for any arbitrary symmetric matrix A. Now, if we expand Gg over the eigenvectors v of E,
we obtain that

T Y (uTVi)2
u GE(Z)“ = Z ﬁ

i=1

, (19.3)

for any uin RV,

We thus see from Eq. (19.3) that each pole of the resolvent defines a projection onto
the corresponding sample eigenvectors. This suggests that the techniques we need to apply
are very similar to the ones used above to study the density of states. However, one should
immediately stress that contrarily to eigenvalues, each eigenvector v; for any given i contin-
ues to fluctuate when N — oo and never reaches a deterministic limit. As a consequence,
we will need to introduce some averaging procedure to obtain a well-defined result. We
will thus consider the following quantity:

d(hi, 1) = NE[(vV/u))?], (19.4)

where the expectation [E can be interpreted either as an average over different realizations
of the randomness or, perhaps more meaningfully for applications, as an average for a
fixed sample over small intervals of sample eigenvalues, of width dA = 5. We choose 7 in
the range 1 > 1 > N~! (say n = N~'/2) such that there are many eigenvalues in the
interval dA, while keeping dA sufficiently small for the spectral density to be approximately
constant. Interestingly, the two procedures lead to the same result for large matrices, i.e.
the locally smoothed quantity ® (A, ) is “self-averaging”. A way to do this smoothing
automatically is, as we explained in Chapter 2, to choose z = A; — in in Eq. (19.3),
leading to

ImuGg (i — inu; ~ wpE(hi) x ® (i, 1)), (19.5)

provided 7 is in the range 1 > 5 > N~!. Note that we have replaced N (u§V,~)2 with
® (A, 1)), to emphasize the fact that we expect typical square overlaps to be of order 1/N,
such that & is of order unity when N — oo. This assumption will indeed be shown to hold
below. In fact, when u; and v; are completely uncorrelated, one finds ®(A;, ;) = 1.

For the second question, the main quantity of interest is, similarly, the (mean squared)
overlap between the eigenvectors of two independent noisy matrices E and E’:

W(ri,2) = NE[VV)), (19.6)

where [A;] ie(1,N) and [V;]ie(l, ) are the eigenvalues and eigenvectors of E’, i.e. another
sample matrix that is independent from E but with the same underlying population
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matrix C. In order to get access to CD()\,-,)L’j) defined in Eq. (19.5), one should consider
the following quantity:

1
V(7)) = ~ Tr[Ge(2)Gw (2)]. (19.7)

After simple manipulations one readily obtains a generalized Sokhotski—Plemelj formula,
where 7 is such that 1 > n > N—L

Re [y (4; — i, A +1m) — ¥ — in, 2] — im] ~ 272 pp () o ADW (0, 1), (19.8)

This representation allows one to obtain interesting results for the overlaps between the
eigenvectors of two independently drawn random matrices, see Eq. (19.14).

19.1.2 Overlaps in the Additive Case

Now, we can use the subordination relation for the resolvent of the sum of two free matrices
established in Chapter 13, Eq. (13.44), which in the present case reads

E[GE(2)] = G¢ (z — Rx(9E(2))) - (19.9)
Since we choose u; to be an eigenvector of C with eigenvalue u ;, one finds
1

u?GE(Ai —inu; = (19.10)

A —in — Rx (GE(Ai — i) — 1)’
where we have dropped the expectation value as the left hand side is self-averaging when n
is in the correct range. The imaginary part of this quantity, calculated for n — 0, gives
access to ®(A;, i ;). The formula simplifies in the common case where the noise matrix X
is a Wigner matrix, such that Rx(z) = o2z. In this case, one finally obtains a Lorentzian
shape for the squared overlaps:

o2

(w — A +02bg(A)? + o*n2pp (M)

where we have decomposed the Stieltjes transform into its real and imaginary parts as
gg(x) = bE(x) + impg(x); note that hg(x) is equal to & times the Hilbert transform of
PE(X).

In Figure 19.1, we illustrate this formula in the case where C is a Wigner matrix with
parameter o> = 1. For a fixed A, the overlap peaks for

O, p) =

(19.11)

w=x—0o’bg(h), (19.12)
with a width ~ o2 pg(X). When o — 0, i.e. in the absence of noise, one recovers
DA ) = S(A— ), (19.13)

as expected since in this case the eigenvectors of E are trivially the same as those of C.
Note that apart from the singular case o = 0, ® (X, n) is found to be of order unity when
N — oo. But because of the factor N in Eq. (19.6), the overlaps between v; and u; are of
order N~'/% as soon as o > 0.
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Figure 19.1 Normalized squared-overlap function ® (A, ) for E = X 4 X5, the sum of two unit
Wigner matrices, compared with a numerical simulation for 4 = —1.5 and u = 0.5. The simulations
are for a single sample of size N = 2000, each data point corresponds to N times the square overlap
between an eigenvector of E and one of X; averaged over eigenvectors with eigenvalues within
distance n = 2/ /N of p.

Now suppose that E = C + X and E' = C + X/, where X and X’ are two independent
Wigner matrices with the same variance o2, Using Eq. (19.8), one can compute the
expected overlap between the eigenvectors of E and E’. After a little work, one can estab-
lish the following result for W (A, 1), i.e. the typical overlap around the same eigenvalues

for E and E’:
o? B
YA L) = N 19.14
*-4 2 (M2 (05 f1())2 + (33 f2(W))2 1919
where
fi) = —=02bE(); (W) =olxpg(V);  bBR() :=Re[gg(M)].  (19.15)

Note that in the large N limit, gg(z) = 9g/(2).

The formula for W (), 1) is more cumbersome; for a fixed A/, one finds again a humped
shaped function with a maximum at A’ &~ A. The most striking aspect of this formula,
however, is that only gg(z) (which is measurable from data) is needed to compute the
expected overlap W(A,A"); the knowledge of the “true” matrix C is not needed to judge
whether or not the observed overlap between the eigenvectors of E and E’ is compatible
with the hypothesis that such matrices are both noisy versions of the same unknown C.

19.1.3 Overlaps in the Multiplicative Case

1 1
We now repeat the same steps in the case where E = C2W,C2, where W, is a Wishart
matrix of parameter g. We know that in this case the matrix subordination formula reads as
(13.47), which can be rewritten as
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Ge(x) = @GC(Z(Z)), with Z=— > (19.16)

1 =g +qz0E(2)
This allows us to compute
Z( —i 1
w;GE(A; —inu; = (i = 1) : : (19.17)
Ai—in Z(Ai —in) — W

and finally, taking the imaginary part in the limit  — 0,

quir
(111 = q) — A+ qurbp(A)? + q2u2 22 pi (1)

where, again, hg denotes the real part of the Stieltjes transform gg. Note that in the limit
qg — 0, ®(A,u) becomes more and more peaked around A =~ p, with an amplitude
that diverges for ¢ = 0. Indeed, in this limiting case, one should find that the sample
eigenvectors v; become equal to the population ones u;. More generally, ® (A, ) for a
fixed u has a Lorentzian humped shape as a function of A, which peaks for A ~ .

(19.18)

Now suppose that E = C%WqC% and E' = C%W;C%, where Wy and Wy, are two
independent Wishart matrices with the same parameter g. Using Eq. (19.8), one can again
compute the expected overlap between the eigenvectors of E and E’. The final formula is
however too cumbersome to be reported here, see Bun et al. [2018]. The formula simplifies

in the limit where C is close to the identity matrix, in the sense that r(Cz) =1+ ¢, with
€ — 0. In this case:

W) =1+¢€[2bg(n) — 1]1[2bg(V) — 1] + 0(e?). (19.19)

More generally, the squared overlaps only depend on gg(z) (which is measurable from
data). Again, the knowledge of the “true” matrix C is not needed to judge whether or not
the observed overlap between the eigenvectors of E and E’ is compatible with the hypoth-
esis that such matrices are both noisy versions of the same unknown C. This is particularly
important in financial applications, where E and E’ may correspond to covariance matrices
measured on two non-overlapping periods. In such a case, the hypothesis that the true C is
indeed the same in the two periods may not be warranted and can be directly tested using
the overlap formula.

19.2 Rotationally Invariant Estimators
19.2.1 Setting the Stage

The results derived above concerning the overlaps between the eigenvectors of sample
E and population (or “true”) C matrices allow one to construct a rotationally invariant
estimator of C knowing E. The idea can be framed within the Bayesian approach of the
previous chapter, when the prior knowledge about C is mute about the possible directions
in which the eigenvectors of C are pointing. More formally, this can be expressed by saying
that the prior distribution Py(C) is rotation invariant, i.e.

Py(C) = Py(0CO"), (19.20)
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where O is an arbitray rotation matrix. Examples of rotationally invariant priors are pro-
vided by the orthogonal ensemble introduced in Chapter 5, where Py(C) only depends on
Tr(C).

Now, since the posterior probability of C given E is given by

P(CIE) « (detC)~ T2 exp [—g Tr (C_IE)] Po(C), (19.21)

it is easy to verify that the MMSE estimator of C transforms in the same way as E under an
arbitrary rotation O, i.e.

E[C|OEO"] = /CP(CIOEOT)PO(C)DC

-0 [/ C P(E|E)PO(G)Z)E} o’
— OE(C|E)O’, (19.22)

using the change of variable C = 07CO, and the explicit form of P(C|E) given in Eq.
(19.21).

More generally, if we call E(E) an estimator of C given E, this estimator is rotationally
invariant if and only if

E(OEO") = OE(E)O’, (19.23)

for any orthogonal matrix Q. This means in words that, if the scMm E is rotated by some O,
then our estimation of C must be rotated in the same fashion. Intuitively, this is because we
have no prior assumption on the eigenvectors of C, so the only special directions in which
C can point are those singled out by E itself. Estimators abiding by Eq. (19.23) are called
rotationally invariant estimators (RIE).

An alternative interpretation of Eq. (19.23) is that Z(E) can be diagonalized in the same
basis as E, up to a fixed rotation matrix €2. But consistent with our rotationally invariant
prior on C, there is no natural guess for €2, except the identity matrix 1. Hence we conclude
that E (E) has the same eigenvectors as those of E, and write

N
EEB) =) &viv], (19.24)
i=1

where v; are, as above, the eigenvectors of E, and where &; is a function of all empirical
eigenvalues [A;]je(1, n). We now show how these &; can be optimally chosen, and opera-
tionally computed from data in the limit N — oo.

19.2.2 The Optimal RIE

Suppose we ask the following question: what is the optimal choice of &; such that E(E),
defined by Eq. (19.24), is as close as possible to the true C? If the eigenvectors of E were
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equal to those of C, i.e. if v; = w;, Vi, the solution would trivially be & = p;. But in
the case where v; # u;, the solution is a priori non-trivial. So we want to minimize the
following least-square error:

N N
Tr(E(E) — C)? = Zv{(E(E) —O)?v; = Z (g,? — 25V Cv; + v{czvi) . (19.25)

i=1 i=1

Minimizing over & and noting that the third term in the equation above is independent of
the &£’s, it is easy to get the following expression for the optimal &:

& = v Cv;. (19.26)

This is all very well but seems completely absurd: we assume that we do not know the true
C and want to find the best estimator of C knowing E, and we find an equation for the &
that we cannot compute unless we know C.

Because Eq. (19.26) requires in principle knowledge we do not have, it is often called
the “oracle” estimator. But as we will see in the next section, the large N limit allows one
to actually compute the optimal &’s from the data alone, without having to know C.

