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Preface

This is a book for absolute beginners. If you have heard about random matrix theory, commonly denoted
RMT, but you do not know what that is, then welcome!, this is the place for you. Our aim is to provide a
truly accessible introductory account of RMT for physicists and mathematicians at the beginning of their
research career. We tried to write the sort of text we would have loved to read when we were beginning
Ph.D. students ourselves.

Our book is structured with light and short chapters, and the style is informal. The calculations we
found most instructive are spelt out in full. Particular attention is paid to the numerical verification of most
analytical results. The reader will find the symbol [# test .m] next to every calculation/procedure for
which a numerical verification is provided in the associated file test .m located at
‘ https : //github.com/RMT — T heoryAndPractice/RMT ‘ We strongly believe that theory without practice
is of very little use: in this respect, our book differs from most available textbooks on this subject (not so

many, after all).

Almost every chapter contains question boxes, where we try to anticipate and minimize possible points
of confusion. Also, we include To know more sections at the end of most chapters, where we collect
curiosities, material for extra readings and little gems - carefully (and arbitrarily!) cherrypicked from the
gigantic literature on RMT out there.

Our book covers standard material - classical ensembles, orthogonal polynomial techniques, spectral
densities and spacings - but also more advanced and modern topics - replica approach and free probability -
that are not normally included in elementary accounts on RMT.

Due to space limitations, we have deliberately left out ensembles with complex eigenvalues, and many
other interesting topics. Our book is not encyclopedic, nor is it meant as a surrogate or a summary of other
excellent existing books. What we are sure about is that any seriously interested reader, who is willing
to dedicate some of their time to read and understand this book till the end, will next be able to read and
understand any other source (articles, books, reviews, tutorials) on RMT, without feeling overwhelmed or

ER]

put off by incomprehensible jargon and endless series of “It can be trivially shown that....”.

So, what is a random matrix? Well, it is just a matrix whose elements are random variables. No big
deal. So why all the fuss about it? Because they are extremely useful! Just think in how many ways random
variables are useful: if someone throws a thousand (fair) coins, you can make a rather confident prediction
that the number of tails will not be too far from 500. Ok, maybe this is not really that useful, but it shows that
sometimes it is far more efficient to forego detailed analysis of individual situations and turn to statistical
descriptions.

This is what statistical mechanics does, after all: it abandons the deterministic (predictive) laws of
mechanics, and replaces them with a probability distribution on the space of possible microscopic states of
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your systems, from which detailed statistical predictions at large scales can be made.

This is what RMT is about, but instead of replacing deterministic numbers with random numbers, it
replaces deterministic matrices with random matrices. Any time you need a matrix which is too compli-
cated to study, you can try replacing it with a random matrix and calculate averages (and other statistical
properties).

A number of possible applications come immediately to mind. For example, the Hamiltonian of a
quantum system, such as a heavy nucleus, is a (complicated) matrix. This was indeed one of the first
applications of RMT, developed by Wigner. Rotations are matrices; the metric of a manifold is a matrix; the
S-matrix describing the scattering of waves is a matrix; financial data can be arranged in matrices; matrices
are everywhere. In fact, there are many other applications, some rather surprising, which do not come
immediately to mind but which have proved very fruitful.

We do not provide a detailed historical account of how RMT developed, nor do we dwell too much on
specific applications. The emphasis is on concepts, computations, tricks of the trade: all you needed to know
(but were afraid to ask) to start a hopefully long and satisfactory career as a researcher in this field.

It is a pleasure to thank here all the people who have somehow contributed to our knowledge of RMT. We
would like to mention in particular Gernot Akemann, Giulio Biroli, Eugene Bogomolny, Zdzistaw Burda,
Giovanni Cicuta, Fabio D. Cunden, Paolo Facchi, Davide Facoetti, Giuseppe Florio, Yan V. Fyodorov,
Olivier Giraud, Claude Godreche, Eytan Katzav, Jon Keating, Reimer Kiihn, Satya N. Majumdar, Anna
Maltsev, Ricardo Marino, Francesco Mezzadri, Maciej Nowak, Yasser Roudi, Dmitry Savin, Antonello
Scardicchio, Gregory Schehr, Nick Simm, Peter Sollich, Christophe Texier, Pierfrancesco Urbani, Dario
Villamaina, and many others.

This book is dedicated to the fond memory of Oriol Bohigas.

The final publication is available at Springer Via‘ hitp : //dx.doi.org/10.1007 /978 —3 — 319 — 70885 — 0 |.
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Chapter 1

Getting Started

Let us start with a quick warm-up. We now produce a N x N matrix H whose entries are independently
sampled from a Gaussian probability density function (pdf)' with mean 0 and variance 1. One such matrix
for N = 6 might look like this:

1.2448  0.0561 —0.8778 1.1058 1.1759  0.7339
—0.1854 0.7819 —1.3124 0.8786 0.3965 —0.3138
H— —0.4925 —-0.6234 0.0307 0.8448 —0.2629 0.7013 . (1.1)
0.1933 —1.5660 2.3387 0.4320 —-0.0535 0.2294
—1.0143 —-0.7578 0.3923 0.3935 —-0.4883 —2.7609

—1.8839 0.4546 —0.4495 0.0972 —-2.6562 1.3405

Some of the entries are positive, some are negative, none is very far from 0. There is no symmetry in the
matrix at this stage, H;; # Hj;.

Any time we try, we end up with a different matrix: we call all these matrices samples or instances of
our ensemble. The N eigenvalues are in general complex numbers (try to compute them for H!).

To get real eigenvalues, the first thing to do is to symmetrize our matrix. Recall that a real symmetric
matrix has N real eigenvalues. We will not deal much with ensembles with complex eigenvalues in this

book?2.

Try the following symmetrization Hy = (H + H")/2, where (-)7 denotes the transpose of the matrix.

'You may already want to give up on this book. Alternatively, you can brush up your knowledge about random variables in
Section 1.1.
2_.but we will deal a lot with matrices with complex entries (and real eigenvalues).
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Now the symmetric sample H looks like this:

1.2448 —0.0646 —0.6852 0.6496  0.0807 —0.5750
—0.0646 0.7819 —0.9679 —-0.3436 —0.1806 0.0704
H = —0.6852 —0.9679 0.0307 1.5917 0.0647  0.1258 (1.2)
‘ 0.6496 —0.3436 1.5917 0.4320 0.1700  0.1633 ’ '
0.0807 —0.1806 0.0647  0.1700 —0.4883 —2.7085

—0.5750 0.0704  0.1258  0.1633 —-2.7085 1.3405

whose six eigenvalues are now all real
{—2.49316,—1.7534,0.33069, 1.44593,2.38231,3.42944} . (1.3)

Congratulations! You have produced your first random matrix drawn from the so-called GOE (Gaussian
Orthogonal Ensemble)... a classic - more on this name later.

You can now do several things: for example, you can make the entries complex or quaternionic instead
of real. In order to have real eigenvalues, the corresponding matrices need to be hermitian and self-dual
respectively? - better have a look at one example of the former, for N as small as N = 2

0.3252 0.3077 4+ 0.2803i
her = < ) (14)

0.3077 — 0.28031 —1.7115

You have just met the Gaussian Unitary (GUE) and Gaussian Symplectic (GSE) ensembles, respectively
- and are surely already wondering who invented these names.

We will deal with this jargon later. Just remember: the Gaussian Orthogonal Ensemble does not contain
orthogonal matrices - but real symmetric matrices instead (and similarly for the others).

Although single instances can sometimes be also useful, exploring the statistical properties of an ensem-
ble typically requires collecting data from multiple samples. We can indeed now generate 7' such matrices,
collect the N (real) eigenvalues for each of them, and then produce a normalized histogram of the full set
of N x T eigenvalues. With the code [# Gaussian_Ensembles_Density.m], you may get a plot like
Fig. 1.1 for T = 50000 and N = 8.

Roughly half of the eigenvalues collected in total are positive, and half negative - this is evident from
the symmetry of the histograms. These histograms are concentrated (significantly nonzero) over the region
of the real axis enclosed by (for N = 8)

e +1/2N ~ +4 (GOE),
o +\/4N ~ +5.65 (GUE),

3Hermitian matrices have real elements on the diagonal, and complex conjugate off-diagonal entries. Quaternion self-dual
matrices are 2N X 2N constructed as A=[X Y; -conj(Y) conj(X)]; A=(A+A’)/2, where X and Y are complex matrices, while conj
denotes complex conjugation of all entries.
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Figure 1.1: Histograms of GOE, GUE and GSE eigenvalues (N = 8 and T = 50000 samples).

e +v8N =~ 8 (GSE).

You can directly jump to the end of Chapter 5 to see what these histograms look like for big matrices.

Question. Can I compute analytically the shape of these histograms? And what
happens if N becomes very large?

» Yes, you can. In Chapters 10 and 12, we will set up a formalism to com-
pute exactly these shapes for any finite N. In Chapter 5, instead, we will see that
for large N the histograms approach a limiting shape, called Wigner’s semicircle

law.

1.1 One-pager on random variables

Attributed to Giancarlo Rota is the statement that a random variable X is neither random, nor is a variable®.

Whatever it is, it can take values in a discrete alphabet (like the outcome of tossing a die, {1,2,3,4,5,6})
or on an interval ¢ (possibly unbounded) of the real line. For the latter case, we say that p(x) is the prob-
ability density function® (pdf) of X if | f dxp (x) is the probability that X takes value in the interval (a,b) C ©.

A die will not blow up and disintegrate in the air. One of the six numbers will eventually come up. So
the sum of probabilities of the outcomes should be 1 (= 100%). People call this property normalization,

“4In the following we may use both upper and lower case to denote a random variable.
SFor example, for the GOE matrix (1.2) the diagonal entries were sampled from the Gaussian (or normal) pdf p(x) =
exp(—x2/2)/+/2m. We will denote the normal pdf with mean u and variance 62 as N(u, 62) in the following.
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which for continuous variables just means [;dxp(x) = 1.
All this in theory.

In practice, sample your random variable many times and produce a normalized histogram of the out-
comes. The pdf p(x) is nothing but the histogram profile as the number of samples gets sufficiently large.
The average of X is (X) = [ dxp(x)x and higher moments are defined as (X") = [ dxp(x)x". The variance
is Var(X) = (X?) — ({X))?, which is a measure of how broadly spread around the mean the pdf is.

The cumulative distribution function F(x) is the probability that X is smaller or equal to x, F(x) =
J*..dy p(y). Clearly, F(x) — 0 as x — —oo and F(x) — 1 as x — oo,

If we have two (continuous) random variables X; and X», they must be described by a joint probability
density function (jpdf) p(x1,x2). Then, the quantity | f dx |, Cd dx;p(x1,x;) gives the probability that the first
variable X| is in the interval (a,b) and the other X; is, simultaneously, in the interval (c,d).

When the jpdf is factorized, i.e. is the product of two density functions, p(x1,x2) = p1(x1)p2(x2),
the variables are said to be independent, otherwise they are dependent. When, in addition, we also have
p1(x) = pa(x), the random variables are called i.i.d. (independent and identically distributed). In any case,
p(x1) = [ p(x1,x2)dx; is the marginal pdf of X; when considered independently of X5.

The above discussion can be generalized to an arbitrary number N of random variables. Given the jpdf
p(x1,...,xn), the quantity p(xj,...,xy)dx;---dxy is the probability that we find the first variable in the
interval [x;,x; + dx], the second in the interval [x;,x; + dx;], etc. The marginal pdf p(x) that the first
variable will be in the interval [x,x + dx| (ignoring the others) can be computed as

p(x) :/dxz~--/dep(x,xz,...,xN). (1.5)

Question. What is the jpdf p[H] of the N? entries {Hiy,...,Hyy} of the matrix H
in (1.1)?

» The entries in H are independent Gaussian variables, hence the jpdf is
factorized as p[H| = p(H\1, ..., Hyn) = Hﬁ’jzl [exp (—Hl-zj/2> /\/274.

If a set of random variables is a function of another one, x; = x;(y), there is a relation between the jpdf
of the two sets

p(x1,...,xy)dxy---dxy = p(x1(y),...,xn(¥))J(x = y)|dy1---dyn , (1.6)

PO, YN)

where J is the Jacobian of the transformation, given by J(x — y) = det (g—“y‘{) . We will use this property in
J

Chapter 6.
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Question. What is the jpdf of the N(N — 1)/2 entries in the upper triangle of the
symmetric matrix Hy in (1.2)?

» For H,, you need to consider the diagonal and the off-diagonal entries
separately: the diagonal entries are (Hjy); = Hj;, while the off-diagonal entries are
(Hs‘)ij = (H,J + H],)/z As a result,

PH) - (H)w) =[] exp (~(H0)3/2) V27| T] [exp (~(H)F) /Va]

i=1 i<j
1.7
i.e. the variance of off-diagonal entries is 1/2 of the variance of diagonal entries.
Make sure you understand why this is the case. This factor 2 has very important
consequences (see the last Question in Chapter 3). From now on, for a real sym-
metric Hy; we will denote the jpdf of the N(N — 1)/2 entries in the upper triangle

by p[H] - dropping the subscript ’s’ when there is no risk of confusion.
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Chapter 2

Value the eigenvalue

In this Chapter, we start discussing the eigenvalues of random matrices.

2.1 Appetizer: Wigner’s surmise

X1 A3
X3 X2

Consider a 2 x 2 GOE matrix H; = , with xy,x2 ~ N(0,1) and x3 ~ N(0,1/2). What is the pdf

p(s) of the spacing s = A; — A; between its two eigenvalues (A, > A;)?

The two eigenvalues are random variables, given in terms of the entries by the roots of the characteristic
polynomial
A% —Tr(Hy)A + det(H;) (2.1)

therefore A; , = (xl +x2+ 4/ (x1 —x2)? +4x%) /2and s =4/ (x1 —x2)2 +4x3.

By definition, we have

(s) /wd deady &€ e_x35( (61— +4 z) 2.2)
s) = X1dxpdx S—A/ (X1 —x2) +4x3 | . .
p - 1ax2dx3 \/2—7[ A ﬁ 1 2 3
Changing variables as
X|—Xy =rcosf x] = %
vy =rsind = Xy =Yt (2.3)
X1+x2 =Yy X3 = Lizne
and computing the corresponding Jacobian
% % % cos0/2 —rsin6/2 1/2
J=det| %2 %2 92 | =det| —cos8/2 rsin0/2 1/2 |=-r/4, (2.4)
% %3 % sin6/2  rcos/2 0

11
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one obtains

1 oo 21 oo 1 (rc039+w>2+(—rc050+v/)2+r25in29
p(s)zm/o drrﬁ(sfr)/o d@[dee 2[ 2 2 2 }

_ VAT s Zﬂdee,%[szc%szeJrszsiznze] _ 56—52/4
813/2 Jo '

(2.5)

Note that we used cos? 6 +sin’> @ = 1 to achieve this very simple result: however, we could only enjoy this
massive simplification because the variance of the off-diagonal elements was 1/2 of the variance of diago-
nal elements - try to redo the calculation assuming a different ratio. Observe also that this pdf is correctly
normalized, [;°ds p(s) = 1.

It is often convenient to rescale this pdf and define p(s) = (s)p((s)s), where (s) = [;"dsp(s)s is the
mean level spacing. Upon this rescaling, [;” p(s)ds = [;"sp(s)ds = 1. For the GOE as above, show that
p(s) = (7s/2) exp(—ms*/4), which is called Wigner’s surmise', whose plot is shown in Fig. 2.1.

In spite of its simplicity, this is actually a quite deep result: it tells us that the probability of sampling
two eigenvalues "very close’ to each other (s — 0) is very small: it is as if each eigenvalue "felt’ the presence
of the other and tried to avoid it (but not too much)! A bit like birds perching on an electric wire, or parked
cars on a street: not too close, not too far apart. If this metaphor does not win you over, check this out [1].

2.2 Eigenvalues as correlated random variables

In the previous Chapter, we met the N real eigenvalues {xj,...,xy} of arandom matrix H. These eigenvalues
are random variables described by a jpdf? p (x1,...,xy).
Question. What does the jpdf of eigenvalues p(xj,...,xy) of a random matrix

ensemble look like?

» We will give it in Eq. (2.15) for the Gaussian ensemble. Not for every

ensemble the jpdf of eigenvalues is known.

The important (generic) feature is that the {x;}’s are not independent: their jpdf does not in general
factorize. The most striking incarnation of this property is the so-called level repulsion (as in Wigner’s
surmise): the eigenvalues of random matrices generically repel each other, while independent variables do
not - as we show in the following section.

2.3 Compare with the spacings between i.i.d.’s

It is useful at this stage to consider the statistics of gaps between adjacent i.i.d. random variables. In this
case, we will not see any repulsion.

'Why is it defined a ’surmise’? After all, it is the result of an exact calculation! The story goes as follows: at a conference on
Neutron Physics by Time-of-Flight, held at the Oak Ridge National Laboratory in 1956, people asked a question about the possible
shape of the distribution of the spacings of energy levels in a heavy nucleus. E. P. Wigner, who was in the audience, walked up to
the blackboard and guessed (= surmised) the answer given above.

2We will use the same symbol p for both the jpdf of the entries in the upper triangle and of the eigenvalues.
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Figure 2.1: Plot of Wigner’s surmise.
Consider i.i.d. real random variables {X, ..., Xy} drawn from a parent pdf px (x) defined over a support

0. The corresponding cdf is F(x). The labelling is purely conventional, and we do not assume that the
variables are sorted in any order.

We wish to compute the conditional probability density function py(s|X; = x) that, given that one of the
random variables X; takes a value around x, there is another random variable X; (k # j) around the position
x4+ s, and no other variables lie in between. In other word, a gap of size s exists between two random
variables, one of which sits around x.

The claim is
pn(s|X; = x) = px(x+s) [1+F(x) — F(x+9)" 2. (2.6)

The reasoning goes as follows: one of the variables sits around x already, so we have N — 1 variables
left to play with. One of these should sit around x + s, and the pdf for this event is px (x+s). The remaining
N — 2 variables need to sit either to the left of x - and this happens with probability F(x) - or to the right of
x+ s - and this happens with probability 1 — F(x+s).

Now, the probability of a gap s between two adjacent particles, conditioned on the position x of one
variable, but irrespective of which variable this is is obtained by the law of total probability

N
pn(slany X =x) = Z pn(8|X; = x)Prob(X; = x) = Npn(s|X; = x)px (x) , (2.7)
=1
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where one uses the fact that the variables are i.i.d. and thus the probability that the particle X; lies around x
is the same for every particle, and given by px (x).

To obtain the probability of a gap s between any two adjacent random variables, no longer conditioned
on the position of one of the variables, we should simply integrate over x

pu() = [ dx p(slany X =) =N [ dx pu(s1X; = 0px(2). 2.8)

As an exercise, let us verify that py(s) is correctly normalized, namely [ ds py(s) = 1. We have

/wds pn(s) :N/oods/ dx px(x+5) [+ F(x) — F(x+)]" ? px(x) . (2.9)
0 0 c

Changing variables F (x+s) = u in the s-integral, and using F (+o0) = 1 and du = F'(x+s)ds = px (x+s)ds,

we get
1

/wds pn(s) :N/ dx px(x) du[l+F(x) —u)V 72 . (2.10)
0 c F(x)

1-F(x)N-1
N—

Setting now F(x) = v and using dv = F'(x)dx = px(x)dx, we have

oo 1
/ dspN(s):L/ dv(1— "W =1, (2.11)
0 N—-1Jo
as required.

As there are N variables, it makes sense to perform the ’local’ change of variables s = §/(Npx(x)) and
consider the limit N — oo. The reason for choosing the scaling factor Npyx(x) is that their typical spacing
around the point x will be precisely of order ~ 1/(Npx(x)): increasing N, more and more variables need
to occupy roughly the same space, therefore their typical spacing goes down. The same happens locally
around points x where there is a higher chance to find variables, i.e. for a higher px (x).

We thus have

o (5= s =) = oy G N ) [+ P~ F e i) 2. a2

which for large N and § ~ O(1), can be approximated as

8§ .
PN s:’X-:x>%pres, (2.13)
( px(x) ™/ ®
therefore using (2.8)
a1 8 ds 1 5 s
&gl}opN(s) = A%l_l)l}opjv <s = px(x)> T =N X N/de]?x(x)e =e (2.14)

the exponential law for the spacing of a Poisson process. From this, one deduces easily that i.i.d. variables
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do not repel, but rather attract: the probability of vanishing gaps, § — 0, does not vanish, as in the case of
RMT eigenvalues!

2.4 Jpdf of eigenvalues of Gaussian matrices

The jpdf of eigenvalues of a N x N Gaussian matrix is given by>

P(x1,... xy) = Z;,,; éiflx?g{\x,—ka, (2.15)

where I )
Zyp = (27 N/ZH 11’5//2)) (2.16)
is a normalization constant*, enforcing [pv dx p(x1,...,xy) = 1, and B = 1,2,4 is called the Dyson index’.

Henceforth, dx = HIJVZI dx;. Note that the eigenvalues are considered to be unordered here.

This jpdf corresponds exactly to eigenvalues® generated according to the algorithm in Chapter 17, and
provided in the code [# Gaussian_Ensembles_Density.m].

Where does (2.15) come from? Let us postpone the proof for a while and draw some conclusions by just
staring at it for a few minutes.

