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In this course we present the relations which exist between

- The logarithmic potential theory,

- The asymptotic distribution of the zeros of classical orthogonal
polynomials,

- The asymptotic distribution of the eigenvalues of random matrices.

Stieltjes considers a finite system of n electric charges moving freely on
a line and submitted to an external field. He observes that the minimum
of the electrostatistic energy of the system is attained at the points whose
coordinates are zeros of certain classical orthogonal polynomials of degree
n. This is the electrostatic model for orthogonal polynomials.

In order to study the asymptotic distribution of the zeros of a classical
orthogonal polynomial p,, of degree n as n — oo, one uses a basic result in
logarithmic potential theory about the energy and equilibrium measures.

This result is also used in random matrix theory. This is the log gas
model of Dyson. In particular, using logarithmic potential theory, one
obtains a proof of Wigner Theorem about the convergence of the statistical
distribution of the eigenvalues to the semicircle law in case of the Gaussian
Orthogonal Ensemble, and the Gaussian Unitary Ensemble.

We will also consider the question: What is the probability for a
symmetric matrix to be positive definite 7 We will present recent results
by Dean and Majumdar whose proof also uses the logarithmic potential
theory.

We thank the organizers of the Hammamet CIMPA school for inviting
us to present this topic: Piotr Graczyk, Abdelhamid Hassairi, and Gérard
Letac. We are very grateful to Marouane Rabaoui who realized the
histograms and graphics which illustrate clearly the main results presented
in these notes. We also thank the referee for his careful reading of the
manuscript.
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Chapter 1
ELECTROSTATIC MODEL OF STIELTJES

FOR
ORTHOGONAL POLYNOMIALS

I.1. Orthogonal polynomials. — Let u be a positive measure on
R. We assume that the support of p is infinite (p is not a finite linear
combination of Dirac measures), and that, for any k& > 0,

/ It|* p(dt) < oo.
R

On the space P of polynomials in one variable with real coefficients we
consider the inner product

(0] q) = / p(B)g(t)u(dt),

which makes P into a preHilbert space. From the system (t™) (m € N)
the Schmidt orthogonalization produces a sequence (p,,) of orthogonal
polynomials: p,, is a polynomial of degree m and

/Rpm(t)pn(t),u(dt) =0 if m#n.

Hermate polynomaials

In this example p is the Gaussian measure
2
p(dt) = e " dt.
The Hermite polynomial H,, is defined by

d

Han(t) = (~1)7e (2) e = 2mm g

By m integrations by parts one gets, for any polynomial p,
/ H()pt)e ™ dt = /p(m)(t)etzdt.
R R
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Hence, if degp < m, then (H, | p) = 0, and the polynomials H,, are
orthogonal with respect to u. Furthermore, taking p = H,,, one gets

| H ) :/RHm(t)ze_tZdtzQmm!/Re_tht:Qmm!ﬁ.

Tchebychev polynomials of first kind
The arcsinus law is the probability measure i defined on R by

fromn = [ 0 g2 [ s

The Tchebychev polynomial T3, is defined by

T (cos @) = cosmb.
T, is a polynomial of degree m,
To(t) =2m" 1™ 4 ...

The polynomials T;,, are orthogonal with respect pu:
1 [" .
(T, | Th) = —/ cosmbcosnfdd =0 ifm #n,
T Jo

and

1 [t dt 1 [ 1if m
Tmzz—/ T, (£)? :—/ coszm9d9={
” || ) () m T Jo %f

| \/

Let (pm) be a sequence of orthogonal polynomials with respect to a
measure p, and let [a, b] be the smallest closed interval which contains the
support of p (—oo < a < b < 00).

ProrosiTiON 1.1.1. —  The zeros of p, are real, simple, and belong
to ]a,bl.
Proof.

Let x1,...,x, be the zeros of p, which are of odd order and belong to

la,b]. We will show that » = n. We can write

pr(t) = (t —x1)...(t —z,)q(t).
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The polynomial ¢ is of degree n — r and its sign does not change on |a, b|.
If r <n,

/R (t— 1) ... (t — 2 )pu()u(dt) = 0,

or

/(t C o2 (b= 2 2q(B)p(dt) = 0,
R
a contradiction. []

The classical orthogonal polynomials are solutions of a second order
differential equation. We will use this fact when studying the statistics of
the zeros of these polynomials.

Hermite polynomials

The Hermite polynomials H,, are orthogonal with respect to the mea-
sure p given by

[ st = [~ sea

The Hermite polynomial H,, is a solution of the differential equation

y" —2ty’ + 2ny = 0.

Jacobi polynomials

The Jacobi polynomials Pr(la’ﬁ )

measure j given by

are orthogonal with respect to the

/R F(tyuldt) = / SO0

B)

One assumes «, 3 > —1. The Jacobi polynomial Péa is a solution of the

differential equation

1=ty — (a+B+2t+a—B)y +nn+a+5+1)y=0.

Laguerre polynomials

The Laguerre polynomials L%a) are orthogonal with respect to the
measure j given by

| #(outan - / F(t)e "ttt
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One assumes a > —1. The Laguerre polynomial Lﬁf) is a solution of the
differential equation

ty" + (a+1—1t)y +ny=0.

I.2 Statistics of the zeros of orthogonal polynomials. — Let (p,,)
be a sequence of orthogonal polynomials with respect to a measure u. Let

xﬁ”), . ( ) denote the zeros of Prn- In order to study the asymptotics of
the zeros, we consider the probability measure M,, on R defined by

1 n
= — E 5x(n)-
n k
k=1
In other words

[ e = 3" £,
R k=1

Here is the question: Does the measure M, converge asn — oo ¢ We will
present some results about this question.
Zeros of the Tchebychev polynomials T,

Recall that the Tchebychev polynomial T,, is defined by

T, (cos @) = cosnb.

The polynomials T}, are orthogonal with respect to the arcsinus law whose
support is [—1, 1]. Hence, by Proposition 1.1.1, the zeros of T,, belong to
] —1,1[. If x = cosf is a zero of T,, then cosnf = 0. Therefore

x,in) = cos(2k — 1)21 (k=1,...,n).

n

Hence

/Rf(t)Mn Z (cos 2k—1)2 )

k

This sum can be seen as a Riemann sum. If f is continuous on [—1,1],

™

lim | f()M,(dt) = ;nlggoz:f(cos (2% — 1)2n>

oo JR
= /fcos@ /f m




In the general case, for instance in case of the Hermite polynomials,
the proof is not as simple, because in general there is no explicit formula
for the zeros. In Hermite polynomial’s case we will see that the measure
M,, converges after rescaling. If xin), .. ( ) are the zeros of the Hermite

polynomial H,,, then, for any bounded contmuous function f on R,
V2
lim — Zf( (”)> / F(OV2 — 2dt.
n—oo N T J_\2

The limit is the so-called semi-circle law of radius /2.

1.3 Electrostatistic model of Stieltjes. — Let us consider n
particules on the line with positions z1,...,x, and charges eq,...,eée,.
We assume that they can freely move and an external field acts on them.
The total energy of the system is given by

E,(z1,...,z ﬁZ]og

1<j

TRl + Z eiQ(z),

where @ is the potential of the external field. An equilibrium position of

the system is a point = = (z1,...,z,) which minimizes the energy.
We will assume 8 =2,¢; =---=¢, = 1. Then
E,(x1,...,2z, —2210g —i—ZQ x;).
1<J

Observe that

exp(—E(z1,...,3,)) =€ Zei= Q=) 1_[(56Z —x;)%

We assume that @) is defined and continuous on Ja,b[, with —oo <
a < b < oo, goes to +00 at the boundary points a and b, and, if ]a, b| is

unbounded,
lim (Q(t) — log(t* + 1)) =

[t]— o0

Hence the energy E,(z1,...,z,) is defined for x; €la,b[, with values in
] — 00, 00|, bounded from below, and lower semi-continuous. Furthermore
the energy goes to infinity at the boundary of the polycube ]a, b[".

Ezxamples of potentials

~Ja, b[=]—00, 00, Q(t) = 2. w(t) = e~ QM) = =" is a Gaussian weight.

7



- Ja, b[=] = 1, 1],

1
=l log —— .
Q) = alog 7 +Blog 1 (2,0 0)
w(t) = e~ Q1) = (1—-t)*(1+ t)ﬁ is a Jacobi weight.
- ]av b[:]ov OO[?

Q(t) :t+alog% (o > 0).

w(t) = e~ @M = ¢~ is a Laguerre weight.

ProOPOSITION 1.3.1. —  There is at least one point x* = (x7,...,x})
in |a, b[™ which minimizes the energy:

E,(z%) = mei]zlfb[” E,(x).

For such a point x # x7, if i # j.

Proof.
This follows from the fact that FE,, is lower semi-continuous and goes
to +oo at the boundary of ]a, b[". [

The minimum of the energy will be denoted by E}':

E =FE,(z*) = wei]l(;lf;)[n E,(x).

If the function Q is of class C!, the energy is of class C! on

{z €la,b["| z; # x; if i # j}.
Then the point x* is a critical point for the energy:

oE,
8£Ej

(@)=0 (j=1,...,n).

Let us compute the partial derivatives of the function F,:

axj - - Z + Q (xj)
i#£]
Hence z = (z1,...,x,) is a critical point for E,, if




We will use the following lemma whose proof is left to the reader.

LEMMA 1.3.2. — Let f be a function of class C* on]a,b|, and ty €a, b|.
Assume f(to) =0, f'(to) #0. Then

(L0 Ly
f6 "=t T 27 ()

lim
t—)to

To a point z € R™ we associate the polynomial

P(t) = polt) = (t — 2)(t — w2) .. (t - 2).

Let us compute the logarithmic derivative of p:

Pit) o« 1
p(t) _Zt—:z:i’

and

Hence

'(t 1 1
t—z\p(t) t—x; Tj— x;
and, by Lemma 1.3.2,

lim
t—>{Ej

(p’(t) 1 ) p(w;)

p(t) t—xy

Therefore 9E )
n b (z;
= Ql Zj)— )
I, (=5) P (x;)
and x = (z1,...,%y,), with ; # x; (i # j), is a critical point for E,, if

pe(wy) — Q' (w)pi(z;) =0 (G =1,...,n).

THEOREM [.3.3. —  Assume that

where A, B are polynomials, deg A < 1, deg B < 2. Then x = (z1,...,T,)
is a critical point for E, if and only if the polynomial

p(t) =p(t) =t —x1)...(t — )
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1 a solution of the differential equation
Bt)p"(t) — A(t)p'(t) + Cp(t) = 0.
The constant C' is determined by looking at the coefficient of t".

Proof.
We have seen that z = (21,...,2y), with z; # x; (i # j), is a critical
point for F,, if and only if

pe(t) = Qy)p,(z;) =0 (j=1,...,n)

or
B(x;)py(z;) — Alz)pp(z;) =0 (j=1,...,n).

The left handside is a polynomial of degree < n, vanishing at x1,...,x,.