19.2.3 The Large Dimension Miracle

Let us first rewrite Eq. (19.26) in terms of the overlaps introduced in Section 19.1. Expand-
ing over the eigenvectors of C we find

N N
2
& = szujuju;vk = Z,uj (u?vk> (19.27)
j=1 j=I
—> /du pc(u)n® A, w), (19.28)
N—o00

where Ay is the eigenvalue of the sample matrix E associated with vi. In other words, &
is an average over the eigenvalues of C, weighted by the square overlaps & (At, t). Now,
using Eq. (19.5), we can also write

N N
2 1
Ec=) wi(uvy) =——— lim Im Y u’u;Gg(h —in)u;
; J ( J ) ﬂpE()"k) n_)0+ j:1 J J J
lim Imt (CGg(Axr —in)). (19.29)

— wpe(hk) n—0t

We now use the fact that in both the additive and the multiplicative case, the matrices Gg
and G are related by a subordination equation of the type

GE(2) = Y(2)Gc(Z(2)), (19.30)
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with Y (z) = 1 in the additive case and Y (z) = Z(z)/z in the multiplicative case. Hence we
can write the following series of equalities:

T (CGE(2) = Y1 (CGe(Z)) = YT ((C —Z14 Z1)(Z1 — C)*l)
=YZgoc(Z2) —-Y = Z(2)oE(2) — Y (2). (19.31)

But since Z(z) only depend on gg (z), we see that the final formula for & does not explicitly
depend on C anymore and reads

1 . .
§k = —— lim Z(z)ee(zk) —Y(zk), 2k =2 —in. (19.32)
7PE (M) n—>0*
Since all the quantities on the right hand side can be estimated from the data alone, this
formula will lend itself to real world applications. Let us first explore this formula for two
simple cases, for an additive model and for a multiplicative model.

19.2.4 The Additive Case

For a general noise matrix X, one has Z(z) = z — Rx(gg(z)), leading to the following
mapping between the empirical eigenvalues A and the RIE eigenvalues &:

lim, o+ Im Rx (9E(2))9E(2)

: , z=A—Iin. 19.33
lim, o+ Im g (2) 1 (1939

EA) =A—

If there is no noise, i.e. X = 0 and hence Rx = 0, we find as expected £(1) = A. If X is
small, then

Rx(x)=ex+---, (19.34)
where we have assumed 7(X) = 0 and € = t(X?) is small. Hence we find

§(A) =A—2ebg(A) +---. (19.35)

A natural case to consider is when X is Wigner noise, for which Rx(x) = anx exactly,

such that the equation above is exact with € = 0,12, for arbitrary values of o,. When C
is another Wigner matrix with variance crsz, then E is clearly also a Wigner matrix with

variance 02 = crnz + 052. In this case, when —20 < A < 20,
D) = = (19.36)
E = 20—2 . .
Hence we obtain, from Eq. (2.38),
ro2 2
EQ) =2 — G; =rh, ri= 0—52 (19.37)
o o
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which is the linear shrinkage obtained for Gaussian variables in Chapter 18. In fact, this
shrinkage formula is expected elementwise, since all elements are Gaussian random vari-
ables:!

E(E),’j = }"Eij, (1938)
see Eq. (18.10) with xo = 0.

Exercise 19.2.1 Additive RiE for the sum of two matrices from the same distri-
bution
In this exercise we will find a simple form for a RIE estimator when the noise
is drawn from the same distribution as the signal, i.e.

E=C+X (19.39)

with X and C mutually free matrices drawn from the same ensemble.

(a) Write a relationship between Rx(g) and Rg(g).

(b) Given that gg(2) RE(gE(2)) = z8E(2) — 1, what is gg(2) Rx (g (2))?

(c) Use Eq. (19.33) and the fact that z is real in the limit 7 — O to show that
EN) =A/2.

(d) Given that E = E[C]g (see Section 19.4), find a simple symmetry argument
to show that E = E/2.

(e) Generate numerically two independent symmetric orthogonal matrices M;
and M, with N = 1000 (see Exercise 1.2.4). Compute the eigenvalues Ay
and eigenvectors vy of the sum of these two matrices.

(f) Plot the normalized histogram of the A;’s and compare with the arcsine law
between —2 and 2 (p(X) = 1/(w V4 — A2)).

(g) Make a scatter plot vy M1V, vs A and compare with A /2.

19.2.5 The Multiplicative Case

We can now tackle the multiplicative case, which includes the important practical problem
of estimating the true covariance matrix given a sample covariance matrix. In the mul-
tiplicative case, it is more elegant to use the subordination relation Eq. (13.46) for the
T-matrix rather than for the resolvent. In the present setting we thus write

Te(z) = Tclz Sw(te(2)]. (19.40)

1 Note however that there is a slight subtlety here: the linear shrinkage equation (19.37) only holds in the absence of outliers, i.e.
empirical eigenvalues that fall outside the interval (—20,20). For such eigenvalues, shrinkage is non-linear. For a similar
situation in the multiplicative case, see Figure 19.2.



306 Eigenvector Overlaps and Rotationally Invariant Estimators

In terms of T-transforms, Eq. (19.29) reads

lim, o+ Im7(CTclz Sw(te(2)])

EQ) = . z=A—in. (19.41)

lim,,_, o+ Im tg(z)
Since Tc(z) = C(z1 — C)~!, we have, with # = tg(z) as a shorthand,
T[CTe(ESw)] = [ CSwn1 - O ']
—1 [C(c — 28w + zSw (D)D) (zSw ()1 — C)’l]
= 1(0) + zSw()tc(zSw(?))
= 7(C) + 28w (Dt (). (19.42)

The first term 7(C) is real and does not contribute to the imaginary part that we have to

compute, SO we obtain

lim,,_, o+ Im Sw (g (2))tE (2)
lim,,_, o+ Im tg(z)

E) =4

., Z=A—1in. (19.43)

Equation (19.43) is very general. It applies to sample covariance matrices where the noise
matrix W is a white Wishart, but it also applies to more general multiplicative noise
processes.

In the special case of sample covariance matrices E = C%WqC% with N/T = q, we
know that Sw, (1) = (1 + gt)~'. In the bulk region A_ < A < Aq,t = tg(z) is complex
with non-zero imaginary part when z = A — in. Hence

lim,,_, o+ Im —~ 2
E() = A—— et — (19.44)
lim,_, g+ Im?¢ 1+ gtg(X —in)| =0
where we have used the fact that
t t(1 4 gt* t 12 1
Im =Im(+—qz) —m T4 '2 - S Imr. (19.45)
1+ gt |1+ qt| |1+ qt| |1+ gt|

Equation (19.44) can be interpreted as a form of non-linear shrinkage. A way to see this is
to note that below A_ and above A4 (the edges of the sample spectrum) tg(A) is real. From
the very definition,

/

Ay A
te(A) = / d)»'/OE()x/)A — = rE() — L, (19.46)

for any A outside or at the edges of the spectrum. Hence, since A_ > 0 for covariance
matrices, tg(A—) < 0 and tg(A+) > 0. Hence, one directly establishes that the support of
the RIE E (E) is narrower than that of E:

E_) = A; E(Ay) < Ay, (19.47)

where the inequalities are saturated for ¢ = 0, in which case, as expected £(A) = A,
Vi € (A_,Ay+). A more in-depth discussion of the properties of Eq. (19.44) is given in
Section 19.3.
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Figure 19.2 The RIE estimator (19.44) for a true covariance matrix given by an inverse-Wishart of
variance p = 0.25 observed using data with aspect ratio ¢ = 0.25. On the support of the sample
density (A € [0.17,3.33]), the RIE matches perfectly the linear shrinkage estimator (19.49) (with
r = 1/2), but it is different from it outside of the expected spectrum.

Using Eq. (19.46), the shrinkage equation (19.44) can be rewritten as
A
11— g+ qrep(h —imI? |, o+
a result first derived in Ledoit and Péché [2011].
Equation (19.44) considerably simplifies in the case where the true covariance matrix C

is an inverse-Wishart matrix of parameter p. Injecting the explicit form of tg(z) given by
Eq. (15.50) into Eq. (19.44) leads, after simple manipulations, to

A
X% _vd-n;  r=-2 (19.49)
p+q p+tgq
i.e. exactly the linear shrinkage result derived in a Bayesian framework in Section 18.3.
Note that the result Eq. (19.49) only holds between A_ and A, given in Eq. (15.52). The

full function &£(A) when C is an inverse-Wishart matrix is given in Figure 19.2.

E) =

(19.48)

E) =

Exercise 19.2.2 RIE when the true covariance matrix is Wishart
Assume that the true covariance matrix C is given by a Wishart matrix with
parameter go. This case is a tractable model for which the computation can be
done semi-analytically (we will get cubic equations!).
We observe a sample covariance matrix E over T = g N time intervals. E is
the free product of C and another Wishart matrix of parameter g:

E=CIWC2. (19.50)
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(a) Given that the S-transform of the true covariance is Sc(¢) = 1/(1 + got) and
the S-transform of the Wishart is Sw(#) = 1/(1 + gt), use the product of
S-transforms for the free product and Eq. (11.92) to write an equation for
tg(z). It should be a cubic equation in ¢.

(b) Using a numerical polynomial solver (e.g. np.roots) solve for tg(z) for z real
between 0 and 4, choose gp = 1/4 and g = 1/2. Choose the root with positive
imaginary part. Use Eqs. (11.89) and (2.47) to find the eigenvalue density and
plot this density. The edge of the spectrum should be (slightly below) 0.05594
and (slightly above) 3.746.

(c) For A in the range [0.05594, 3.746] plot the optimal cleaning function (use the
same solution tg(z) as in (b)):

EA) = (19.51)

T4 qr()?
(d) For N = 1000 numerically generate C (qo = 1/4), two versions of Wi »
(g = 1/2) and hence two versions of Ej o := C%WLZC%. E; will be the
“in-sample” matrix and E; the “out-of-sample” matrix. Check that 7(C) =
t(Wi2) = t(E;2) = 1 and that 7(C?) = 1.25, t(Wj,) = 1.5 and
t(E7,) = 1.75.
(e) Plot the normalized histogram of the eigenvalues of E1, it should match your
plot in (b).
(f) For every eigenvalue, eigenvector pair (Ag, Vi) of E; compute &y (ry) =
V]€E2Vk. Plot &ya1(Ak) vs A and compare with your answer in (c).
Exercise 19.2.3 Multiplicative rRIE when the signal and the noise have the same
distribution
(a) Adapt the arguments of Exercise 19.2.1 to the multiplicative case with C and
W two free matrices drawn from the same ensemble. Show that in this case
E() = V.
(b) Redo Exercise 19.2.2 with ¢ = go = 1/4, compare your & (%) with +/A.

19.2.6 RIE for Outliers

So far, we have focused on “cleaning” the bulk eigenvectors. But it turns out that the
formulas above are also valid for outliers of C that appear as outliers of E. One can show
that, outside the bulk, gg(z) and tg(z) are analytic on the real axis and thus, for small 7,

Imgg (X — in) = —ngg (L), Imtg(A —in) = —ntg(X). (19.52)

Then Egs. (19.33) and (19.43) simplify to
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d
EW) =2r— - [¢gRx(9)]. g=geW),
8 (19.53)

d
) = Ln [tSw(t)], 1 =tg(d),

respectively for the additive and multiplicative cases.