. IyN (2 . . ) 33t}
The Gaussian factor e~2Li=1% kills any configuration of eigenvalues {x} where some x ;s are “big” (far
from zero, in absolute value): the eigenvalues do not like to stay too far from the origin. On the other hand,
the term [T« |x; — x| kills configurations where two eigenvalues get “too close™ to each other.

The “repulsion” factor [T, |x; — x| has another effect: it makes the eigenvalues strongly non-independent!
Every eigenvalue feels the presence of all the others, and the jpdf (2.15) does not factorize at all. Hence, the
classical tools for independent random variables are of little use here. We will use (2.15) in the next Chapter
to deduce Wigner’s semicircle law in a few simple steps.

This interplay between confinement and repulsion is the physical mechanism at the heart of many results
in RMT.

3This jpdf goes back to the prehistory of RMT. It is an immediate consequence of Theorem 2 in [2], a 1939 statistics paper
published in the journal Annals of Eugenics (a rather scary title, isn’t it?). In its full glory, it appeared explicitly for the first time in
[3].

41t can be computed via the so-called Mehta’s integral, a close relative of the celebrated Selberg’s integral [5].

3The Dyson index is equal to the number of real variables needed to specify one entry of your matrix: 1 for real, 2 for complex
and 4 for quaternions. This is usually referred to as Dyson’s threefold way. For the Gaussian ensemble, then, GOE corresponds to
B=1,GUEto 3 =2and GSEto f§ =4.

For 8 = 4, each matrix has 2N eigenvalues that are two-fold degenerate.

7Quite often, however, you find in the literature a Gaussian weight including extra factors, such as exp(—(/2)¥;x?) or
exp(—(N/2) Z,-xiz). One then needs to be very careful when comparing theoretical results (obtained with such conventions) to
numerical simulations - in particular, a rescaling of the numerical eigenvalues by f or /N before histogramming is essential in
these two modified scenarios.
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As a final remark, go back to the spacing pdf in Eq. (2.5), which was obtained for N=2and =1 (a
2 x 2 GOE matrix). Armed with (2.15) one may redo the calculation as

p(s) = /j;dxldxw(xl,xz)(s(s— b2 —x1]) - (2.17)

Try to compute this integral, and recover Eq. (2.5).
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Chapter 3

Classified Material

In this Chapter, we continue setting up the formalism and provide a simple classification of matrix models.

3.1 Count on Dirac

Question From the jpdf of eigenvalues p(xi,...,xy), how do I compute the shape
of the histograms of the N x T eigenvalues as in Fig. 1.1, for T sufficiently large?

» To cut a long story short, all you have to do is to take the marginal

p(x) :/---/dx2~-dep(x,x2,...,xN) ) (3.1)

and this function will reproduce the histogram profile you are after for any finite
N. Note that p(x) is correctly normalized to 1, as your histogram is.

Let us prove (3.1).

Take a single, fixed matrix H with real eigenvalues - no randomness in here - and perform the following
task: define a counting function n(x) such that [ f n(x')dx' gives the fraction of eigenvalues x; between a and
b.

The way to define it is to set'

1
=5

1

M=

n(x) O(x—x;), (3.2)

Il
—

the (normalized) sum of a set of “spikes” at the location x; of each eigenvalue. Using the following property
of the delta function

/de(x —x0) f(x) = f(x0) if xo € J and O otherwise, (3.3)
J

! As we know, the Dirac delta function (or rather distribution) & (x) is basically an extremely peaked function at the point x = 0,
like the limit of a Gaussian pdf as its variance goes to zero, §(x) = limg o+ 5 N */(4e),

1
e

17
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we can show that indeed (3.2) does the job properly?.

If H is now a random matrix, the function n(x) becomes a random measure on the real line - a function
of x that changes from one realization of H to another. The average of it over the set of random eigenvalues

{x1,...,xy} becomes interesting now?

(n(x)) ::/---/dxp(xl,...,xN)n(x) :]lvg/---/dxp(xl,...,xm(x—xi):p(x), (3.5)

where p(x) = [+ [dxy---dxnp(x,X2,...,xy) is the marginal density of p. Try to prove the last equality in
(3.5) using the properties of delta function, and the fact that p(xi,...,xy) is symmetric upon the exchange
x; — x;. This is indeed the case for the Gaussian jpdf (2.15) and will remain generally true.

The quantity (n(x)) = p(x) has many names: most often, it is called the (average) spectral density.
Fig. 3.1 helps you visualize how T = 4 sets of N = 8 randomly located “spikes” conspire to produce the
continuous shape p(x) = (n(x)).

Question. If N becomes very large, what does the spectral density p(x) for the
Gaussian ensemble look like?

» For the jpdf p(xi,...,xy) given in (2.15), the precise statement for the
spectral density p(x) = [dxp - -dxnp(x,x2,...,xn) is

lim \/BNp(/BNx) = psc(x) , (3.6)

where psc(x) = %\/2—)@ has a semicircular - or rather, semielliptical - shape.

This is called Wigner’s semicircle law.

2Compute
b N b N
N/ n(x)dx = Z/ S(x—x;)dx = Zx[avb] (%), (3.4)
a i=17a i=1

where the indicator function Y[ ;) (z) is equal to 1 if z € (a,b) and O otherwise. This is by definition the number of eigenvalues
between a and b, as it should.
3We use again the shorthand dx = H’;’:l dx;.
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Figure 3.1: Sets of N = 8 randomly located “spikes”. A histogram of how many spikes occur
region of the real line is nothing but the average spectral density there.
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Figure 3.2: Rescaled densities for N = 8 (GOE,GUE,GSE).
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Question. What is the meaning of the unexpected rescaling factor /BN?

» This means that the histograms of eigenvalues for larger and larger N become
concentrated over the interval [—/2BN, /2B N], in agreement with our numerical
findings in Fig. 1.1. The points ++/2BN are called (spectral) edges.

Note that:

1. The edges are growing with /N - bigger matrices have a wider range of
eigenvalues, can you explain why? To get histograms that do not become
wider and wider with N, we need to divide each eigenvalue by \/[W be-
fore histogramming. This is what we do in Fig. 3.2, using the very same
eigenvalues collected to produce Fig. 1.1. You can see that the histograms
for different Bs nicely collapse on top of each other, reproducing an almost
perfect semielliptical shape between —v/2 and v/2.

2. The edges are at ++/2BN for the jpdf p(xi,...,xy) given in (2.15). If
you put ad hoc extra factors in the exponential, like exp(—(f/2)¥,;x?) or
exp(—(N/2) ¥;x?), as you sometimes find in the literature, this is tantamount
to rescaling the eigenvalues by an appropriate factor. For example, for the
choice exp(—(N/2) ¥;x?), the edges are fixed - they do not grow with N - at

+/2.

3. The edges of the semicircle are called soft: for large but finite N, there is
always a nonzero probability of sampling eigenvalues exceeding the edge
points. For example, for a GOE matrix 10 x 10, you have a tiny but nonzero
probability to sample eigenvalues larger than /28N =~ 4.47.... Other ensem-
bles have spectral densities with hard edges - this means impenetrable walls,

which the eigenvalues can never cross.

3.2 Layman’s classification

We deal here with ensembles of square matrices with real eigenvalues (the entries can be real, complex or
quaternionic random variables). Can we classify these ensembles according to simple features?

A useful scheme (covering several scenarios encountered in real life) is the following (see Fig. 3.3):

1. Independent entries: the first group on the left gathers matrix models whose entries are independent
random variables - modulo the symmetry requirements. Random matrices of this kind are usually

called Wigner matrices.

Examples: in this category, you may find adjacency matrices of random graphs [6], or matrices with
independent power-law entries (so-called Lévy matrices [7]), and power-law banded matrices [8]
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among others. Take a moment to download and read these papers - remember the following sen-
tence, found on Richard Feynman’s blackboard at the time of his death: “Know how to solve every
problem that has been solved”.

2. Rotational invariance: the second group on the right is characterized by the so-called rotational
invariance. In essence, this property means that any two matrices that are related via a similarity
transformation* H' = UHU ! occur in the ensemble with the same probability

p[H|dHy,---dHyy = p[H'|dH], ---dH}y (3.7)

This requires the following two conditions:

e p[H] = p[UHU™"]. This means that the jpdf of the entries retains the same functional form
before and after the transformation. This imposes a severe constraint on the allowable functional
forms thanks to Weyl’s lemma [9], which states that p[H] can only be a function of the traces of
the first N powers of H,

p[H]=¢ (TrH,Tr H*,...,Tr H") . (3.8)

Since Tr H" = Tr (UHU )" by the cyclic property of the trace, the <= implication is trivial.

e dH\;---dHyy = dH], ---dHy, i.e. the flat Lebesgue measure is invariant under conjugation by
U. This is a classical result.

The rotational invariance property in essence means that the eigenvectors are not that important, as
we can rotate our matrices as freely as we wish, and still leave their statistical weight unchanged.

Examples: you may find in this category the Wishart-Laguerre (Chapter 13) and Jacobi classical
ensembles, the so-called “weakly-confined” ensembles [10] and many others. The same advice
(“download-and-study”) applies here.

3. What about the intersection between the two classes? It turns out that it contains only the Gaussian
ensemble’.

This is a consequence of a theorem by Porter and Rosenzweig [3]. And is bad news, isn’t it? We have
to make a choice: if we insist that the ensemble has independent entries, then eigenvectors do matter.
If we require a high level of rotational symmetry, then the entries get necessarily correlated. No free
lunch (beyond the Gaussian)!

4U is orthogonal/unitary/symplectic if H is real symmetric/complex hermitian/quaternion self-dual, respectively. You surely
have noticed that this is precisely the origin of the names given to the ensembles: Orthogonal, Unitary and Symplectic.
SIn its three incarnations: GOE, GUE and GSE.
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Independent Rotational

Entries invariance

plH] o< [T,y fi(Hii) TLic; fii (Hij) plH] = plUHU "]

Figure 3.3: Visualization of the layman’s classification of random matrix ensembles.

Question. 1 can see that the Gaussian ensemble has independent entries. But I do
not easily see that it has this “rotational invariance”.

» This can be seen from the jpdf of entries in the upper triangle (1.7). Show that
you can rewrite this jpdf as

P [H] o< exp (—;H(Hf)) , (3.9)

where Tr(+) is the matrix trace (the sum of diagonal element). For example, for the

2 x 2 real symmetric matrix Hy; = Z , the trace of H; is a + ¢, and the trace
c

of Hs2 is a® 4 ¢ +2b*. You can actually rewrite (1.7) as (3.9) only thanks to that

factor 2...check this! Now, from (3.9), the rotational invariance property is much

easier to see: for a similarity transformation Hy' = UH,U !, one has Tr(Hs’z) =

Tr(H?) (cyclic property of the trace).

3.3 To know more...

1. Anything worth mentioning beyond the above classification? One important class is represented by
the biorthogonal ensembles: these are non-invariant, with non-independent entries, and yet their jpdf
of eigenvalues is known in terms of the product of two determinants. Check these papers out [11, 12]
for further information.

2. We suggest the following paper [13] about “histogramming without histogramming”. Solid maths and
an insightful and unconventional perspective on RMT spectra.

3. For a proof of the Porter-Rosenzweig theorem in the simplified 2 x 2 case, as well as for a nice and
pedagogical introduction to the Gaussian ensembles, we highly recommend the review [51].
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4. For the mathematically oriented reader, who is looking for more formal classifications of random
matrix models, we recommend the mini-review [15] and references therein.
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Chapter 4

The fluid semicircle

In this Chapter, we set up a statistical mechanics formalism to compute Wigner’s semicircle law for Gaussian
matrices. You will learn here the so-called “Coulomb gas technique”.

4.1 Coulomb gas

The Coulomb gas (or fluid) technique is usually attributed to Dyson [16]. Actually, a few years before,
Wigner had already used it for the derivation of the semicircle law [17].

Take the jpdf for the Gaussian ensemble (2.15)

1
p(x1y...xn) = e_%zﬁvz‘xizn\xj—ka ) 4.1)

and rescale the eigenvalues as x; — x;1/fBN.

The normalization constant now reads (set Cy g = (y/BN)NHANN=1)/2)
= —BnyN 2 B O —BN2V[x]
Z’Nﬁ :CN.,ﬁ/ deje 2 i=14 H|xj—xk] :CN»ﬁ/Ndeje s (42)
RY G i<k RN 57
where the energy term in the exponent is

1 1
Vix] = N : e _W,;jln Ixi — x| . 4.3)

The factor 1/2 in front of the logarithmic term is due to the symmetrization from i < j to i # j.

Stare at (4.2) intensely.

We have just exponentiated the product [];, and obtained a canonical partition function'!

—BN?V[x]

'We are integrating the Gibbs-Boltzmann weight e over all possible positions of the particles.
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The Gibbs-Boltzmann weight e AV *Vix] corresponds to a thermodynamical fluid of particles with posi-
tions {x,...,xy} on a line, in equilibrium at “inverse temperature” 3 under the effect of competing interac-
tions: a quadratic (single-particle) potential (see fig. 4.1), and a repulsive (all-to-all) logarithmic term. The
fluid is “static”, as there is no kinetic term in V|x].

——— — 990- 90— 900-00—0 ¢— 0 WO 000 /00 — -

Confining well potential

-1.5 -1 -0.5 0 0.5 1 1.5

Figure 4.1: Sketch of the quadratic confining potential, which prevents the particles from escaping towards
oo,

The presence of the pre-factor BN? shows - at least formally - that the limit N — oo is a simultaneous
thermodynamic and zero-temperature limit. A standard thermodynamic argument tells us how to find the
equilibrium positions at zero temperature of the particles (eigenvalues) under such interactions: all we need
to do is to minimize the free energy F = —(1/B)InZy g of this system. The calculation greatly simplifies
in the limit N — oo,
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Question. Why is this called a “Coulomb” gas?

» Because we have a logarithmic interaction among charged particles. More
precisely, we have a 2D “fluid” of charges constrained to a line. We know that
in 2D the electrostatic potential generated by a point charge is proportional to
the logarithm of the distance from it - while in 3D, this potential is inversely
proportional to the distance, and in 1D is proportional to the distance. Therefore, a
2D charged fluid confined to a line is not quite the same as a 1D fluid!

A simple way to see this is by using Gauss’s law, with a single charge ¢ sitting at
the origin on a 2D plane. If we enclose the charge in a 1-sphere S (i.e. a circle),
then we must have [(E -n o g, where n is the normal vector to the circle. If you
assume that the electric field E is rotationally symmetric, i.e. E = E(r)#, this turns
into E(r)27r < g, implying that E(r) o< ¢/r. Integrating a field that goes like 1/r

gives you a logarithmic potential.

4.2 Do it yourself (before lunch)

So, our goal is to find the free energy F = —(1/f)InZy g for a large number of particles N — 0. As in
many branches of physics, “larger is easier”.

We now provide a “continuum” description of the fluid, based on the following steps.
1. Introduce a counting function

Define first a normalized one-point counting function

1
=5

1

M=

n(x) O(x—x;) . (4.4)

This is a random function, satisfying [ dx n(x) = 1 and n(x) > 0 everywhere. For finite N, this is just a
collection of “spikes” at the location of each eigenvalue. However, for large N, it is natural to assume that it
will become a smooth function of x. We will always work under this assumption” .

2. Coarse-graining procedure
Instead of directly summing - or rather integrating - over all configurations of eigenvalues {xj,...,xy},
which in stat-mech we would call microstates of our fluid, we first fix a certain one-point profile n(x) (non-

negative, smooth and normalized).

Sketch your favorite function over R and call it n(x) - whatever you like, really, provided it is non-

—(x—x;)2 ¢
%It may be helpful to think that n(x) is nothing but the limit for € — 0T of a nascent delta function ne (x) = ,\i,):ﬁv:l ¢ (2\/;;—8/4 ,

where the limit € — 07 is taken at the very end (after the limit N — o).
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negative, smooth and normalized. Then, we sum over all microstates {xj,...,xy} compatible with your
sketch n(x) - in a sense to be made clearer. Finally, we sum over all possible (non-negative, smooth and
normalized) n(x) you might have come up with in the first place.

This coarse-graining procedure can be put on slightly cleaner grounds introducing the following repre-
sentation of unity as a functional integral

lz/ﬂ[n(x)] [ 1 f

—_—

l

O(x—x;) ] , 4.5)

which enforces the definition (4.4). The functional integral runs (so to speak) over all possible normalized,
non-negative and smooth functions n(x). See [18] for more details on functional integrations.

Inserting this representation of unity inside the multiple integral (4.2) and exchanging the order of inte-
grations, we end up with

i=1

N
Zwp = Crp / Din(x) / de, BNV 5 [ lzax xl]. (4.6)

3. Convert sums into integrals

Using the identities’

N
Z xi) N/ (4.7)
Z g(xi,xj) =N // dxdx'n(x)n(x")g(x,x") , (4.8)

ij=

we can rewrite the two terms in the energy (4.3) as

1Y, 1 )
N & oy N d 4.9
ZNE{X‘ N /Rn(x)x X 4.9)
2N2 l?éz‘;ln’xl x]‘_m Zln‘xl x]’_Zh'lA X; ] =

1 ) , , /
N2 X N /R2 dxdx'n(x)n(x')In|x —x'| — TNZ ><N/Rdx n(x)InA(x) , (4.10)

where A(x) is a position-dependent short-distance cutoff. What does this mean?

Note that in the limit € — 0%, the double integral [[g. dxdx'ng(x)ne(x’)In|x —x'| is divergent. This
physically corresponds to the infinite-energy contribution originated by two neighboring charges getting
“too close” to each other (the term i = j in the sum ¥, ;In|x; — x;|). The term [ dx ne(x) InA(x) for € — 0F

3Prove them inserting the definition of n(x) into the integrals and using properties of the delta function.
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“renormalizes” the divergence and produces a finite result. More on how to plausibly fix A(x) later.

4. Vx| = Vin(x)]

Note that in (4.9) and (4.10) the sums over eigenvalues {xj,...,xy} have been expressed through the
counting function n(x), which - with a slight abuse of notation - will denote from now on its smooth limit as

N — oo,

Therefore we can write

N 1 N
Zyg =C /‘D *BNZWM/ dx; § ——Yo(x—x)| . 4.11
wp = Crp [ Dlnile BICHECE ML @11)
Iy[n(x)]
The functional V[n(x)] reads
/dxx n(x —f/ dxdx'n(x)n(x) In|x — xH— /dxn(x)lnA(x). (4.12)
R
5. Evaluate the integral Iy[n(x)] for large N
We now have to evaluate
N 1 N
:/RNJUldx_,-a n(x)—ﬁl;’ﬁ(x—x,-) (4.13)

in the limit N — oo.

It is quite easy to give a physical interpretation of this multiple integral. It is basically counting how
many microstates - microscopic configurations of the fluid charges - are compatible with a given macrostate
- the density profile n(x). We know from standard statistical mechanics arguments that the logarithm of this
number should be proportional to the entropy of the fluid. Let us see how.

Introducing a ’functional’ analogue of the standard integral representation for the delta function [19],
we can write

:/D[ﬁ(x)]/RNfIldxjexp iN/dxn(x —1/dxn §;5x x,]

N
—/Dﬁ exp[lN/dxn }[/dyeljd”x x>}

= /D D] (4.14)
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where
Sa(x)|n(x)] = i/dx n(x)ﬁ(x)%—Log/Rdy e 710 (4.15)

This type of integrals is music to the statistical physicist’s ears! It is of the form [d(-)exp[Af(-)], with
A = N avery large parameter. Hence it can be evaluated with a Laplace (or saddle-point) approximation [20].

Finding the critical point of the action S[#i(x)|n(x)]

S ) ) e—iﬁ(x)
O— aﬁ(x) —ln(x) —IW s (416)
from which we obtain
e — n(x)/ dy ¢ 7"0) = ja(x) = —In n(x) —Log/ dy e 110) | (4.17)
R R

where we ignore spurious phases (recall that in the complex field Logexp(z) may not just be equal to z!)
that would make the action evaluated at the saddle-point complex. Substituting in (4.15), we obtain

In[n(x)] ~ exp [—N / dx n(x)In n(x)} , (4.18)

to leading order in N. As expected, the term inside square brackets has precisely the form of the Shannon
entropy of the density n(x).

6. Evaluate A(x)
Look back again at (4.12). The short-distance cutoff A(x) is yet to be fixed.

A standard, physically motivated argument - going back to Dyson for charges on a ring - posits that A(x)
- the so-called self-energy term - should be taken of the form

Ax) ~

Na(o) (4.19)
as the higher the density of particles around x, the smaller the average distance between them®*. Also, N
charges spread over a distance of O(1) have a mean spacing ~ O(1/N), and this justifies the 1 /N factor. This
argument, however plausible, does not seem to have been made rigorous yet, though. Note, in particular,
that the constant ¢ in (4.19) cannot be fixed by this simple heuristic argument. While conceptually quite
important (see e.g. [21]), this missing bit will prove rather inconsequential in the following.

4We have already met a similar argument in section 2.3.
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7. Final expression

Combining (4.11), (4.12), (4.18) and (4.19), the partition function eventually reads

- nix E n E* nx 7é nc-ro
Zng :CNﬁ/D[n(x)]e BNTln(@)+ NN+ (§ =1 )NFy ()] - ENne+o(N) , 4.20)

where

2/dxxn —f//dxdxn ) Injx—x|, (4.21)
= /dx n(x)n n(x) . (4.22)

Note that the term (f/2)N1InN is essentially independent of the potential, and can be absorbed into
the overall normalization constant. The O(N) contribution is composed by i) the self-energy term, ii) the
entropic term, and iii) a contribution coming from the unknown constant c in (4.19).