Therefore it is proportional to p,. []

The following corollaries are due to Stieltjes.
a) For Q(t) = t2, Q'(t) = 2t, we get the following differential equation

y" —2ty’ + 2ny = 0.

The only polynomial solution (up to a constant factor) is the Hermite
polynomial H,.

COROLLARY 1.3.4. —  The minimum of the enerqy is attained at the
n! points whose coordinates are the zeros of the Hermite polynomial H,, .

b) For

1 1 1
log —— "(t) = —
+ Blog Qt)=ar— — B

t)=al
Q(t) = alog — T

we get the following differential equation
1=ty = ((a+ Bt +a =)y +nn+a+p-1)y=0.

The only polynomial solution (up to a constant factor) is the Jacobi
3 (a_]‘?B_]‘)

polynomial P, .

COROLLARY 1.3.5. — The minimum of the energy is attained at the n!

points whose coordinates are the zeros of the Jacobi polynomial Pfla_l’ﬁ_l).

c) For
1 1
Q(t):t+alog¥7 Ql(t)zl—Qg,
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we get the differential equation
ty" + (a—t)y +ny =0.

The only polynomial solution (up a constant factor) is the Laguerre
polynomial L&,

COROLLARY 1.3.6. — The minimum of the energy is attained at the n!
points whose coordinates are the zeros of the Laguerre polynomial LS{*‘”.

Recall that the discriminant of a polynomial p of degree n with leading
coefficient equal to one:

pt) =t" +a, 1t" +-+ag (a,=1),
is the scalar D(p) defined by
i<j

where x1,...,x, are the zeros of p. Hence
exp(—Ey) = exp(= > Q™)) Dlpn),
i=1

Prga_l’ﬁ_l)

where p,, is the polynomial H,, in case (a): Q(t) = t2, or in case

(b), or LY in case (¢), divided by the coefficient of t”. The discriminant
D(p,) can be evaluated, see [Szegd,1975] p.142. Let us consider the case
of the Hermite polynomials, and put

Dy = [ =i, Di=1,
1<J
where xﬁ”), e ,:c%n) are the zeros of H,,.

ProprosITION 1.3.7.
(no1) 1
D, =2z H k.
k=2

Proof.
One observes that

pule)”) = [ =2,
J#
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therefore
Dn n(n 1) H (Tl)

From the relation H/ (t) = 2nH,_1(t) it follows that p/ (t) = np,_1(t).
Hence

n(n—1) n n n
D= (-1 0" [[pa-1(=(™).

Define .
=[] pn-1(="), Ag=1.

For n > 1,

n n—1
An:HH(xgn)_xn 1) Hpn (n 1)
i=1 j=1

We will establlish a relation between A,, and A,,_;. For that we will use
the three terms relation

H,(t)=2tH, 1(t) —2(n — 1)H,_2(t),
which gives

n—1
2

pn<t) - tpn—l(t) - pn—2(t)-
It follows that

n— n—1 ne
pa(@f" ™) = == =paa(a)" ")

Y

therefore

n—1 e n—1\n—-1
An :< ) Hpn 2 ( 1) <_ 2 ) An—l;

and

D, =27 [ %" i
k=2
COROLLARY [.3.8.
exp(~Ey) = (2¢) 7 [ #.
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Proof.
The expansion of the Hermite polynomial is given by

T n—2k
k=0
n n n(n B 1) n—2
2" (a - ).

By using the classical relations between the coefficients and the zeros of a
polynomial we obtain

z”: ngn) =0,
1=1
S e = _nn—1)

J 4
i<j

and

S ) = () -2 3l - =),
=1

i=1 i<j

Since
n

exp(~E;) = exp(= > (#")?) Dy,

i=1

and we get the formula from Proposition 1.3.7. []

References

[Stieltjes,1886]; [Szegd,1975], Sections 6.7 and 6.71; [Andrews-Askey-
Roy,1999], Section 8.5; [Ismail,2001]; [Chen-Ismail,1997].
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Chapter IT

LOGARITHMIC POTENTIAL, ENERGY
AND
EQUILIBRIUM MEASURE

1. Logarithmic potential. — The logarithmic potential of a positive
measure 4 on R is the function U# defined by

U (z) :/ng |$1_t‘u(dt).

It is well defined, with values in | — 0o, 0o] if the support of y is compact,
or, more generally, if

/Rlog(l 1t p(dt) < .

Observe that
lim (U*(z) + p(R)log |z]) = 0.

|z|—o00

The Cauchy transform G, of a bounded measure p on R is the function
defined on C \ supp(u) by

Gu() = [ =t

The Cauchy transform is holomorphic.
Assume that supp(u) C] — 00, al, and

/Rlog(l e (dt) < .

Then the function
F(z) = [ tog(z ~ thu(d)
R

is defined and holomorphic in C\] — 00, a]. Furthermore F'(z) = G,(2),

and
Ut(x) = —ReF(z) (z>a),

UF(x) =— lin%ReF(x +ie) (z€R).
E—
In the distribution sense,
d

@U“(sc) = —Re G, (7).
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We will use some properties of the boundary value distribution of a
holomorphic function. Let f be holomorphic in C \ R. It is said to be of
moderate growth near R if, for every compact set K C R, there are ¢ > 0
N >0, and C > 0 such that

%
|y

Then, the formula, with ¢ € D(R),

|f(z +iy)| < (re K, 0< |yl <e).

(T, ) = lim o(t)(f(t +ie) — f(t —ie))dt,

e—0,e>0 R

defines a distribution 7" on R. It is denoted T = [f], and called the
difference of boundary values of f. One shows that the function f extends
as a holomorphic function in C \ supp([f]). In particular, if [f] = 0, then
f extends as a holomorphic function in C.

For a € C, the distribution Y, is defined, for Rea > 0, by

(Yar i) = ﬁ / o,

The distribution Y, as a function of a, admits an analytic continuation
for a € C. In particular Yy = dp, the Dirac measure at 0.

For a € C, we defines the holomorphic function z® in C\] — oo, 0] as
follows: if z = re®®, with r > 0, —7 < 6 < 7, then

L0 — Taezae.

The function f is of moderate growth near R, and

1
“ = -2 Ya ’ p )
<[Z ]790> Zﬂ-r(_a)< +1 (10>
where @(t) = p(—t). In particular
1
[—] = —2i7’(’50.
z
ProproSITION II.1.1. —  Let u be a bounded positive measure on R.

(i) The Cauchy transform G,, of p is holomorphic in C \ supp(u), of
moderate growth near R, and

G, = —2imp.
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(ii) Assume that the support of p is compact. Let F be holomorphic in
C\ R, of moderate growth near R, such that

[F] = —2imp.

Then F' is holomorphic in C\ supp(u). If further

| l|im F(z) =0,
then F' = G,,.
Proof.
(i) follows from
1
[—] = —2i71'50.
z

(ii) The function f = G, — F satisfies

f1=1Gu] = [FI =0,

hence f extends as a holomorphic function in C. From

1
Gu(2)] < M(R)m,
we obtain
| l‘im f(z) =0.
By Liouville’s theorem, if follows that f = 0. []

For a < b, the function

f(z) =V (z—a)(z—b)
is first defined as /z —avz—0b in C\| — o0,b]. For z > b, f(z) =

V/ (z — a)(z — b), the usual square root of a positive number. For z < a,

lim Of(wiis) = e\ /(a—z)(b—z) = —\/(z — a)(z — ).

e—0,e>

Therefore f extends as a holomorphic function on C\ [a, b]. Observe that,
fora <z <b,

lim f(zx+ie) = 2 \/(z — a)(b— z) = +i\/(z — a)(b — ).

e—0,e>0
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It follows that
[f] = 2iv/(t — a)(b—t)x(t),

where y is the indicator function of [a,b]. The function f admits, for
|z| > max(|al,|b|), a Laurent expansion:

_ B2
/1__ /1__ _a—l—b (a b)l—l—---
8 z

Example 1

Let p be the arcsinus law:

| #(outar / ).

ProposiTION 11.1.2. — (i) The Cauchy transform of the arcsinus
law p is defined on C\ [—1,1].

|| dt 1
G, (z2) = — = .
=2 s vE

(ii) The logarithmic potential of the arcsinus law p is given by

Ut(z) =log2, if —1<x<1,

=log2 —log ||z| + Va2 — 1|, if |z| > 1.

Proof.
(i) The function

is defined and holomorphic on C\ [—1, 1], and satisfies

1
V1—t?

where  is the indicator function of [—1,1]. Therefore

(F] = —2i x(0),

[F] = —2imp.
Furthermore
| l|im F(z)=0.
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Hence F' = G, by Proposition II.1.1.
(i)

d
d—U”( z) =—-ReG,(z)=0if —1<2 <1,
x

1 .

=———ifz>1.
1— 22

It follows that

Ub(z)=0C, if —1<x<1,

Toodt
=C - , if x> 1.
/1\/252—1

Observe that U (—xz) = U*(z). The integral can be computed:

= log(x + V22 —1).

/ T dt
1 V1—1t2
From the relation

lim (U*(z)+ log|z|) =

|z|— o0

one gets C' = log 2. []

Example 2

Let p be the semi-circle law:
/f (dt) / F(H)V/1 — t2dt.

ProposiTION 11.1.3. — (i) The Cauchy transform of the semi-circle
law is defined on C\ [—1,1].

G”(Z>::7T/1z— V1—t2dt =2(z— 22 -1).

(ii) The logarithmic potential of the semi-circle law is an even function.
It is given by

Uk(z) = -2 +C, if —1<z<1,

X
:—x2+0+2/ Vi —1dt, if x> 1,
1
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with C' = log 2 + %

Proof.
(i) The function f(z) = v/22 — 1 defined on C\ [—1, 1] satisfies

[f] = 2iV1 = 2x(t) = imp,
where x is the indicator function of [-1,1], and

lim (f(z) —2) =0.

|z| — o0
By Proposition I1.1.1 It follows that

Gu(z) =2(z — V22 -1).

UM () = ~ReGula) = ~20if ~1<z <1,
= 2r 4222 —1if x> 1.
Therefore
Ut(z)=—2”+Cif —1<z<]1,
:—x2+0+2/$\/mmfifx> 1.
1
LEMMA II1.1.4.

v 1 1 1 1
/1 Vit —1dt = §x2—§logx—zl—§log2+o(1).

Proof. The integral can be computed
* 1 1
/ V2 —1dt = §m\/x2 —1- §log(ac-|— vz —1).
1

From the relation

lim (U*(z) + logz) = 0,

r—00

it follows, by Lemma II.1.4, that C = % + log 2.
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Ezxample 3

For ¢ > 1, consider the Marchenko-Pastur law

/f (dt) zﬂ/f t—a(b—t)dt

where a = (y/e — 1), b= (y/c+ 1)~

PropoSITION I1.1.5. — (i) The Cauchy transform of the measure
is defined in C\ [a, b].

Gu(z): = 217r po— (t—a)( —tdt
:z—(c—l)—\/(z—a)(z—b)
2z '

(ii) The logarithmic potential of the measure p is given on [0, 00 by

g
=
—~
8
~—

(c—l)log —|—C—|— / V(@ —1t)( —t if 0<z<a,
1 .
m—i—(c—l)log—)—i—C if a <z <b,

+(c—1)log +C’+ / Vit—a t—b if > b.