19.3 Properties of the Optimal RIE for Covariance Matrices

Even though the optimal non-linear shrinkage function (19.44), (19.48) seems relatively
simple, it is not immediately clear what is the effect induced by the transformation A; —
&(A;). In this section, we thus give some quantitative properties of the optimal estimator &
to understand the impact of the optimal non-linear shrinkage function.

First let us consider the moments of the spectrum of E. From Egs. (19.24) and (19.26)
we immediately derive that

TrE =Zujuj <Zviv{> u; =TrC, (19.54)
j=1 i=1

meaning that the cleaning operation preserves the trace of the population matrix C, as it
should do. For the second moment, we have

N N
=2 T 20T 2
Tr&° = § lijMkE (Viu;) (v ug)”.
jk=1 i=1

Now, if we define the matrix A j; as Z,N:l(Vl.Tuj)2(ViTuk)2 for j,k = 1, N, it is not hard to
see that it is a matrix with non-negative entries and whose rows all sum to unity (remember
that all v;’s are normalized to unity). The matrix A is therefore a (bi-)stochastic matrix
and the Perron-Frobenius theorem tells us that its largest eigenvalue is equal to unity (see
Section 1.2.2). Hence, we deduce the following general inequality:

N N
2
Z Ajkpjpk < ZM,-,
k=1 j=1

which implies that
TrE> < TrC? < TrE?, (19.55)

where the last inequality comes from Eq. (17.11). In words, this result states that the
spectrum of E is narrower than the spectrum of C, which is itself narrower than the
spectrum of E. The optimal RIE therefore tells us that we had better be even more cautious
than simply bringing back the sample eigenvalues to their estimated true locations. This is
because we have only partial information about the true eigenbasis of C. In particular, one
should always shrink downward (resp. upward) the small (resp. top) eigenvalues compared
to their true locations p; for any i € (1, N), except for the trivial case C = 1.
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Next, we consider the asymptotic behavior of the optimal non-linear shrinkage function
(19.44), (19.48). Throughout the following, suppose that we have an outlier at the left of
the lower bound of pg and let us assume g < 1 so that E has no exact zero mode. We know
from Section 19.2.6 that the estimator (19.44) holds for outliers. Moreover, we have that
AMER) = O(X) for A — 0. This allows us to conclude from Eq. (19.26) that, for outliers
very close to zero,

A 2
§(1) e +O(), (19.56)
which is in agreement with Eq. (19.55): small eigenvalues must be pushed upwards for
q > 0.
The other asymptotic limit A — oo is also useful since it gives us the behavior of the
non-linear shrinkage function £ for large outliers. In that case, we know from Eq. (17.8)
that limy_, oo Atg(A) ~ A~ '7(E). Therefore, we conclude that

E) ~ * S~ =29t (E)+ 007", (19.57)

(1 +grlT(E) + O(A—Z))

If all variances are normalized to unity such that t(E) = t(C) = 1, then we simply obtain
EM ~A—20+007"). (19.58)

It is interesting to compare this with Eq. (14.54) for large rank-1 perturbations, which gives
A &+ q for . — oo. As aresult, we deduce from Eq. (19.58) that £(A) ~ 1 — ¢ and we
therefore find the following ordering relation:

EM) < <A, (19.59)

for isolated and large eigenvalues A and for ¢ > 0. Again, this result is in agree-
ment with Eq. (19.55): large eigenvalues should be reduced downward for any ¢ > O,
even below the “true” value of the outlier x. More generally, the non-linear shrink-
age function £ interpolates smoothly between A/(1 — ¢)? for small A to A — 2¢ for
large A.

19.4 Conditional Average in Free Probability

In this section we give an alternative derivation of the RIE formula, Eq. (19.29). This
derivation is more elegant, albeit more abstract. In particular, it does not rely on the
computation of eigenvector overlap, so by itself it misses the important link between the
RIE and the computation of overlaps.

In the context of free probability, we work with abstract objects (E, C, etc.) that satisfy
the axioms of Chapter 11. We can think of them as infinite-dimensional matrices. We are
given the matrix E that was obtained by free operations from an unknown matrix C. For
instance it could be given by a combination of free product and free sum.

The matrix E is generated from the matrix C; in this sense, E depends on C. We would
like to find the best estimator (in the least-square sense) of C given E. It is given by the
conditional average

@l
Il

E[Clg. (19.60)



19.5 Real Data 311

In this abstract context, the only object we know is E so E must be a function of E. Let us
call this function E(E). The fact that E is a function of E only imposes that & commutes
with E, i.e. that E is diagonal in the eigenbasis of E. One way to determine the function

E(E) is to compute all possible moments of the form my = r[E(E)Ek]. They can be
combined in the function

F@) =1 [S(E)(zl - E)—l] (19.61)
via its Taylor series at z — oo. Using Eq. (19.60), we write
F@) =t []E[C]IE (zl—E)—l]. (19.62)

But the operator t[.] contains the expectation value over all variables, both trace and
randomness. So by the law of total expectation, T (E[.]) = 7(.) and

F@=r[ce1-B7]. (19.63)
To recover the function £(A) from F(z) we use a spectral decomposition of E:
F(z) = / pE(A)%dA, (19.64)
SO
nE)n(}+ Im F(x —in) = mpg (L)), (19.65)
which is equivalent to
£ = im %~ ) (19.66)

im —,
n—0+ Imgg (A — in)
itself equivalent to Eq. (19.29).

19.5 Real Data

As stated above, the good news about the RIE estimator is that it only depends on transforms
of the observable matrix E, such as gg(z) and tg(z) and the R- or S-transform of the noise
process. One may think that real world applications should be relatively straightforward.
However, we need to know the behavior of the limiting transforms on the real axis, precisely
where the discrete N transforms gy (z) and ty(z) fail to converge.

We will discuss here how to compute these transforms using either a parametric fit or
a non-parametric approximation on the sample eigenvalues. In both cases we will tackle
the multiplicative case with a Wishart noise but the discussion can be adapted to cover
the additive case or any other type of noise. In Section 19.6 we will discuss an alternative
approach using two datasets (or disjoint subsets of the original data).

19.5.1 Parametric Approach

Ansatz on pc or Sc

One can postulate a convenient functional form for pc(X) and fit the associated parameters
on the data. This allows one to obtain analytical formulas for all the relevant transforms,
from which one can extract the exact behavior on the real axis.
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The simplest (most tractable) choice for pc(A) is the inverse-Wishart distribution. In
this case pg(}) can be computed exactly (see Eq. (15.51)) and the optimal estimator is
linear within the bulk of the spectrum, cf. Eq. (19.49). When the sample covariance matrix
is normalized such that 7(E) = 1, the inverse-Wishart has a single parameter p that
needs to be estimated from the data. As an estimate, one can use for example the second
moment of E:

T (E2) —14p+q, (19.67)
or its first inverse moment:
1
T (E—l) _1tr (19.68)
l—¢q

which is obtained using Eq. (15.13) with Sg(t) = (1 — pt)/(1 + gt), or simply by
noting that I(W;IAA;l) = r(W;l)r(AA;l) for free matrices, and using the results of
Sections 15.2.2 and 15.2.3.

When the distribution of sample eigenvalues appears to be bounded from above and
below, one can use a more complicated but still relatively tractable ansatz for pc (), by
postulating a simple form for its S-transform. For example using

(I = pi)(1 — pat) (I = pi1)(1 — pat)

Sct) = 1+qit ¢ RO = T an

(19.69)

one finds that tg(¢) (and hence pg(A)) is the solution of a cubic equation. Higher order
terms in ¢ in the numerator or the denominator will give higher order equations for tg(¢).
The parameters p1, p2, g1, etc. can be evaluated from the first few moments and inverse
moments of E or by fitting the observed density of eigenvalues. However, the particularly
convenient choice Eq. (19.69) does not work when the observed distribution of eigenvalues
does not have enough skewness, as in the example shown in Figure 19.3.

Parametric Fit of pg

Another approach consists of postulating a form for the density of sample eigenvalues and
fitting its parameters. For example, one can postulate that

LAt ar4+ad?) JO =)0y =)
1+ b1 + byA?

PEQ) = Z

, (19.70)

where A1 are fixed to the smallest/largest observed eigenvalues, and aj, a2, b1 and b>
are fitted on the data by minimizing the square error on the cumulative distribution. The
normalization factor Z can be computed during the fitting procedure. This particular form
fits very well for sample data generated numerically (see Fig. 19.3 left). To find the optimal
shrinkage function (19.48), we then reconstruct the complex Stieltjes transform g (x —i0™)
numerically, by using the fitted p (1) and computing its Hilbert transform. The issue with
such an approach is that even when Eq. (19.70) is a good fit to the sample density of
eigenvalues, it cannot be obtained as the result of the free product of a Wishart and some
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Figure 19.3 Parametric fit illustrated on an example where the true covariance has a uniform density
of eigenvalues with mean 1 and variance 0.2 (see Eq. (15.42)). A single sample covariance matrix
with N = 1000 and ¢ = 0.4 was generated, and the ad-hoc distribution (19.70) was fitted to the
eigenvalue cDF. The left-hand figure shows a histogram of the sample eigenvalues compared with
the theoretical distribution and the ad-hoc fit. The right-hand figure shows the theoretical optimal
shrinkage and the one obtained from the fit. The agreement is barely satisfactory, in particular the
shrinkage from the fit is non-monotonic. The dots show the oracle estimator &, = V,:Cvk computed
within the same simulation.

given density. As a consequence the approximate estimator generated by such an ansatz is
typically non-monotonic, whereas the exact shrinkage function should be.?

The Case of an Unbounded Support

On some real datasets, such as financial time series, it is hard to detect a clear boundary
between bulk eigenvalues and the large outliers. In this case one may suspect that the
distribution of eigenvalues of the true covariance matrix C is itself unbounded. In that case,
one may try a parametric fit for which the density of C extends to infinity. For example, if
we suspect that the true distribution has a sharp left edge but a power-law right tail, we may
choose to model pc(}) as a shifted half Student’s t-distribution, i.e.

2 F(HT“) h—a P\
pe() = O 1) T—— 0 <1+ o ) : (19.71)

where ®(A — A_) indicates that the density is non-zero only for A > A_, chosen
to be the center of the Student’s t-distribution. These densities do not have an upper
edge, instead they fall off as p(A) ~ A~#~! for large A. For integer values of the tail

2 Although we have not been able to find a simple proof of this property, we strongly believe that it holds in full generality.
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exponent u, the Stieltjes transform gc(z) can be computed analytically. For example for
= 3 we find

V3mu? 4 6au® 4 94> /3ru + 364> log (—u/ v3a2> + 1843
V3 (3a% + u2)2

where u = z — A_. Note that this Stieltjes transform has an essential singularity at z = A_
and a branch cut on the real axis from A_ to +oo indicating that the density has no upper
bound. For = 3 both the mean and the variance of the eigenvalue density are finite. We
thus fix A_ = 1 —2+/3a2 /7 such that 7(C) = 1 and adjust a to obtain the desired variance
given by 7(C?) — 1 = 34%(1 — (2/7)?).

In cases like this one, where we have an analytic form for gc(z) but no simple formula
for its S-transform, we can numerically solve the subordination relation

. (19.72)

Gu=3 (z) =

¢

() =t (1 + nt@) ’ (1979
with tc(¢) = ¢gc(¢) — 1, using an efficient numerical fixed point equation solver. Most of
the time a simple iteration would find the fixed point, but for some values of ¢ and ¢ it is
sometimes difficult to find an initial condition for the iteration to converge so it is better to
use a robust fixed point solver.