8. Flash-forward: cross-check with finite-N result

We now cheat a bit.

Let us use some information we will actually prove later, namely that the equilibrium density of the fluid
is Wigner’s semicircle law n*(x) = psc(x) = 1v/2 —x2.

Inserting the semicircle law into (4.21) and (4.22) - and evaluating the corresponding integrals - we

obtain
Fo[n*(x)] = % + 1%2 , (4.23)
Fi[n*(x)] = %(1 —1n(2) —2In(7)) . (4.24)

Therefore, the partition function (4.20) reads for large N

' - n(x)]+2 B_ n(x)]—ENIncto
2~ CNVﬁ/D[n(x)}e BN2Fo[n )]+2NlnN+(2 1)N5"1[ ®)]—-ENIncto(N)

7ﬁN23"0[n*(x)}+§NlnN+(gfl)st.[ *(0)]—ENInc+o(N)

~ CN7B€
N B\ 2 1 B
~|exp ZN InN+agN +§ 1+§ NInN +bgN+o(N)| |, (4.25)
where we used the easy asymptotics
1 2 —B/2)1
InCy g ~ Ez\ﬂ InN + = P (1n[3)zv2 zﬁ/ NInN + (ﬁé)nﬁN : (4.26)
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The constants ag and bg are given as follows:

ag = glnﬁ —BFo[n*(x)], (4.27)
bg = <§—1> Cﬂ[n*(x)}—klzﬁ/zlnﬁ—glnc. (4.28)

Can we check that this result is plausible?

Note that for § = 2, the partition function Z g, from (2.16) has a particularly simple expression at
finite N,
Zypor = 2m)V2G(N+2), (4.29)

where G(x) is a Barnes G-function®. Hence, if everything was done correctly, the large-N asymptotics of
(4.29) should precisely match the large-N behavior (4.25).
Let us check.
Using known asymptotics of the Barnes G-function, we deduce that
12 32
InZy g—p ~ EN InN — ZN +NInN+N (In(27) — 1)+ O(1) (4.30)
which coincides (up to the term NnN included) with the asymptotics of Zy g in (4.25) once f3 is set to 2.

This check should convince you that the “mean-field” approach - based on a continuum description of
the charged fluid of eigenvalues - is indeed capable of capturing the first three terms of the free energy,
and only fails at the level of O(N) contributions - as the renormalized self-energy term cannot be precisely
determined by a simple-minded scaling argument.

9. What’s next?

Let us recap what we have done so far. The normalization constant Zy g of the Gaussian model has
been re-interpreted as the canonical partition function of a 2D static fluid of charged particles confined on a
line, in equilibrium at inverse temperature 3. For a large number of particles, among all possible configura-
tions, the fluid will choose the one that minimizes its free energy, i.e. the logarithm of this partition function.

The partition function has been written as a functional integral over the space of normalized counting
functions n(x), see (4.20). For large N, it lends itself to a saddle-point evaluation, which will be carried out
in the next Chapter.

>The Barnes G-function is defined via the recursion G(z+ 1) = I'(z)G(z), with G(1) = 1.

Page 31 of 111



Chapter 5
Saddle-point-of-view

Let us continue the study of the Coulomb gas method for large random matrices.

5.1 Saddle-point. What’s the point?

Earlier we showed that the partition function for the Gaussian model could be represented as

Znp = Ci g / Din (x)]efﬁNz?o[n(x)]+gNlnN+(gfl)N?l (n(x)]—ENInc+o(N) 7 5.1

where
/dxxn —f/ dxdx'n(x)n(x')In|x — x| , (5.2)
:/dxnxlnnx). (5.3)

Quite interestingly, the leading term in the exponential is of order ~ O(N?) and not of ~ O(N) as in
standard short-range models. As a consequence of the all-to-all coupling between the charged particles, the
free energy per particle is dominated by the “energetic” component at the expenses of the “entropic” part
(sub-leading for large N).

Recall now that the functional integral runs over functions n(x) that are normalized, i.e. [pdx n(x) = 1.
We can enforce this constraint introducing another delta function

{ / dx n(x —1} ;’i kg dx nx)=1) (5.4)

Rescaling ik — BN?k and ignoring sub-leading terms, you end up with the truly appealing representation

Z:N7B %CN.ﬁ/D[n(x)]/RdK e*ﬁNZS[n(x)J(}FO(N), (55)

S[n(x), &] :S"o[n(x)]—lc(/dx n(x) - 1> . (5.6)
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A saddle-point evaluation yields'
Zyp ~ exp(—PNZS[n" (x), k) . (5.7)

Here, n*(x) is the minimizer of the functional (5.2) in the space of normalizable and non-negative functions

n(x).

We set up the minimization problem by searching for the critical points?

o = % — JgdX'n*(X)In|x — x| — x*,
K=K (5.8)
= Jpdxn*(x)=1,

n=n*
K=K*

for x in the support of n*(x).

Effectively, k* (hereafter renamed k for simplicity) is just a Lagrange multiplier enforcing the normal-
ization [pdx n*(x) = 1.

What is then the intensive free energy

f=—=(1/BN*)InZyp (5.9)

of our Coulomb gas for N — «? It is just given by f = S[n*(x), k] = Fo[n*(x)] - the action evaluated at the
saddle-point density.

To summarize, the main task is now to find the solution of the integral equation (5.8)

(5.10)

2
— —/ dxX'n* (X )In|x—x| - k=0
2 JR

satisfying n*(x) > 0 everywhere, and [ n*(x)dx = 1.

5.2 Disintegrate the integral equation

...or (in more academic terms), solve it.

As a preliminary observation, note that the support of n*(x) (i.e. the set of x-values for which n*(x) > 0)
cannot be the full real line. In the limit x — oo, the integral term

/dx’n*(x’)ln lx — x| Nlnx/ dx'n*(x') =Inx , (5.11)
R R

I'The pre-factor C n,p has the large-N behavior (4.26), whose logarithm is ~ O(N?1nN) and thus strictly speaking leading with
respect to N2. However, it is just an overall constant term, and the *dynamical’ part of the free energy is of ~ (‘)(Nz).

ZNote that the factor 1 /2 in front of the double integral disappears because the functional differentiation picks up two counting
functions, as in the integrand we have n(x)n(x’). An interesting account on functional differentiation can be found at [22].
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- where we used normalization of the density - which is clearly incompatible with the behavior ~ x?/2 of
the known term in the equation’.

Therefore, we need to look for a solution over an interval (a,b) of the real line. Indeed, a rather amusing
feature of this type of integral equations - of the Carleman class - is that the support over which the solution
is to be found is itself unknown, and part of the problem!

The solution n* = n*(x;a,b) we find will then be a parametric function of a,b. We will then fix the
‘optimal’ a, b by requiring that the resulting free energy f in (5.9) is minimized - i.e. any other choice of
the support (a,b) for normalized and non-negative function 7i(x) # n*(x), once inserted into (5.9), would
produce a larger value for the free energy.

Let us now first convert the integral equation into a “simpler” one.

5.3 Better weak than nothing

The solution to the integral equation (5.10) can be obtained by first differentiating both sides with respect to
x. Since In|x — x/| is not (strictly speaking) differentiable at x = x, we consider the derivative in the weak
sense.

Let u be a function in £'([a,b]). We say that v € £L!([a,b]) is a weak derivative of u if
b b
/ u(x) @’ (x)dx = —/ v(x) @ (x)dx (5.12)
Ja a
for all infinitely differentiable functions ¢ with ¢(a) = @(b) = 0. The notion of weak derivative extends
the standard (strong) derivative to functions that are not differentiable, but integrable in [a,b]. Also, if u is
differentiable in the standard sense, than its weak and strong derivatives coincide - just using integration by

parts.

Setting u(x) = [dx'n*(x")In|x — x'|, we can write

/<p’ [/dx YIn|x — x}dx—hm/(p [/dx ) In[(x— x)z—l—sz]}dx

— /
/(p [/dx — o) +82}dx /(p [Pr/d ] (5.13)
where Pr stands for Cauchy’s principal value®.
Comparing with (5.12), we obtain that the weak derivative of u(x) is Pr [ dx'~ o ,), therefore the new

3This is true in general for potentials growing super-logarithmically at infinity - not just for the quadratic potential corresponding
to Gaussian ensembles.
“This means precisely the limit limg_ [ [*~¢ F(x')dx’ + [, F(x')dx'], if x is a singular point of F (x).
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(singular) integral equation to be solved now is

/d e . (5.14)

To solve (5.14), we invoke a theorem by Tricomi [23], stating that

= f(x) =

 f) C—pr [P 4D oy
/Qd o =g(x) a3 (5.15)

provided that [a,b] is a single (compact) support and C is an arbitrary constant.

Question. Who tells me that the optimal counting function n*(x) is supported on a
single interval [a,b]?

» There is some nice physical intuition behind this. The “thermodynamical” in-
terpretation of the eigenvalues implies that the gas of particles is confined by a
quadratic well with a single minimum (see Fig. 4.1). It is then physically reason-
able to foresee that the particles will fill the single minimum of the potential. If
a potential has many minima, then it is possible that n*(x) “splits” into as many
connected components as the number of minima of the potential. Any attempt to

use (5.15) in these multiple-support cases will produce unphysical solutions.

Evaluating the principal value integral with g(z) =t and imposing the normalization fab dxn*(x) =1, we

get
1 1
* = 1_ 2 . '1
n*(x) o x+2(a+b)x+ (b a)? (5.16)

Note that the density in (5.16) is a solution of the integral equation (5.14) between a and b for any choice
of a and b. How to fix the “optimal” a and b will be the subject of the next sections.

[Of course, do not even consider trusting us on this. You are not allowed to proceed until you have
derived (5.16) yourself. Sorry.]

5.4 Smart tricks

Now, stare at (5.16) intensely. As promised, the function n*(x) (defined for x € (a,b)) indeed depends on
two free parameters a and b.

We need now to compute the intensive free energy
f=%on"(x)] . (5.17)

It will of course depend as well on the two free parameters a and b, which arose as a Phoenix from the ashes
of the integral equation (5.14).
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A couple of smart tricks will make our life easier. First, we would really like to get rid of the double
integral in

f=F0[n*(x)] /dxx n* —7/ dxdx'n () In|x—x| . (5.18)
To do that, we multiply the saddle point equation (5.10)
2
5—/dx’n*(x’)ln]x—x’\—l<:0 (5.19)

by n*(x) and integrate over x. This way we obtain

//dxdx (Nnjx -+ == /dxn x)x* — K, (5.20)

where we used [n*(x)dx = 1.

Next, we fix the Lagrange multiplier k by setting x = a in (5.19). We obtain k = a?/2 — [” dx n* (x) In(x—
a). Combining everything, we get

f=Fo[n*(x)] /dxn X)x +——7/ dx n*(x)In(x —a) . (5.21)

No more k, and no more double integrals. Nice, uh?

5.5 The final touch

Inserting (5.16) into (5.21) and computing the integrals with the help of an abacus’, we obtain

f=flab)= 9a* +4a’b + 24? (5b2+48) +4ab (b2+ 16)

512 (-
—2561n(b —a) — 9b* +96b* +5121n(2)) . (5.22)

We now have our (quite ugly) intensive free energy: In the code [# integral_check.m] we provide
a simple numerical confirmation that the above result is equivalent to (5.21).

All we need to do is to minimize it with respect to @ and b - the (soft) edge points of the support of n*(x).

31t may be useful to first change variables z = (x —a)/(b — a). The resulting integrals can then be handled by most symbolic
computation programs.
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If you do that, you will obtain the solution® a = —+/2 and b = /2, which imply for n*(x) from (5.16)
the following form

1
n*(x) = psc(x) = =V 2—x%|, (5.23)

the famous Wigner’s semicircle law. Very appropriate name, given that it is not the equation of a semicircle,
but rather of a semi-ellipse. The code [# Tricomi_check.m] offers a numerical verification that the
semicircle indeed solves equation (5.14) fora = —b = —V2.

How to show this analytically, though?

We need to prove that

V22— X2
Y2

; 5.24
™ m—x) (5.24)

The primitive of the integrand is - ignoring an additive constant
Fly) = V2 —x2In(¢(x,y)) — V2 —x2In(x —y) + xarcsin (ﬁ) —/2-y? 525

T

where

O(x,y) =V2—x2/2—y>—xy+2. (5.26)

Hence all you have to show is

lim F(x—s)—F(—\[Z)+F(\f2>—F(x+8)}:x, —V2<x<V2. (5.27)

-0t

Have a go at it!

5.6 Epilogue

What is again the interpretation of the “semicircular” n*(x)? It is just the equilibrium profile of a gas of
many charged particles on a line, which minimizes the free energy of the gas. In the “eigenvalue” language,
it represents the normalized histogram of the N eigenvalues of a single (very big!) instance of the Gaussian
ensemble. The property that this object also faithfully represents the spectrum averaged over many samples
(i.e. n*(x) = (n(x)) = p(x)) is called self-averaging and we will assume it to hold.

The code [# Coulomb_gas .m] provides a numerical verification of what we worked on in this Chap-
ter and the previous one. It simulates the Coulomb gas through a simple Monte Carlo procedure, which
produces the equilibrium density for long enough times. Also, a numerical check of the semicircle distribu-
tion can be performed directly, i.e. through the numerical diagonalization of random matrices, with the code
[# Gaussian_finite_N_rescaled.m] (see Fig. 5.1).

The fact that the soft edges are symmetrically located around the origin is a consequence of the symmetry of the confining
potential under the exchange x — —x.
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Figure 5.1: Numerical check of the semicircle law for GOE. Increasing the value of N, after a suitable
rescaling, the eigenvalue histograms collapse on top of the semicircle curve.

Note that, at the very beginning of the derivation of (5.23), we rescaled the eigenvalues by \/ﬁ7N (Eq.
(4.2)). Therefore, in the simulations we need to perform the same rescaling of our eigenvalues by \/[W
before comparing the histogram to the theoretical semicircle. This is in agreement with the precise statement
we made in the second Question in Chapter 3, namely

hm VBNp(v/BNx) = psc(x) (5.28)

where the function psc(x) = 1v/2 —x2 = n*(x) is B-independent.

As a final remark, what happens if the confining potential is not quadratic? In general, if our invariant
ensemble is characterized by a joint probability density of the entries of the form

p[H] < exp[-TtV(H)] , (5.29)

then the joint law of the eigenvalues is of the form

) T — P (5.30)

j<k

pxyy...,x uexp! ZV X;)

and the analogue of the Tricomi equation for the spectral density is

Pr/d’ —V'(x)|. (5.31)

Try to solve for n*(x) in the case V (x) = x— aInx (x > 0). This will correspond to the Wishart-Laguerre
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ensemble of random matrices, which will be extensively discussed in Chapter 13.

Question. Do all existing random matrix ensembles have the semicircle as their
average spectral density?

» Certainly not! The spectral density is highly non-universal - i.e. it strongly
depends on the ensemble you consider. This said, it is true that many ensembles
share it as their spectral density for large N. This is the case for instance of Wigner
ensembles (non-invariant), when the distribution of entries decays sufficiently fast
at infinity (see [24]).

Question. What are the moments of the semicircle law?

» They are given by the so called Catalan numbers. More precisely, defin-
ing

N
(Trx*) / dxi---dxyp(xy,...,x Zf:N / dx x*p(x (5.32)

where p(x1,...,xy) is the jpdf for the Gaussian ensemble (2.15) and p(x) its one-
point marginal for finite N, we have the relation

_(TexX?y 1oV, e
where C, = ﬁ (Zn") is the nth Catalan number. Catalan numbers occur in a variety

of combinatorial problems, for example C,, is the number of ways to correctly match
n pairs of brackets.

Question. 1 see that the Coulomb gas treatment is insensitive to the precise value of
B. But is it possible to construct an explicit random matrix ensemble p[H], whose
eigenvalues are distributed according to a Coulomb gas with 8 # 1,2,4?

» Yes! This has been achieved by Dumitriu and Edelman [25], who pro-
duced ensembles of tridiagonal matrices - hence non-invariant - with independent
but not identically distributed nonzero entries, whose jpdf of eigenvalues can be
nevertheless computed analytically. This jpdf turns out to be equal to the Gaussian
or Wishart-Laguerre ones, albeit with a continuous Dyson index 8 > 0 (it enters
as a parameter of the distribution of the nonzero entries). These ensembles are
very useful also on the numerical side: they provide a much faster way to sample
GXE-distributed eigenvalues (with X=0,U,S), without having to diagonalize full
Gaussian matrices!
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Question. If 1 drop the symmetry requirements on the entries of the ensemble
(H;j # Hj;), what is the resulting analogue of the semicircle law for complex
eigenvalues?

» This is called the Girko-Ginibre (or circular) law. In essence, for any se-
quence of random N x N matrices whose entries are i.i.d. random variables, all
with mean zero and variance equal to 1/N, the limiting spectral density is the

uniform distribution over the unit disc in the complex plane.

5.7 To know more...

1. The Gaussian ensemble for B = 2. The eigenvalues can be interpreted as the positions of fermions in
a harmonic trap. To understand this mapping, have a look at [26] and references therein.

2. Recently, the Coulomb gas technique has been improved and modified to tackle a wealth of different
problems. It all started with a beautiful calculation on the following problem: what is the probability
that all the eigenvalues of a Gaussian matrix are negative? Check this paper out [27].

3. The Gaussian ensembles can also come in a variant called fixed-trace: this means that one multiplies
the jpdf (4.1) by & ( 1x2 ), which fixes the squared trace to the value ¢ (see [28, 29] for details).

4. The normalization constant Zy g for the Gaussian ensemble can be computed for finite N, with simple
algebraic manipulations on the so called Selberg integral

/dxyAN |ﬁHx“‘ —x) (5.34)

It was computed by the norwegian mathematician A. Selberg, who showed that, when it exists, it is
given by

[T+ BI/2IC o (V= DB/ (W= /).

(1+B/2)T(a+b+B2N—j—1)/2) (5.35)

j=1
To know more about recent developments in the beautiful theory of Selberg integrals, have a look at

[5].
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Chapter 6

Time for a change

In this Chapter, we show how to compute the jpdf of eigenvalues for random matrix models - whenever
possible.

6.1 Intermezzo: a simpler change of variables

Suppose we have to compute the following double integrals

11:/ dx dy p1(x,y) Iz:/ dx dy p2(x,y) , (6.1)
R2 R?

with p; (x,y) = f(x*> +?) and pa(x,y) = xf (x> +y?). Here, f(¢) is a function of your choice that makes
both integrals convergent.

A good strategy is to make the “polar” change of variables {x,y} = {rcos0,rsin0} to write

oo 21 oo 27
I = / dr/ 40p1(r,0), b— / dr/ d0p(r,0) | 6.2)
0 0 0 0
where py(r,0) = rf(r?) and p,(r,8) = r>cos 8 f(r*). Obviously, we had to include here the extra Jacobian
factor

Jdx  Ox
J(r,@)z( g g )zr. (6.3)

dr 06
Therefore, we can formally write p; (x,y)dxdy = pi(r,0)drd® (and similarly for p,), meaning that the two

expressions give the same result once integrated over “corresponding” domains (e.g. R? — (0,0) x (0,27)).

This is all trivial and easy. But together with the following two remarks, it is all you need to know to
fully understand what happens in the RMT case, with jpdf of entries and eigenvalues all over the place.

1. pi(r,0) (the new integrand) is nothing but p;(rcos 6, rsin0) x |J(r,0)| (the old integrand, written in
terms of the new variables, times the Jacobian factor) - and similarly for p,.

2. The marginal p,(r) = jg”d 0p1(r, 0) is easier to compute than the corresponding p(r). This for two
reasons: i) the original p;(x,y), once expressed in the new polar variables, no longer depends on one
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of them (0), and ii) also the Jacobian does not depend on 6. So the integration in 6 becomes trivial
and gives just a constant factor 27.

6.2 ...that is the question

Take the case of real symmetric matrices for simplicity - call them H instead of H from now on.

Look again at the jpdf of eigenvalues (2.15) for the GOE ensemble (f = 1)

1
e 2 E5 T oy — el - (6.4)

p(x1,...,xn) =
AN p=1 <k

We gave it without proof.

How to obtain it from the jpdf of entries in the upper triangle, p[H]

2 2
e*Hii/2 e Hij

N
p[H]:Hijﬁ

i=1

? (6.5)

In this Chapter, we provide an answer to this outstanding question.

6.3 Keep your volume under control

A real symmetric matrix can be diagonalized by an orthogonal matrix O as H = OX O, with X = diag(xi, ..., xy).

Orthogonal N x N matrices are characterized by the property that OO” = 1, where 1 is the identity
matrix. As a subspace of RY ?  these matrices form a sub-manifold Vyy of dimension N (N —1)/2, called the
Stiefel manifold. dO is precisely its “volume element” - the analog of d6 in the warm-up example above.

We know that foznd 6 = 2m. It is perhaps intuitive to give this number 27 the meaning of “volume”
occupied while d6 spans the entire one-dimensional manifold (the circumference of the unit circle). What

. y . . . 2
is, then, the “volume” occupied by orthogonal matrices in RV ?