Il

|
l\DIb—‘MIl—‘ wl»—~
/\/\ /\

with C = +(c+1 — clogc).
Proof.
(i) The function

f(z) \/(z_a)(z_b)

z

is holomorphic in C\ ([a,b] U{0}), with a simple pole at z = 0 and residu
—+V/ab. Therefore

t—a)b—t
[f] = 2i ( i)( )x(t) + 2imv abdy
= imp + 2im(c — 1)do,
where x is the indicator function of [a,b]. Furthermore

lim (f(z) —1) =0.

|z| o0
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By Proposition II.1.1, it follows that

z—(c—1)— (z—a)(z—b).

G -
u(2) %

(ii) The proof is as in Examples 1 and 2, except the computation of the
constant C' which is not as simple. []
Ezxample 4

For —1 < a < b < 1 consider the probability measure p defined by

[ stowtan =% [ o 00T,

with
(t — —
/ V(t—a)b—1t) dt
1-— t2
Define a, 3 by
2c 20
l—a)(1—b)= ——— 1 14+b)=—" .
T-a0-b=rary VITO00 =005
ProrposiTiON I1.1.6. — (i)
o T
S l4da+pl

(ii) The Cauchy transform of u is given, for z € C\ [a,b], by
Cl+a+8 01 JE—a)b—1)
Gul2) = — ‘L o 1o @

—a)(z—b
S 0ET o O

(iii) The logarithmic potential of p is given, for x €] — 1,1[, by

Ul (z) = alog(l —x) + Blog(l+z)+ C

Via—=1t)(b—1t) .
1—|—a—|—ﬁ/ [ dt if —1<x<a,
=alog(l—2)+0(1+z)+C, ifa<az<hb,

= alog(l — )+ﬂlog(1+a:)+C

Y dt ifb<z<l.

+(1+a+p) i 1—#
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Proof.
Define, for z € C\ ([a,b] U {-1,1}),

(z—a)(z—b)

22 -1

fz) =

The function f is holomorphic with poles in +1, and

1
Res(f,1) = 5/(1—a)(1—b) = ﬁ,
1
Hence the function
Q 1 I6] 1

fi(z) = f(2)

T 1t+a+8z—1 l1+a+pBz+1

is holomorphic in C\ [a, b], and

[f1] = —2iAp,
hE) ~ Traggs (d =)
Therefore - -
Gu(z) = Zfl(z), A= e
This proves (i). Part (ii) is proved as previously. []
2. Energy, equilibrium measure. — Let us first recall some basic

facts about the tight topology. Let 9!(X) be the set of probability
measures on the closed set X C R. We consider the tight topology. For this
topology a sequence (p,,) converges to a measure y if, for every continuous
bounded function f on X,

fim [ f()pa(da) = / F(@)u(d).

This topology is metrizable. If ¥ is bounded, then 9! (¥) is compact.

Prokhorov Criterium A subset M C IMY(X) is relatively compact if
and only if, for every e > 0, there is a compact K C X such that, for every
pe M,

p(E\ K) <e.
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This criterium has the following useful consequence.
Let M C MY(X). Assume that there is a function h on ¥ with

lim h(x) = oo,

|z —o00

and a constant C' > 0 such that, for every p € M,

/E h(@)u(dz) < C.

Then M s relatively compact.

We return now to the logarithmic potential theory.

Let ¥ be a closed interval (X = R, [a,o0[, | — 00,b] or [a,b]), and @ a
function defined on ¥ with values on | — 00, o], continuous on int(%). If
>} is unbounded, it is assumed that

.

lim (Q(m) — log(2? + 1))

|z|—o00

Some simple examples

-Y =R, Q(z) = z°.

- X =[-1,1], Q(z) =0,

-3 =[0,00[, Q(z) = x.

If p is a probability measure supported by X, the energy E(u) of p is
defined by

B0 = [ tor ——uldoulay) + [ Qalu(ds)

:éUmWM@+Amem»

Put

k(z,y) = log + %Q(w) + %Q(y)-

|z — 9|

From the inequality

2 —y| < Va2 + 12 + 1,
it follows that
k(z,y) > (Q(z) —log(a® + 1)) + (Q(y) — log(y® + 1)) > m,
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with
m = inf (Q(z) — log(z* + 1)).

reEX

Since we can write

we obtain
m < E(u) < oo.

PROPOSITION 11.2.1. — If (i) is a sequence of probability measures
supported by ¥ which converges to a measure p for the tight topology, then

E(p) <liminf E(uy,).

n—o0
This means that the map
M () —] — oo, o0]
is lower semi-continuous.

Proof.
The cut kernel

K (z,y) = inf (k(z,y), £)

at the level £ > 0 is continuous and bounded, and k(z,y) < k(z,y). For
each n

K @) a) < B

Since fiy, @ py, — 1 ,

lim |k, y) o (da) i (dy) = / K (2, y)p(de) p(dy).

n—oo 92 2

Then take the lim inf:

/E ] K (2, y)p(de) p(dy) < liminf E(u,),

n—oo

and, as £ — oo, by the monotone convergence theorem,

n—oo

B0 = [ kay)p(da)p(da) < liminf By, 0
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PropPoOSITION I1.2.2. — Let pu be a signed measure on R with compact
support and zero integral. Then

1 SOk
/R21°g\x—y| (dz)p(dy) = / Dt

where [i is the Fourier transform of u:

i) = [ eutas).

Proof.
(a) For € > 0, define

Since

we obtain .
F.(x) = 3 log(e? + 2?) + C.

Observing that F.(0) = 0, we get
1
C = —510g62 = —loge.

Finally
=logve?2+ 22 —loge.

(b) Let u be a Radon measure on R with compact support and zero
integral. Then

(0) =0, ji(—t) = (),
and

t

T S A )]
/Rz log(((w y)? + &%) * p(dz) p(dy) /0 ———dt.

Decomposing 1 as the difference of two positive measures: u = u™ — u~
we obtain

[ (=4 )7 4) (o (o () + ™ o ()
= /R? log(((x -y’ + 52)‘%> (w7 (dx)p™ (dy) + p~ (dz)u™ (dy))

et AP
+ [Te g

Y
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We apply to each integral the monotone convergence theorem as ¢ — 0.
Observe that

_1 1
1 . 2 2 2 1
0g<((«r y)* +¢%) > /o o
and is bounded from below on the support of u by
1
Azlog}—%, with R= sup (x —y)?+ 1.

x,yEsupp(p)

Finally

/R log ! (w* (dz)u*(dy) + p~ (dz)p~ (dy))

— / 10g+(u+(d$)ﬂ_(dy) + 1 (dx)p ™ (dy))
R2 [z —yl

> a))?
+/O dt. []

t

We have seen that E(u) is bounded from below : E(u) > m. We define
E* =inf{E(u) | p € M (2)}.

Then E* > m. If pu(dx) = f(x)dz, where f is a continuous function with
compact support C int(X), the potential U* is a continuous function, and
E(u) < oo. Therefore

m < E* < oo.

THEOREM 11.2.3. —  There is a unique measure p* € MY (2) such
that
E(u') = E*.
The support of u* is compact.

This measure p* is called the equilitbrium measure.
Proof.

a) Existence

By Proposition I1.2.1, for C' > E*, the set

Me = {u e M'(S) | E(w) < O}

is closed. If ¥ is bounded, then M (¥) is compact, hence M is compact.
If ¥ is unbounded we will use Prokhorov Criterium for proving that M¢
is compact. We have seen that

K,y > shia) + Shiy).
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Therefore
/E B()u(dz) < B(p),

and, if u € Mg,
/ h(x)u(de) < C.
>

The function g +— E(u) is lower semi-continuous on the compact M¢,
therefore attains its infimum: there exists u € M¢ such that E(u) = E*.

b) Let p € MY(X) such that E(u) = E*. We will see that the support
of u is compact. Let A be a Borel set, and y its characteristic function.

Put
1+tx

1+ tu(a)”
For —1 <t <1, pu; € MY(T), and

Mt

(1 + tx(x)) (1 + tx(y))
(1+ tu(A))?

B(u) = [ ban) (o) dy).

Since pg = p, the minimum of E(u;) is attained at ¢t = 0, hence

d

dt [ Bpe) = 0.

Let us compute this derivative

%}HE(“’?) B /22 k(x,y) (x(x) + x(v)) p(de) p(dy)

—2u(A) /Z k(z, y)p(de)u(dy).

By using the inequality

K(r,y) > 5h(z) + 5h(y),

we obtain

(A E () > /

h(x)u(dz) + u(A) / h(x)u(dz),
A

b

or

/A(h(x) + /IRh(JJ)M(d:E) — 2E(M)>M(dy) <0
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Since lim|,|_ oo h(x) = 00, there exists a > 0 such that, if |y| > a,

hy) + / h(x)u(dz) — 2B (i) > 0.

Take A =R\ [, «], then u(A) = 0. Hence the support of y is contained
in [—a, a, therefore compact.

c) Uniqueness

We will see that the function p +— E(u), defined on the set 9t (X)
of probability measures supported by ¥ with compact support, is strictly
convex. In fact, for pg, u1 € ML(E), (po # p1), put

pe = (1 =1t)po + tp.

Then
E(py) = at® + bt + ¢,

with

1
a= log v(dz)v(dy V=l — ,
[ tor e vda)ud) (= = o)

b= /2(U“(:I:) + Q(x))u(da:),

¢ = I(po).

By Proposition 11.2.2, a is > 0, therefore the function ¢ +— E(u;) is strictly
convex: for 0 <t <1,

E(pe) < (1 =1)E(po) + tE(p)-

This implies uniqueness. []

It can be useful to observe the action of a linear transformation:

LEMMA I1.2.4. —  Let the transformation h(s) = as +b map ¥ onto
' If Q is defined on X/, then Qo h is defined on X. If i is a probability
measure p on X, then v = h(u) is the probability measure on ' defined

by
fowtd) = [ 1(us)n(ds).
b >

Then
Es.q)(Mp) = Exs,qony (1) — loglal.

3. Determination of the equilibrium measure via a variational
problem. — The following statement, which is not the best possible, will
be useful for the examples we have in mind.
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ProrosiTioNn II1.3.1. — Let p € MYX) with compact support.
Assume that the potentiel U" of u is continuous and that there is a
constant C' such that

(i) UF(x) + 1Q(z) > C on %,

(ii) U*(z)+5Q(x) = C onsupp(u). Then p is the equilibrium measure:
o=

The constant C' is called the (modified) Robin constant. Observe that

E*=C+ % /2 Q(x)p* (dx).

Proof.
For two measures p and v we can write

E(ptv) = E(u)+2 /Z (U“(as)—%%Q(m))y(daz)—l— /E og o(da)v(dy).

|z — 9|

Writing p* = p + (u* — p), we obtain

B(u') = () +2 [ (U"(2) + 5Q() )" - w(de)

%

+ LQ log —— (* — 1) (da) (1" — 1)(dy).

|z — y|

By the hypothesis,
[ (0@ + 30w d) = €
[ (@) + 50@)ntaa) = .