Let us end on a technical remark: for unbounded densities, g(z) is not analytic at z = oo,
which does not conform to some hypotheses made throughout the book. Intuitively, there
is no longer any clear distinction between bulk eigenvalues and outliers. For a fixed value
of N, and for sufficiently large X, the distance between two successive eigenvalues will at
some point become much larger than 1/N. Fortunately, the very same RIE formula holds
both for bulk and for outlier eigenvalues, so we can close our eyes and safely apply Eq.
(19.27) for unbounded densities as well.

19.5.2 Kernel Methods

Another approach to compute the Stieltjes and/or the T-transform on the real axis is to
work directly with the discrete eigenvalues A; of E. As stated earlier we cannot simply
evaluate the discrete gy (z) at a point z = XAy because gx(z) is infinite precisely at the
points z € {Ax}; this is the reason why gy (z) does not converge to the limiting gg(z) on the
support of p(A).

The idea here is to generalize the standard kernel method to estimate continuous den-
sities from discrete data. Having observed a set of N eigenvalues [Aglre(1, n), @ smooth
estimator of the density is constructed as

N
1
pux) = k; Ky (X = M), (19.74)
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where K, is some adequately chosen kernel of width n (possibly k-dependent), normalized
such that

+00
/ du K, (u) =1, (19.75)
—0Q
such that
“+o00
/ dx ps(x) = 1. (19.76)
—00

A standard choice for K is a Gaussian distribution, but we will discuss more appropriate
choices for the Stieltjes transform below.
Now, let us similarly define a smoothed Stieltjes transform as

N
|
0:(2) 1= 1; K. (2 — M), (19.77)

where gk, is the Stieltjes transform of the kernel K, treated as a density:
+oo Kn ()
9K, (2) = du ———; Im(z) # 0. (19.78)
— 00 —u
Note that since Im gg_,(x — i0h) =inK »(x), one immediately concludes that
Im gs(x —i0%) = inps(x) (19.79)

for any smoothing kernel K. Hence g;(z) is the natural generalization of smoothed densi-
ties for Stieltjes transforms. Correspondingly, the real part of the smoothed Stieltjes is the
Hilbert transform (up to a & factor) of the smoothed density, i.e.

o0
A
bs(x) := Regg(x —i0™) :][ dkw. (19.80)
oo X — A
Two choices for the kernel K, are specially interesting. One is the Cauchy kernel:
1 7
C —
Ky () = g (19.81)
from which one gets
ggc n(2) = + = sign (Im(z)) . (19.82)

z+in’
Hence, in this case, we find that the smoothed Stieltjes transform we are looking for is
nothing but the discrete Stieltjes transform computed with a k-dependent width 7:

N
1 1
C
g (2) :'= — _ Im(z) <O, 19.83
NG N};Z_Ak_mk @ (19.83)
which we can now safely compute numerically on the real axis, i.e. when z = x —i0™, and
plug in the corresponding formulas for the RIE estimator £(1).
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Figure 19.4 Non-parametric kernel methods applied to the same problem as in Figure 19.3. An
approximation of gg (A — i0T) is computed with the Cauchy kernel (19.82) and the Wigner kernel
(19.85) both with ny = n = N -1/2, (left) We compare the two smoothed densities with the
theoretical one. Both are quite good but the Wigner kernel is better where the density changes rapidly.
(right) From the smoothed Stieltjes transforms we compute the shrinkage function for both methods.
Only the result of the Wigner kernel is shown (the Cauchy kernel is comparable albeit slightly
worse). Kernel methods give non-monotonic shrinkage functions which can be easily rectified using
an isotonic regression (19.86), which improves the agreement with the theoretical curve.

Another interesting choice for numerical applications is the semi-circle “Wigner kernel”,
which has sharp edges. To wit,

4,72 _ u2

W —
K =5

for —2n<u <2n, (19.84)

and 0 when |u| > 2#. In this case, we obtain

N 2

1 7 — Ak 4n

w k
)= - J1-—FK . 19.85
' (@) N = 2 (z = h)? (19:83)

Figure 19.4 gives an illustration of the kernel method using both the Cauchy kernel and the
Wigner kernel, with ny = n = N2,

We end this section with two practical implementation points regarding the kernel
methods.

1 Since the optimal RIE estimator £(1) should be monotonic in A, one should rectify
possibly non-monotonic numerical estimators using an isotonic regression. The isotonic
regression y; of some data y is given by

T

N . N 2 . N N N N

Yk = argmin E (3x —w)” with $ <F <--- < Jr_1 < Jr. (19.86)
k=1
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It is the monotonic sequence that is the closest (in the least-square sense) to the original
data.

2 In most situations, we are interested in reconstructing the optimal RIE matrix & =
> &(A)viv, and hence we need to evaluate the shrinkage function & (1) precisely at the
sample eigenvalues {A;}. We have found empirically that excluding the point Ay itself
from the kernel estimator consistently gives better results than including it. For example,
in the Cauchy case, one should compute

N

1 1
C -+
(A —107) & , 19.87
gg (Ag —10™) N—lkz_l)»z—?»k—ink ( )
k#L

when estimating Eq. (19.48).

19.6 Validation and RIE

The idea of validation to determine the RIE is to compute the eigenvectors v; of E the scm
of a training set and compute their unbiased variance of a different dataset: the validation
set. More formally, this is written

Ex (M) :==v;"E'v;, (19.88)

where E' is the validation scM. The training set is also called the in-sample data and the
validation set the out-of-sample data.

In practical applications, we have typically a single dataset that needs to be split into
a training and a validation set. If we are not too worried about temporal order, any block
of the data can serve as the validation set. In K-fold cross-validation, the data is split into
K blocks, one block is the validation set and the union of the K — 1 others serves as the
training set. The procedure is then repeated successively choosing the K possible validation
sets, see Figure 19.5.

In the following, we will assume that the true covariance matrix C is the same on both
datasets so that E = CZTWC? and E/ = CIW/ C%, where W’ is independent from W.

Expanding over the eigenvectors v; of E', we get

N

EcGi) = (viTvi)? (19.89)

k=1
or, in the large N limit and using the definition of ¥ given in Eq. (19.6),

Ex(L) e / prr (W)W (A, AHA AL . (19.90)

Now, there is an exact relation between W and ®, which reads

1 N
W) = ¥ Z DO u PN, 1)) (19.91)
j=1
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or, in the continuum limit,

W(r,A) = /pc(u)q>()~,u)q>(K/,M) dp. (19.92)

Intuitively, this relation can be understood as follows: we expect that, from the very
definition of &, the eigenvectors of E and E’ can be written as

N N
1 1
vi=——=) & /OO0, pni)u;; V,=—=) &, /o0, n)us, (19.93)
i ﬁNjX::l ij iHj)uj k hNg ke ke Be

where u; are the eigenvectors of C and ¢;; are independent random variables of mean
zero and variance one, such that

Ele;jexel = 6ikdjes E[Sz{jgl/cl] =ik, E[eij‘s]/cl] =0. (19.94)

This so-called ergodic assumption can be justified from considerations about the Dyson
Brownian motion of eigenvectors, see Eq. (9.10), but this goes beyond the scope of this

book. In any case, if we now compute E[(V{V}()Z] using the ergodic assumption and
remembering that u?ug =4y, we find

N
1
NE[(ViTV;c)Z] =N Z D (his )P e ), (19.95)
=1

which is precisely Eq. (19.91).
Injecting Eq. (19.91) into Eq. (19.89), we thus find

1 N N
NOES-OI DILINLICYTRY Ri
j=1

k=1

1 N N

chm,uj) (Z @(x,;,uj),\;{). (19.96)
j=1

k=1

The last term in parenthesis can be computed by using the very definition of E’:
N
> @G ), = Nu;"Elu;
k=1
— NC2uW'C2u; = N ju i Whu;. (19.97)
Now, the idea is that since W’ is independent of C, averaging over any small interval of 1 ;

will amount to replacing u;” Wu; by its average over randomly oriented vectors u, which
is equal to unity:

E[u'Wu] = t(Wuu") = t(W)t(ud’) = 1. (19.98)
Hence, from Eq. (19.96) we finally obtain

1 N
Ex(A) = N;MLM)M,/ B{)/ﬂc(u)@(/\,u)udu, (19.99)
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Figure 19.5 Shrinkage function £(1) computed for the same problem as in Figure 19.3, now using
cross-validation. The dataset is divided into K = 10 blocks of equal length. For each block, we
compute the N = 1000 eigenvalues )Lg’ and eigenvectors vﬁ’ of the sample covariance matrix using
the rest of the data (of new length 97 /10), and compute &x (A? ) = vf;’ "E Vf;’ , with E/ the sample

covariance matrix of the considered block. The dots correspond to the 10 x 1000 pairs (Ag’ JEx (kg’ ).
The full line is an isotonic regression through the dots. The procedure has a slight bias as we in fact
compute the optimal shrinkage for a value of g equal to gx = 10N /9T, but otherwise the agreement
with the optimal curve is quite good.

which precisely coincides with the definition of the optimal non-linear shrinkage function
&(A), see Eq. (19.27).

This result is very interesting and indicates that one can approximate & (A) by considering
the quadratic form between the eigenvectors of a given realization of C — say E — and
another realization of C — say E' — even if the two empirical matrices are characterized by
different values of the ratio N/T. This method is illustrated in Figure 19.5.
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Applications to Finance

20.1 Portfolio Theory

One of the arch-problems in quantitative finance is portfolio construction. For example, one
may consider an investment universe made of N stocks (or more generally N risky assets)
that one should bundle up in a portfolio to achieve optimal performance, according to some
quality measure that we will discuss below.

20.1.1 Returns and Risk Free Rate

We call p; ; the price of stock i at time ¢ and define the returns over some elementary time
scale (say one day) as
Pi,t — Dii—1
pii-1
The portfolio weight m; is the dollar amount invested on asset i, which can be positive
(corresponding to buys) or negative (corresponding to short sales). The total capital to be
invested is C. Naively, one should have C = Zi 7r;. But one can borrow cash, so that
> ;@ > C and pay the risk free rate ro on the borrowed amount, or conversely under-
invest in stocks (3, m; < C) and invest the remaining capital at the risk free rate, assumed
to be the same ro.! Then the total return of the portfolio (in dollar terms) is

R =Y miri+(C—=Y_ m)ro, (20.2)

ri,, =

(20.1)

so that the excess return (over the risk free rate) is
Ry = Cro =Y _mi(ri, — r0), (20.3)
i
where r; ; — r is the excess return of asset i. From now on, we will denote r; ; — ro by r; ;.

We will assume that these excess returns are characterized by some expected gains g; and
a covariance matrix C, with

1 In general, the risk free rate to borrow is different from the one to lend, but we will neglect the difference here.
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C,‘j = Cov[r,-rj]. (20.4)

The problem, of course, is that both the vector of expected gains g and the covariance
matrix C are unknown to the investor, who must come up with his/her best guess for these
quantities. Forming expectations of future returns is the job of the investor, based on his/her
information, anticipations, and hunch. We will not attempt to model the sophisticated
process at work in the mind of investors, and simply assume that g is known. In the simplest
case, the investor has no preferences and g = g1, corresponding to the same expected return
for all assets. Another possibility is to assume that g is, for all practical purposes, a random
vector in RV,

As far as C is concerned, the most natural choice is to use the sample covariance matrix
E, determined using a series of past returns of length 7. However, as we already know
from Chapter 17, the eigenvalues of E can be quite far from those of C when g = N/T
is not very small. On the other hand, T cannot be as large as one could wish, the most
important reason being that the (financial) world is non-stationary. For a start, many large
firms that exist in 2019 did not exist 25 years ago. More generally, it is far from clear that
the parameters of the underlying statistical process (if such a thing exists) can be considered
as constant in time, so mixing different epochs is in general not warranted. On the other
hand, due to experimental constraints, the limitation of data points can be a problem even
in a stationary world.