A relatively simple calculation [30] shows that

N N?/2
VO](VN) = - do = W y (66)
where .
T(a) = a"" VAT D@~ (i—1)/2) . (6.7)

i=1

‘We will use this result in a minute.
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If we call 10
PDO=—— 6.8
VO](VN) ’ ( )

this defines the so-called Haar measure on the orthogonal group. The Haar measure is invariant under
orthogonal conjugation, and defines a probability space on orthogonal matrices. For further information,
consult [30, 31, 32, 33].

6.4 For doubting Thomases...

Let us compute the volume Vol(V,) for 2 x 2 orthogonal matrices “from first principles”"

0= ("“ 012) . (6.9)
021 022

The {0;;} are real variables. The volume we are after is

Vol(V5) / H do;;8 (,/0%1 + 03, — 1) 5 <\/0%2+0%2— 1) 8(011012+02102) , (6.10)

i,j=1

Let

where the delta functions enforce the constraints on the columns of O being orthogonal with each other, and
each having unit norm.

Changing to polar coordinates, we get
2 2 oo =
VOI(VQ):/ dG/ d¢>/ drrﬁ(r—l)/ dR RS(R—1)5 (rRcos(6 — ¢))
2
_/ a6 [ 465 (cos(6— ) = 6.11)

in agreement with (6.6) for N = 2 as it should.

6.5 Jpdf of eigenvalues and eigenvectors

As in section 6.1 - but this time with more variables - we are after the change of variables H — {x,0}

N
p(Hy,... Hyw) [TdHij = p(H1 (%,0), ..., Huy (x,0))|J(H — {x,O})‘dOdei. (6.12)
i=1

i<j

p(x1,....xn,0)

On the left hand side, the jpdf of the N(N + 1)/2 entries of H in the upper triangle, including the diag-
onal. On the right hand side, the jpdf p of both eigenvalues (N) and independent eigenvector compo-

cos 0 sin 6

! Alternatively, one may notice that the elements of V, can be written either in the form < sin® cosO

) (rotations in the

. cos®  sinf
plane by an angle 0) or in the form (sin 0 —cosd

components. Clearly, each of these components has a volume 27, so the volume of V; is 47.

) (rotations followed by a reflection). That is, this group has two disconnected
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nents (N(N — 1)/2, the dimension of the Stiefel manifold spanned by the orthogonal group over the reals).
The number of “degrees of freedom” is OK, thanks to the mind-wrecking and highly nontrivial identity
N(N+1)/2=N+N(N-1)/2.

Clearly, on the right hand side we had to include the Jacobian of the change of variables, which we are
going to compute below. While in principle this Jacobian could depend on the full set of variables {x, O}, it
turns out that it only depends on the eigenvalues {x}, exactly as it happens for the change to polar coordi-
nates (6.3).

In our RMT case, this Jacobian is precisely the so-called Vandermonde determinant®,

J(H = {x,0}) =[] (xj —x) - (6.13)

>k

This can be generalized to the hermitian and quaternion self-dual cases. The only difference is that the
Vandermonde is then raised to the power 8 = 2,4 respectively. We will prove this in the next Chapter.

6.6 Leave the eigenvalues alone

Now, stare at the right hand side of (6.12) carefully.

The joint probability density of eigenvalues and eigenvectors P (xy,...,xy,0) is the product of two
terms: the jpdf of entries - written as a function of eigenvalues and eigenvectors - times the Jacobian - which
is a function of the eigenvalues alone.

Then the next question is: how can I get the jpdf of eigenvalues alone? Well, you will need to integrate
out the eigenvector components {O} in (6.12). More precisely

p(x1y...,xy)dx=dx | dOp(xi,...,xy,0), (6.14)
Vy

exactly as we did earlier on to find p; »(r) from Py 2(r, 0). And exactly as in that case, this integration over
Vy may or may not be easy/possible to perform explicitly.

It is certainly possible when the original jpdf of entries, once expressed in terms of eigenvalues and
eigenvector components, is itself independent of eigenvectors - in complete analogy with our previous ex-
ample with » and 8. In this case, we would get

[3()(],.. .,XN,O) = p(Hn(x,)&), - ;HNN(x,ﬂ» J(H — {x,)&})

= function of x alone , (6.15)

and all is left to do in (6.14) is the “volume” integral fVN dO, yielding the simple constant in (6.6) - much

2Why this is indeed a determinant in disguise will become clearer very shortly.
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like 27 in the warm-up example with r, 8 above.

The prototypes of this favorable case are the rotationally invariant ensembles, see the next section®.

6.7 For invariant models...

We can now formulate a cute little theorem for invariant models [31]. The proof is given below.

Let the real symmetric N x N matrix H have a jpdf of entries p[H] = ¢ (Tr H,... TrHY ), which is
evidently invariant under orthogonal similarity transformations*. Then the jpdf of the N ordered eigenvalues
of H (x; >xp; > -+ >xy) is

Nz
pord(xla-'-ny) FN N/2 (lea ZX ) H _xj) : (616)

i<j

Note that there is no absolute value around the Vandermonde, as the eigenvalues are ordered.

Let us see how this theorem works in practice for the GOE case. We have

H 22 e—Hf/ 1 ( 1T H2> 617
exp | —=Tr : .
Var i vE Qa2 2

Therefore, applying the theorem above

N2/2
T 1 LyN 2
= 2R =X 6.18
pOI’d(-x]) ,XN) FN(N/z) X (271-)N/27TN24_N g('xl x]) ’ ( )
‘1:1
2

which needs to be compared with Eq. (2.15) for § = 1 - given without proof at the time

1 vN 2
p(xi,....xn) = e 2 b [T vy —al (6.19)
2N f=1 ]I}( !
with
T(1+7/2)
Tt = (21 N/ZH (L+j/2) (6.20)

I'(3/2)
Do the two equations (6.18) and (6.19) indeed agree, as they should? Almost.

Notice that (6.18) holds for ordered eigenvalues, while (6.19) holds for unordered eigenvalues (hence

3Instead, for models with independent entries, the jpdf of entries cannot be - in general - written in terms of the eigenvalues
alone. For such models, the jpdf of eigenvalues is therefore not generally known.
4Recall Weyl’s lemma (3.8).
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the need to include the absolute value). The two normalization constants differ indeed by a factor N!

(ord)

2N p=1 :N!Z,Nﬁ:1 . (6.21)
6.8 The proof
Where does the normalizing factor
aN’/2
_— (6.22)
In(N/2)

in (6.16) come from? It is instructive to look at this derivation more closely.
Recall from (6.14) and (6.15) that (for the favorable case where one can integrate out the eigenvectors)

jpdf eigenv. = jpdf entries (as function of eigenv. alone) x |Vandermonde| x / do. (6.23)
Vy

This means that morally the normalizing factor (6.22) should corresponds to the volume integral fVN dO as
in (6.6) (for B =1, or [, dU over unitary matrix elements for § =2 etc.).

There is a subtlety though: the change of variables between entries and eigenvalues (H — OXO) must
be one-to-one. But eigenvectors are defined up to a phase, e.g. if v is a real eigenvector, so is —v. To
guarantee the uniqueness of the eigen-decomposition, it is sufficient to fix the sign of the first row of the
matrix O, or the phases of the first row of the matrix U. This reduces the volume integral fVN dO by a factor
2V in the orthogonal case, and the volume integral fVN dU by (27)" in the unitary case. And the proof is
complete.
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Chapter 7

Meet Vandermonde

The “repulsive” term between eigenvalues of invariant models [T, ;(x; —x;) can be written as a determinant,
called Vandermonde in honor of the French mathematician Alexandre-Théophile Vandermonde (who never
wrote it [34]).

7.1 The Vandermonde determinant

We have the following identity

1.1
X1 XN
N .
An(x) =[] (xj —xi) = det(x ") = det ‘ ' ' . (7.1)
i . .
PANLIUIS A

The Vandermonde is clearly a completely anti-symmetric polynomial in N variables: take for example
N =3. We have A3(x) = (x —x1)(x3 —x1)(x3 —x2). Now, exchange any two x;s: for example, x3 <> x,. We
get —Az(x) (we pick up a minus sign any time we make any exchange of two x;s).

The Vandermonde has a quite funny property: we can understand it already on a 2 x 2 matrix. Take

1 1 1 1
det =xy— det =3(xy — . 7.2
¢ < X1 X2 ) 2 © < 3x1+17 3xp+17 ) (XQ X1) (7.2)

Stare at these two determinants carefully. We have just replaced the second row of the first matrix (con-
taining first powers of x; and x;) with a first degree polynomial. The result is just 3 times the Vandermonde
on the left. The 17 has disappeared altogether! This means that you have a lot of freedom in devising a
matrix whose determinant gives the Vandermonde.

More formally, the entries xi.‘ in the (k+ 1)th row can be replaced, up to a constant factor apa; - - -ay—_1,
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by a polynomial of degree k of the form: m;(x;) = akxi.‘ + ---, where we omit terms of lower order in x;. The
important point is that these lower order terms can be absolutely anything. The result is that:

7170()61) ﬂo(xN)
T (xl) 7T1(XN)
Ay(x) = S ' ' ' . (1.3)
apdl - -adN—q . . .
7'L'N_1(X1) . 7'L'N_1(XN)

Orthogonal polynomials are an important class of polynomials 7 (x) that can be especially useful to play
this trick. We will discuss in Chapter 10 how this simple property can actually turn seemingly impossible
calculations into feasible ones.

For instance, let us show how the Hermite and Laguerre orthogonal polynomials can be used to express
the Vandermonde. For N = 3 it is easy to see that

Ho(xl) Ho(Xz) Ho(X3> 1 1 1
det | H (X1> H, (Xz) H, (X3> = det X1 X2 X3 =A; (x), (7.4)
Hz(xl) HQ(XZ) HQ()C3) X% —1 X% —1 )C% —1
and that —A3(x)/2 =
L()(xl) L() (XZ) L()(X3) 1 1 1
det | Li(x;) Li(x2) Li(x3) | =det —x1+1 —x2+1 —x3+1 . (7.5)
X2 X2 x2
Ly(x1) Lo(x2) Lo(x3) T2x+1 Z-2n+1 F-2x+1

7.2 Do it yourself

We now derive the nontrivial relation (6.13) J(H — {x,0}) = Ayn(x) for real symmetric matrices H. We
stress that this proof does not require any assumption on the rotational invariance of the ensemble.

These can be diagonalized through an orthogonal transformation H = OX O, where X = diag(x1, ..., xy).
To find the Jacobian, we formally differentiate' H,

SH = (80)X0" +0(86X)0" +0Xx(80") , (7.6)
and use 0T = —07(8§0)07, which follows from 00T = 1. We get

SH = (80)X0" +0(8x)0" —0x0" (50)0" . (1.7)

I'The matrix element H;j can be written as H;j = Y0 Ot XpnOjm = Yy Ojex¢Oje. The infinitesimal matrix §H has entries
(6H);; = dH;; given by the differential of H;;. Eq. (7.6) is a shorthand of this explicit differentiation w.r.t. O, x, and O .
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Pulling out a factor O to the left and O to the right we obtain SH = O(6H)O", where
S0H = (8Q)X —X(8Q) + 86X . (7.8)

Here, §Q = O 80 is an antisymmetric matrix”. Since §H and 8H are related via an orthogonal transfor-
mation, we only have to find the Jacobian of §H — {5X,8Q}.

Noting that 6X is diagonal, we can write
dI‘AIl'j :dQ,-j(xj—xi)—Fdx,-&j . (79)
This is equivalent to the following differential relations:

dH;
dxk

dH;;
dQu

= 8;; 0, = O je(x; —x;) - (7.10)

Don’t you see the Vandermonde trying hard to crop up here ©?

Let us now construct the Jacobian matrix J for a concrete 3 x 3 case. The generalization to the N X N

case will then appear obvious. The matrix J has dimension N(A;H), so it is a 6 X 6 matrix for N = 3. We

parametrize the antisymmetric matrix 6Q as follows:

0 Q2 Qi3
o0Q = —Q1n 0 Qo3 . (7.11)
Qi3 —Q3 0

Then the Jacobian matrix becomes:

afly,  dfy  dAy dHy dEy dAg
dle dQ.H sz’; d)C] d)C2 dX3

dA;, dAp dHp,  dAp,  dHp  dAp

dQp,  dQp  dQy  dv dvn dn 0 0 0 1 00
N N ~ ~ ~ A X2 — X1 0 0 0 0 0
dH3 dHy3 dH3 dH3 dH3 dH3
dQiy dQi3 dQo3 dx; dx dx; 0 X3 — X1 0 0 O 0 (7 12)
. . N . . . 0 0 0 010 ’
dHy dHy dHy dHy dHy) dHy
dQiy dQq3 dQo3 dx; dx dx; 0 0 X3 — X2 0 0 0
. . . 0 0 0 0 0 1

dB>;  dHys dH»;  dH»y  dH»  dHxn
dQp,  dQp;;  dQy»  dx dx, dxs

dfy;  dHs  dHy  dHy  dAs  dHs
dle dQH sz’; d)C] d)C2 dX3

Swapping rows and columns, it is possible to bring this to the diagonal form, so that the determinant becomes

20bviously, you need to prove it before proceeding.
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trivial to compute. In the general N case, one has:

|detJ| =[]l —xel (7.13)
j<k

as expected. The proof in the complex hermitian and quaternion self-dual cases is analogous and is left as

an exercise.

For a nice numerical test of the Jacobian identity (7.13), we refer to [35], Section 3.2, while for a “back-
of-the-envelope” derivation based on counting degrees of freedom, see [36].

We will make extensive use of the Vandermonde determinant and its properties in Chapter 10.
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Chapter 8

Resolve(nt) the semicircle

In this Chapter, we introduce the so called resolvent, a complex function from which the spectral density'
can be calculated. The advantage of the resolvent approach is that one has to solve an algebraic equation
(like ax? + bx+ ¢ = 0) instead of a (singular) integral equation (like Pr [ dx/ %)i,) = x, see (5.14)). The
disadvantage is that you need to know a bit of complex analysis.

8.1 A bit of theory

We introduce the complex function Gy(z), with z € C\ {x;}

— T -
Ov@) =T = = N

1

, 8.1
1 Z_xi

1.1 1§ 1

where the notation 1/(z — H) means the matrix inverse of z1 — H, and 1 is the N x N identity matrix.

If H is a random matrix, then Gy(z) is a random complex function that has poles at the locations x; of
each eigenvalue.

The second ingredient we need is the Sokhotski-Plemelj formula

lim -
e—0+ yti€

_pr (;) +ins(y), 8.2)

which should be interpreted as the integral relation (for a real-valued test function ¢ (x) such that the integrals

lim [</8+/:> (piy)dy} +ing() = tim [~ 20 4y (8.3)

-0+ —oo -0t /oo yEiE

make sense)

For a one-liner proof, see below (around (8.6)).

!Unless otherwise stated, we will no longer make a distinction between n*(x), (n(x)) and p(x).
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Question. What is the point of introducing this identity?

» First, stare at (8.2) carefully. You see that, on the right hand side, the
imaginary part is just a delta function. So, this identity is (yet another) way of
representing a delta function, as the imaginary part of a rational function (the left
hand side). Knowing that the spectral density is defined in terms of a delta function
p(x) = ((1/N)XY,8(x —x;)), you should be spotting an interesting connection

here. More on this later.

8.2 Averaging

Imagine now to take the limit N — o of (Gy(z)), where we average over the distribution of the matrix H.
This average is called resolvent, or Green's function, or Stieltjes transform. It is natural to assume (and can
be mathematically justified) that:

e the sumin (8.1)

1 1 1 ¥
GN(Z) == NTI'Z_H = NZ

i=

(8.4)

Z—X

gets converted into an integral,
e the poles at x; merge into a continuous “cut” on the real line,
e we have to “weigh” the integrand with the average density of eigenvalues p(x) at point x.

The cut on the real line is therefore nothing but the support of the spectral density, and the average re-
solvent is defined for all complex values z outside this cut (for example, outside the interval [—\@, \@] on
the real line for the Gaussian ensemble).

In formulae

(Gy(2)) = G@)(z) = / dx’f Exx), . forN —oo. (8.5)

If you are inclined to believe that (8.5) is very plausible (to say the least), we can now proceed smoothly.

(av)

Compute now G ’(z) (the averaged resolvent in the large N limit) at z = x —ie. Carrying out this
herculean task, we get

o / p(x,) _/ ,P /
18)_/dxx7—i8—x’_. dx( +82—i—l dx'p(x ) G (8.6)

where we have multiplied up and down by x —x’ + i€ and separated the real and imaginary parts.

Sending now € — 0™, we are basically proving the Sokhotski Plemelj formula: the real part becomes a
(')

.X)C/’

principal value integral (the so called Hilbert transform), Pr [ dx'2, while the imaginary part (with the sign
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reversed with respect to the argument of GY V), + — F) becomes mp (x), using the following representation
for the delta function

1 €
0(x)=—=lim —— . 8.7
(x) T e0r 22+ €2 @7
In summary
1
=—limI G(av) —1€) . 8.8
plx) = _ lim Im G2" (x —ie) (8.8)

So, if you know (or can calculate) the resolvent in the complex plane, you can from it deduce the spectral
density.

All this in theory. Practice in the next section.

Are there important properties of the resolvent G (z) in (8.5) that are worth
remembering?

» First of all, if you send |z| — < in (8.5), you get

_ /p(x/),vl Il _1
)—/dxzi_x,fvZ/dxp(x)—z—i—...., (8.9)

where we have used normalization of p(x). This asymptotic ~ 1/z behavior can
be important in applications.

Next, expanding the denominator in (8.5) to all orders, we observe that the resolvent
is the generating function of moments w, = (Tr(H*)) = [ dxp (x)x*

P / - Hi
dx —/d /d —y M
/ l_l/z Zko ( > kg(’)zkﬂ

(8.10)
with g = 1.

8.3 Do it yourself

We propose here a truly elementary derivation of the algebraic equation satisfied by the resolvent for the
Gaussian ensemble.

Consider the partition function of the standard Gaussian ensemble, after a further rescaling x; — x;v/N
and ignoring prefactors

N N
Z,N’Boc/dej e*ﬁTNZ?le?Hm_xk‘B :/ Hde efﬁNV[x}7 8.11)
Rj=1 <k R
with | )
_ 2 o
V[x]—igxi —ﬁ;m\x, x| - (8.12)
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Compared to our earlier Coulomb gas treatment, we have pulled out a factor N (not N2), so that the
x; are now of O(1) for large N. Instead of introducing a continuous counting function n(x) (as we did in
Chapter 4), we can directly perform the saddle point evaluation of the N-fold integral (8.11), obtaining for
each variable x; the equation

av 1 1
X gL . (8.13)
8)6,' N #ixi —Xj
Multiplying (8.13) by NG—x) and summing over i, we get:
i 1
N Z - ZZ N (8.14)
—x - Hélx,—x] N(z—x;)
Adding and subtracting z in the numerator, the left-hand-side L becomes
l wxi—z+z 1 1
L=—) ——=—-1+z— =—1+2zGn(2) . 8.15
Nzl." 7—X; Nzi"z—xi v(@) ( )
As for the right-hand-side, let us define R = ﬁ Zfi] Yt Z%xl ﬁ . Writing
1 1 1 1
_ < i ) , (8.16)
(z—x)(xi—x;)  z—x; \2—X X —X;
one obtains the following self-consistency equation for R
2 1 / 1 2 1 !
R:GN(z)JrNGN(z)—R = R=5Gj( )+2NGN() (8.17)

Equating L to R, we obtain as promised that the saddle-point condition (8.13) gets converted into an
equation for the resolvent

—1+2zGy(2) = %G%V(z) - %G}V(Z) . (8.18)

This is good, but is still a differential equation for Gy(z), while we promised an even simpler algebraic
equation. It is actually easy to get rid of the differential term in (8.18) by noticing that, with x; of O(1), the
resolvent as defined in (8.1) is itself of O(1) and therefore the term 5, G (z) is subleading for large N.

Taking the average, the surviving algebraic (at long last!) equation for N — oo reads
G2 (2) =261 (z) +2=0. (8.19)

It is instructive to solve (8.19) directly as a quadratic equation (recall that quadratic equations for com-
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plex variables admit the same solving formula as their real counterparts), yielding

G () =z V2 -2. (8.20)
Setting now, z = x — ig, we obtain G (x—ig) = x —ie £ \/(x2 — €2 —2) +i(—2xe). The square root
(with positive real part) of a complex number a +ib can be written as [37] v/a +ib = p+1iq, with

1 ien(b
p= Vvt ra q:s’gnf;)m, (8.21)

where sign(x) = 1if x >0and = —1 if x < 0.

Hence we obtain (recalling (8.8))

1 ign(—2
“ImG) (x — ie) :_8iSIgn(xg)\/\/(xz_82_2)2+4x282_x2+82+2
T T 2

g0+ sign(—x)
S 4 2 =2 —=x242. (8.22)
vV \ |

From this expression, you see that i) for |x| > 1/2 you obtain that the density is 0, and ii) for |x| < v/2,
you need to select the (—) or (+) sign in front, according to whether x > 0 or x < 0 respectively. After
choosing the right sign, you get p(x) = (1/7)v/2 — x? as expected.