By Proposition 11.2.2,

[ tow = ) ) 0,
»2 |9U y|

Therefore E(u*) > E(u), which implies that u = u*. []

Ezxamples

The weight corresponding to the potential @) is defined as
w(z) = e 9@,
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1) Legendre weight

Y=[-1,1], Q(z) =0, w(x)=1.

Let p be the arcsinus law. We saw in Section 1 that U*(z) = log2 on
[—1,1]. Therefore p is the equilibrium measure, p = p*, and E* = C =
log 2.

2) Gaussian weight

Y =R, Qz) =2 w(x)=e".

The equilibrium measure is the semi-circular law p of radius v/2:

/ F)p(dt) / (V2 — t2dt.

In fact .
UH(x) + 51'2 >C (z€R),

UH(z) + %xz =C (ze[-V2,V2),

with C' = % + %logQ, and
1 3 1
=C+ = tip(dt) = = + = log 2.
+5 [ QU = + 5o
3) Laguerre weight

1
2 =10,00, Q(z) =z +alog —, w(z) =e 2%,

with a > 0. The equilibrium measure p is the Marchenko-Pastur law with

c=1+a:
d
[ f@ntan) = - [ rovE=an-a

a=(a+1-12 b=(Ha+1+1)>%

30
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4) Jacobi weight
Y =[-1,1],

Q) = plog
w(z) =(1—x)P(1+2)7.

I
m—l—qogl_

The equilibrium measure is given by

/f (1+a+6/f m__axb_x)dx,

with o = §, 3 = Z. Recall that a and b are determined by

2a B 203
Trarg VI+al+b)=mr—s

(1—a)(1-0)=
5) Freud weight
Y =R, Q) = clz|]*, w(x) =",

with ¢ > 0, > 0. The equilibrium measure is a Ullman distribution.
There is a choice of ¢ = ¢, such that

[s@wr@ = [ s

h o [t
W@ =2
() =2 /m| i

For a = 2, this is the semi-circle law:

ho(x) = %\/ 1— 22

See [Saff-Totik,1997], Chapter IV, Theorem 5.1.

with

We have seen how to check that a probabillity measure p is the
equilibrium measure.

Data : ¥ a closed interval, and () a continuous function on the interior
of 3 such that

lim (Q(t) —log(1 +t%)) = oo.

|t]—o00
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Steps
(1) Determine the Cauchy transform of p:

z—1

Gul2) = [t

In several examples we have used the residue theorem.

(2) Determine the logarithmic potential of p:

1
Uu(w)Z/Zlog |I_t|u(dt)7

by using the relation

4 iy —
%U () = —Re G (x).

Hence the logarithmic potential is determined up to a constant.

(3) Check that there is a constant C' such that
UF(x) + %Q(x) >C forzek,
UF(x) + %Q(x) =C for x € supp(u).
If it holds, then we know that p is the equilibrium measure: p = p*.

(4) Determine the constant C' by using

lim (U*(z)+ logz) = 0.

|z|—00

Then the equilibrium energy is

We end this section with the Pastur Formula.

ProposiTION I1.3.2. —  Let ¥ = R, and Q a polynomial of even
degree 2k (k > 1), convex. Then the equilibrium p* is given by

b
[ f@wrtan) = = [ f@ata) /o= ao - ajas,
3

2



where q is the polynomaial of degree 2k — 2 given by

1 PQ@) - dt
Q(x)_%/a r—t  Ji-ab-10)

The numbers a and b are determined by the conditons

/b QW) ., [_Qw
a \/(t—a)(b—t) " Je JE—a)b—t)

As a special case we obtain Example 2 of this section: Q(x) = 2%. Then

Q'(z) — Q'(t)

z—1

= 2.

Hence

1.

()—1/b A
=5 ), Vi—ab-10

The numbers a and b are determined by

2.

/b -] /b A
o Va1 o« V-2t

The first equation gives a + b = 0, and the second a? = b? = 2. Therefore
p* is the semi-circle law of radius v/2.

Proof.
Consider a measure p of the form

p(dt) = u(t)dt,

where u is a continuous function with support [a,b], and let G be its
Cauchy transform: for z € C\ [a, b],

G(z) = /b u(t) dt.

z—1
By Proposition I1.3.1, if u is the equilibrium measure, then, for a < z < b,
1 /
Re G(x) = —§Q (z).
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Define
. G(2)

G(z) = .
) V(2 —a)(z —b)

The function G is holomorphic for z € C\ [a, b], and

G- i QW
(t—a)(b—1)

x(t),

where x is the indicator function of [a, b]. By using Liouville’s theorem as
in the proof of Proposition II.1.1, we obtain

U DL Q'(t)
G(z)_%/a B TR

This can be written

b !
é(z):%/ Q(tl—_i)(z) dt dt
1 b

t—a)b—1)

, | dt
+Q<Z)§/a a1

By Proposition 11.1.2,

l/b 1 dt _ 1
TJo 2=t /t—a)b—t) +/(z—a)(z—b)

Hence

or

G() = ~4(2)V/ G~ )z~ b) + 5 Q)

This implies, by the relation [G] = —2imp (Proposition 11.1.1), that
u(t) = q(t) v/ (t = a)(b—1)x(1).
Let us consider the Laurent expansion of G/(z):
~ an a1y
Glz) =2 4L ..
(2) T2t
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Then

G(2) = G(2)V/(z — a)(z — b)

:G§+§+“>@_a+@_w—wl+“>

2 8 z
a+b\1
=ap + (Cbl — Qg )—
2 z
Since lim,_, 2G(z) = 1, we get
1 b /
ag = — Q (t) dt = O,
27 Jo - a)b—1)
1 b /
a) = — tQ t) dt = 1.
2T

a \(t—a)(b—1t)

By the way we used previously we get

L) + 5@ @) = ~a@)Va D02, iz <a

dx
=0, ifa<z<h,
= q(z)\/(z — a)(xz — b), if = > b.

Therefore there is a constant C such that

1
U”(a:)+§Q'(x) =C, ifa<z<b,

> C everywhere.

By Proposition I1.3.1 this shows that p is actually the equilibrium measure.
[
References

[Saff-Totik,1997]; [Dyson,1962]; [Deift,1998], Chapter 6; [Anderson-
Guionnet-Zeitouni,2010], Chapter 2; [Pastur-Shcherbina,2010], Part 1.
A possible reference for the classical potential theory: [Helms,2009).
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Chapter III

STATISTICS OF THE ZEROS
OF
CLASSICAL ORTHOGONAL POLYNOMIALS

1. Statistic of the zeros of Jacobi polynomials. — We have
considered in Chapter I the energy

E,(x1,...,2, Zlog —l—ZQ x;),

i#]
on ¥ = [—1,1], with

Qt) = (a+1)log1i + (8 +1)log

1+t
The function @ corresponds to the Jacobi weight:
e—Q(t) — (1 + t)CH-l(l _ t)ﬁ-ﬁ-l_

We saw that the coordinates of the point z* = (z7,...,z)) which

r'n
minimizes the energy are the zeros of the Jacobi polynomial P,(f“’ﬁ )

(Corollary 1.3.5). The minimum E of the energy,

n

E'=FE,(x],...,z;) = inf E,(x1,...,2,)
reX™"
is such that

exp( = exp( Z Q > P(O‘:B))’

where D(P) denotes the discriminant of the polynomial P.
Let xgn)7 e ,x%n) denote the zeros of PT(La’ﬁ ) and define the probability

measure on [—1,1]
1 n
i=1

We have considered in Chapter II the energy of a probability measure
p e M (D):

B0 = [ o8 =ptds)p(ar)
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The equilibrium measure is the arcsinus law, and the minimum of the
energy
E*= inf E(p)

pEM(X)
is equal to log 2.

THEOREM III1.1.1. — The measure M, converges to the arcsinus law
for the tight topolygy. This means that, for a continuous function f on
[_17 1]7

L (n)
s 1S se =1 [ o
Furthermore )
nh_)rréo ﬁE =FE* (=log?2).
Proof.

We saw in Chapter II, Section 3, that the equilibrium measure p*, which
realizes the minimum E* of the energy

1
B = [ log——u(ds)u(a)
[—1,1]2 |3_ |
is the arcsinus law. Define

n=——— inf E,(x).
v n(n —1) xe[l—nl,l}n ()

For JUBS Ml([_L 1])a
/ En(or, - wa)p(dar) ... p(dy)
[—1,1]"
—n(n-DEG +n [ Qudr),
[71’1]

and, for p = p*, we get

wnSE*+n—1

|, e,

and

limsupw,, < E*.
n—oo

Consider, for £ > 0, the cut kernel
ké(s t) = inf(log L 6)
) | t| ) Y
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and the corresponding energy of a measure

E'(n) = / K(s, )pu(ds) pu(dt).
(1,12

Then
) (n) (n)
“ - n2 Z k L
2,7=1
<1 /
=2 Z g (n) (n)| + - n
i#£j Ly
1
<~ (BEp(a™) (n)
< ZQ
-1 E
=~ n Wn — 1 + )
n n o n
where

v=_jof Q)2 —(a+F+2)log2.

Since M1([—1,1]) is compact for the tight topology, there is a converging
subsequence:
lim M, = po.
j—)OO
We obtain
Ef (o) < lim inf w,,

J—00

and, as £ — oo, by the monotone convergence theorem,

E(uo) < liminfw,,;.

Jj—o0

Thefore
E* < E(uo) <liminfw,; <limsupw,; < E*.
J—0o0 j—o0
Hence E(uo) = E*. This implies that pg = p*. We have proved that p* is
the only possible limit for a subsequence of the sequence (M,,). It follows
that the sequence (M,,) itself converges:

lim M, =pu
n—oo
Furthermore
lim w, = E*. []
n—oo
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2. Statistics of the zeros of Hermite polynomials. — Now we
consider the case ¥ = R, Q(¢) = t? then the energy is given by

E,(z) = Zlog ﬁ + ZQ(%)~

i#]

By Corollary 1.3.4 the minimum of the energy is attained at the n! points
whose coordinates are the zeros xﬁ”) . 7(1”) of the Hermite polynomial

H,,. Define the probability measure M on R by

1 n
= — E 0 (n).
n Z;
=1

Consider first the two first moments of M,,. The expansion of the Hermite
polynomial is given by

T n—2k
Hala) =l
k=0
IR

By using the classical relations between the coefficients and the zeros of a
polynomial we obtain

zn:xgn) =0,
Zx( ) i) = n(n — 1),

4
1<J
and
2™M)? ( <n>) (n) (n) n(n—1)
Sl = () 2 D]
=1 1<J
Therefore
1o~ (n
mi /tM(dt)—— 2" =0,
R nzzl
1 — (n) 1
mao / = —



This suggests that M,, does not converge and that a rescaling is necessary
for getting a convergence. Put

— 1 m _ 1w
Mn —_ — 5 n) ., ; - —F=J4; .
n ; af™> i \/ﬁxl

Similarly we rescale the energy FE,,: define

=D log— +ZQ (Vi)

17#]

_Zlog —i—nZQ x;).

i#j

The minimum E* of E,, () is attained at the n! points whose coordinates

are the numbers Oz( ),
For a measure p € 9 (R), we consider the energy

(i) = / g ﬁﬂ(dS)u(dt) + / Qt)uldt).