20.1.2 Portfolio Risk
The risk of a portfolio is traditionally measured as the variance of its returns, namely
R* = V[R] = Y mim;jCovlrirj] =n"Cn. (20.5)
ij
Other measures of risk can however be considered, such as the expected shortfall S, (or
conditional value at risk), defined as

1 [Re
S, = ——/ dR R P(R), (20.6)
P J-x

where R), is the p-quantile, with for example p = 0.01 for the 1% negative tail events:

Ry
P =/ dR P(R). (20.7)

[e.0]

If P(R) is Gaussian, then all risk measures are equivalent and subsumed in V[R].

20.1.3 Markowitz Optimal Portfolio Theory

For the reader not familiar with Markowitz’s optimal portfolio theory, we recall in this
section some of the most important results. Suppose that an investor wants to invest in a
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portfolio containing N different assets, with optimal weights & to be determined. An intu-
itive strategy is the so-called mean-variance optimization: the investor seeks an allocation
such that the variance of the portfolio is minimized given an expected return target. It is not
hard to see that this mean-variance optimization can be translated into a simple quadratic
optimization program with a linear constraint. Markowitz’s optimal portfolio amounts to
solving the following quadratic optimization problem:

{ min, gy 377 Cre

20.
subject to t’g > G (20.8)

where G is the desired (or should we say hoped for) gain. Without further constraints — such
as the positivity of all weights necessary if short positions are not allowed — this problem
can be easily solved by introducing a Lagrangian multiplier y and writing

1
min —x"Cn — yn'g. (20.9)
meRN
Assuming that C is invertible, it is not hard to find the optimal solution and the value of y
such that overall expected return is exactly G. It is given by

Clg

- 8 20.10
s (0.10)

nc=6G
which, as noted above, requires the knowledge of both C and g, which are a priori
unknown. Note that even if the predictions g; of our investor are completely wrong, it still
makes sense to look for the minimum risk portfolio consistent with his/her expectations.
But we are left with the problem of estimating C, or maybe C~' before applying
Markowitz’s formula, Eq. (20.10). We will see below why one should actually find the
best estimator of C itself before inverting it and determining the weights.
What is the risk associated with this optimal allocation strategy, measured as the variance
of the returns of the portfolio? If one knew the population correlation matrix C, the true
optimal risk associated with & ¢ would be given by

2
g'C g’
However, the optimal strategy (20.10) is not attainable in practice as the matrix C is

unknown. What can one do then, and how poorly is the realized risk of the portfolio
estimated?

Rz o = wLCre = (20.11)

20.1.4 Predicted and Realized Risk

One obvious — but far too naive — way to use the Markowitz optimal portfolio is to apply
(20.10) using the scm E as is, instead of C. Recalling the results of Chapter 17, it is not
hard to see that this strategy will suffer from strong biases whenever T is not sufficiently
large compared to N.



324 Applications to Finance

Notwithstanding, the optimal investment weights using the scMm E read

Elg
TE ng’ (20.12)
and the minimum risk associated with this portfolio is thus given by
2
R =npEng = BTy (20.13)

which is known as the “in-sample” risk, or the predicted risk. It is “in-sample” because it
is entirely constructed using the available data. The realized risk in the next period, with
fresh data, is correspondingly called out-of-sample.

Using the convexity with respect to E of g"”E~!g, we find from the Jensen inequality
that, for fixed predicted gains g,

E[g'E 'gl > ¢'E[E] 'g=¢'C g, (20.14)

where the last equality holds because E is an unbiased estimator of C. Hence, we conclude
that the in-sample risk is lower than the “true” risk and therefore the optimal portfolio
g suffers from an in-sample bias: its predicted risk underestimates the true optimal risk
Rirue- Intuitively this comes from the fact that =g attempts to exploit all the idiosyncracies
that happened during the in-sample period, and therefore manages to reduce the risk below
the true optimal risk. But the situation is even worse, because the future out-of-sample or
realized tisk, turns out to be larger than the true risk. Indeed, let us denote by E’ the scm of
this out-of-sample period; the out-of-sample risk is then naturally defined by
_ n]TEE/nE _ gngE—lE/E—lg
(g"E"'g)?

For large matrices, we expect the result to be self-averaging and given by its expectation
value (over the measurement noise). But if the measurement noise in the in-sample period
(contained in mEg) can be assumed to be independent from that of the out-of-sample
period, then mg and E’ are uncorrelated and we get, for N — oo,

2
Rout

(20.15)

npE'ng = npCrg. (20.16)
Now, from the optimality of & ¢, we also know that

neCnc < npCrg, (20.17)
so we readily obtain the following general inequalities:

R < Rie = Rour (20.18)

We plot in Figure 20.1 an illustration of these inequalities. One can see how using
g is clearly overoptimistic and can potentially lead to disastrous results in practice.
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Figure 20.1 Efficient frontier associated with the mean-variance optimal portfolio (20.10) for g = 1
and C an inverse-Wishart matrix with p = 0.5, for ¢ = 0.5. The black line depicts the expected
gain as a function of the frue optimal risk (20.11). The gray lines correspond to the realized (out-of-
sample) risk using either the scMm E or its RIE version Z. Both estimates are above the true risk, but
less so for RIE. Finally, the dashed lines represent the predicted (in-sample) risk, again using either
the scM E or its RIE version E. R and G in arbitrary units, such that Ryye = 1 for G = 1.

This conclusion in fact holds for different risk measures, such as the expected shortfall
measure mentioned in Section 20.1.2.

20.2 The High-Dimensional Limit
20.2.1 In-Sample vs Out-of-Sample Risk: Exact Results

In the limit of large matrices and with some assumptions on the structure g, we can make
the general inequalities Eq. (20.18) more precise using the random matrix theory tools from
the previous chapters. Let us suppose that the vector of predictors g points in a random
direction, in the sense that the covariance matrix C and gg” are mutually free. This is not
necessarily a natural assumption. For example, the simplest “agnostic” prediction g = 1 is
often nearly collinear with the top eigenvector of C (see Section 20.4). So we rather think
here of market neutral, sector neutral predictors that attempt to capture very idiosyncratic
characteristics of firms.
Now, if M is a positive definite matrix that is free from gg’, then in the large N limit:

™M 1 2
g = g _ ~ Trlgg'M] = 8 row, (20.19)

freeness N
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where we recall that 7 is the normalized trace operator. We can always normalize the
prediction vector such that g2 /N =1, sosettingM = {E’l, c! }, we can directly estimate
Egs. (20.13), (20.11) and (20.15) and find

QZ
Nt(E1)’
2
> g
K = Ne© Ty
5 G*t(E"'CE™1)
Row = —No@Tn

2
R, —

(20.20)

Let us focus on the first two terms above. For ¢ < 1, we know from Eq. (17.14) that, in
the high-dimensional limit, (CH=1- q)f(E_l). As aresult, we have, for N — oo,

R = (1 — )R> (20.21)

true*”

Hence, for any ¢ € (0,1), we see that the in-sample risk associated with &g always
provides an overoptimistic estimator. Even better, we are able to quantify precisely the
risk underestimation factor thanks to Eq. (20.21).

Next we would like to find the same type of relation for the “out-of-sample” risk. In
order to do so, we write E = C%WQC% where W, is a white Wishart matrix of parameter
g, independent from C. Plugging this representation into Eq. (20.15), we find that the out-
of-sample risk can be expressed as

5 QZ‘C (C- 1 W;Z)
O B

when N — co. Now, since W, and C are asymptotically free, we also have

T(CT'W,?) =1(CH) t(W,?). (20.22)
Hence, using again Eq. (17.14) yields
(W ?)
R =G*(1 —q)P—L—. 20.23
out g( Q) N‘L’(Cfl) ( )

Finally, we know from Eq. (15.22) that T(W(;2) =1 - q)_3 for g < 1. Hence, we finally
get

RZ
2
ow =T ‘_r“;- (20.24)

All in all, we have obtained the following asymptotic relation:

R2
ﬁ =R =10 - R (20.25)

which holds for a completely general C.
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Hence, if one invests with the “naive” weights g, it turns out that the predicted risk R;,
underestimates the realized risk Roy by a factor (1 — ¢), and in the extreme case N = T
or ¢ = 1, the in-sample risk is equal to zero while the out-of-sample risk diverges (for
N — 00). We thus conclude that, as announced, the use of the scm E for the Markowitz
optimization problem can lead to disastrous results. This suggests that we should use a
more reliable estimator of C in order to control the out-of-sample risk.

20.2.2 Out-of-Sample Risk Minimization

We insisted throughout the last section that the right quantity to control in portfolio man-
agement is the realized, out-of-sample risk. It is also clear from Eq. (20.25) that using the
sample estimate E is a very bad idea, and hence it is natural to wonder which estimator
of C one should use to minimize this out-of-sample risk? The Markowitz formula (20.10)
naively suggests that one should look for a faithful estimator of the so-called precision
matrix C~!. But in fact, since the expected out-of-sample risk involves the matrix C lin-
early, it is that matrix that should be estimated.

Let us show this using another route, in the context of rotationally invariant estimators,
which we considered in Chapter 19. Let us define our RIE as

N
E=) EM)Viv]. (20.26)
i=1

where we recall that v; are the sample eigenvectors of E and £(-) is a function that has to
be determined using some optimality criterion.

Suppose that we construct a Markowitz optimal portfolio 7 g using this RIE. Again, we
assume that the vector g is random, and independent from E. Consequently, the estimate
(20.19) is still valid, such that the realized risk associated with the portfolio g reads, for
N — o0,

Tr(s—lcs—l)

Ry(B) =g"——— = (20.27)
(Tra)
Using the decomposition (20.26) of E, we can rewrite the numerator as
N T
TQCy;
Tr(s—lcs—l) =y (20.28)
£2(Ai)

i=1

while the denominator of Eq. (20.27) is

N2 N \2
(Tm ) - (; m) . (20.29)

Regrouping these last two equations allows us to express Eq. (20.27) as
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N

2 ViTCVi 1 -2
Rou(®) =6 Zs (M(ZE(M)) ‘ (2030

Our aim is to find the optimal shrinkage function & (A ;) associated with the sample eigen-
values [A j]j.vzl, such that the out-of-sample risk is minimized. This can be done by solving,
for a given j, the following first order condition:

0Rw(E) _
0E(Xj) '
By performing the derivative with respect to £( ;) in (20.30), one obtains

_zvaCVf<i ! >2+ 2 (i“jcv")(iL)S—o (20.32)
g0 \&tan) e \& e N\&ea) T8

The solution to this equation is given by

Vj=1,...,N. (20.31)

E(rj) = Av;"Cv,, (20.33)

where A is an arbitrary constant at this stage. But since the trace of the RIE must match that
of C, this constant A must be equal to 1. Hence we recover precisely the oracle estimator
that we have studied in Chapter 19.