To double-check this result, we can insert the semicircle psc(x) = %\/2 — x? back into the definition
(8.5) and perform the numerical integration for z = x — ig, with € a small positive number and separately
for the two cases, 0 < x < V2 and —v/2 < x < 0. This is done with the code [# check_resolvent.m],
where the results are compared with the two choices of sign in (8.20). You see that the (4) choice in (8.20)
only works with —v/2 < x <0, and the (—) choice in (8.20) only works with 0 < x < V2.

8.4 Localize the resolvent

Let us now take a step back and “unpack” the definition of the resolvent in equation (8.1).

We wrote that definition as the trace of the matrix (z — H)~!, with z € C\ {x;}, x;s being the eigenvalues
of H. If we write the trace explicitly, i.e. as a sum over the diagonal elements of the resolvent, we have
GN(Z) = (1/N) 5\121 GN,I','(Z), where

(c])?
Z

47
_xJ

N
Gu,i(z) = [(z—H) i = ; (8.23)

and c{ is the ith component of the normalized eigenvector associated with the jth eigenvalue of H.

So, you may now ask, what should I make of these matrix elements? Well, it turns out that they contain
precious information about the localization properties of the matrix ensemble they are associated with.
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But, first of all, what is localization?

Simply put, the term localization refers to how “spread out” over their components the eigenvectors of a
matrix are. Let us define the inverse participation ratio (IPR) of a normalized eigenvector as

N o
Inj=Y.(c)*. (8.24)

Now, when the eigenvector’s components are all roughly of the same magnitude, then we must have
cl~1/ V/N, V i, due to normalization. Hence, we will have Jy, j~1/N, and the IPR will vanish in the large
N limit.

If, on the other hand, the eigenvector is significantly different from zero only on a number s of sites, then
for those sites we will have c{ ~ 1/4/s, and the IPR will remain roughly equal to 1/s in the large N limit.
So, all in all, the IPR is a handy tool that tells us whether certain eigenvectors of a matrix are extended (i.e.
have an extensive number of non zero components) or instead localized on a finite number of sites.

Although this may sound like a mathematical curiosity, the localization properties of matrix ensembles
are related to a number of relevant features of the physical systems they describe. In particular, it is often
crucial to detect the so called mobility edge, i.e. the critical eigenvalue that separates the part of the spectrum
associated with extended states from the one associated with localized states. For example, it has famously
been shown that the mobility edge determines the Anderson transition in electronic systems [38].

All in all, it should be now clear that having analytical access to the distributional properties of the IPRs
corresponding to different segments of a given ensemble’s eigenvalue spectrum is a valuable thing. Luckily,
this is where our diagonal elements (8.23) come to the rescue. Indeed, it has been shown in [39] that the
average value P(x) of IPRs associated with states whose corresponding eigenvalues lie between x and x + dx
can be written in the large N limit as

&€ N e
P(x) = lim li i(x—ie)]?) = lim ——|G™) (x—ie)|. 2
(X) 81>I(1;1+N1£Il° TENP (x) l:Z] <|GN7 (x 18)‘ > sl)r& np (x) |Goo ('x 18)| (8 5)

8.5 To know more...

1. The saddle-point evaluation (8.13) based on the partition function (8.11) is clearly valid when the
neglected terms in the exponent are indeed subleading (O(N)). There are models - rotationally in-
variant by construction - where the Dyson index f is allowed to scale with N [40, 41]. These models
provide explicit realizations of invariant 3-ensembles, for which the resolvent equation is necessarily
more involved. Ref. [41] is also suggested for an elementary derivation of this “improved” resolvent
equation in the presence of a hard wall in the spectrum.

2. Matrix models such as the Gaussian can be constructed introducing a fictitious time evolution (stochas-
tic) of the entries. In this case, it is possible to show that the resolvent satisfies a partial differential
equation of the Burgers type (see the beautiful paper [42]).
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3. The equation for the resolvent can be given a pretty interpretation in terms of planar diagrams. Dia-
grammatic methods are at the heart of many beautiful results in RMT (see [43] and [44]).
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Chapter 9

One pager on eigenvectors

Take the GUE ensemble of N x N hermitian matrices. Any given matrix in the ensemble will have unit-norm
eigenvectors having in general complex components. What is the statistics of such components?

Since eigenvalues and eigenvectors of invariant matrix models are decoupled, the only constraint on the
N components of an eigenvector is that its norm must be one, therefore their jpdf reads

N
Poue(c) =Cnd (1 -y ycn|2> , 9.1)

=1

where Cy is a normalization constant.
It is convenient to compute the marginal distribution of a single component, say |c{|?, given by

Poye(y) = /d261 —d*en8(y—|e1|?)Poue(c) - 9.2)

Similarly, we can compute the jpdf of eigenvector components (this time all real numbers) of a GOE
matrix.

The calculation in (9.2) is carried out by first defining an auxiliary object

N
Poue(y;t) = /d201 d?enS(y—ci]?)Cyd (t — Z |cn2) , (9.3)
n=1

such that Poyg(v) = Poue(v; 1). Then, taking the Laplace transform with respect to ¢ to kill the delta function
in (9.3)

oo N-1
/ dt e Poye(y;t) = CN/d2015(y— |cl\2)eﬂ‘cl|2 (/dzc e”2> ) 9.4)
0
and finally converting the 2d integrals in polar coordinates
) n 00 5 5 oo 2 N-1 e*Sy
/ dt e ' Poyp(y;t) = CN/ drré(y—r7)e™" / dp p e*P < T s 9.5)
0 0 0 sV
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where we have absorbed the angular constants in the overall normalization.

Inverting the Laplace transform, we obtain
Poye(yit) o< (t—y)N720(1 —y) , (9.6)
where 6(z) is the Heaviside step function. Setting 7 = 1 and normalizing, we obtain
Poue(y)=(N—=1D(1—y)V2  for0<y<I. 9.7)
Similarly, for the GOE one obtains

I (N2 (1—y)®-92

PGOE(y = — for 0 S y S 1. (98)
S AET -0
Computing the average (y) in both cases
I T'(N/2) 1 I 1
= dy yP, =~ — = dy yP, =— 9.9
(v)Gor /0 Y YPGoE(Y) 1 +N2) N ()GuE /0 y YPcuEe(y) N 9.9)

leads us to consider the scaled variable 11 = yN and take the limit N — oo. This produces the scaled densities

L n_ L o ap
Pooe(n) = }\1,120 NPGOE <N> = \/27716 , (9.10)
.1 _
Poue(n) = lim = Poue (%) =e . (9.11)

The first of these densities is called the Porter-Thomas distribution [45, 46]. Note also that the Gaussian
nature of the matrix ensembles has not been used anywhere in the derivation (the same densities would be
obtained for any orthogonal or unitary ensemble).

The study of eigenvectors of random matrices has been recently revived due to their importance in
quantum systems (see, e.g.,[47, 48, 49, 50])
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Chapter 10

Finite N

Look back at Chapter 1, where we constructed Gaussian matrices and histogrammed their eigenvalues. For
N — oo, we showed in various ways that the average spectral density converges to the semicircle law. But
what happens for finite N? Can we compute analytically the shape of the histogram for, say, a 13 x 13
Gaussian matrix? The answer is Yes - and not only for Gaussian matrices, but for any rotationally invariant
ensemble! This is done here. We start from the case 8 = 2, as it is much easier.

10.1 J =2 is easier

Already in Chapter 7, we mentioned that the Vandermonde determinant has some funny properties: in par-
ticular, each row in the Vandermonde matrix can be replaced by a polynomial of suitable degree, with many
a priori unspecified coefficients. The freedom in choosing these polynomials is enormous. A judicious
choice is the key of the celebrated orthogonal polynomial technique.

Take the jpdf of the N real eigenvalues of a rotationally invariant ensemble with § =2

1 X _
pxi,...,xn) = ZfNHe*V“’HAN(x)F , (10.1)
i=1

which is written in the ‘potential’ form (see eq. (5.30)). For example, for the Gaussian ensemble V (x) =
x?/2.

What is the goal then? To compute the average spectral density for finite N, i.e. the N — 1-fold integral

1 N
p(xi) = / dxy -+ dxyp (X1, X2, ... XN) = — / dxy-+-dxy [T Ay (x) | (10.2)
ZN i=1

where the partition function is Zy = [ dx; ---dxy [T, e~V ™) Ay (x)]?.
Note that in (10.2) we are integrating over all variables but one. These integrals are nasty, though! The

integrand does not factorize at all, so we need to find some smart trick to carry out the integration. It took
a while even to the pioneers of these calculations (for instance, Gaudin and Mehta) to figure out how to
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proceed. The steps are as follows:
Step 1:

Rewrite the Vandermonde Ay(x) as a determinant of the matrix A, whose entries are polynomials 7 (x)
(to be determined), as in (7.3)

ﬂo(xl) 7'L'()(xN)
i (xl) 7r1(xN)
1 . . .
Ay(x) = det . (10.3)
aopdy---aN—1 . . .
TIN—1 (X]) e TN (XN)
Step 2:
Use the general relation'
N
(detA)2 = det(ATA) = det ZAﬁAjk ) (10.4)
j=1
applied to the matrix A from step 1, to write
1 N
AF (%) = ——— det | Y w1 (xi) i (w) | - (10.5)
( j=0 aj) j=1

Step 3:

Pull the weight exp(— Y,V (x;)) inside the determinant? and shift the index j — j — 1, to write eventually

1 Nt det (Kn (x;,xx)
pxi, o xn) = S——x——det| ) 9j(xi)¢;(x) | = o——F5 7 (10.6)
ZN(H[J\-/:O1 aj)? <JZO s ZN(H[Jy:o1 aj)?
where ¢;(x) = e~V ®)/2;(x) and
1 / Nl
Ky(x,x) = e 2OV Y m0)m () | (10.7)
Jj=0

which is a central object in RMT: the kernel.

IHereafter, inside a determinant the indices of the entries will run from 1 to N.

2Use (TT¢ o) det(f(i, j)) = det(/0G0; f (i, j))-
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Step 4:

Choose judiciously the (so far undetermined) polynomials 7;(x). A great choice is to pick them or-
thonormal with respect to the weight’ exp(—V (x))

/e_v(x)n,-(x)nj(x)dx = 5,'j . (108)

For instance, for the Gaussian (unitary) ensemble (V (x) = x? /2) the corresponding orthonormal polyno-
mials are /3
H; 2

mj(x) = —F—= &/v2) (10.9)

\/ V27 27 !

if H;(x) are Hermite polynomials satisfying [*_ dx H;(x)Hy(x)exp(—x?) = /727 j1§.

Question. What is the advantage of choosing polynomials with this “orthonormal-
ity” property?

» Well, the reason is that the kernel Ky(x,x’) in (10.7), if the polynomials
are chosen this way, satisfies a quite amazing “reproducing” property

/ dyKy (x,y)Kn (y.) = Kn(x,2') . (10.10)

The proof is very simple: just insert (10.7) into (10.10) and use the orthonormality
relation (10.8). This property has a quite unexpected consequence, which eventu-
ally allows to carry out the multiple integrations in (10.2) in a very elegant, iterative
way. Another ingredient is necessary, though, and is presented in the next Section.

10.2 Integrating inwards

Summarizing, we have to carry out the multiple integration in (10.2) over a jpdf, which can be written as the
determinant of a kernel (see (10.6)), something like

/dxg'--dedet(KN(xj,xk)) =? (10.11)

In normal situations, this would seem a rather hopeless task. But the reproducing property of the kernel
offers an unexpected way around.

First, an illuminating 2 x 2 example, and then the full-fledged (though dry) theory. Imagine the following
2 x 2 matrix J»(x), depending on the vector x = {x,x,} through a function f(x,y) as follows

| fGx) f(xnx)
hx) = ( flxa,x1)  f(x2,x2) ) . (10.12)

3Note that there is a factor (1/2) multiplying V(x) in the kernel (10.7), while there is none in the weight function of the
orthonormal polynomials in (10.8).
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Suppose now that the function f satisfies the “’reproducing” property (10.10), namely [ f(x,y)f(y,z) dp(y) =
f(x,z) for a certain measure u(y). What happens to the following integral

/ dpi () det(J (x))? (10.13)

Well, we have

[ duten)denta(x)) = [ dutaa) 1) f o) = f (o1,02) )] =
=qf(x1,x) = f(xi,x) = (g — 1) f(x1,x1) (10.14)

where g = [du(xz)f(x2,x2). We used the reproducing property to evaluate the second integral.

Maybe this short calculation is not particularly revealing, but it can be actually extended to the N x N
case as follows: let Jy(x) be an N x N matrix whose entries depend on a real vector x = (x1,x2,...,xy)
and have the form J;; = f(x;,x;), where f is some function satisfying the “reproducing kernel” property
J fx,y)f(y,2)du(y) = f(x,2) , for some measure dii(y). Then the following holds:

[ dettin () duan) = g — (N = 1] detly-1 () (10.15)

where ¢ = [ f(x,x)du(x), and the matrix Jy_; has the same functional form as Jy with x replaced by
X=(x1,x2,...,xv—1). A friendly proof can be found in [51].

This is a quite spectacular result, which is commonly referred to as Dyson-Gaudin integration lemma®.
First of all, note that the 2 x 2 result (10.14) is in agreement with the general statement. Second, comparing
(10.11) and (10.15), we see that this lemma actually allows to integrate det(Ky (x;,x;)) (essentially, the jpdf)
over the last variable xy, producing as a result a determinant of a smaller kernel matrix

/det (KN(xi’xj))lﬁiJSN dxy = det (KN(xi,xj))]SiJSN_] s (10.16)

where we have used ¢ = [ dxKy(x,x) = N (immediate from the definition of the kernel (10.7)). Basically,
the reproducing property carries over from the kernel to the determinant of the kernel!

Therefore, we can iterate the process N — k times, killing one integral at a time and reducing the dimen-
sion of the determinant by one, with a remarkable domino effect

/.../det (K (300%7)) <1 o s -y = (N — k) det (K (51 67)) s o (10.17)

4The most accurate reference seems however to be [52].
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In particular, setting kX = 0 we can normalize the jpdf (10.1) as

N-1

2
1= /dxp /dxdet (Ky(xi, %)) = 2y (H aj> =N!, (10.18)
] —0 aj
so that the rwo-point marginal p (x,x;)

(T _ 1 Ky(x1,x1)  Kn(x1,%2)
p(x1,x2) _/gdxjp(xly'--va) = N(N—l)det< Kn(oxt) Kn(ox) | (10.19)

(where one uses (N —2)!/N! = 1/[N(N — 1)]), while the one-point marginal (the average spectral density )
is simply
1
plx)) = /dxz---dep(xl,...,xN) = NKN(XIMC]) . (10.20)

And the problem is solved not just for the one-point marginal, but for any k-point correlation function
- once the kernel is built out of suitable polynomials, orthonormal with respect to the weight V(x). The
fact that all such functions can be expressed in terms of determinants is usually referred to as determinantal
structure of the unitarily invariant ensembles.

For modern extensions of the “integrate-out” lemma and applications, have a look at [53, 54].

10.3 Do it yourself

Let us apply the general formalism to the GUE case, for which the orthonormal polynomials are 7;(x) =

H;(x//2)/1//2m2J j!, where H;(x) are Hermite polynomials. Then, we obtain immediately the spectral
density at finite N as

2 H2 x/\f)
/2
p(x) = N\/T ]E 21]1 . (10.21)

In fig. 12.1 of Chapter 12 we show a comparison between a numerically generated histogram of GUE
eigenvalues, and the corresponding theoretical result in (10.21).

Question. If I send N — oo in (10.21), shouldn’t I recover the semicircle? I do not
see how.

» Yes, you should, and you will! The precise statement is

11m\ﬁp(zr) \/2 z2, for —vV2<z<V2, (10.22)

which requires a bit of work on the asymptotics of Hermite polynomials. We will

give a flavor of the steps you need just below.
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10.4 Recovering the semicircle

First, one injects the so called Christoffel-Darboux formula [55] into the game, a quite spectacular relation
that hugely simplifies sums of orthogonal polynomials. Specialized to the Hermite polynomials, it reads

— . (10.23)

= Hi(x)Hi(y) 1 Hy(y)Hpi1(x) = Hy(X)Hp1(y)
)} K12k plontl x—y

With an eye towards (10.21), with a few manipulations and taking the limit x — y, we obtain the relation
N-1
Y i (x) = VN [iy—1 () my (x) — oy (x) iy (x)] (10.24)
k=0

where the orthonormal polynomials with respect to the Gaussian weight were defined in (10.9).

After huge simplifications, the GUE spectral density for finite N - suitably rescaled - can be rewritten in

the form
Ze—NZ2
V2Np(zv/2N) = T [NHA%,I(Z\/N) ~(N— 1)HN(Z\/N)HN_2(Z\/N)} . (10.25)

We should now analyze (10.25) in the limit N — o for z ~ O(1). To do so, we need to use the following
asymptotic formula for Hermite polynomials in the bulk®

2\ /4 2m/2+N/2Nm/271/4(N!)I/ZeNXZ 1
valid for —1 <X < 1,m ~ O(1) and g, n(x) given by the following expression
gmn(x) = cos (Nx 1 —x2+ (N+1/2)arcsin(x) —Nw/2 —marccos(x)) : (10.27)

We can now apply this asymptotic expansion to (10.25), with m = 0, —1, —2 as needed, after the identi-
fication X = z/ﬂ

1/29N—1p—3/2 2
The two terms H,%,_l and Hy X Hy_, produce the same N-dependent prefactor (@/m) PN IN (NN

(1-22/2)!/2
(check it!), and after simplifications we get to
2
2Np(zV2N) ~ ——— [Ncos’(a+ @) — (N — 1) cos(a) cos(a +2 , 10.28)
VIND(V2N) s [Neos?(@+ ) = (N 1) cos() cos( +20)] (

SWhat does in the bulk mean? The point is that Hermite polynomials (and other classical orthogonal polynomials) have rwo
different asymptotics, according to the way their argument and parameter scale with N. This in turns corresponds to different
regimes, namely different locations x where the spectrum is looked at, and different zooming resolutions.
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where the cosine terms come from g,, y(x) in (10.27). Here

a=N(z/V2)\/1—22/24 (N +1/2)arcsin(z/V2) —Nm/2 (10.29)
¢ = —arccos(z/V2) . (10.30)

Keeping only the leading o< N terms in the square bracket, and using the identity
cos?(ot+ @) —cos(a) cos(a +2¢) = sin*(¢), we finally get

V2Np(zvV2N) ~ sin(— arccos(z/V2)) = %\/2—22 , (10.31)

2
T2 —72

as expected.
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Chapter 11

Meet Andréief

In this Chapter, we present a couple of very useful integral identities involving the Vandermonde determi-
nant, and one cute application.

11.1 Some integrals involving determinants

We start with the Andréief identity - also called sometimes the Gram or Heine identity [56]. It states that
a certain multiple integral involving the product of two determinants can be written as the determinant of a
matrix whose entries are single integrals.

Confused? Let’s have a closer look.

We are given two sets of N functions, {f(x)} and {gx(x)}. We also have an integration measure ft(x).
We then have

N
[ TTdn) dent ) det(gx)) = V! det ( / du(x)fJ-(x)gk(x)) . (1L.1)
j=1

This can be proved by just expanding the left hand side as a double sum over permutations, performing the
integrals and then folding the result back into a single sum. Try to prove it yourself - for example, right now.

If you think about it for a second, this identity seems too good to be true. On the left hand side, you
have, say, a 20-fold integral of a truly nasty object, and on the right hand side a 20 x 20 determinant, which

can be easily handled by any scientific software - when not explicitly computable in closed form!

This identity is especially useful for unitary invariant ensembles (8 = 2), because there you can write the
square of the Vandermonde determinant as [T ;. (x; —x¢)* = det(xlj‘._1 ) det(xlj‘._1 ). For example, the partition
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function of the GUE can be written as a determinant

N (e}
ANp = /( . deje—%x? H(xj _Xk)2 — N'det (/ dx eéxzx]+k2>
—00,00 ]:1 e

j<k
. . 1
= Nldet <2%<f+"3) ((—1)”" + 1) r <2(j+k— 1)>> , (11.2)
which can also be evaluated in closed form as a Selberg-like integral [5].

A nice feature of the final determinant - and this happens for all f = 2 calculations - is that it is of the
form det(M;, ;), i.e. it is a Hankel determinant (the matrix M is constant along the skew-diagonals). This
happens because the two determinants in the integrand on the left hand side are equal, and this produces a
factor (x/~!)(x*~!) on the right hand side.

There are two other identities that are similar in spirit to the Andréief identity (the de Brujin identities
[57]). They read as follows:

/x e dpi(x) det[¢;(x;)] = Pf { // sign(x — y)¢,-(x)¢j(y)du(x)du(y)] 7 (11.3)

where i and j run from 1 to NV, and

[ dutx)detlontey)  wix)) = @N)Pr [ [ dut)@x w0 - ¢,-<xm-<x>>] L a1
where i and j run from 1 to 2N.

In both the equations above, Pf denotes a Pfaffian. Just like the determinant can be written as a sum over
permutations, a Pfaffian is written as a sum over pairings.

Given a set S with an even number of elements, {1,...,2n}, a pairing of S is a collection of 7 pairs of ele-
ments from S. For instance, the set {1,2,3,4} has three possible pairings: {{1,2},{3,4}}, {{1,3},{2,4}},

and {{1,4},{2,3}}.