We saw in Chapter II, Section 3 that the equilibrium measure p* which
realizes the minimum E* of the energy is the semi-circle law of radius v/2,
and

3 1
E* = 1 f E = — —]. 2.
ues%zll(R) (1) 4 + 2 8

THEOREM III1.2.1. —  The measure ﬁn converges to the semi-circle
law with radius /2 for the tight topology. This means that, for every
bounded continuous function f on R,

L) [

Furthermore

1 ~ 3 1
li —E*—E*— —log 2.
oo p2 n 117308

Proof.
As in Section 1 define



For p € M (R),

/n Evn(:cl, cosxp)p(dey) .o p(dey) =n(n — 1) E(p) + n/RQ(t),u(dt).

For p = p*, we get

1
T e L]
n—1Jr
and
lim sup w, < E*.
Recall the notation
K(5,1) = log —— + 2Q(s) + 2Q(¢)

SU TR T TR T R,

and that ) )
k(87t) > §h(8) + §h(t)7

with h(t) = Q(t) — log(1 + t?). Observe that
1
Z k(wi, ;) = Zlog [ +(n—1) ZQ($¢)~
i#] i#j Lo i=
Hence, since Q(t) > 0,

n

En(x) = k(zi o)+ > Q(x)

i#j i=1
> S () + ) = (0= 1) Y hl)
i i=1

It follows that

By(al,....a) > n(n— 1) / h(t) M, (dt),

n

Hence




Since the right handside is bounded, by Prokhorov criterium this proves
that the sequence (M,,) is relatively compact for the tight topology.
Therefore there is a converging subsequence:

lim ]\7;] = L.

Jj—00
Consider, for ¢ > 0, the cut kernel
k(s t) = inf (k(s, ), £),

and define
E(u) = / K (s, Dplds)u(de).

Observing that Q(t) > 0, we get

As j — oo we get
E*(po) < liminf W, »

J—00

and, by the monotone convergence theorem,

lim E(u0) = E(po).

L—o00

Therefore
E* < E(po) < liminfw,, <limsupw,; < E”.
J—00 j—o0
The proof finishes as the one of Theorem III.1.1. []
Remark

One establishes easily that

~ n(n —1)
2

E'=FE"+ logn.

Hence, by Theorem III1.2.1,

1 1 3 1
S B =1 (— | 2) 1).
5 2ogn+ 4+20g +o(1)
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This can also be obtained directly from the result we saw in Chapter 1
(Corollary 1.3.8):

=MD 060 4 1) Zk;logk.

LEMMA I11.2.2.

1 1
lim (Zklogk— —logn) =-7

Proof.
In fact, by an elementary property of the Riemann integral of a
continuous function,

1 n
1 k k

/ rlogxdr = lim — E — log —,
0 n—oo n L= n n

and

! 1
/ zlogxdr = —=. []
0 4

It follows that

1 n
—logn—Zklogk+0(1)

1, 1 1 1
EEH—I——logn:—+—log2—l—2

2 2 2

k=2
1 1 1 3 1
=—+—-log2+ - 1) =-4 =log2 1).
5 T 5lo8 +4+0() 1 T g5los +o(1)
3. Statistics of the zeros of Laguerre polynomials. — Let
a:gn), ..., 2™ be the zeros of the Laguerre polynomial L{* ™" (o > 0).

Define on R" the energy

Ey(z1,-- ZIOg +ZQ i),

i7j

with ,
Q(t) =t+ alog T
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The minimum of the energy FE, is attained at the n! points whose

coordinates are the zeros x§”) yenn ,x%n) of the Laguerre polynomial L,(f‘_l).

Define the probability measure

1 n
Mn = E z; (ngn) .
1=

As we did for the Hermite polynomials, we compute the two first moments
of the measure M,,:

my :/ tM,(dt) ~n, my= / t2M (dt) ~ cn®.
R+ R

This suggests that we should rescale M,,: define

7

M. 1 En: : n) _ 1
n — o™ tHa nx

and
— 1 n
Balrisevn) = Slog —— +3° Q(ur).
Py |£E’z - l’j| —
J i=
The minimum E;* of E; is attained to the n! points whose coordinates

n . . .
are the numbers ag ). Asin previous sections define

1 o~
—F, .
n(n —1)

Wy =

THEOREM II1.3.1. —  The measure E converges to the Marchenko-
Pastur law with ¢ = 1 for the tight topology. This means that, for every
bounded continuous function f on R4,

o= 1 1 4 4t
Jin 31l = 5 [0y
=1

Proof. We define the energy of a probability measure u € M (R, ) as

Bofy) = [ og —utds)p(an) + [ Qu(oyuta)

2
+

with Qo(t) =t. We saw in Chapter II that the equilibrium measure is the
Marchenko-Pastur, with ¢ = 1.
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For pn € M*(R4),

/n E:L(xl, ooy xp)p(dey) ..o p(day,)

+

1
=n(n—1) /Ri log - tlu(ds)u(dt) +n . Q(nt)u(dt).
Since

1
Q(nt) = nt + alog T alogn,

we get
/ Bu(@r,. ., za)p(dey) . pu(day)

+

=n(n—1)Ey(n) +n Q(t)u(dt) — anlogn.
R4
It follows that )

wn < By + — (t)p(dt), (3.1)
n—1 R,

and limsup,,_, ., wy, < Ej. With the notation
Fo(s 1) = log —— + 5Qols) + 3@o(1)
5,t) =log —— + =Qo(s) + =
UCH g|s—t| 5«0 o «oll),
ho(t) = Qo(t) — log(1 + t2),

we get
En(z1,...,2,) = Zko(fﬁi,%‘) + ZQ(%’) —anlogn
i#j i=1
1
> 3 Z(h(mz) + h(z;)) — anlogn.
i#]
Therefore

En(el™, . al™) > n(n—1) / ho(t) M, (dt) — anlogn,
Ry




by using (3.1). Since the right hand side is bounded, by Prokhorov

Criterium this proves that the sequence (M,,) is relatively compact. The
proof finishes as the ones of Theorems III.1.1 and II1.2.1. []

Remark ) )
The Laguerre polynomials L, ? and Lj are related to Hermite polyno-
mials: )
Hy,(2) = (—=1)"2%"n! L, 2 (z?),

1
Hopy1(z) = (—=1)"22" nl L2 (2?).

(2n)

_1
;. is a zero of Hy,, then y(n) = (azg%)f is a zero of L, ?, and

(n)z _ (:E(2n) ) 2

i

Hence, if

if wEQnH) is a zero of Hy, 41, then y

reflected by the following facts:

- The scaling is in /n in the case of the asymptotics of the zeros of
Hermite polynomials, and is in n in case of the asymptotics of the zeros
of Laguerre polynomials.

- The image of the semi-circle law with radius v/2 by the map z — y =
222 is the Marchenko-Pastur with parameter ¢ = 1.

1
is a zero of L2 . This is

4. Weighted transfinite diameter, Fekete points. — As in
Chapter II, ¥ is a closed interval, and @ is a function defined on ¥ with
values on | — 00, 00|, continuous on int(X). If ¥ is unbounded, it is assumed
that

lim (Q(z) —log(z* + 1)) = cc.

|z|—00

Consider, for z = (x1,...,2z,) € X" the weighted geometric mean
1
mQ(Qf) = <H([L’Z — xj)2e—Q($i)e—Q(mj)> n(n—1) ’
i<j

and its supremum
69 = sup MY (z).

reEX™
We will show that the limit
09 = lim (57?
exists and that
69 = exp(—E").

It is called the weighted transfinite diameter of ¥ (the transfinite diameter

if Q =0).
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With the notation

1
i#j ’ j

we can write
M? (z) = exp(—

n

n(n —1)
Recall the notation: for ¢,s € 3,
k(s 1) = log —— + 2 Q(s) + 3Q()
s, _Og]s—t] ;@) + 5 .
and
k(s,t) > m.
The function K,, can be written
Ko (z) =Y k(i ;).
i
Hence
K,(x) > n(n—1)m.

If i is a probability measure supported by >, then

[ Kol i) = 3 [ ko utdzutde;)
=n(n—1)E(u).

In particular, for p = p*, the equilibrium measure,
Ky (x)p*(dzy) ... p*(dx,) =n(n—1)E".
»n
Define

Rp =

—— inf K, (x).

n(n—1) sexn (z)

We have seen that m < k,, < E*. The statement
lim 69 = exp(—E*)
n—oo

is equivalent to the following

lim w, = E*.
n—oo
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An n-Fekete point is a point = (x1,...,2,) € X" such that
K, (z) =n(n—1)ky,.

For each n consider a n-Fekete point (™) and the probability measure \,,

on R
1 n
>\7’L = E Z; 5x§n) .
1=

THEOREM III1.4.1.

(i) imy,— 00 K = E*,

(ii) The measure A, converges to the equilibrium measure p* for the
tight topology.

The proof is similar to the one of Theorem III1.2.1.
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Chapter IV

STATISTICAL EIGENVALUE DISTRIBUTION
FOR
RANDOM MATRICES

1. Statistical eigenvalue distribution. — Let H,, = Herm(n,C)
be the space of n x n Hermitian matrices with coefficients in R, C, or H.
On H,, one considers the probability

Palds) = o exp(— tr(a?))mn (do)

with v > 0, and m,, is the Euclidean measure on H, associated to the
inner product (z|y) = tr(xzy). C), is a normalization constant

C, = /H exp(— tr(z?))m, (dz) = ( E>N7

" v

where
N = dimg H, :n+§n(n—1), f=dimgF =1, 2, or 4.

The probability P, is invariant under the action of the unitary group
U, = U(n,F) of unitary matrices with entries in F.

If F = R, then U(n,F) = O(n) the orthogonal group, and the
probability space (H,,P,) is called the Gaussian Orthogonal Ensemble
(GOE).

If F = C, then U(n,C) = U(n) the usual unitary group, and (H,,P,)
is called the Gaussian Unitary Ensemble (GUE).

If F = H, then U(n,H) ~ Sp(n), the compact symplectic group, and
(H,,P,) is called the Gaussian Symplectic Ensemble.

One is interested in the distribution of the eigenvalues of a random
matrix x € H,, for large n.

The empirical eigenvalue distribution of a matrix * € H, is the
probability measure u%x) on R defined by

1 n
Mo, n ; )\2 )
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where /\Y), . ,/\,Sf) are the eigenvalues of . Observe that, for B C R,
1
1) (B) = —#{eigenvalues of z in B}.
n

The statistical eigenvalue distribution is the probability measure on R
defined by

pin(B) = B (1 (B)).