As a conclusion, the optimal RIE (19.26) actually minimizes the out-of-sample risk
within the class of rotationally invariant estimators. Moreover, the corresponding “optimal”
realized risk is given by

gZ
T[]

where we used the notable property that, for any n € Z,

R2,(B) = (20.34)

N
Tr[(E)"C] = Zg(x )" Tr[v;v] Cl = > " &(A)"v] Cv; = Tr[(E)"*']. (20.35)

i=1 i=1

20.2.3 The Inverse-Wishart Model: Explicit Results

In this section, we specialize the result (20.34) to the case when C is an inverse-Wishart
matrix with parameter p > 0, corresponding to the simple linear shrinkage optimal
estimator. First, we read from Eq. (15.30) that

T (C—l) = —ac(0) =1+ p, (20.36)
so that we get from Eq. (20.20) that, in the large N limit,
2
2 G- 1
e = T, (20.37)

Next, we see from Eq. (20.34) that the optimal out-of-sample risk requires the compu-
tation of r((E)fl). In general, the computation of this quantity is highly non-trivial but
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some simplifications appear when C is an inverse-Wishart matrix. In the large-dimension
limit, the final result reads

2
21 = 1+1) <_€)=1+P7, 20.38
T((E) ) ( » OE » b at g ( )

and therefore we have from Eq. (20.34)

G p+aq+pq

RE(B) = - (20.39)
out N (p+@)1+p)
and so it is clear from Egs. (20.39) and (20.37) that, for any p > 0,
R2 (B
ou(®) _ P : (20.40)

tg—F— =1
R2 e (p+a)(1+p)
where the last inequality becomes an equality only when g = 0, as it should.
It is also interesting to evaluate the in-sample risk associated with the optimal RIE. It is

defined by

(@ "E@) ]

R2(Z) =g (20.41)
i NTX (@)

where the most challenging term is the numerator. Using the fact that the eigenvalues of
E are given by the linear shrinkage formula (19.49), one can once again find a closed
formula.? The final result is written
o _ G Pty
R (8) = = : (20.42)
N d+pp+q(p+D)

and we therefore deduce with Eq. (20.37) that, for any p > 0,

R2 (B
‘“2( U Pq <1, (20.43)
Rive p+q+p)

where the inequality becomes an equality for ¢ = 0 as above.
Finally, one may easily check from Egs. (20.25), (20.40) and (20.43) that

R2(E) —RE(E) >0, RE(E)—R2,(E) <0, (20.44)

showing explicitly that we indeed reduce the overfitting by using the oracle estimator
instead of the scM in the high-dimensional framework: both the in-sample and out-of-
sample risks computed using E are closer to the true risk than when computed with the raw

empirical matrix E. The results shown in Figure 20.1 correspond to the inverse-Wishart

case with p =g = %

Exercise 20.2.1 Optimal portfolio when the true covariance matrix is Wishart
In this exercise we continue the analysis of Exercise 19.2.2 assuming that
we measure an SCM from data with a true covariance given by a Wishart with
parameter ¢.

2 Details of this computation can be found in Bun et al. [2017].
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(a) The minimum risk portfolio with expected gain G is given by
Clg

T = Gm, (20.45)
where C is the covariance matrix (or an estimator of it) and g is the vector of
expected gains. Compute the matrix & by taking the matrix E; and replacing
its eigenvalues A; by £(1x) and keeping the same eigenvectors. Use the result
of Exercise 19.2.2(c) for £(A), if some A are below 0.05594 or above 3.746
replace them by 0.05594 and 3.746 respectively. This is so that you do not
have to worry about finding the correct solution tg(z) for z outside of the
bulk.

(b) Build the three portfolios m ¢, g and wz by computing Eq. (20.45) for the
three matrices C, E; and E using G = 1 and g = ey, the vector with 1 in the
first component and O everywhere else. These three portfolios correspond to
the true optimal, the naive optimal and the cleaned optimal. The true optimal
is in general unobtainable. For these three portfolios compute the in-sample
risk Ry, := w"E;x, the true risk Ry := 7 Cx and the out-of-sample risk
Row = "Epm.

(c) Comment on these nine values. For m¢c and wg you should find exact
theoretical values. The out-of-sample risk for g should better than for g
but worse than for 7 c.

20.3 The Statistics of Price Changes: A Short Overview
20.3.1 Bachelier’s First Law

The simplest property of financial prices, dating back to Bachelier’s thesis, states that typi-
cal price variations grow like the square-root of time. More formally, under the assumption
that price returns have zero mean (which is usually a good approximation on short time
scales), then the price variogram
V(1) := El(log pr+r — log p1)’] (20.46)
2

grows linearly with time lag 7, such that V(r) = o“r.
20.3.2 Signature Plots
Assume now that a price series is described by

t
log pr =log po+ Y _ v, (20.47)

t'=1

where the return series r; iS covariance-stationary with zero mean and covariance

Cov (ry, 1) = 0 2Cr (It = 17)). (20.48)
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The case of a random walk with uncorrelated price returns corresponds to C, (1) = &0,
where §,, o is the Kronecker delta function. A trending random walk has C,(x) > 0 and a
mean-reverting random walk has C,(#) < 0. How does this affect Bachelier’s first law?

One important implication is that the volatility observed by sampling price series on a
given time scale t is itself dependent on that time scale. More precisely, the volatility at
scale T is given by

2. YV@© _ 5 YA
o}(r) = — _U(l)|:l+2;(l T)C,(u):|. (20.49)

A plot of o (7) versus 7 is called a volatility signature plot. The case of an uncorrelated ran-
dom walk leads to a flat signature plot. Positive correlations (which correspond to trends)
lead to an increase in o (t) with increasing t. Negative correlations (which correspond to
mean reversion) lead to a decrease in o (t) with increasing t.

20.3.3 Volatility Signature Plots for Real Price Series

Quite remarkably, the volatility signature plots of most liquid assets (stocks, futures,
FX, ...) are nowadays almost flat for values of t ranging from a few seconds to a
few months (beyond which it becomes dubious whether the statistical assumption of
stationarity still holds). For example, for the S&P500 E-mini futures contract, which is
one of the most liquid contracts in the world, o (7) only decreases by about 20% from
short time scales (seconds) to long time scales (weeks). For single stocks, however,
some interesting deviations from a flat horizontal line can be detected, see Figure 20.2.
The exact form of a volatility signature plot depends on the microstructural details of
the underlying asset, but most liquid contracts in this market have a similar volatility
signature plot.

20.3.4 Heavy Tails

An overwhelming body of empirical evidence from a vast array of financial instruments
(including stocks, currencies, interest rates, commodities, and even implied volatility)
shows that unconditional distributions of returns have faf tails, which decay as a power law
for large arguments and are much heavier than the tails of a Gaussian distribution.

On short time scales (between about a minute and a few hours), the empirical density
function of returns r can be fit reasonably well by a Student’s t-distribution, see Figure
20.3. Student’s t-distributions read

P(r) =

1
>~ (14—
aymi T (%) a’u

where a is a parameter fixing the scale of r. Student’s t is such that P (r) decays for large
ras |r|~'7#, where w is the tail exponent. Empirically, the tail parameter 1 is consistently
found to be around 3 for a wide variety of different markets (see Fig. 20.3), which suggests

r(Le 2\
( 2 ) r ) , (20.50)
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Figure 20.2 Average signature plot for the normalized returns of US stocks, where the x-axis is
in days. The data consists of the returns of 1725 US companies over the period 2012-2019 (2000
business days), returns are normalized by a one-year exponential estimate of their past volatility. To
a first approximation o2(1) is independent of t. The signature plot allows us to see deviations from
this pure random walk behavior. One can see that stocks tend to mean-revert slightly at short times
(r < 50 days) and trend at longer times. The effect is stronger on the many low liquidity stocks
included in this dataset.
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Figure 20.3 Empirical distribution of normalized daily stock returns compared with a Gaussian and
a Student’s t-distribution with u = 3 and the same variance. Same data as in Figure 20.2.

some kind of universality in the mechanism leading to extreme returns. This universality
hints at the fact that fundamental factors are probably unimportant in determining the
amplitude of most large price jumps. Interestingly, many studies indeed suggest that large
price moves are often not associated with an identifiable piece of news that would rationally
explain wild valuation swings.
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20.3.5 Volatility Clustering

Although considering the unconditional distribution of returns is informative, it is also
somewhat misleading. Returns are in fact very far from being 1D random variables —
although they are indeed nearly uncorrelated, as their (almost) flat signature plots demon-
strate. Therefore, returns are not simply independent random variables drawn from
the Student’s t-distribution. Such an 11D model would predict that upon time aggregation the
distribution of returns would quickly converge to a Gaussian distribution on longer time
scales. Empirical data indicates that this is not the case, and that returns remain substantially
non-Gaussian on time scales up to weeks or even months.

The dynamics of financial markets is in fact highly intermittent, with periods of intense
activity intertwined with periods of relative calm. In intuitive terms, the volatility of finan-
cial returns is itself a dynamic variable that changes over time with a broad distribution of
characteristic frequencies, a phenomenon called heteroskedasticity. In more formal terms,
returns can be represented by the product of a time dependent volatility component o; and
an 1D directional component &;,

Iy 1= 01&;. (20.51)

In this representation, ¢; are 1D (but not necessarily Gaussian) random variables of unit
variance and o; are positive random variables with long memory. This is illustrated in
Figure 20.4 where we show the autocorrelation of the squared returns, which gives access
to E[o20?, ..

It is worth pointing out that volatilities o and scaled returns ¢ are in fact not independent
random variables. It is well documented that positive past returns tend to decrease

102 g

p(rfarﬁ‘[)

1 —— US stock data

prT 03
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Figure 20.4 Average autocorrelation function of squared daily returns for the US stock data described
in Figure 20.3. The autocorrelation decays very slowly with the time difference 7. A power law t ™7
with y = 0.5 is plotted to guide the eye. Note the three peaks at T = 65, 130 and 195 business days
correspond to the periodicity of highly volatile earning announcements.
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future volatilities and that negative past returns tend to increase future volatilities (i.e.
Ele/o4.] <0 for T > 0). This is called the leverage effect. Importantly, however, past
volatilities do not give much information on the sign of future returns (i.e. E[e;074,] =~ 0
fort < 0).

20.4 Empirical Covariance Matrices
20.4.1 Empirical Eigenvalue Spectrum

We are now in position to investigate the empirical covariance matrix E of a collection of
stocks. For definiteness, we choose ¢ = 0.25 by selecting N = 500 stocks observed at the
daily time scale, with time series of length 7 = 2000 days. The distribution of eigenvalues
of E is shown in Figure 20.5. We observe a rather broad distribution centered around 1, but
with a slowly decaying tail and a top eigenvalue A found to be ~100 times larger than the
mean. The top eigenvector v corresponds to the dominant risk factor. It is closely aligned
with the uniform mode [e]; = 1/ VN, ie. all stocks moving in sync — hence the name
“market mode” to describe the top eigenvector. Numerically, one finds |[v7e| ~ 0.95.