We can realize pairings as permutations acting of the trivial pairing {{1,2},{3,4}}. The previous pair-
ings then correspond to the identity permutation, the transposition (23) and the cycle (243).

In terms of these permutations, we have
n

Pf(A) =Y s(P) [ [Arej-1).re)) » (11.5)

P j=1

where s(P) is the signature of the permutation and A is a even-dimensional skew-symmetric matrix.
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For example, take n = 2 and A the following 4 x 4 matrix
0 A A Al
—A 0 A A
A 12 23 24| (11.6)
Az —Ax 0 Ay
—Ay Ay Az O

We have Pf(A) = Aj2A34 — A13A24 + A14A23 (compare with the pairings listed above for the set {1,2,3,4}).
Note also that Pf(A) = \/det(A).

We will encounter Pfaffians again in Chapter 12.

11.2 Do it yourself

Let us see a simple example where the Andréief formula turns a nasty problem into a doable one.

Question: what is the probability that a 9 x 9 GUE matrix has N; = 7 positive eigenvalues? From first
principles, we have in general

N
Py(Ny=n)= /dx1 coedxyp(x1,...,xN)0 (n — Z 9(x,-)> , (11.7)
i=1
where 60(x) is the Heaviside step function, = 1 if x > 0 and 0 otherwise.

Note that the delta function in (11.7) is more correctly a Kronecker delta 8, yv g,y We can introduce
the generating function

on(z) = ZPN(N+ =n)7"= 7 / deje_%zllle%’(]“z)zﬁl 0 (xi) H(xj —x)? . (11.8)
n=0 N, B=2 /— ] j<k

This multiple integral seems hopelessly complicated. But spotting that [;; (x; —xx)* = det(xlj ! ) det(xlj - )s
we can use the Andréief formula to write
oo _1,2 [ 7 — PR
det (f_m dx e 2* HIn2)B) (i) 2) det (((=1)"" +z2) civy)
det (J 7 dretPpti=2)  det((ZD)F H D) |

onN(z) = (11.9)

k=3 P .
where ¢, = ZTF(%). We have used Andréief also to express Zy g, as a determinant, and erased a
common N! factor.

Evaluating the integrals, we got a ratio of Hankel determinants, which can easily be evaluated exactly
with a symbolic software.

Note that @y(1) = 1, as it should by normalization of Py(N; = n) (see (11.8)). The probabilities
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Py (N5 = n) can then be reconstructed by differentiation

1

Py(Ne=n) = —0"on()| . (11.10)

n: z—0

Carrying out this program, we may find that for a 9 x 9 GUE matrix,
161229045760 — 20942589825 7> — 91729890007 + 33868800007+
PN:9 (N+ = 7) - 4

481689600007

~5.67686 x 107° . (11.11)

Note that the evaluation is exact, and can be extended to many other values of n, N. Of course, it would be
desirable to have an exact and explicit formula for these probabilities at arbitrary n, N (see [58]).

For a numerical check of (11.10), see [# Andreief_check.m].

11.3 To know more...

1. There is an interesting connection between Hankel determinants, the so-called Toda equation on a
semi-infinite lattice, and Painlevé functions. Define

T, =det(aitj—2)ij=1,..n (11.12)

with “initial conditions” 7_; =0, Tp = 1 and 7| = ag. Imagine that the entries a; of this Hankel matrix
are functions of x (and so is 7,, for any fixed n). If the q satisfy the following relation, a; = a;_,
(where ' denotes differentiation with respect to x), then the following hierarchy of equations holds

0, — (7)) =TT - (11.13)

In [# Toda .m] we test this property for n = 3.
Quite amazingly, the same Toda lattice equation is obeyed by so-called T-functions, which arise in

the Hamiltonian formulation of the six Painlevé equations (PI - PVI), other fundamental objects in the
theory of nonlinear integrable systems [59].

These deep connections between Andréief evaluations, Hankel determinants, Toda lattice and Painlevé
functions are at the root of quite spectacular results (see e.g. [60] and [61]).
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Chapter 12

Finite N is not finished

In this short Chapter, we compute in the quickest way the spectral density for the GOE (8 = 1) and GSE
(B =4). The symmetry classes beyond the Unitary have a reputation for being “unfriendly”. We do not aim
at giving the most general treatment of correlation functions for such cases. The goal of this Chapter is just
to provide a smooth and gentle appetizer, allowing you to tackle the nastier bits with your back covered.

121 =1

Let us assume N is even for simplicity. Indices i, j run from 1 to N, while &, £ run from O to N — 1.

Suppose the jpdf of eigenvalues is given by

1 N
p(xl,...,xN):Z]AN(x)H IW(X,‘) . (12.1)
i=1

For w(x) = exp(—x?/2), we recover the jpdf for the GOE.

Let’s compute the normalization factor, a.k.a. the partition function,

N

2= / x| ()| T w(xr) = law] / dx| det(R ;1 (x)w(x)| | (12.2)

i=1

where Ry (x) = apx* + - - is a family of polynomials through which the Vandermonde materializes, and

N-—1 -
ayv = [T a . (12.3)
k=0
To get rid of the absolute value, we restrict integration to the domain where the variables are ordered:

7 = Nl / dxdet(R;—1 (x;)w(x)) . (12.4)

00X <Ny <o Koo
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We may now use the de Brujin identity (11.3) to get
Z = N!'|ay|Pf(A;i ;) , (12.5)

where - -
Aij :[ dx/i dyRi_1(y)Rj—1(x)w(x)w(y)sign(x—y) , (12.6)

and Pf denotes the Pfaffian of the skew-symmetric matrix A;;.

Let us now stop for a second to check on a 2 x 2 example that, indeed, the expressions in (12.4) and
(12.5) coincide. Starting from the integral in (12.4), specialized to a 2 x 2 case, we have

teo py teo oy
|y [ amomiww;) - [ ay [ amo)ri @wiow()
oo X oo y
= / dx/ dyRo(y)R1 (x)w(x)w(y) — / dy/ dxRo(y)R1 (x)w(x)w(y) , (12.7)
where we have simply renamed the variables x — y and y — x in the first integrals.

If we now expand the Pfaffian in equation (12.5) we obtain

~+oo oo

pie) = [y [ asrom )= [ dy [ dmo)Ri o)

-/ o | asromitewwe) - [ Ty [ amemmi@wmt),  a28)

where in the first integral we have simply rewritten the integration domain —oo < y < x < co. The above
expression coincides with (12.7).

Now, stare at (12.6) for a few seconds. To simplify the notation slightly, we may define the following
skew-symmetric inner product

ai=y [ ax [ r0stmwsignts—dy, (129)

so that we can write A; j = 2(R;—1,Rj_1)1. Note that in general (f,g)1 = —(g,f)1 - we wouldn’t call it
skew-symmetric otherwise, would we?

Now, in complete analogy with what we did for B = 2 - identifying specific polynomials, orthonormal
with respect to the given weight - we may choose the polynomials R that “behave nicely” with respect to
this inner product. The nice properties we require are: evens and odds are orthogonal among themselves,

(Rok,Roe)1 = (Rok41,R201)1 =0, (12.10)

and evens are orthogonal to odds unless they are adjacent,

(Rat, Rops1)1 = —(Rors1,Rar)1 = e - (12.11)
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With this particular choice, the R’s are called skew-orthogonal polynomials. The matrix A in (12.6)
acquires a simple form,

A= 0 2 , (12.12)

and the expression for Z drastically simplifies: the determinant of A becomes simply 2V, hence its Pfaffian
becomes 2V/2, and all the information about the specific weight function w(x) is contained in dy. As a
consequence, from (12.5) we get for the partition function in (12.2) Z = N! \dN|2N /2,
Let us now generalize this calculation slightly. Consider the quantity
2111 = lan [ dx|det(R;- (5 w(xi)fx)
N
=207 =1] [dwp(ar,...oo) [1 ) (12.13)
i=1

where we introduced an arbitrary function f(x) in the game, such that the integral is convergent. Note that
Z[f = 1] coincides with Z.

From this new partition function, we can recover the density of eigenvalues for finite N
p(x) :/dedx3"'dep(x7x27-~7xN) (12.14)

by means of a functional derivative. This is the operator 5%, which satisfies all the properties of a derivative,
plus the condition

0
=38(y—x). (12.15)
5700 f(y)=8(y—x)
Then,
S N
Z[f]‘ :Z[f:1]/dxp(x1,...,xN)Z5(xi—x):NZ[le]p(x). (12.16)
5 f(x) =1 i=1
Following a calculation perfectly analogous to the previous one, we arrive at
Z[f] = N'lan|[P(A;;[f]) , (12.17)
where - -
Alfl = [ dx [ dyRi (R (W) F ) (3)sign(x—) (12.18)
Computing the functional derivative, and recalling the definition of Pfaffian in equation (11.5), we have
s s Mo
——%Z =Nl|a S(P) | === 1 | Ap(2k— . (12.19)
s 2|, =M 2o | s TTArecy ool N
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When we apply the product rule for the derivative, and set f = 1, for each term in the sum over permu-
tations we get

o
srn A 1] Apy— 1+...
[5](()6) P(l),P(z)[f]L_l pe)P@1Apv—1).pan (1]
o

+Ap(1),p2) (1] [AP3 P4[ﬂ:| - Apwv—1.p 1]+
(1).P(2) 5 (%) (3).P(4) . (N—1),P(N)
1)
A 1 | =——Apn— . 12.20
+Ap(1),p2)[1] [5f(x) P(N—1),P(N) [f]]f_l ( )
The orthogonality relations (12.10), (12.11) imply that the products in the above expressions are different
from zero only when P is the identity permutation, i.e. when P(2j — 1) and P(2) are adjacent numbers for

each matrix element in the product.

Hence, the sum in (12.19) reduces to the expression in (12.20) where P(j) = j, V j. Each element
Ap(2j-1),p(2j) yields a factor 2 from the matrix A in (12.12), so that each product in (12.20) reduces to an

expression of the type oN/2-1 [ ] Adk_1 2k [f]] P Comparing (12.16) and (12.19), we eventually find that

0f(x)
N1ay|2N/ 21 /2 [ )
p(x) = Agralf]] (12.21)
NZ[f=1] kg’] 5f(x) ’ f=1
Making the result of the functional differentiation of (12.18) explicit, and rearranging indices, we finally
obtain
S
pl) =55 2, WO R (x)Posr1 (x) — Rapesr (1) Pk ()] | (12.22)
k=0
where .
ulx) = [ dyR(s)w(v)sign(x—) (12.23)

For the Gaussian case, it can be shown [77, 78] that we can choose

V2
Roi(x) = WHR(X) ) (12.24)
V2

w1 2k2(2k — 1)1

R2k+1(x) = [—H2k+1(x) +4kH2k,1(x)] 5 (12.25)

where the Hj(x) are Hermite polynomials. This gives, for example,

2 2 2(2x% — 2x(2x2 —
Ro(x) = \C7 Ri(x) = _\fi Rolx) = \[( xi 1)’ Ry(x) = _\fx( )Cl 5) ‘ (12.26)
3 2ma 27 214
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Since the leading coefficient of Hy (x) is 2%, we have

(-n¥2"
N/2—1

o (12.27)
ma 1L, (2k)!

an
even though this quantity has completely dropped out from the final expression for the density (12.22).

For a numerical check of (12.22), see Fig. 12.1 below, which was obtained with the
code [# Gaussian_finite_density_check.m].

122 B=4

Now
N

1
plxr ) = ZAvE)F [ wlx) - (12.28)
i=1
Start by writing |Ay(x)|* as a determinant of size 2N, in which two columns depend on each variable. This

1S
|An(x)|* = det[xf k1] (12.29)

where 1 <i <N and 0 < k <2N — 1. For instance, for N = 2 we have

1 0 1 O

4 X1 1 X2 1
Xy —x1)" =det
(2 =x1) ¥ 2 X3 2x

3 2 3 2
x| 3x7 x; 3x3

) (12.30)

which can be verified if you have 10 minutes to spare.

We can change xf.‘ by any family of polynomials Oy (x;) = bkx;‘ + - -- that produce the Vandermonde, and
kxt~! by its derivative @, (x;). So

|An(x)[* = |£N’det[Qj71(xi) Qi 1(x)] (12.31)
where 1 < j < 2N and
-1

R N-1
bv=|{]I%] - (12.32)

k=0

In this case, Eq. (12.17) gets modified as

Z[a] = (2N)!|by[P(B; jla]) , (12.33)

where

Bijla = [ a0 10901 ()~ 0y (901 () w(a() (1234)

We have used here the second De Brujin identity (11.4).
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We may consider the above integral as another skew-symmetric inner product

F80=75 [ ddr@g @)~ W), (12.39)

and we may choose the polynomials Q to be skew-orthogonal with relation to this: evens and odds are
orthogonal among themselves,

(Q2k, Q20)a = (Q2p+1,Q2041)4 =0, (12.36)

and evens are orthogonal to odds unless they are adjacent,

(O2, 020+1)4 = —(Q20+41, Q2% )4 = e - (12.37)

Computing the functional derivative as before, we have

1 N—1

P(x) === Y w(x)[Qo(x) Qs 1 (x) — Qo1 (x) Oy (x)] | - (12.38)

k=0

In the Gaussian case, we can choose

V2
On=——"—"—
732k (2K)1!

V2

Hops1 (xV2) . (12.39)
E 2k (2 4 1)1 #1xv2)

[4kQ2k72(x) +H2k(x\f2)} . Ony1(x) =

This gives, for example,

V2 2x V2(4x% + 1 2x(4x% -3
0="2, ow=2, gw=Y2E D 23 (12.40)
T4 T4 2w 3ms
Also, we have
b —ﬂszN(Nfl) 12.41
RS TRITE, A

Again, for a numerical check of (12.38), see Fig. 12.1, which was obtained with the

code [# Gaussian_finite_density_check.m].
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Figure 12.1: Comparison between numerically generated eigenvalue histograms of 50000 matrices of size
and the corresponding theoretical densities.

10
N = 8 belonging to the Gaussian ensembles (GOE on the left, GUE in the middle, and GSE on the right)
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Chapter 13

Classical Ensembles: Wishart-Laguerre

In this Chapter, we present one of the “classical” examples of rotationally invariant models: the Wishart-
Laguerre (WL) ensemble.

13.1 Wishart-Laguerre ensemble

Historically, one of the earliest appearances of a random matrix ensemble' occurred in 1928, when the Scot-
tish mathematician John Wishart published a paper on multivariate data analysis in the journal Biometrika
[64].

Wishart matrices are square N x N matrices W with correlated entries. They are constructed as’> W =
HHY, where H is a N x M matrix (M > N) filled with i.i.d. Gaussian entries’. These entries may be real,
complex or quaternion (we shall use again the Dyson index 8 = 1,2,4 for the three cases, respectively), and
T stands for the transpose or hermitian conjugate of the matrix H. For example, for a 2 x 3 complex matrix
H

Xi2 —iy1z xp—iyn | . (13.1)

X13 —iy;3  x23 —iyx3

W= X1y xp+ivie xi3+iyis
X1 +1iya1 Xoo+iye X3 +iyes

> X1 —1iy11 Xx21 —1iy2g

Work out the matrix product, and convince yourself that W is hermitian, therefore has real eigenvalues.

The Wishart ensemble is also referred to as “Laguerre”, since its spectral properties involve Laguerre
polynomials, and also “chiral” in the context of applications to Quantum Chromodynamics (QCD) [65].
They are often called LOE, LUE and LSE, for 8 = 1,2,4, respectively.

While the Gaussian eigenvalues can in principle be anywhere on the real axis, Wishart matrices have
N non-negative eigenvalues, {xj,x,...,xy}. Indeed, Wishart matrices W are positive semidefinite. This

!In Mathematics, however, the 1897 work by Hurwitz on the volume form of a general unitary matrix is of historical significance
[62, 63].

ZSometimes you find a normalized version of it, with a 1/M factor in front.

3The notation W (N, M) is also used.
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means that (e.g. for § = 2) uw*Wu > 0 for all nonzero column vectors u of N complex numbers. The proof
is not hard, have a go at it!

Question. What is the jpdf of the entries of WL ensemble W?

» With some effort (see below), it can be computed as
pIW] o< e 3TV (detw) s M-N+D-1 (13.2)

from which you immediately see that i) the entries are correlated” (the determi-
nant easily kills any hope of factorizing this jpdf), and ii) the model is rotationally
invariant’.

4Unless for specific combinations of 3, M,N for which the determinant disappears.
bThe jpdf (13.2) is not in contrast with Weyl’s lemma (see Eq. (3.8)). The determinant of a N x N
matrix W can be indeed written as a function of the traces of the first N powers of W (see [66]).

From (13.2), the jpdf of eigenvalues can be written down immediately (just express everything in terms
of the eigenvalues and append a Vandermonde at the end)

1 .
P(x1,...xN) = D e 2L ITx;w/2 H|xj—xk|ﬁ, (13.3)
Z,Nﬁ i=1 j<k

(L)

where & = (1+M — N) —2/f and the normalization constant 2, 5 can be computed again using modifica-
tions of the Selberg integral4 [5]. As for the Gaussian ensembles, one may sometimes find in the literature
an extra factor 3 in the exponential.

The confining potential for the Wishart-Laguerre ensemble is thus V (x) = %x — $1nx, and this clearly

motivates the use of (associated) Laguerre polynomials L,(Ta) (x), which are orthogonal with respect to this

precise weight (after a simple rescaling),

/ dx xe 1O (LD (x) = LOFEFD 5 (13.4)
0

n!

Question. What happens if [ take M < N?

» This situation defines the so-called Anti-Wishart ensemble W. 1In this
case, one can show that N — M eigenvalues are exactly 0. The jpdf is similar to
(13.3), but some of the matrix elements of W are non-random and deterministically
related to the first M rows of W [67].

The code [# Wishart_check.m] produces instances of Wishart matrices for different s, as well as
normalized histograms of their eigenvalues. You can start having a look at it now, but please come back to
it after reading the next chapter.

“4Note that while for Wishart matrices M — N is a non-negative infeger and B = 1, 2 or 4, the jpdf in (13.3) is well defined for
any 8 > 0 and any o > —2/f (this last condition is necessary to ensure that the jpdf is normalizable). When these parameters take
continuous values, this jpdf defines the so-called 3-Laguerre ensemble.
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Question. What is the limiting spectral density of the WL ensembles for N — oo?

» It is called the Marcenko-Pastur density [68], which is superimposed to
the histograms produced with the code above in Fig. 14.1 of the next chapter. We

are going to derive it using the resolvent method very shortly.

13.2 Jpdf of entries: matrix deltas...

The calculation of the jpdf of entries (13.2) proceeds through a few simple steps. Set for simplicity f =2
(hermitian matrices). We can formally write

= /de[H]6 (W—HH") . (13.5)

As usual, the measure dH means that we are integrating over the 2NM degrees of freedom (dof)’ of H: each
entry of the N x M matrix H is a complex number, so it is parametrized by two real numbers®. Therefore,
dH =TI\, HM 1 dRe[H;;]dIm[Hj;].

The matrix delta §(W — HH') enforces the constraint that a certain matrix W must be equal to another
matrix HH'. We do have an integral representation for the scalar delta function, which does the same job
for real numbers. It should then be easy to work out the corresponding integral representation for the delta
function of, say, a N X N hermitian matrix K - after all, it will just be the product of scalar deltas, one for
each of the real dof

N N (R)y s D)
§(K)=T]o&)]] 5(K1] )6(K;;") =
=1 i1 j>
1)
dTll dTNN dT IZNIZ>1[ +T() ()]
2 2: exp{ Ti ”}/l 1j>l 27r 27r ' o (13.6)

where we have introduced a set of N(N + 1) /2 parameters {7 '}, one for each delta.

Arranging the parameters {7} into a hermitian matrix, try to show that the ugly expression in (13.6) can
be recast in the more elegant form

5(K) = 2N7rN2 / dT MKl (13.7)

SWith “degrees of freedom” we mean the independent real parameters that are necessary to define a matrix. For example, a
hermitian matrix has N2 degrees of freedom - the N real entries on the diagonal, and the real and imaginary parts of the entries in
the upper triangle.

Note, in particular, that for N = M the square matrix H is not hermitian, and has 2N? “degrees of freedom” (dof) instead of N2.
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We can now perform the multiple integral in (13.5), with Gaussian distributed dof of H

M
g2 _ 102
[ [szoe (57" 5m7")

1j=1

1 NM . .
_ <2n> o~ YT (13.8)

where (®) and () denote the real and imaginary part of each of the NM entries of H.

p[H] Ep(Hl(f)’Hl(?" NM’ =11

N
=

Combining (13.5), (13.7) and (13.8) we have

p[W] = 2N7EN2 ( ) /dT/dH e——Tr (HH")+TT (W—HH") (13.9)
Dividing all the dof of the hermitian matrix 7 by 1/2 (i.e. changing variables T — 7 /2), we obtain
1 1\ 1 v ' Te(HHY)+iTer (W -HHT
pW] = WV <2n> <2> /dT/dH e 2 THHH )+ TIT(W-HH") (13.10)

13.3 ...and matrix integrals

Next, we use the following identity for N x N hermitian matrices T

- 1 w O A
[det(ul —T) ™ = ——— /Hdzskexp “uY sisc—= Y s Tsee (13.11)
(4mi)"V S 23 23
where 1 is the N x N identity matrix, s; are k = 1,..., M complex (column) vectors, so that

Zs =1V, dsy,dsy ; and i is such that Im[u] > 0.