We can write, if xyp denotes the characteristic function of the set B,

pOB) = (S xsO) = - tr(xs ().
k=1

n

with the notation of the functional calculus. Hence

o (B) = © /H tr 5 ()P (),

n

and, if f is a bounded measurable function on R,

[ f@matiny = [ a(f@)Ba o)
R H,

The first moment of the statistical eigenvalue distribution vanishes:

my (pn) = %/H tr(z)P,(dz) = 0.

Let us compute its second moment:

1
ma () = —/ tr(z?)P, (dz).
n H,,
We use the formula

Cn(v) = /H exp (= tr(z?)) Py, (dz) = < Z)N’

Y
where N = dimg H,,. Hence

1d N n—1

mZ(Nn):_ﬁalogCn(V)‘,yzlzg:1+ﬁ 5

This suggests that u,, does not converge, and that a rescaling is necessary.
In fact:
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THEOREM IV.1.1 (WIGNER). — After rescaling, the statistical
eigenvalue distribution ., converges to the semi-circle law: for every
bounded continuous function f on R,

lim f(\/t_)ﬂn (dt) /f W2 — w2du,

n—oo R

withr = /2.
v

2. Weyl integration formula. — By the classical spectral theorem,
every matrix € H, can be diagonalized in an orthonormal basis, and
the eigenvalues are real. In other words the map

U, x D, — H,, (u,a)— uau®,

is surjective, where D,, is the space of real diagonal matrices, D,, ~ R™.

ProrosiTiON 1V.2.1. —  If the function f is integrable on H,, then
/ F(@)mn(dz) = o / / Fuau)an (dw)| A(a)|Pday . .. day,
H'n, Dn U’n

where a = (ay,...,an), A is the Vandermonde determinant,

A(CL) = H(ak - aj)a

i<k
an 1 the normalized Haar measure of the compact group U,, ¢, is a
constant and
6 =dimgF =1,2, or 4.
If the function f is U,-invariant:
fluzu®) = f(z) (ueUn),
then f(z) only depends on the eigenvalues A1, ..., \, of x:
f(x)=F(A1, ..., \n),

where F' is a symmetric function on R™. In this case the Weyl formula
simplifies

r)my,(dx) =c a1y ...,0n a)|Pda; . ..day,
[ s@main = [ F ) A@) P da ... d
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3. The density of the statistical eigenvalue distribution. — Let
Q, C H, be a U,-invariant open set, of the form

Q, ={z=uau* € H, |u € U,, a; € w},
where w = int(X) is the interior of a closed interval ¥. Hence 2, is the

set of matrices x € H,, whose eigenvalues belong to w. Let ) be a positive
continuous function on w, such that, for every m € N,

/ e QW™ dt < co.
w
We consider on 2,, the probability measure given by

Po(de) = - exp (— tr Q(a)) o (do),

where Q(z) is defined via the functional calculus.

Ezxamples

a) The main example will be ¥ = R, and Q(t) = yt?. Then Q,, = H,
and (H,,P,) is the Gaussian Orthogonal Ensemble (resp. Gaussian
Unitary Ensemble, Gaussian Symplectic Ensemble).

exp(— tr Q(m)) = exp(—’y tr(:z:2)).

b) For ¥ = [0, o], §2,,, the cone of positive definite Hermitian matrices,
and

1
we get the Wishart Ensemble, or Laguerre Ensemble (Wishart Orthognal
Ensemble, Wishart Unitary Ensemble, Wishart Symplectic Ensemble),
with
exp(—trQ(z)) = e~ " *(det z)*.
c) If ¥ = [—1,1], then ,, is a matrix interval:

Q,={rxecH,||z|op<l}={xeH,|-I<x<I}

For

1
+ qlog ——

) = pl
Q(t) = plog T

1—-1¢
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we get the Jacobi Ensemble,

exp(—trQ(z)) = (det(I — x))p(det(1+x))q.

The probability measure P,, is U,-invariant. By the Weyl integration
formula, if f is U,-invariant,

f(.ﬁl?) = F()\l,...,)\n),

and

In particular, if

Fa) =~ trp@) == 360

=1

where ¢ is a measurable function on w, we get

1 1 &
_/Qn tr (2P, (dz) = ﬁ;/w oA )gn(N)dAr ... dA

n

:/ oD@ (M- s A)dAL - dAn
_ / o(t)wn (t)dt,

with
wy(t) :/ Gn(t, A2y ooy An)dAa .. d,.
This means that the statistical eigenvalue distribution pu,, has density w,,,
i, (dt) = w,, (t)dt.
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a) In the first example Z,, is the Mehta integral

Zy = / 677|lx|l2|A(IL‘)|BdI1 coodxy,

b) In the second example Z,, is the Siegel integral

Zy = / e~@tten) (o2 )Y A@)|Pde . dxy,
[0,00[™

c¢) In the third example Z,, is the Selberg integral

n

In = / H(l —z)P(1 + x| A(x)|Pdxy . .. dxy
[—1,1]" 3

4. Asymptotic of the integral Z,. — Consider the integral

Z, = /zn exp(—ng Q(:)sz)> |A(z)|Pdxy ... dx,.

The integrant can be written

exp n( Zl % z”; >

i#]

Define the energy of a probability measure p on X::

B(u) =L 10g|8i|(ds (dt) /Q (dt).

Heuristically

Z, = /n exp(—ngE(,ugf)))d:vl codry,

with
xT 1 .
:U’v(z ) = n Z Oz, -
=1

(33))

Of course this is not correct since E(p, ') = 00.
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The method of proof is inspired from the Laplace method. Let us
present this method in a simple case. Consider the integrals:

Z(\) = / e M@ g (zym(dz),
U
I0H) = 5555 [ S Ca(aym(da).
ZN) Ju
U is an open set in R", ¢ is a continuous function on U such that
amelz) = oo,

and @ attains its infimum in only one point zy. The function a is a positive,
continuous, and integrable. The function f is continuous and bounded.

ProprosITION IV .4.1.

1
(1) lim —log Z(\) = —¢(xg).
A—oo A
(i) Tim I(%: f) = f(ao).
Proof.
a) For A > 0,
e~ e(@) < e—/\so(fro),
hence
Z(\) < e_A‘p(IO)/ a(x)m(dz),
U
and ) )
—log Z(\) < —p(z0) + — log/ a(x)m(dz).
A A U
Therefore

liisip % log Z(\) < —p(wo).
b) Let a > ¢(zp). Then
V={zeU]|p<a}
is a non-empty open set, and

Z(\) > vol(V)e

1 1
X log Z(\) > —a+ X log vol(V).
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Therefore

1
li/\rr_1>ioréf X log Z(\) > —a.
This holds for every a > ¢(z¢). Hence

1
li/\minfx log Z(A\) > —p(xp).

c) Let W be a neighborhood of xy and

= inf .
M

By hypothesis, 5 > ¢(z¢). Choose « such that 8 > a > ¢(xg)
there is a constant C\, such that

Z(\) > Che .

Therefore

1

(

N

~—

/ e M@ g (z)ym(dx)
U\W

<

o~

eo"\e_ﬁ’\/ a(z)m(dz) = Ce™ P~
T\W

The rest of the proof of (ii) is standard.

We will follow the lines of the previous proof.
ProproOSITION 1V .4.2.

) 1
lim —
n—oo N

log Z, = —E*.
Proof.

a) Define, for x € R™,

1 n
Ko@) =53 log -t (n - 1) 3" Q(a),
— 7 |z — —
i#£] i=1
and )
= =) ot (@)

We saw that



Since K, (x) > n(n — 1)ky,

2. < e-nn=Drn ( / e—Q(wdt)”,
b

1
Kp + — log/ e Wyt
L X

and

Therefore
lim Sup o log Z, < —FE*.

n—oo

b) For a probability measure p on 3,

son Ky (z)p(dzr) ... pn(dzy) = n(n — 1) E(p).

Assume that p(dt) = u(t)dt, where u is a continuous function supported
by U C ¥, with u(¢) > 0 on the open set U. We can write

Z, = /n exp(—(Kn(x) + i@(wl) + ilog u(:cl))) f[u(a:l)da:l

We will apply the following Jensen’s inequality: Let (X, v) be a probability
space, and ® a convex function on R. Then, for a real measurable function

fon X,
/ flz < /X B(f(2))v(de).
We take X = X", =117 u(x;)dx;, ®(z) = exp(x), and
f(@) = —(Kn(z) + Z Q(x;) + Zlog u(z;))
We get

2, > exp(—n(n — 1)E(s)) (/2 —Q(t)u(t))n</2 —logu(t)dt>n.

It follows that
lim —logZ > —E(u).

n—oo n

If the equilibrium measure is of this form, this finishes the proof. If not
one has to prove that, for every € > 0, there is a probability measure y of
that form such that F(u) < E(u*) + €. []
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Let us consider the Mehta integral: for g > 0,

n

I,(8) = /n exp(—% fo) H |z — x4]%dxy ... da,.

i=1 i<j

After rescaling we get

Define, for p € M*(R),

Po(): =5 [ o —utdshutat) + [ #ula

= 0o gutaswutan + [ [ 2uan)

In section I1.3 ( 2) Gaussian weight), we saw, for 8 = 2, that

3 1

and, by Lemma I1.2.4,

2 3 4
E;:§<E§+log\/%> :§+§logg'

By Proposition 1V.4.2,

.1 . 3 B, 4
nlg%o ﬁloan(ﬁ) =-E5= —<§ + 1 log B)

Since .
log I,,(B) = §(n + gn(n — 1)) log 2n + log Z,(0),
we get
1 3 2
o logI,(B) = glogn — (gﬁ + g log B> +o(1).

This result can be obtained from the explicit evaluation of the Mehta
integral:

L(8) = em ¥ [ M



Hence

logI,(B) = Zlogf(jg +1) +nlog\/%+nlogf(§ +1).

j=1
By the Stirling formula,
logI'(x + 1) = zlogz — x + O(log ),

we get

Zy(jg—f—l) = g(Zjlog]H—@log g)—g@#—()(nlogn).
j=1 j=1

We saw that (Lemma I11.2.2)

1~ . 1 1
E;jlogjzﬁlogn—z+o(1).