20.4.2 A One-Factor Model

The simplest model aimed at describing the co-movement of different stocks is to assume
that the return r; ; of stock i at time # can be decomposed into a common factor f; and 11D
idiosyncratic components &; ;, to wit,

1.5

1.0 A

g A L B | T
A 10 30 100 300
0.5 1 A
0.0 - — T
0 1 2 3 4

A

Figure 20.5 Eigenvalue distribution of the scM, averaged over for three random sets of 500 US stocks,
each measured on 2000 business days. Returns are normalized as in Figure 20.3, corresponding to
% = 0.97. The inset shows the complementary cumulative distribution for the largest eigenvalues
indicating a power-law behavior for large A, as P~ (1) = 1~4/3. Note the largest eigenvalue 1| ~
0.2N, which corresponds to the “market mode”, i.e. the risk factor where all stocks move in the same
direction.
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ri = Bifi + &ir, (20.52)

where f; is often thought of as the “market factor”. Assuming further that f;,&;, are
uncorrelated random variables of mean zero and variance, respectively, O‘ch and 082, the
covariance matrix C;; is simply given by

Cij = BiBjo} + 8ijo;. (20.53)

Hence, the matrix C is equal to 0821 plus a rank-1 perturbation GJ% BB”. The eigenvalues
are all equal to 082, save the largest one, equal to 082 + U%I B|?. The corresponding top
eigenvector uy is parallel to 8. When the B;’s are not too far from one another, this top
eigenvector is aligned with the uniform vector e, as found empirically.

From the analysis conducted in Chapter 14, we know that the eigenvalues of the empir-
ical matrix corresponding to such a model are composed of a Mar¢enko—Pastur “sea”
between A_ = %2(1 — ﬂ)z and A4 = %2(1 + ﬂ)z, and an outlier located at

=021 +ay(1 + g), (20.54)

with a = oj%|/3|2/ag, and provided @ > /g (see Section 14.4). Since |8|*> = O(N), the
last condition is easily satisfied for large portfolios. When a > 1, one thus finds

r o~ o7|BI. (20.55)

Since empirically A1 & 0.2N for the correlation matrix for which TrC = N, we deduce
that for that normalization o> ~ 0.8. The Mar¢enko-Pastur sea for the value of ¢ =
1/4 used in Figure 20.5 should thus extend between A_ ~ 0.2 and A, =~ 1.8. Figure
20.5 however reveals that ~20 eigenvalues lie beyond A, a clear sign that more factors
are needed to describe the co-movement of stocks. This is expected: the industrial sector
(energy, financial, technology, etc.) to which a given stock belongs is bound to have some
influence on its returns as well.

20.4.3 The Rotationally Invariant Estimator for Stocks

We now determine the optimal RIE corresponding to the empirical spectrum shown in
Figure 20.5. As explained in Chapter 19, there are two possible ways to do this. One is
to use Eq. (19.44) with an appropriately regularized empirical Stieltjes transform — for
example by adding a small imaginary part to A equal to N ~'/2, The second is to use a cross-
validation method, see Eq. (19.88), which is theoretically equivalent as we have shown in
Section 19.6. The two methods are compared in Figure 20.6, and agree quite well provided
one chooses a slightly higher, effective value ¢*, so as to mimic the effect of temporal
correlations and fluctuating variance that lead to an effective reduction of the size of the
sample (see the discussion in Section 17.2.3).

The shape of the non-linear function £(A) is interesting. It is broadly in line with the
inverse-Wishart toy model shown in Figure 19.2: £()) is concave for small A, becomes
approximately linear within the Marcenko—Pastur region, and becomes convex for larger A.
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Figure 20.6 Non-linear shrinkage function £(1) computed using cross-validation and RIE averaged
over three datasets. Each dataset consists of 500 US stocks measured over 2000 business days. Cross-
validation is computed by removing a block of 100 days (20 times) to compute the out-of-sample
variance of each eigenvector (see Eq. (19.88)). RIE is computed using the sample Stieltjes transform
evaluated with an imaginary part n = N —1/2 Results are shown for g = N/T = 1/4 and also for
q* = 1/3, chosen to mimic the effects of temporal correlations and fluctuating variance that lead
to an effective reduction of the size of the sample (cf. Section 17.2.3). All three curves have been
regularized through an isotonic fit, i.e. a fit that respects the monotonicity of the function.

For very large X, however, £(1) becomes linear again (not shown), in a way compatible
with the general formula Eq. (19.57). The use of RIE for portfolio construction in real
applications is discussed in the references below.
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Appendix

Mathematical Tools

A.1 Saddle Point Method

In this appendix, we briefly review the saddle point method (sometimes also called the
Laplace method, the steepest descent or the stationary phase approximation). Consider the
integral

400

I= / e'FWdx. (A1)
—00

We want to find an approximation for this integral when + — oo. First consider the

case where F(x) is real. The key idea of the Laplace method is that when ¢ is large

is dominated by the maximum of F'(x) plus Gaussian fluctuations around it. Suppose F

reaches its maximum at a unique point x*, then around x* we have

F//(x*)

F(x) = F(x*) + (x — x> +0(x — x*1), (A.2)

where F”(x*) < 0. Thus for large 7, we have, after a Gaussian integral over x — x*,

2 x
[~ | F&h, (A.3)
—F"(x*)t
where the symbol ~ means that the ratio of both sides of the equation tends to 1 as t — oo.
Often we are only interested in

1
lim —log = F(x*), (A4)
t—>o0 t

in which case we do not need to compute the prefactor.

Things are more subtle when F(x) is a complex analytic function of z = x 4 iy. One
could be tempted to think that one can just apply the Laplace method to Re(F'(x)). But this
is grossly wrong, because exp(ir Im(F (x))) oscillates so fast that the contribution of any
small neighborhood of x* is killed.

The idea of the steepest descent or the stationary phase approximation relies on the fact
that, for any analytic function, the Cauchy—Riemann condition ensures that

VRe(F(z)) - VIm(F(z)) =0, (A.5)

339



340 Mathematical Tools

where the gradient is in the two-dimensional complex plane. This means that the contour
lines of Re(F (7)) are everywhere orthogonal to the contour lines of Im(F(z)), or alterna-
tively that along the lines of steepest ascent (or descent) of Re(F(z)), the imaginary part
Im(F (z)) is constant.

Now, one can always deform the integration contour from the real line in Eq. (A.1)
to any curve in the complex plane that starts at z = —oo 4+ i0 and ends at z = +o00 + i0.
Since exp(? F(z)) has no poles, this (by Cauchy’s theorem) does not change the value of the
integral. But again because of the Cauchy—Riemann condition, V2Re(F(z)) = 0, which
means that Re(F(z)) has no maximum or minimum in the complex plane, but may have
a saddle point z* where \Y Re(F(z)) = 0, increasing in one direction and decreasing in
another (see Fig. A.1). Choosing the contour that crosses the saddle point z* by following a
path that is locally orthogonal to the contour lines of Re(F (z)) allows the phase Im(F(z))
to be stationary, hence avoiding the nullification of the integral by rapid oscillations. The
final result is then

[~ [ 2T gFe, (A.6)
—1F"(z*)

The method is illustrated in Figure A.1 for the example of the Airy function, defined as

1 +o0 Z3
Ai(t) = — / dze'F@D, Fzt):=ilz+=). (A7)
27 J_ o 3t

For a fixed, large positive ¢, the points for which F’(z,¢) = 0 are given by z+ = i +/f. The
contour lines of Re(F(z,t)) are plotted in Figure A.1. For Im(z) < 0, Re(F (z,t)) — +00

Figure A.1 Contour lines of the real part of F(z,1) = i (z +73 /3t) for t = 16 (black lines). The

iso-phase line Im F(z,¢) = 0 is also shown (gray lines). The black circle and square are the two
solutions z+ of F’(z,#) = 0. The relevant saddle is z* = +4i, for which F(z*,t) = —8/3.
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when Re(z) — =00, so one cannot deform the contour in that direction without introducing
enormous uncontrollable contributions. When Im(z) > 0, on the contrary, Re(F(z,1)) —
—oo when Re(z) — =00, so one can start at z = —oo + i0, and travel upwards in the
complex plane to the line where Im(F (z,#)) = 0 in a region where Re(F(z,1)) is so
negative that there is no contribution to the integral from this part. Then one stays on the
iso-phase line Im(F (z,¢)) = 0 and climbs upwards to the saddle point z* = z, = +i«/1,
for which F(z*,¢) = —24/f/3. One then continues on the same iso-phase line downwards,
and closes the contour towards z = +o00 + 10. Hence, we conclude that

Jlim log Ai(r) = tF(z51) = —%ﬁ/?. (A.8)
A more precise expression, including the prefactor in Eq. (A.6), is written
Ai(r) ~ — =3 (A.9)
2 ﬁtl/zl

Exercise A.1.1 Saddle point method for the factorial function: Stirling’s approx-
imation
We are going to estimate the factorial function for large arguments using an
integral representation and the saddle point approximation:

x
n'=Th+1]= / x"e *dx. (A.10)
0

(a) Write n! in the form Eq. (A.1) for some function F(x).

(b) Show that x* = 7 is the solution to F’(x) = 0.

(¢) Let Ip(n) = nF(x*(n)) be an approximation of log(n!). Compare this
approximation to the exact value for n = 10 and 100.

(d) Include the Gaussian corrections to the saddle point: Let 71 (n) = log(/) where
I is given by Eq. (A.3) for your function F(x). Show that

Ii(n) = nlog(n) —n + % log(27n). (A.11)

(e) Compare I1(n) and log(n!) for n = 10 and 100.

A.2 Tricomi’s Formula

Suppose one has the following integral equation to solve for p(x):

) =][dx’%, (A.12)

where f(x) is an arbitrary function. This problem arises in many contexts, in particular
when one studies the equilibrium density of the eigenvalues of some random matrices as in
Section 5.5, or the equilibrium density of dislocations in solids, see Landau et al. [2012],
Chapter 30, from which the material of the present appendix is derived.
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We will consider the case where some “hard walls” are present at x = a and x = b,
confining the density to an interval smaller than its “natural” extension in the absence of
these walls. By continuity, we will also get the solution when these walls are exactly located
at these natural boundaries of the spectrum. !

The general solution of Eq. (A.12) is given by Tricomi’s formula which reads

1 b f(x)
px) = — 5 <][ dx" v/ (x' —a)(b —x') s+ C) , (A.13)
T a X —X

(x —a)(b—x)

where C is a constant to be determined by some conditions that o (x) must fulfill.
The simplest case corresponds to f(x) = 0, i.e. no confining potential apart from the
walls. The solution then reads

C
x) = — . A.14
p(x) T (A.14)
The normalization of p(x) then yields C = —m and one recovers the arcsine law encoun-

tered in Sections 5.5, 7.2 and 15.3.1:
(x) :
x) = .
P T/ (x—a)lb—x)

The canonical Wigner case corresponds to f(x) = x/202. We look for the values of a,b
that are precisely such that the density vanishes at these points, so that the confining walls
no longer have any effect. By symmetry one must have a = —b. One then obtains

px) =— : < X'V (x +b)(b—x)T—i:x+C>

27262 /(x + b)(b — x)

(A.15)

(A.16)
Using
b)(b —
][ g YEEDC =) s (A.17)
x —x'
one has
p(x) = — ! (nx2 + c/) (A.18)
21262 /(x + B)(b — x) ’ '
where C' = C — ffb dx' V& +Db)(b —x') = C — wb?)2.
For p(x) to vanish at the edges, we need to choose C’ = —mb?, finally leading to
o(x) = b? — x2, (A.19)

202

Finally, for this distribution to be normalized one must choose b = 20, as it should be.