Question. Any hint on how to prove it?

» Just write 7 = UTAU, with U the unitary matrix diagonalizing 7, and A
the diagonal matrix of eigenvalues A;. Then make the change of variables
Usy — Sk, which is unitary and thus has Jacobian equal to 1. The resulting integral
factorizes as

M N oo , M
/ [14%— |[]2 / dx dy ex ) R—A)(Hy) | (13.12)
k=1 /=1

where x,y are real and imaginary part of the /th entry of s;, and the factor of 2 is
the Jacobian of the change of variables {3 ;,5;;} — {x,y}. The integral in {x,y}
yields 2mi/(u — Ay), from which the claim is immediate.

We can now perform the H integral in (13.10). How? Just imagine that the kth vector s; is constructed
as sy = (Hig, ... ,HNk)T, i.e. it is basically the kth column of the rectangular matrix H.
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Hence, note the identity —(1/2)Tr(HH') = (i/2)u Y, szsk, with g = i. Finally, we have to calculate
the Jacobian of the change of variables {H l.(kR) , Hl.(kl)} — {Ski, szﬂ.}. For each entry of H, we have

Ski = Hz'(kR) + iHi(kI)
\ (R) gD (13.13)
Sgi = Hy —iHy .
The Jacobian from s — H is
8sk7i 8sk7,~
T R
= | =-=2i. (13.14)
as;i as;i I —i
HT o)

Thus, the Jacobian from H — s (the one we need) is (in absolute value) equal to 1/2 for each entry. In total,
(1/2)M.

Therefore, using (13.11)

1 1\M /g N>4+NM i
P =iy (35) (3) G4m0 [ar ™0 ergin - 1) (13.15)
T

We now need another matrix integral, with the pompous name “Ingham-Siegel integral of second type”
[69], whose general formula reads (see Appendix A in [70])

Ivm(Q,p) = / dT ™ T [det(T — u1)]™ = Cy n(det Q)M N eHTrC | (13.16)

with Cyy v = 2Nz (N+1)/2iNM / HI}’I:M, ~+1T'(j), and the matrix Q is hermitian and positive definite, while 7
is just hermitian. Both are N x N. We also require Im(g) > 0 to ensure convergence, and M > N.

To use this integral (13.16), we need to multiply back again all the degrees of freedom of the matrix T
by 2, and pull out a factor (—2) from the determinant, resulting in

-M

plW] = Z’N(”M)E’Nzi’MN/dT STTW) [det (T - ;1)] : (13.17)
which can be evaluated using (13.16) as
2 —N(1+M) g —N*{=MN  ON N(N+1)/2;NM
p[W] = . ! (detW)M—Ne=(1/2TW _
[T=m-n1 ()
1
= — (detW )M —Ne=(1/2)TW (13.18)

- _ .
2NMp=3 H]]"/[:MfNJrl L(j)

i.e. the jpdf of the entries of Wishart matrices for 8 = 2, with the correct normalization’ (note that all the
imaginary factors have correctly disappeared). Well done!

7 A reliable source for such normalizations is [31].
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13.4 To know more...

1. The spectral densities of the Wishart-Laguerre ensemble for finite N and 8 = 1,2,4 have been given
explicitly in [71], together with numerical checks.

2. The large-N behavior of the spectral density and two-point function for the Wishart-Laguerre ensem-
ble is determined by the asymptotics of Laguerre polynomials (in complete analogy with the Gaussian
case). These are explicitly given in [72].

3. Non-hermitian analogues of the Wishart-Laguerre ensemble can also be defined (see [73] for a nice
review).

4. Readers interested in the diagrammatic approach to fluctuations in the Wishart ensemble should have
a look at [43].

5. For a nice review on usefulness of Wishart-Laguerre ensemble in physics, see [75]. For specific
applications to QCD, see [65, 76].
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Chapter 14

Meet Marcenko and Pastur

In this Chapter, we investigate the average spectral density for the Wishart-Laguerre ensemble.

14.1 The Marcenko-Pastur density

The average density of eigenvalues has the following scaling form for N,M — oo (such that c = N/M < 1 is
kept fixed)

p(x) — [;NPMP ([;\’> : (14.1)

where the Mar¢enko-Pastur scaling function (the analogue of the semicircle psc(x) in Eq. (3.6) for the
Gaussian ensemble) is independent of  and given by [64]

1

pmp(y) = 27y =8 )& —y), (14.2)

for x € [{_, ¢, ]. The edge-points {. are givenby { = (1 —c~'/?)>and &, = (1 +c/?)2.

This scaling function pyp(y) has a compact support on the positive semi-axis for ¢ < 1 (with two soft
edges), but becomes singular at the origin if ¢ — 1 (and the origin becomes a hard edge). This means that
Wishart matrices constructed from square matrices H exhibit an accumulation of eigenvalues very close to
Zero.

It is worth stressing that the typical scale of an eigenvalue is ~ O(N) in the WL case, as opposed to the
scale ~ O(v/N) for the Gaussian ensemble.

14.2 Do it yourself: the resolvent method

Let us now derive the Marcenko-Pastur density using the resolvent (or Stieltjes transform) method. The
partition function (normalization constant) for the Wishart-Laguerre ensemble reads (after a rescaling x; —
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BNxi)
© o [T BN YN T aB)2 — v
Z’Nﬁ o</ dej e_TZizlxini H|xj_xk‘ﬁ :/ dej e—ﬁN [x] ’ (14.3)
0 J=1 i=1 j<k 0 j=1
with 1 2B-1 M 1 1
Via =7 2 i — oo | Yl — oo Y In - xj 14.4
2 2;%{ 2N 2N+2]zi:nx 2N§/.n|x xj] (14.4)

As in Chapter 8, the x; are now of O(1) for large N. We can again perform the saddle point evaluation
of the N-fold integral (14.3), but this time there is an additional subtlety which, if overlooked, leads straight
to a nonsensical answer.

The subtlety is that the minimization of the exponent should be carried out within the set of positive
x. In other words, on top of the saddle-point equation, there is an inequality constraint to satisfy as well,
x>0 Vi.

One way to handle this constraint is to introduce a penalty function —p Y ;In(x;) in the “action” Vx|,
with a Lagrange multiplier . Since —In(¢) — o for r — 0, it acts as if each particle felt an extra “infinite
wall”-type of repulsion while approaching the origin, and thus helps confining the eigenvalues on the posi-
tive semi axis. The extra wall is then “gently” removed (1 — 0) at the end of the calculation.

The saddle-point equations now read for any i (and for N> 1 and N/M =c < 1)

1 I 1 I 1 1
- S 7:72 . 14.5
2+<2 2c 'u> Xi o NiZXi—x; (14.5)

Multiplying (14.5) by NG=x) and summing over i, we get in analogy with Eq. (8.18)

lGN(Z) + (1 R —N> lle(zl_xl) = %Gzzv( )+ 21\,GN( )- (14.6)

The second term can be expressed in terms of Gy/(z) using

_K—i—GN(Z)
72)5, — (Z z—x,) = , (14.7)

Xi <

and taking the average G (z) = (Gn(z)) in the limit N — o, we obtain

(@)
Ltz + <1 s —u) K+Ge"(z) _ %Gggv)z(z) , (14.8)
Z

Here K is a constant that we assume finite (by derivation, we have K = [ dxp (x)/x).

Note that, had we not included the penalty function parametrized by u from the beginning, we would
have landed for ¢ = 1 on the equation G(”V>( )= %Ggf V)2(z), from which no sensible spectral density could
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be extracted! This is because the Wishart eigenvalues cannot equilibrate on the entire real line under a po-
tential V (x) = x (which is not confining for x — —eo).

It is convenient to set Yy = (1 —¢)/c > 0. Solving now the quadratic equation (14.8) for u — 0, we get

1 2 —4yKz+72 -2
Gﬁfv)(z):2<i\/y 7;“ W-ZH). (14.9)

Setting now z = x — ig, multiplying up and down by x + i€ and using the real and imaginary part of the
square root p and q as in (8.3), we obtain

1 —extgx /(= x_(7,K)) (x (v, K) —x)
S ImG) (x — 4x_ &0 0
MG (x—ie) = 5o e , (14.10)

where it is understood that the (+) sign in (14.9) is to be chosen differently in different x-intervals, in anal-
ogy with the Gaussian case. Of course, the right hand side of (14.10) is only valid for x such that the square
root exists. The constants x4 (y,K) =y (—2\/ K>+ K+2K + 1) .

We now have to fix the constant K by requiring normalization of p(x). Using the integral (for b > a)

/bdxwwzl<—2@+a+b) : (14.11)
a 27x 4

all we have to do is to assign a < x_(7,K) and b < x;.(,K), and to solve ; <—2\/ab+a+b) =1 for K.
This gives K = 1/7.

And for this value of K, the edge points become x-(y,1/7) — (1£1/4/c)?, which means that we have
recovered the MP law (14.2) using the resolvent method. Congratulations!

You can now fully enjoy Fig. 14.1, where we show a comparison between the Marcenko-Pastur density
and the histograms obtained by numerical diagonalization of WL random matrices for different fs.

Question. Wait a second...In the derivation, we said that we had to assume K
finite and equal to K = [dxp(x)/x (because the constant K arises as the average
(3 X;i1)). Shouldn’t we check that this is consistent with the final result?

» Yes, we should! The integral [dxp(x)/x amounts to computing the fol-

lowing
/ I b x) —2vab+a+b (14.12)
2717362 B 4+/ab ’ ‘

and setting @ < (1 —1/4/c)?* and b < (1+1/+/c)?. This gives ¢/(1 — c), which is
precisely equal to K = 1/y. Bingo!
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Figure 14.1: Comparison between the Marcenko-Pastur density for two different values of the rectangularity
ratio ¢ and the corresponding histograms obtained from the numerical diagonalization of random Wishart
matrices (for all possible values of ). All histograms are obtained from 5000 Wishart matrices of size
N =100.
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Question. What if I wanted to use the Coulomb gas technique to derive the
Marcenko-Pastur law?

» The partition function (normalization constant) for the WL ensemble, af-
ter the rescaling x; — x; 3, reads

. N
(L) (L) . o~ BVIx]
Zyp=Cnp o /I;Ildx] e : (14.13)
where the energy is given this time by V[x] = %Zix,- — 5 YInx; — %Z,-#j In |x; — x|

In the WL case, the gas is in equilibrium under the competing effect of a
linear+logarithmic confining potential, and the 2D electrostatic repulsion.

Following the same procedure as in Chapter 4 (but with the rescaling n(x) —
(1/N)n(x/N)), we obtain for the energy functional V[n(x)] = N2V, with

= [arv) ——//dxdxn ¥)Infx— ], (14.14)

with v(x) =x/2—1(1/c—1)Inx.

The singular integral equation for the equilibrium density readily follows

) L 1L
/d — x, : z(c 1)x. (14.15)

Try to apply Tricomi’s formula (5.15) - assuming a single-support solution on [a, b]
- and then determine a, b in such a way that the free energy is minimized. You will
discover that n*(x) = pmp(x) as it should.

14.3 Correlations in the real world and a quick example: financial correla-
tions

A huge number of scientific disciplines, ranging from Physics to Economics, often need to deal with sta-
tistical systems described by a large number of degrees of freedom. Thus, understanding and describing
the collective behavior of a large numbers of random variables is one of the most fundamental issues in
multivariate Statistics. More often than not, the problem can be addressed in terms of correlations.

Suppose we are interested in understanding the correlation structure of a system described in terms of N
random variables {xi,...,xy}, drawn from a - potentially unknown, but not changing in time - jpdf p(x). In
order to do so, one of the most obvious operations to perform is to collect, if possible, as many “experimental
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observations” of such variables. Such observations can then be used to compute empirical time averages of
quantities expressed in terms of the random variables. So, let us assume we have collected M observations
- say, equally spaced in time - for each variable. Quite straightforwardly, one can collect all these numbers
ina N x M matrix X whose entries are x; (i =1,...,N,r=1,....M).

1

Assuming all variables x} are adjusted in order that their sample mean' is zero and their sample variance

is 1, then the quantity
1 M
c,-j:Mngxfj (14.16)
=1

yields the well known Pearson estimator for the correlation between variables x; and x;. This is an estimator
of the true (or population) correlation® & j» which would be measured exactly for M — oo, i.e. as more and
more observations are added to the data. However, real life practice always entails working with finite-sized
datasets (i.e. with finite M), which introduces some degree of measurement error.

The estimators for each pair of variables in the system can be collected into a single N x N matrix
C = XXT /M, known as the sample correlation matrix of the data in X, whose entries are given by Eq.
(14.16). These amount to N(N — 1)/2 real numbers (diagonal entries are equal to one), which for a large
system represent a whopping amount of information to process. So, what should we make of all this? Well,
a reasonable first step could be to compare the empirical correlation matrix of the system we are interested
in with the prediction of a suitably defined null hypothesis. In the first instance, we could for example look
for a null model describing uncorrelated Gaussian random data and see how our empirical data differ from it.

By any chance, do we know a random matrix ensemble from which we can draw this kind of random
correlation matrices? Well, of course we do! It is precisely the Wishart-Laguerre ensemble. As we dis-
cussed, the density of eigenvalues is well known for this ensemble, and it is given by the Marcenko-Pastur
law (14.2). This means that a zero-th order assessment of the statistical significance of the correlations in
a large system can be obtained from the comparison of the empirical eigenvalue spectrum of its correlation
matrix with the Maréenko-Pastur law for a system with the same rectangularity ratio N /M.

A prime example of the procedure outlined above is the analysis of financial correlations. Suppose you
want to invest your money in N stocks by forming an investment portfolio. As the old saying goes, “don’t
put your eggs in one basket”, which in financial terms translates into “don’t invest all your money in a
portfolio of highly correlated stocks” - not the most effective punchline, admittedly. Hence, distinguishing
signal from noise within financial correlation matrices is of paramount importance to build a well diversified
portfolio, where the possible losses due to the adverse movement of a group of stocks can be offset by other
groups of stocks.

When an empirical financial correlation matrix is diagonalized, one usually finds that several eigenvalues
are much larger than the expected upper bound of the Marcenko-Pastur law. The information contained in
the associated eigenvectors typically shows that these are due to the co-movements of groups of highly
correlated stocks belonging to well defined market sectors (e.g. pharmaceutical, financial, etc). This kind

IThe sample mean is ¥ = (1/M) Y™ | x%, not to be confused with the true mean (x;) p(x)» Which is a property of the jpdf p(x).
2The true correlation &; is a property of the jpdf p(x) of the random variables {x1,...,xy}.
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of random matrix approach to financial correlations was initiated in [79, 80] and since then a considerable
number of papers has been devoted to it (see [81] for a recent account).
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Chapter 15

Replicas...

In this Chapter, we add one more powerful tool to our arsenal. The Edwards-Jones formula, in conjunction
with the celebrated replica trick.

15.1 Meet Edwards and Jones

The Edwards-Jones formula [82] allows to write down a formal expression for the average spectral density
p(x) of a completely generic ensemble of real symmetric random matrices H, taking as a starting point just
the jpdf of the entries in the upper triangle, p[H].

The formula reads

-2 d
p(x) = ﬁelgglma<Log Z(x)> : (15.1)

where )
Z(x):/ dyexp [—lyT (xg]l—H)y} , (15.2)

RN 2

where xg = x —i€.

The average (-) is taken with respect to p[H], i.e. (-) = [dH),---dHynp[H](").

This formula is remarkable: it allows to compute the spectral density - the marginal of the jpdf of the
eigenvalues - without knowing the jpdf of eigenvalues! Only the information about the entries is required as

input.

While the formula (15.1) is in principle valid for any finite N, in practice the calculations can be carried
out until the end only in the limit N — oo, where several simplifications take place.

15.2 The proof

The proof is not complicated - even though there are several subtleties. Recall from Chapter 2 how the
average spectral density is defined p (x) = <% 1 0(x —x,-)> .
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Recall also the Sokhotski-Plemelj identity: as € — 0,

1
xtie

— Pr (i) Find(x) . (15.3)

This equation provides an interesting identity for the delta function, which we already used in Chapter
8. We can therefore write
() = —— Tim T <i ! > L im 1 <i ! > (15.4)
x) =—— lim Im ——— ) =——1lim Im _— .
p TN e—0+ —~ x—ie—x; TN e—0+ xi+ie—x/"’

i=1 i=1

where Im stands for the imaginary part, and we changed a sign for later convenience.

Next, we write the denominator in the sum as the derivative of a logarithm. But the denominator is a
complex number: and the logarithms of complex numbers are nasty beasts'. Anyway, we can choose the
principal branch of the logarithm - and denote it by Log - to write

( )—i lim Im8<iLo (x;+1ie — )> (15.5)
pix) = TN e—0+ dx =1 Bt ) ’

Next, we use the identity

1 N7
Z(x) = 27)"exp —El;Log(xi—l—ie—x)+iT , (15.6)

where Z(x) is given by the multiple integral in (15.2). You can check this identity with the code [#
Zmultiple.m]

Now, compare the last two equations. Clearly, the final formula would be easily established if we could
replace Y'N | Log(x; +i€ — x) in (15.5) with something related to Z(x), using (15.6).

To extract Y | Log(x; + i€ — x) from (15.6), we should take the logarithm on both sides. There is a
small glitch, though, due to another mind-boggling feature of complex logarithms. Namely, Log(exp(z))
may not just be equal to z, for z € C!?

However, we can still write

N d
Log(x; +i€ —x) = —2 Log Z(x) + terms that are killed by > (15.7)
&~ x

=

Inserting (15.7) into (15.5), we establish the final formula (15.1).

!For example, Log(z1z>) may not be equal to Log(z;) +Log(z)!
ZFor instance, if z = 0.2 — 4.4i, then Log(exp(z)) = 0.2 + 1.88319i.

Page 92 of 111



Giacomo Livan, Marcel Novaes, Pierpaolo Vivo

15.3 Averaging the logarithm

The Edwards-Jones formula (15.1) thus requires computing <L0g z (x)>, where the average is taken over
several realizations of the matrix H.

This means that we should compute

<L0g Z(x)> = /dHn ---dHynp[H]Log [/Ndyexp [—;yT (xel —H)y” , (15.8)
R
which is very annoying: the logarithm is right in the way!

We would really need to exchange the order of integrals to perform the average over H before the aver-
age over y - otherwise we would be running the Edwards-Jones formula backwards and gain nothing!

There are two strategies to circumvent this obstacle, each with their own subtleties. To know more about
the replica method and its applications to spin glass theory see [83, 84].

15.4 Quenched vs. Annealed

Calling the quantity in (15.2) Z(x) is intentional: we wish to interpret it as the partition function of an as-
sociated stat-mech model in the canonical ensemble. The logarithm of Z will then be the free energy of this
model.

Looking again at the multiple integral defining Z(x), Z(x) = [pvdyexp [—%yT (xel —H)y|, we see
that it encodes two different ’levels’ of randomness: i) the random matrix H - the so called disorder -
and ii) the dynamical variables y, which morally® follow a Gibbs-Boltzmann distribution P(yy,...,yy) =

7t &xp (~H(y:H %)) .

Computing now <Log Z (x)> - as we should - assumes that the two levels of randomness are unfolding on
different timescales: first, the dynamical variables y need to equilibrate according to the Gibbs-Boltzmann
distribution for a fixed instance of the random matrix H - and only afterwards the free energy is averaged
over the disorder (different realizations of H).

For these reasons, the disorder is called guenched®: it is there, but it acts slowly. It only kicks in after
the y’s have thermalized.

Computing a quenched disorder average is difficult, but can be attempted - in the limit N — oo - using the
so called replica trick, which gets rid of the logarithm inside the integral in (15.8) and allows the integrations
over H and y to be interchanged. More on this later.

A second strategy - which simplifies the calculations considerably - is to cheat a bit and treat the disorder
as annealed instead.

3“Morally”, since the “Hamiltonian” ¥ is actually complex, so P(y1,...,yn) is not a proper distribution.
4Quenched adj. made less severe or intense; subdued or overcome; allayed; squelched.
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This means that the associated stat-mech model is described in terms of the joint set of dynamical vari-
ables {y,H}, leading to a partition function Z(@") (x) = [dHdy(---).

The dynamical variables y are no longer integrated over at fixed value of the disorder H, but rather H and
y fluctuate and thermalize fogether. A questionable but widespread way to describe in words an annealed
average is: instead of computing the quenched average (Log Z(x)) - as we should - move the average inside
the logarithm >, Log(Z(x)).

Clearly, this slick maneuver forces the logarithm out of the integrals, and allows for a much quicker -
even though not entirely justifiable - computation.

In the following section, we present the annealed calculation to obtain the semicircle law for the GOE®.

SFor the annealed average, we should more properly write Log Zann) (x) - with no further average over H.
OThis is only for training purposes. There is no need to use Edwards-Jones when the jpdf of eigenvalues is known!
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Chapter 16

Replicas for GOE

In this Chapter, we apply the Edwards-Jones formula to compute the average spectral density of the GOE
ensemble.