We obtain finally, in agrreement with the previous result,

1 g ﬁ B 2
—log I(8) = 7 logn — (= + T log 5 ) +o(1).
—logIn(f) = logn — (—+ 7 % 7 +0(1)

5. Generalized Wigner Theorem. — Define the rescaled statistical

eigenvalue distribution ,:

/f Vit (dt) = ( foz)

where &,, is the expectation related to the probability measure P, on X"
defined by

Pr(dz) = Zin exp(—n Z Q($1)> |A(x)]5dac1 . dxy,

THEOREM IV.5.1. —  The measure u, converges to the equilibrium
measure " for the tight topology:

lim p, = p*.

n—oo
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It means that, for every bounded continuous function f,

n—oo

hm}j@w@ﬂzéﬂmﬂﬁ)

The probability P,, concentrates in a neighborhood of the points where
the function

1 n
Ky (z) = Zlog [ +(n—1) ZQ(%‘)

i ¢ J i=1
attains its infimum:

LEMMA IV.5.2. —  Forn > 0 define
Apn={z€X" | K, (2) < (E* +n)n*}.
The set A, is compact and

lim P,(A,,) =1

n—oo

Proof.
From the definition of A, ,, it follows that

]_ * 2 n
n < e~ (ETH+mn —Q(1) i
Pn(X"\ Ay p) < Z e (/Ze dt)

n

By Proposition IV.4.1, for every € > 0 there is N such that, if n > N,

L B,
Z, =

Choose € < n. ]

Proof of Theorem 1V.5.1 Let f be a bounded continuous function on 3,
and F), the function defined on X" by

Fale) = 537 (o)

a) Fix n > 0. The set A, , is compact, hence the continuous function
F,, attains its supremum on A4, , at a point

.Ii(nm) = (:Bgnm)» s 7x1(1777n)) < An,n-
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We obtain

/Qf<ounaﬁ>s;Fcﬂ"mh¢chmn>+nfnm¢a<z"\l4mn>

< F(@) 4[| flloo (1 = Pa(Ayn)).-

To the point ("™ we associate the following probability measure on X:

1 n
(n) — ~
I/77 o n Z 5m§n7n) :
i=1
The previous inequality can be written

/ﬂmmws/jmwwm+wm0—mmmﬁ
> >

(n)

The truncated energy E of the measure v, satisfies:

EE(V7(7”)) <

Sl

+ (E* +n).

From the inequality

it follows that

[ o an < L ).
b n-—

This implies that the sequence 1/7(,") is relatively compact for the tight

topology. There is a sequence n; going to oo such that the subsequence
(nj)
Un

converges:
lim v(™) =y
. n UM
J—00

We may also assume that

lim [ f(t)pn,(dt) = hmsup/ f@)pn(dt).

Jj—o0 » n— o0

The limit measure v, satisfies
Eé(”n) < E" +n,
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and, as £ — 00,
E(v,) < E* 4.

Furthermore

fimsup [ Fenalct) < [ F(O(a)

n—oo

b) The inequality
E(vy) < E* +1

implies that the measure v, converges to the equilibrium measure p* as
1n — 0. Therefore

%ﬂ?éf@MWOSLf@MWt

c¢) Applying the previous result to —f instead of f, one gets
fimint [ f(Oun(dt) > [ fen e

lim f,undt /f i

n—oo

and finally

In the special case ¥ = R, and Q(t) = t?, we obtain Wigner’s theorem
(Theorem IV.1.1). In fact in this case the equilibrium measure p* is the
semi-circle law of radius r = /f3:

COROLLARY 1V.5.2. — If¥ =R, and Q(t) = t2, the measure ji,
converges to the semi-circle law of radisu r = \/B: for every bounded
continuous function f on R,

nh—>Holo f( fin, (dt) ﬁ/ fu)\/ B — uldu.
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Chapter V

THE WISHART UNITARY ENSEMBLE

1. The Wishart unitary ensemble. — Let {2, be the cone
of positive definite n x n Hermitian matrices in the real vector space
H, = Herm(n,C). For p > n — 1, the Wishart law WP is the probability
measure on §2,, defined by

b _ x)e” T (det )P ""m,, (dx
| s = s [ g ety m ),

for a bounded measurable function f. The function I',, is the gamma
function of the cone €1,,:

In(p) = /Q e~ "% (det )P "my,, (dz).

The probability space (2, WP) is called the Wishart unitary ensemble.
In fact the Wishart law WP is invariant under the action of the unitary
group U(n) given by the transformations

z— uzu*  (u € U(n)).

The gamma function I';, can be computed:

To(p) = (20) "7 [[T(p—j+1).

j=1

The probability space (£2,, WP) can be obtained from the general
construction we introduced in Chapter IV:

1
Y =1[0,00, Q(t)=t+ (p—n)log e w(t) = e QW = ¢=tpm,
By the Weyl integration formula,

Ly = / e_(“1+"'+“”)(a1 .. .an)p_nA(a)Zdal cooday, = AT (p).
]0,00["

The Laplace transform of the Wishart law has a simple expression:
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ProposiTiON V.1.1. — For (=& +1in € H, +iH, ~ M,(C) with
E4+1€9Q,,

LWP(C) = /Q e~ TCDWP (dx) = det(I + )77,

Proof.
One starts from the formula

/ e~ U@ (det 2)P""m,, (dx) = T, (p),
Qn

and changes the variable: one puts x = gz’¢g* with ¢ € GL(n,C). Then
my (dz) = | det g|*"m,, (dz'),

and
/ e~ @) (det 2)P""m,, (dx)
Qp

- |detg[2p/ e~ 979 (det 2/ )P~ "m,, (da').
Qp

Therefore, for y = g*g,
/ ) (det ")P~"m,, (dx") = T, (p)(det y) 7.
Qn

Since, for y € €,, there exists ¢ € GL(n,C) such that y = g*g, the
proposition is proven for Im¢ = n = 0. The two functions ¢ — LWPF(()
and ¢ +— (I + ¢)~P are holomorphic in the open set

{C=¢+in|E+T€Q}=(Q, — 1) +iH,,
and agree for ( = £ € Q,, — I, hence agree on (Q,, — I) + iH,,. []

On the space M (n,p;C) of n x p complex matrices let us denote by G
the Gaussian probability measure

G(d¢) e e m(de).

J—
T

q: M(n,p;C) — Q,, &~ &5
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ProposIiTION V.1.2. — Ifp > n, then the image by the map q of the
Gaussian probability G is the Wishart law WP.

This means that, for a function f on Q,, which is integrable with respect
to WP,

/ F ()W (dz) = / F(66°)G(de).
Qn M (n,p;C)

Proof.
The measure p = ¢(G) is the measure on Q,, such that, for a function
f on €,,, measurable and bounded,

/_f(xwdx) - / £ (a(€))G(de).
Q, M (n,p;C)

Let us compute the Laplace transform of the image u = ¢(G). By taking
) = e,

with ( =¢+ine H, +iH,, £+ I € Q,, we obtain

1 . .
Lp()=— /M( . e~ tr(C€E™) o —tr(&€ )m(df)
n,p;

TP

— L e~ tr((“’()iﬁ*))m(df)
T M (n,pi0)

= det(I + ¢)*.

By Proposition V.1.1 and the injectivity of the Laplace transform, this
proves the proposition.
[

If p < n, then the image of G is a well defined probability measure
supported on the boundary 02, of the cone €2,,. It is singular with respect
to the Euclidean measure m,,. We will also denote it by WP. In fact it can
be obtained by analytic continuation from W72, p > n — 1, with respect to
p. Therefore we obtain a famility of probability measures W2 for p in the
so called Wallach set

{0,1,...,n—1}UJn — 1,00][.

2. The statistical eigenvalue distribution. — The statiscal
eigenvalue distribution p? is defined by

| rounn = [ ()W),
[0,00] Qp

n
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For p > n — 1, this measure is absolutely continuous with respect to the

Lebesque measure:
pp, (dt) = wp () dt.

In fact, define

1 aitta) T pn
qpr(a17"'7a‘7’L> = Z—’ge ( 1+t n) Ha? A(CI/)27
j=1
where "
Zg — / 6_(a1+“‘+an) H ag_nA(a)Zdal .. dan.
[0,00[" j=1
Then

wh () :/ @t as,...,an)das ... day,,.
[0,00[—1

As for the classical Wigner theorem, we will rescale the statiscal eigenvalue
distribution in order to get the convergence. Define fi,, by:

[ swman = [ g,
[0,00]

[0,00[ T

We obtain

| s
[0,00]
- Zig [0,50[" %(izl f(xi>> eXp(_";Q(xiDA(I)del . dy,
with 1
Q) =t+ (2 -1) log ;-

n

To determine the limit of ©? we will use the results established in Chapter
IT about logarithmic potential theory.

3. The Marchenko-Pastur law. — For ¢ > 1 define
1
Q) =t+(c—1)log,
on X = [0, 00|, and consider the energy of a probability measure on X:
1
B(n) = [ log —nldu(ds) + [ Qoyta).
s2 o |s—1 s
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We saw that the infimum E* of the energy is attained at a unique measure

u*, called the equilibrium measure. We saw also that, if p is a measure

with the following property: there is a constant C' such that

Ub(x)+ =Q(z) > C (zeX),

1
2
1
2

UH(z) + 5Q(z) =C (x € supp(n),

then p = p*.
For ¢ > 1, the Marchenko-Pastur distribution pu. is defined by

[ ftometan - /f Vi—ai-%,

a=(Ve-1)% b= (Ve+ 1)

By Proposition II.1.5, the Marchenko-Pastur u. is the equilibrium mea-
sure.

where

4. Convergence to the Marchenk-Pastur distribution. — We
assume that p depends on n: p = p(n).

THEOREM V.4.1. —  Assume that

lim ZLn):czl.
n—oo n

Then, for a bounded continuous function f on X,

tim [ £t = [ pelar).

n—oo b
This is a consequence of the results we saw in Chapter IV.

In the case of p < n, the matrix x = ££* has (n — p) zero eigenvalues,
therefore

tr f(z) = f(A1) -+ f(Ap) + (n = p) f(0).

It follows that the statistical eigenvalue distribution p? has an atom in 0:

[ szt = (1-2)s0+ [ st

67



For 0 < ¢ < 1, the Marchenko-Pastur distribution . has an atom at 0 as
well:

b
[ rmetan = 1= 50 + 5 [ rOVE= -0

The theorem still holds with ¢ > 0 instead of ¢ > 1.

References
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Chapter VI

WHAT IS THE PROBABILITY
FOR A SYMMETRIC OR A HERMITIAN MATRIX
TO BE POSITIVE DEFINITE ?

The result we will present is part of the paper

D. S. Dean, S. N. Majumdar
Ezxtreme wvalue statistics of eigenvalues of Gaussian random matrices
(2008)

1. The probability for a matrix to be positive definite. — Let
(H,,P,) be the Gaussian Orthogonal Ensemble, the Gaussian Unitary
Ensemble, or the Gaussian Symplectic Ensemble.

As before 2, C H, denotes the cone of positive definite Hermitian
matrices. The question is: What can be said about the numbers p,, =
P, (€2,), the probability for a matrix € H,,, to be positive definite 7

It is the probability that all the eigenvalues are > 0. If the eigenvalues
were independent, it would be equal to 2% But it is not the case.

The simplest case: n =2, H, = Sym(2,R). We use the coordinates

I + T2 3
€3 X1 — X2

Then tr(z?) = 2(23 + 23 + 23), and Q5 is the circular cone

Q= {2 = (21,72, 20) | #5 — 23 — 23 > 0, 21 > 0}.