' Formulas directly adapted to two free boundaries, or one free boundary and one hard wall, can be found in Landau et al.
[2012], Chapter 30.
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The case studied by Dean and Majumdar, i.e. when all eigenvalues of a Wigner matrix
are contrained to be positive (Eq. (5.93)), corresponds to Eq. (A.13) witha = 0,5 > 0
and o = 1 (ie. f(x) = x/2), determined again such that p(b) = 0. The solution is

b* =4/+/3 and
1 b* —x
p(x) = — 1/ (b* + 2x). (A.20)
4 X

Note that very generically the density of eigenvalues (or dislocations) diverges as 1/ +/d
near a hard wall, where d is the distance to that wall. When the boundary is free, on the
other hand, the density of eigenvalues (or dislocations) vanishes as +/d.

A.3 Toeplitz and Circulant Matrices

A Toeplitz matrix is such that its elements K;; only depend on the “distance” between
indices |i — j|. An example of a Toeplitz matrix is provided by the covariance of the
elements of a stationary time series. For instance consider an AR(1) process x; in the steady
state, defined by

X; = ax;—1 + &, (A.21)

where ¢, are 1D centered random numbers with variance 1/(1 — a?) such that x, has unit
variance in the steady state. Then

Ki =Elxxs] =a " with0 <a < 1, (A.22)

describing decaying exponential correlations. The parameter a measures the decay of the
correlation; we can define a correlation time t. := 1/(1 — a). This time is always > 1
(equal to 1 when K = 1) and tends to infinity as a — 1. More explicitly, Kisa T x T
matrix that reads

1 a a? ooalr 4T
a 1 a al=3 47—
a? a 1 ooatt qT-
K= ) ) ) . . ) . (A.23)
al=2 T3 4T+ 1 a
al=l 4T-2 47— a 1

In an infinite system, it can be diagonalized by plane waves (Fourier transform), since

+00 +00 +00
Z Km62ﬂ1xs — eanxt Z KtseZJTm(s—t) — lenxt Z al(\ebnxé’ (A.24)
§=—00 §=—00 l=—00

2mwixs

showing that e are eigenvectors of K as soon as its elements only depend on |s — #|.
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For finite T, however, this diagonalization is only approximate as there are “boundary
effects” at the edge of the matrix. If the correlation time 7. is not too large (i.e. if the
matrix elements K;; decay sufficiently fast with |t — s|) these boundary effects should be
negligible. One way to make this diagonalization exact is to modify the matrix so as to have
the distance | — s| defined on a circle.2 We define a new matrix K by

Km — afmin(|tfs\,\tfs+T\,\tfsz\)’ (A.25)
1 a a* ... a* a
a a a® d?
. a a 1 ... da* &
k= . . . . . ] (A.26)
P 1 a
a a* a ... a 1

It may seem that we have greatly modified matrix K as we have changed about half of its
elements, but if . < T most of the elements we have changed were essentially zero and
remain essentially zero. Only a finite number (~ 21'3) of elements in the bottom right and
top left corners have really changed. Changing a finite number of off-diagonal elements in
an asymptotically large matrix should not change its spectrum. The matrix K, which we
will call K again, is called a circulant matrix and can be exactly diagonalized by Fourier
transform for finite 7. More precisely, its eigenvectors are

ile = 7R/ T for 0 < k < T/2. (A.27)

Note that to each v; correspond two eigenvectors, namely its real and imaginary parts,
except for vo and vr,, which are real and have multiplicity 1. The eigenvalues associated
with k = 0 and k = T/2 are, respectively, the largest (A;) and smallest (A_) and are
given by

21 l+a
)»+=1+2Zak+aT/2%—,
P 1—a
T2l l—a 1
=142 o)+ ()P — 2 = A28
+ ;(a>+(a> e a (A.28)

In terms of the correlation time: A1 = 27, — 1. We label the eigenvalues of K by an index
X =2k/T sothat 0 < x; < 1. As T — 00, x; becomes a continuous parameter x and the
different multiplicity of the first and the last eigenvalues does not matter. The eigenvalues
can be written

1—a?

Ax) =
*x) 1+ a? —2acos(mx)

forO <x <1. (A.29)

2 The Toeplitz matrix K can in fact be diagonalized exactly, see O. Narayan, B. Sriram Shastry, arXiv:2006.15436v2.
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For a more general form K;; = K (|t — s]), the eigenvalues read

Ax)=1+2) K(b)cos(rxt). (A.30)
=1

The T-transform of K can then be computed as

1 1— 612
t = d A31
k(@ /0 20+ a2 —2acos(x)) — (1 —a?) (A3D)
Using
1
d 1
f al — : (A32)
o c—dcos(rx) Je—dict+d
and after some manipulations we find
tk (2) ! ithiy = L4 (A33)
= W1 = . .
Kl NZ— A7 — At * T 1%a
We can also deduce the density of eigenvalues (see Fig. A.2):
1
(V) = forAi_ <A < Ay (A.34)

T/ —22) (g — A)

This density has integrable singularities at A = A4. It is normalized and its mean is 1. We
can also invert tg (z) with the equation

2,2 2 2 1+a’
e = 275k + 17— 1 =0, where b = . (A.35)
6
a= 025
5 a= 0.5
4 a=0.75
< 3]
< i
28
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Figure A.2 Density of eigenvalues for the decaying exponential covariance matrix K for three values
of a: 0.25, 0.5 and 0.75.
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and get

bt + /(b2 = Dt + 12
k(1) = " ;

so the S-transform is given by
41

V14 0% = D2 + bt

=1—(b— Dt +0@?,

Sk(1) =

2

(A.36)

(A.37)

where the last equality tells us that the matrix K has mean 1 and variance o = b — 1 =

a’/(1 —a?).
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finite free

addition, 187

product, 190
Fokker—Planck equation, 119, 131
free

addition, 140, 163

log-normal, 261

product, 56, 170
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freeness, 162
collection, 169, 196
large matrices, 177, 243
Frobenius norm, 17

gamma distribution, 46, 97
Gaussian distribution, 112
Gaussian ensemble, 16
orthogonal (GOE), 17
symplectic (GSE), 33
unitary (GUE), 32
Gershgorin circle theorem, 9
Ginibre ensemble, 34
Girko’s law, see circular law
Gram-Schmidt procedure, 56

Haar measure, 140, 178
Harish-Chandra integral, see HCIZ integral
HCIZ integral

low rank, 209
HCIZ integral, 141

full rank, 149

low rank, 141
Hermite polynomial, 84, 188
Hermitian matrix, 30
Hessian matrix, 74
heteroskedasticity, 276, 333
Hilbert transform, 68, 299
Hubbard—Stratonovich identity, 202

in-sample, 291, 317, 324
independence, 156

pairwise, 161
instanton, 152
inverse-gamma distribution, 248, 287
inverse-Wishart, 246, 295, 328
involution, 156
isotonic regression, 316
1td

lemma, 114, 124

prescription, 113
Itzykson—Zuber integral, see HCIZ integral

Jacobi
ensemble, 98, 255
centered-range, 102
polynomial, 103, 104
Jacobian, 13, 47, 59
Jensen inequality, 324

Karlin-McGregor formula, 133, 150
Kesten problem, 264

I’Hospital’s rule, 227
Laguerre polynomial, 88, 189

Index

Langevin equation, 116, 119
Laplace distribution, 285
Laplacian, discrete, 106

large deviation, 76, 79

Laurent polynomial, 66

law of large numbers, 160, 169
Legendre polynomial, 103
level spacing, 63

local universality, 130, 135
Lyapunov exponent, 259

Mahalanobis norm, 56
MANOVA ensemble, 97
MAP estimator, 282
Marcenko—Pastur, see Wishart matrix
market mode, 334
Markowitz optimization, 322
Master equation, 4
matrix
derivative, 12
determinant lemma, 11, 232
function, 12
matrix potential, 58
and Hilbert transform, 68
convex, 70
inverse-Wishart, 247
Jacobi, 100
non-polynomial, 68
white Wishart, 47, 59
Wigner, 19, 58
Matytsin, see Euler-Matytsin equation
MAVE estimator, 282
maximum likelihood, 64
MMSE estimator, 282, 302
moment, 17, 156
addition, 156
generating function, 20, 158
Wigner matrix, 17
moment—cumulant relation
commutative, 159
free, 167
multivariate Gaussian, 44

non-crossing partition, 37, 166
normal matrix, 9
normalized trace, 16

one-cut assumption, 70
one-factor model, 334
oracle, 303
Ornstein—Uhlenbeck process, 116
orthogonal

ensemble, 58

matrix, 6, 18
out-of-sample, 292, 317, 324



outlier, 149, 221, 308
overfitting, 293

Perron—Frobenius theorem, 9, 309
phase retrieval, 234
planar diagrams, 72
polynomial

monic, 5, 186

real-rooted, 186
portfolio, 321

risk, 322
positive semi-definite, 4
precision matrix, 327
principal component analysis, 6
principal components, 56
pseudo-inverse, 179

quarter-circle law, 34
quaternion, 32

R-transform, 138, 224
arcsine law, 249
identity matrix, 244
inverse-Wishart, 247
Jacobi ensemble, 256
scaling, 139, 244
symmetric orthogonal matrix, 249
uniform density, 250
white Wishart, 138
Wigner, 138
rank-1 matrix, 141, 223
regression, 289
LASSO, 291
ridge, 289
replica trick, 199
resolvent, 19, 126, 204
Ricatti equation, 83
risk free rate, 321
rotationally invariant ensemble, 18
rotationally invariant estimator, 302, 327

S-transform, 172, 233
arcsine law, 256
identity matrix, 172, 244
inverse matrix, 175
inverse-Wishart, 247
Jacobi ensemble, 256
scaling, 172, 244
white Wishart, 246
Wigner, 245, 246
saddle point method, 339
sample covariance matrix, 43, 267
scalar, 156
Schur complement, 11, 21, 48
self-averaging, 16
semi-circle law, 18, 26
Sherman—Morrison formula, 11, 223

Index

shrinkage, 283, 296, 305
signature plot, 331
singular values, 7
Sokhotski—Plemelj formula, 26, 172
spin-glass, 215
@[ notation, 54
*-algebra, 155
stationary phase approximation, 143, 339
Stieltjes transform

correct branch, 23

discrete, 19

identity matrix, 244

inverse-Wishart, 247

inversion formula, 26

invertibility, 145, 224

Jacobi, 100

limiting, 20

uniform density, 250

white Wishart, 50

Wigner, 22
Stirling’s approximation, 341
stochastic

calculus, 112

matrix, 4
Stratonovich prescription, 113
Student’s t-distribution, 118, 331
subordination relation

addition, 170

product, 174

resolvent, 207
symmetric

matrix, 5

orthogonal matrix, 13, 139, 249
symplectic

ensemble, 59

matrix, 33

T-matrix, 172
T-transform, 171
identity matrix, 244
inverse matrix, 175
temporal correlation, 271, 330
Tikhonov regularization, 290
Toeplitz matrix, 343
traceless, 162
tracial state, 155
training set, 317
Tricomi equation, 79, 341

uniform density, 69, 250
unitary
ensemble, 59, 93
matrix, 31

validation set, 290, 317
Vandermonde determinant, 61, 91
variance, 156
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fluctuation, 276, 333
Wigner matrix, 18
Wishart matrix, 46

Weingarten function
orthogonal, 178
unitary, 181

whitening, 56

Wick’s theorem, 45, 178

Index

Wiener process, 112

Wigner
ensemble, 17, 30
kernel, 316
surmise, 63

Wishart matrix, 45
complex, 92
non-white, 55
white, 47
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