16.1 Wigner’s semicircle for GOE: annealed calculation

The jpdf of entries in the upper triangle of a GOE is
N
plH =T] [exp (—NH2/2) /\/Zn/N} I1 [exp (~NH?) /\/n/N} : (16.1)
i=1 i<j

where we have already rescaled the unit variance by a factor 1/N. This has the net effect of rescaling the
eigenvalues by 1/4/N (why?), so the corresponding spectral density will have edges between —V/2 and V2
- not growing with N.

For the annealed calculation, we need to compute

2o = [ ay [ Tlatpltess |37 se1 -1y 162)

i<j

Separating diagonal and off-diagonal elements, and using the notation ((-)) = [[l;<;dH;;p[H](-), we
can write

(ann) i u 2 i 2 . il
Z (x) o< /RN dyexp _EX(; Zyl- <exp 3 ZHii)’i ><exp 12Hijy,~yj > , (16.3)
i=1 i=1

i<j

where we neglect some overall constant terms.

Expanding ¢° ~ 1 +z+2%/2+ ... and using the fact that the entries of H are independent with (H;;) = 0
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and <Hi2j) =1/(N(2— §;j)), we can write

i=1 i=1

i N ) N i ) 1 N
<CXP 5 ZHiiyi > = H<1 + EHiiyi 8Hllyl +.. > H
i=1 i '

i<j <j i<j

Re-exponentiating, we can write

- N N N
i 1 1
<6Xp [2 ZHﬁy?] ><6XP [ ZHuy,y]] > ~ exp [—SN Yy y?))?] =exp | o <Zyi2
i=1 j i=

<J

Introducing a Gaussian identity
1 dq exp [—ocqz +iyg] o< exp (—y2/4a)

with y =Y~ ,y? and a = 2N yields
7(ann) / dg e—ZNq / dyexp [—xSZyl +1q2yl]

o 1 1 N
:[ dq ¢ 2N [/Rdy exp [—26y2—i<2x—q>y2” ,

where the y-integral is convergent as € > 0. Writing X"V = exp [NLogX], we have

1 2n
7 (ann) d “Nl24%—ZL o~
/ 9 exp ( 7 2 Og<£+i(x—2q)))

0:(q)

This integral lends itself to a nice Laplace’s approximation, from which
21" (x) = exp(~Nw(q")) -
The stationary point ¢* is computed as
o) =04+~ =0= g = (et /22
x 2q* — xe 4\°° € ’

where again x; = x —i€.

Applying now the Edwards-Jones formula - in the annealed version and for N — oo

Log 2 () ~ 2 tim Im > [-Nou(q")]

-2 d
p(x) N e me N =0+ dx

TN e—0+ ox

e . 1 1
<€Xp [leijyiyj] > = <1 +1Hijyiyj 2H121y12y3 +. > H <1 — ﬁy, yj +.. > . (165)

2
) . (16.6)

(16.4)

(16.7)

(16.8)

(16.9)

(16.10)

(16.11)

(16.12)
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Using now the chain rule

d . o 0 1

4 e p) ’ - 16.13

ax (Px(q ) q a (px(q) :q*+ x(px(q) 4=q* 2x8 _4q* ( )

=0
and substituting ¢g* with (16.11), we obtain
2 . 1 I .
p(x)==lim In————— = — lim Im |xp +/x2—2| , (16.14)

TWe—0t  x, T x% —2 T e=0t

after rationalizing the denominator.

Next, we use again the following short lemma. If \/a+ib = p+gqi, then

| ign b
— Vet +a, q:“gnz VVai b —a. (16.15)

p =
V2 V2
Using this with a = x> — €2 —2 and b = —2¢x, and choosing the sign in order to get a physical solution, we
obtain 11
= ———/|x2=2|—x2+2, 16.16
p(x) e |x2 —2] —x2+ ( )

which is indeed zero outside [—1/2,+/2] and equal to Wigner’s semicircle p(x) = %\/2 — x2 inside, as it
should.

In the next section, we embark in the tougher task of using Edwards-Jones in the correct (quenched)
version (without shortcuts). This will require the use of the celebrated replica trick.

16.2 Wigner’s semicircle: quenched calculation

We use now Edwards-Jones in the full-fledged form

. a i T
p(x) = ﬁelgglm$<Log/RNdyexp [—zy (xgll—H)y] ) (16.17)

where the average (-) is taken again with respect to p[H], i.e. (-) = [dH,;---dHyyp[H](-) and x, =

x—1€.

Recall that we cannot perform the y-integral before taking the average over H, otherwise we would be
running the Edwards-Jones formula backwards! On the other hand, we cannot exchange the two integrations
as they stand, due to the logarithm standing right in the middle. How to proceed then?

Using the replica identity in the form

(Log Z(x)) = lim %Log(Z(x)”) , (16.18)
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we replicate the y-integral n (integer) times, and we blindly hope that the analytical continuation to »n in the
vicinity of zero makes sense. The formalism and notation we shall use in the following are similar to those
introduced first in [85].

Using again

—

Il
—

[exp( —NH2/2) /\/W} I1 [exp (~NH2) / \/nTN} , (16.19)

i<j

plH] =

1

we want to compute the replicated partition function

—NH 2/2 NH2
=] (Hdﬂ> e 1w
/]RNn (dea) eXp [_ Z Z)’ta xe6, ij — lj)yja] . (16.20)

i,j=la=

Now that the innermost integral has been “replicated” n-times, we can exchange the order of integrations
to get

N
xg n dH N 2 i vN n 2
Z(x / d kY Za:ﬂﬁza/ i e NI Hig /2405 ity Hi Xae1 Yia ¢
< RNn (I:I y) H«/27r/N
dHU 7NZN H2+iz- Azn H:y:
></ Hi e i<jHij T ki< j Lua=1YialijYja (16.21)
<i<j 3V, n/N>

Neglecting constants, we can perform the two multiple Gaussian integrals involving H using (16.7) repeat-
edly, with . =N/2 (or N)and y = (1/2)Y"_, v, (or y=Y"_, ViaYja) tO get

n X N N 2
(Z(x)")y = /]R . (H dya> exp —158 Z Y i - e Y (Zyw> - (Z YViay Ja> . (16.22)
= l<j

n L .Xe N & 2 1 Al 1 ?
(Z(x)") = /RNn al:[dya exp —1? Z Z Via — o > Z Yia) ja . (16.23)
In order to proceed further, we introduce the following normalized density

Z H 8(Va—Yia) (16.24)

tla

where the n-dimensional vector y = (V1seeesYn)-

You can now check by direct substitution that the second term in the exponential in (16.23) can be
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rewritten as

1 N n 2 N n 2
v & (Zyiayfa> :—g/d7 dv u(¥)u(w) (;yw> : (16.25)

ij=1

where dy = [T'_, dya.

We can enforce the definition (16.24) using the following functional-integral representation of the iden-
tity

lz/DuD[Lexp [—i/d?ﬂ(?)( ZH5 Vi )] , (16.26)

which leads to

2
= [DuDiexp |- [a¥u(P)(T) - [aF dF u(F) () (zyawa> x

/ﬂw (H%) eXp [—1 Zzyza+12/d7# H5 y] (16.27)

i=la=

In the above equations DuD [l denotes again functional integration, which was already used in Chapter
4. If you want to know more on this, see [18].

The multiple integral [pn. (ITh—; dy,) (---) is just a collection of N-identical copies of a single integral,
hence

/RN”<dea>eXp[1 iimerlZ/dYu Hs ym]
{/d?exp[—l Zya+1/d7u H5 yla”N

- {/R dy exp [—ix; Zn:y§+iﬂ(7)] }N : (16.28)
a=1
where in the last line we used the n delta functions to kill the multiple integral.
Exponentiating the last line of (16.28), we can eventually write
@) = [ DuDiexp (NS, i} (16.29)
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where the action is given by

2
Sl f1;x] = —i/d7u(7) —= /dVqu (Z yawa>
/R 4 exp [—f;; y§+in(7)” . (16.30)

+Log

The expression (16.29) lends itself to a nice saddle-point evaluation for N — co. The only catch is that
in doing so we would reverse the right order of limits: instead of taking n — O first, and N — oo afterwards,
we are going to do the opposite! This procedure is not mathematically justified, but we will proceed as if it
were.

16.2.1 Critical points

Finding the critical points of this action yields the two equations

2
@ =0= —iﬂ*(7) = %/dwu*(w) (ZYaWa> ) (16.31)

ou
68 N eXp[ i% Yy 1 Ya+ip (7)]
— =0= . (16.32)
5[.1 u (7) fRn d?l exp [ Xg n 1y/2 +1u*(7 )]
Inserting (16.32) into (16.31), we get
xg n . 2
() = LfaWexp [—i% X w2 +if*( ] N (Y- W) (16.33)

[dﬁexp[ i w2 i (W)]

where both integrals on the r.h.s. run over R".

In order to proceed, we have to make assumptions on the behavior of pu* and {i* upon permutation of
replica indices. There is a good body of research - although not yet a formal proof - pointing to the exactness
of the replica-symmetric high-temperature solution, i.e. the one preserving permutation-symmetry among
replicas, and rotational symmetry in the space of replicas.

This simply means that we should look for a solution of (16.31) and (16.32) in the form ,u*(7) =u*(y),
with y = \7\, and similarly for {1*.

Introducing n-dimensional spherical coordinates, we can rewrite (16.33) under the replica-symmetric
assumption as

[ do o exp[— ix @2 +i* ()] @2 [T dé (sin@)" " (cos §)>
Iy do o' exp[—ixe 02 +ifi*(0)] [ d¢ (sing)"~

, (16.34)

where ¢ is taken as the angle between 7 and W, and the other angular integrals cancel out between numer-
ator and denominator.
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Performing the remaining angular integrals, and after an integration by parts in the denominator, we get

C(n/2)n y* [y do o""'G(w)

WO = 3 (w2 4 [T do oG (@) (16.35)
where G(®) := exp[—3x; 0% +ifi*(®)]. In the replica limit n — 0, we obtain
in*(y) = fjm =C(x)y?, (16.36)
where C(x) can be determined self-consistently using
Jo do 0G(w) _ f(‘;’da).a)exp [—%x8w2+C(x)q)2] _ 1 (16.37)
540 G(0) ~ J5do exp [~ 4re0? + C0)0?] 20 [ bxe + €] 2[~3xe+C(0)]
so that
)= [—;x:+c(x)] = C(x) = % (ixgzt 2—xg) . (16.38)

16.2.2 One step back: summarize and continue

Let us now pause for a second and recap what we are doing. We started from the Edwards-Jones identity

-2 . d
p() = — lim Im - <L0g Z(x)> , (16.39)
where )
Z(x) = / dyexp [— 137 (xe1 — H) y} , (16.40)
RN 2
and x, = x —i€.
The average of the logarithm is performed by using the replica identity
1
(Log Z(x)) = lim —Log(Z(x)") , (16.41)
n—0n
which in turn (for large N) can be approximated via a saddle-point evaluation from (16.29) as
(Z(x)") = / DuDfi exp (NS, i3]} ~ exp NS ", %3] - (16.42)
Combining (16.39), (16.41) and (16.42), we obtain
-2 10
p(x) = — lim Imlim ——S§,[u*, 0";x] . (16.43)

T -0t n—0n dx "

The derivative with respect to x only acts over the last term in the action (16.30), because x appears explicitly
(not through p* or {1*) only there, and the action is stationary at the saddle point. Taking the derivative and
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writing the integral in spherical n-dimensional coordinates, we obtain

-2 13 [ dy y™lexp [—i%y? +C(x)y*
p() = =2 lim Tmlim L —2J0 )" exp [,xlﬂ @y (16.44)
T oes0t n=0n [ dy ylexp [—i%y? 4 C(x)y?]

Performing the integrals and simplifying

1 1
p(x) =— lim Re

—_. 16.45
Te—0t  —2C(x)+ixe ( )

Recalling that C(x) = % ('Lx,g +/2— x%) and x; = x — i€, we can first extract the real and imaginary part of

C(x) using the lemma in (16.15). Therefore we can write

C(x) = Pe(x) +iQe (%) (16.46)
with
1
Po(x) = ﬂ\/Z—xz—i—ez—l—\/(2—x2+82)2+(28x)2 (16.47)
Q¢ (x) = S”én(\/z;x)\/\/(z — 24 €22+ (2ex)2— (2—x2 +€2) . (16.48)
Hence | 2P, (x)
= 16.4
Re—ZC(x) +ixe  4Pe(x)?+ (x—20:(x))? (16.49)
In the limit € — 01 and for —v/2 < x < v/2, P, and Q¢ converge to
)
R(x) =+ 24 a (16.50)
Qo(x) = 2 , (16.51)
from which !
plx)=—V2-2, (16.52)

i.e. Wigner’s semicircle law as expected.
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Chapter 17

Born to be free

We have so far dealt with the spectral properties of individual random matrix ensembles. You may have
been wondering (or not) what happens when you sum or multiply random matrices belonging to different
ensembles. In this Chapter we present an overview of the rather complicated tool you will need to tackle
this problem: free probability theory [86, 88].

17.1 Things about probability you probably already know

Two random variables X; and X,, with pdfs p; and p,, are said to be statistically independent when the
combined random variable (X;,X>) has a factorized jpdf of the form

p12(x1,x2) = p1(x1)p2(x2) - (17.1)

Statistical independence means that averages factorize as well ((X;X2) = (X1)(X>)), which in turn means
that their covariance is zero, and is key to finding the distribution of the sum of random variables. Let us
consider a random variable X with pdf p(x). Its characteristic function @(t) is defined as

0(0) = () = [dxplx) e, (172)
i.e. it is the Fourier transform of its pdf.

You should easily realize that the factorized jpdf in equation (17.1) implies that characteristic func-
tions are multiplicative upon the addition of statistically independent random variables, i.e. @;(t1,t2) =
¢1(t1)@2(t2). Even more simply, we can introduce the logarithm of the characteristic function h(t) =
log ¢(t), the so called cumulant generating function, which is obviously additive upon the addition of ran-
dom variables:

hia(ti,0) =hi(t1) +ha(r2) (17.3)

Therefore, the problem of finding the pdf of the sum of two independent random variables X; and X,
reduces to a simple “algorithm”: compute the characteristic functions of X; and X; from their pdfs, form the
the cumulant generating function of the sum X; + X via the additive law (17.3), compute the corresponding
characteristic function via exponentiation, and eventually compute the pdf of the sum X; 4+ X, via inverse
Fourier transform.
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17.2 Freeness

So, is there a generalization of statistical independence that will allow us to compute the eigenvalue spec-
trum of sums of random matrices? At first it might be tempting to guess that the statistical independence
of two scalar random variables could be straightforwardly generalized to the case of two random matrices
X; and X, by merely requiring the mutual independence of all entries. Unfortunately, this is not the case,
as independent entries are not enough to destroy all possible angular correlations between the eigenbases of
two matrices.

The property that generalizes statistical independence to random matrices is that of freeness. The theory
of free probability was initiated a few years ago by the pioneering works by Voiculescu and Speicher as an
abstract approach to Von Neumann algebras, and only later it was shown to have a concrete realization in
terms of random matrices.

Here is how freeness works. Let us consider two N x N random matrices X; and X5, and let us introduce
the following operator

£(X) = lim ~Tr(X) . (17.4)

N—oo N

The two matrices X; and X, are said to be free if for all integers ny,m,ny,mo,... > 1 we have

(X () (0" =T (M) (X —T(X?)) (0" —T(X57))..)
(G —7(0") (" —T(X[")) (" =T (X5%) (X7 — (X)) )

I
o

17.5)

Not so straightforward, is it?

It might help to put the above definition into words. Two random matrices are free if the traces of all non-
commutative products of matrix polynomials, whose traces are zero, are zero. Still not very intuitive, right?
Well, unfortunately it does not get much better than that, but some intuition can be gained by exploring some
concrete examples of the above definition. For example, equation (17.5) reduces to 7(X1X2) = 7(X1)7(X2)
when ny = my, and it reduces to 7(X?X3) = t(X?)7(X7) when n; = m; = 2. As you should quickly realize,
these equations generalize the moment factorization rules for statistically independent variables, and you
can verify that all such relations for higher order moments can be obtained from equation (17.5).

However, the interesting part comes into play when we explore cases in which matrix non-commutativity
kicks in. For example, you can easily work out the following result from (17.5) for ny =ny =m; =my = 1:

(X1 X X1 X2) = T2(X1)T(XF) + T(XP)T* (X2) — (X7)T(X3) . (17.6)

This result has no counterpart in “conventional” probability theory. Hopefully, this will convince you that
freeness essentially represents a generalization of moment factorization.
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17.3 Free addition

Let us now put freeness to work.

Suppose we want to compute the average spectral density of the sum of large (i.e. N — o) random
matrices belonging to two different ensembles.

The first ingredient we need is our old friend the resolvent, which we introduced in chapter 8. Now,

given the resolvent G (z) of a given ensemble, let us introduce its functional inverse B(z):

G (B(z)) = B (Gfxf”) (z)) =z. (17.7)

The above function is known as the Blue function [87]. In case you are wondering: yes, it is called Blue
because it is the inverse of the Green’s function.

The last ingredient we need is the so called R-transform. Blue functions usually display a singular
behavior at the origin, and the R-transform is just defined as a Blue function minus its singular part:

R(z) =B(z) — — . (17.8)

We are all set now. Let us consider random matrices X; and X, belonging to ensembles characterized
by resolvents G, (z) and GZ,(z), respectively. Let us form, through equations (17.7) and (17.8), the
corresponding R-transforms Ry and R;. The R-transform of the sum X = Xj 4+ X is then simply given by
the sum of the two R-transforms:

R(z) = Ri(z) + Ra(z) - (17.9)

The above addition rule is the free counterpart of (17.3) for the moment generating functions of statisti-
cally independent random variables. Just like in that case, this rule provides a simple addition “algorithm”
for free random matrices, whose first part has been outlined above. Once the R-transform of the sum has
been computed, the corresponding Blue function and resolvent can be obtained through equations (17.8)
and (17.7). Once that has been done, the eigenvalue density can be derived from the resolvent via equation
(8.8).

17.4 Do it yourself

Enough with theory now: let us see free calculus at work on a concrete example.

All we need is the spectral density of large hermitian random matrix ensembles. So, how about the
eigenvalue density of the free sum of some of our usual suspects? For example, let us consider a mixture of
a GOE matrix H and a Wishart matrix W

S=pH+(1—pW , (17.10)

where p € [0,1].
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For both ensembles we already have computed the resolvents (equations (8.20) and (14.9) with K =
1/a). The functional inverse of those functions yield the Blue functions via equation (17.7), and the R-
transforms are immediately obtained via equation (17.8). Please verify that they are given by the following
functions for the GOE and Wishart ensembles respectively:

(17.11)

Using the R-transform’s scaling property R.y(z) = cRu(cz) (see the box below), we can adapt the addition
rule (17.9) to the present problem as follows:

Rs(z) = p Rooe(pz) + (1 —p)Rw ((1 - p)z) - (17.12)
Plugging the functions in (17.11) into the equation above gives

RS(Z) — ﬁz+ (1—]9)(1—(1)

4 = (17.13)

and the corresponding resolvent is obtained as Bs(Gs(z)) = z, where Bs(z) = Rs(z) + 1/z is the Blue func-
tion. The equation for the resolvent reads

B p2 (l_p)(l—a) 1
z= ?GS(Z)"F 1—(1-p)Gs(z) Gs(z)

This is a third degree equation yielding, in general, one real solution and two complex conjugate ones for a

(17.14)

given fixed z. The relationship between the eigenvalue density and the resolvent is the one in equation (8.8),
and that informs us that we will need to select the solution with a positive imaginary part. All this is done,
and numerically verified, in the code [# GOE_Wishart_Sum.m]. An example of the output that can be
obtained is shown in Fig. 17.1.

Our goal in this Chapter was just to provide you with a short overview of the powerful tools free proba-
bility has to offer. There are plenty of papers out there if you’d like to know more. For example, you might
have a look at the nice review article in [89], which also details some of the many applications that free
random matrices have in quantitative finance.
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Figure 17.1: Numerical check of the density obtained for the free addition of GOE and Wishart random
matrices from the solution of Eq. (17.14). The examples shown refer to different values of the parameter p
that quantifies the relative weight between the two ensembles (see Eq. (17.10)).

Question. Where does the scaling property of the R-transform come from?

» It is inherited from the scaling properties of our good old friend the resol-
vent. Indeed, multiplying a matrix H by a constant c rescales the eigenvalues by
the same factor c¢. Hence, from Eqs (8.4) and (8.5) it is easy to prove that the two
corresponding resolvents are related to each other through this simple relationship:

Gg VC)H = §§‘2 (z/c)/c. We can then write the equation for the Blue function B.y

ayv 1 ayv 1
=Gy (Ban(2) = 165 (Lbnta)) 17.15)

which shows that B.y(z) = cBu(cz). We then have the following for the corre-
sponding R functions:

cRy(c2) = cBu(cz) — i — Buy(z)— i —Ru(2) . (17.16)
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Question. We know that the sum of two Gaussian scalar random variables is again
Gaussian distributed. Is there an equivalent statement for the free addition of

Gaussian random matrices?

» Given the tools provided in this Chapter you should be able to show that
the semicircle distribution is stable under free addition, i.e. if you free sum M
matrices each having the semicircle as spectral density, you still end up with a

matrix whose spectral density is a semicircle.
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