The number p, is the area of the intersection of {25 with the unit sphere
S(R3), the area being normalized so that the area of S(R3) is equal to
one. This means that ps is the normalized solid angle of the cone €25. One

computes easily
212
b2 = 1

Then ps; ~ 0.14, much less that i. On the opposite the probabibility

for a matrix to have signature (1,1) is @, much more that 0.5. The
interpretation of p,, as a solid angle holds in any dimension: p,, equals the
area of the intersection of €2, with the unit sphere S(H,,), the area being
normalized so that the area of S(H,,) is equal to one.
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In his thesis, Kuriki has determined the probability, for a real symmetric
matrix of order < 5, that the eigenvalues are > ¢. For ¢ = 0, one gets the
probabilities p,, ([Kuriki,1992], p.35):

p3 =

T—2v2  (4-V2)r—-8 = 3wr—-8-42
a0 AT 167 SR VI

In the paper of Dean and Majumdar it is proven:

THEOREM VI.1.1.

log 3
1

. 1
lim — logp, = —f3

n—oo n

Hence p,, converges to zero very rapidly: p,, is like

—en? _ log3
e , ¢c=p 1

We consider the Gaussian probability

P, (dx) = ZL exp(—g tr(m2)>mn(dm),

n

where 5
C’n:/ exp( —= tr(z?) )my, (dx).
| exp(=g ) Jma(da)
Hence

Pn =Pp(Qy) = Cin/g exp(—g tr(:c2)>mn(da;).

By using the Weyl integration formula it can also be written, since the
ratio is not affected by the rescaling,

Z+
Pn = Z_nv
n

with
Z, = / e_ng(“%+“'+ai)|A(a)|5da1 coday.

Zt = / efng(‘ﬁ*’*ai)|A(a)|ﬁda1 coday.
(0,00
Consider, for ¥ = R, and Q(t) = t2,
1
B(n) = [ tog —u(ds)u(ar) + [ Qouar),
r2 |5 — 1 R
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and denote by E* the equilibrium energy. In Chapter IV we consider a
slightly different definition:

B =2 [ 1og |8—it|u<ds>u<dt> 4 / Q(t)uldt).

By Lemma I1.2.4, the modified equilibrium energy E* is related to E* by

me D 1. B
B = (B~ S log’s ).
p (B =5 log 5
Therefore, by Proposition 1V.4.1
.1 B 1. 0
iz log Zn = =5 (B = 5log ).

Similarly consider, for ¥ = [0, co[, Q(t) = t2, the energy

|S_t|u(ds)u(dt)+ i Q(t)u(dt).

Ey(p) = /[R log

2
+
and denote by E7 the equilibrium energy. Then

.1 B 1.0

Therefore
.1 B e o
lim — logp, = —§(E+ — E").

n—oo M

We have seen in Chapter II that

1
E* =2 4 Zlog2.
1t

We will see in the next section that

. 3 1 1
E+—Z+§log2+§log3.

Since

this proves Theorem VI.1.1. []
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2. The Dean-Majumdar distribution. — Recall that, for ¥ = R,
and Q(t) = t2, the energy of a probability measure p is

B0 = [ tox =ttt + | Qoyna)

The equilibrium measure is the semi-circle law of radius V2

/ F(t) / V2 — 2dt,

and the equilibrium energy is

3 1
E* = -+ —log?2.
4+2og

Now we replace R by ¥ = [0, oo, and keep Q(t) = 2. Define the energy
of a probability measure p on [0, 00[ as

B () = / g ! syt + [ Qe

Ry

We will see that the equilibrium measure is then the probability measure

p defined by
/f (d) /f i+ o)y v,

with b = g\/é This measure is considered in the paper [Dean-
Majumdar,2008].

THEOREM VI.2.1. — The Cauchy transform of u is given, for
z € C\[0,b], by
b b

GH(Z)ZZ—(Z—|—§) 1—;,

and its logarithmic potential by

1
Ut(x) = —§x2+C’, if 0 <x<b,

1 x
:——m2+0+/ (t+é)\/1—édt, if 2 > b.
2 b 2 t

1 1 1
= -+ —log2+ = log3.
C 2—i—20g +20g3

with
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Proof.
The function

f(z):(z+g) 1_2

is holomorphic in C\ [0, 8], and the difference of its boundary values equals

by, /b

[f] = 2i(t+ 5) - —1x(t),

where x is the indicator function of [0,b]. Furthermore the Laurent
expansion of f is

. lob1 11

2 322 9237

Therefore 1 is a probability measure whose Cauchy transform is

Gu(z) =2z — (z—i-g)\/l—g

Furthermore the first two moments of p are

() = 5, male) = 5.
Hence
d .
%U’“‘(x) = —ReG,(z)=—2z if0<z <D,
:—x—l—(a:—l—g) 1—% if © > b,
and

1
Ut(z) = —51:24—0, if 0 <z <0,

1 €T
:——x2+C+/ (t+§)\/1—édt, if x> b.
2 b 2 t

The constant C' will be computed by using

lim U*(z)+logx = 0.

xr— 00

Let us compute the integral

F(x) = /:(t—k g)wl - %dt: Fi(x) + Fy(x),
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with

:/w Vit —b)dt, Fy(x / \/:dt

For the first integral we change the variable: ¢ = g (1 + u) and get

F1(x):b—/13_ Vu du— (bx—l)

4
with

:/ vVu? — 1du.
1

For the second integral we put ¢t = bu? and get

) = 12 /1f VP~ Tdu = g@(\/%).

By Lemma II.1.4

1 1 1 1
(I)(U):502—510gv—1—§10g2+0(1)
Hence
2 1 2 1 2 1 1
15, b 1 1 1 1
= —g°— -z — -1 — — —log2— =1 1
52"~ 5 3ogx+6 5 log 60g3+o( ),
and
8 /1 r.2 1 r 1 1
b 2 2 1 1
:§x—§logx—§—glog2—§10g3—|—0(1).
Finally

1 1 1 1
F(z) = Fi(z) + Fo(z) = §x2 —logz — (5 +3 log2 + ilog?)) +o(1).

It follows that L1 .
=—+ —log2+ = log3.
C 5 + 5 log + 5 og3 []

COROLLARY VI.2.2. —  For ¥ = [0,00[, Q(t) = t2, the equilibrium
measure is the Dean-Majumdar distribution p, and the equilibrium energy
18

3 1 1
E7 = -+ —log2+ = log3.
+7 7 + 5 og 2+ 5 og 3
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Proof.
By Theorem VI.2.1,

U*(@) + 5Q() = € on [0,0c].
=C on supp(u).

By Proposition I1.3.1, this implies that p is the equilibrium measure.
Furthermore

EY =C+ %/EQ(t)u(dt) =C+ %mg(,u).

We have seen that mao(u) = 5. Hence

1 3 1 1
E* = — =4 -log2+ =log3.
T C+4 4+20g +20g3 []

Consider on (2,, the Gaussian probability measure

1
P, (dx) = — exp(— trz*)m(dz),
and let u,, be the statistical distribution of the eigenvalues of a matrix in
Q,,. By the generalized Wigner Theorem (Theorem IV.5.1), the statistical
distribution pu, of the eigenvalues of a matrix x in {2, converges, after
scaling, to the Dean-Majumdar distribution.

COROLLARY VI.2.3. —  For a bounded continuous function f on

[0, 00],
Jim. . f(%)ﬂn(dt) = /R+ f(\/?@#(dux

where p is the Dean-Majumdar distribution.

If x € H, has p positive eigenvalues and ¢ negative eigenvalues, one
says that x has signature (p, q), or index (p, q). It is natural to study the
distribution of the random variable p(z), and its asymptotic as n — oo.
See

The indez distribution of Gaussian random matrices (2009)

S. N. Majumdar, C. Nadal, University of Paris-Sud (Orsay)
A. Scardicchio, P. Vivo, Abdus Salam International Centre for Theoretical
Physics (Trieste)

Once more this question is solved by using Logarithmic Potential

Theory. It amounts to solving:
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For ¢ € R, determine the probability measure ;1 which minimazes the
energy

1
B(o) = [ log ——p(ds)nta) + [ ula)
Rz |s— 1 R
among the probability measures p for which
u([0, 00f) < £.
This is solved by the Lagrange multipliers method.

References
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Histograms of the zeros of classical orthogonal polynomials.
Let P be a polynomial of degree n with n real zeros x1,...,x,. Fix h >0
and define

ky = #{a: | jh < 2, < (j + Dh}.

To obtain the histogram of the zeros x; with step h, one draws the
colloction of the rectangles

Ri={(z,y) | jh<z<(j+1)h, 0<y <k}

For getting the histogram of the zeros of the Legendre polynomial, the
Hermite polynomial L,,, and the Laguerre polynomial, one has to compute
the zeros ajz(-n). For that one has used the fact that they are eigenvalues of a
tridiagonal symmetric n x n matrix. Let (P,) be a sequence of orthogonal

polynomials, and consider the normalized polynomials

1
pu(z) = mPn(l’)-

The polynomials p,, satisfy a three terms recursion relation of the form

:L‘pn(x) — O‘npn—i-l(x) + Bnpn('r) + an—lpn—l(x)-

Consider the infinite dimensional tridiagonal symmetric matrix

Bo o
ag P11 ooq
T = ar B2 ap

az B3 o3

and let 7T,, denote the n x n matrix of the first lines and n first rows of 7.
Then the eigenvalues of T}, are the zeros of p,.

a) The Legendre polynomials P, (special case of the Jacobi polynomials
P, = Pflo’o)) satisfy the relation
n n+1

P, = P,_ —P,
T Loy 2n+1n1+2n+1 n+1,

and

1
2
Tk :/ P (2)2dz = .
—1 2n+1

79



Therefore the normalized polynomials p,, = 0 Pl 0 P, satisfy the relation

tpn = n () —
V(2n+1)(2n—1) V(2n+3)2n+1)

pn+1($).

In this case +1
ap = o s 571 =0.
V(2n+1)(2n + 3)

b) The Hermite polynomials H,, satisfy the relation

1
xH,(x) =nH,_1(x)+ §Hn+1(1’),
and -
| H,|* = / H,(z)%e % dz = 2"nl\/7.
The normalized polynomials p,, = 0 Hl i H,, satisfy
n n—+1
rpn () = §pn—1($) + 2 Prs1(T).
In this case
n+1
n = y Mn — 0.
Q 5 16}

c¢) The Laguerre polynomials L,, (L, = L%O)) satisfy the relation
xLy(x) = —nLly_1(x)+ 2n+1)L,(z) — (n+ 1)Lyy1(x),

and they are normalized
L2 = [ Lo de = 1.
0

Therefore, in this case,

an, =—(n+1), 6, =2n+1.
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Histograms and graphics
The histograms and graphics have been realized by Marouane Rabaoui.

Histogram of the zeros of the Legendre polynomial P, , for n = 2000.
Graphic of the density of the arcsinus law.

Histogram of the zeros of the Hermite polynomial H,,, for n = 2000.
Graphic of the density of the semicircle law.

Histogram of the zeros of the Laguerre polynomial L,,, for n = 2000.
Graphic of the density of the Marchenko-Pastur law, for ¢ = 1.

NS e

. Histogram of the eigenvalues of a random n X n symmetric matrix,
for n = 4000, relatively to a Gaussian probability.
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