UDC 517.4

L. A. Pastur (Math. Div. Inst. Low Temp. Phys., Kharkiv)

A SIMPLE APPROACH TO THE GLOBAL REGIME
OF GAUSSIAN ENSEMBLES OF RANDOM MATRICES

MMPOCTHIM NIJIXI/I OO0 I'NNIOBAJILHOI'O PEKUMY
I'AYCCOBUX AHCAMBJIIB BUITAJIKOBUX MATPUIIb

We present simple proofs of several basic facts of the global regime (the existence and the form of the non-
random limiting Normalized Counting Measure of eigenvalues, and the central limit theorem for the trace of
the resolvent) for ensembles of random matrices, whose probability law involves the Gaussian distribution. The
main difference with previous proofs is the systematic use of the Poincare —Nash inequality, allowing us to
obtain the O(n~2) bounds for the variance of the normalized trace of the resolvent that are valid up to the real
axis in the spectral parameter.

HagezneHo npocTi 10BeIeHH 1 HU3KM OCHOBHUX (PAaKTiB CTOCOBHO I'JI00aJIbHOTO Pe2KUMY (ICHYBaHHsI Ta BUTJISL
HEBUIAKOBOI I'PAHUYHOI HOPMaJTi30BaHOI PaxyIouoi MipH AJ1s BJIaCHUX 3Ha4YeHb, [IEHTPaJIbHa IPaHUYHA TeO-
pema 114 CJTily pe30JIbBEHTH) /1J151 aHCAMOJIiB BUMA/IKOBUX MAaTPHIb, 10 IMOBIPHICHOI'0 3aKOHY SIKMX BXO/IUTh
rayccis po3no/is. ['o/l0BHa BiIMIHHICTb BiJ] TONEPE/IHIX 0BEAEHb MOJIATa€ y CACTEMAaTUYHOMY BUKOPUCTAHHI
HepisHocTi ITyankape — Helia, 110 103B0JIH/IO OTPUMATH OLIHKH nopsiaky O(n~2) mns mucnepcii HopMaiti-
30BAHOI0O CJIi/ly PE30JIbBEHTH, SIKi CMIPABIKYIOTHCA 10 [AiICHOI OCi Bi/IHOCHO CNIEKTPaJIbHOI'O MapaMeTpa.

1. Introduction. Numerous problems of the Random Matrix Theory can be roughly
divided in three groups or regimes, according to the order of magnitude of intervals of the
spectral axis with respect to the matrix size n. The regime in which there exists a well
defined limit of the Normalized Counting Measure (Density of States) of eigenvalues as
n — oo is known as global or macroscopic regime. The regime, dealing with intervals
whose length is O(n~!) (mean eigenvalue spacing) with respect to the scale, fixed by the
global regime, is known as the local or microscopic regime. This is where the repulsion
of levels, important in many applications, manifests itself. The regime in which intervals
of the length O(n™%), 0 < a < 1 are relevant is known as the intermediate. Corre-
sponding results were used in explanations of universal conductance fluctuations of small
metallic particles [1].

In obtaining results on the global and intermediate regimes the bounds of the order
o(1), n — oo on the variance of linear statistics

Nalel =" o (A™) (1.1)
=1
of eigenvalues {)\l(")} of random matrix in question play an important role. Most
=1

precise bounds (up to exact asymptotic form) have the order O(n~2) and valid for suf-
ficiently smooth test functions ¢ in (1.1). These bounds, showing that eigenvalues of
random matrices are strongly dependent, appeared first in the physics literature (see e.g.
reviews [2, 3]) and were then rigorously proved for a number of random matrix ensem-
bles (see e.g. [4, 5] for ensembles with invariant probability law, and [6, 7] for the Wigner
ensembles, whose entries are independent or weakly dependent random variables modulo
symmetry conditions).

In this paper we will confine ourselves to the case p(A) = (A — 2)7!, Iz # 0 in
(1.1), corresponding to the normalized trace of the resolvent of a random matrix H
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gn(2) :i=n"'Tr(H — 2)~! (1.2)

as a linear statistic.

An important ingredient of proofs in the case of invariant ensembles is an explicit
form of the joint probability law of eigenvalues (called often the Weyl formulas) and re-
lated variational and/or orthogonal polynomials techniques. As for the Wigner and other
ensembles with independent or weakly dependent entries, here the O(n~2) bounds re-
sult from an analysis of certain recurrence relations for the moments of g,,. This method
is rather efficient and self-contained, but leads to O(n~2) bounds and related asymp-
totic formulas only if |3z| > Cw?, where w? is the variance of the matrix entries
{ij};{k:l and C is an absolute constant (see e.g. [7]).

The goal of this paper is to show that if the entries are Gaussian (even dependent)
random variables, then O(n‘2) bounds for the variance of ( 3.8) can be obtained by
a rather direct application of an inequality for a C* function of a family of Gaussian
random variables. The inequality dates back to Poincare and Nash and is widely used in
statistics and analysis (see [8, 9] and references therein).

The paper is organized as follows. In Section 2 we present our technical means, in par-
ticular, an identity for expectations of differentiable functions of Gaussian random vari-
ables and the Poincare — Nash inequality. In Section 3 we find the limit of the Normalized
Counting Measure of eigenvalues for the deformed Gaussian ensembles, corresponding
to matrices that are sums of a nonrandom matrix and the matrix of the Gaussian Unitary
Ensemble (GUE) or the Gaussian Orthogonal Ensemble (GOE). An important element of
the proofs are O(n~2) bounds (3.21) and (3.40 ), proved by using the Poincare — Nash in-
equality. In Section 4 we derive the asymptotic formula for the variance of (1.2) and prove
the central limit theorem for this class of linear statistics of eigenvalues of the GUE and
the GOE by applying similar techniques. Section 5 contains a collection of related results
and outlined proofs for several other ensembles, involving Gaussian random variables:
random matrices, whose entries are dependent Gaussian random variables, the deformed
Wishart and Laguerre ensembles, ensembles, appearing in the telecommunications, and
the Wigner ensembles.

2. Technical means.
Definition 2.1 (Stieltjes transform). Let m be a finite nonnegative measure on R.
The function

f(z) = / TZ(iMZ) (2.1
R

defined for all nonreal z, Sz # 0 is called the Stieltjes transform of m.

Proposition 2.1. Let [ be the Stieltjes transform of a finite nonnegative measure m,
m(R) < co. Then:

() f isanalyticin C\R, and f(z) = f(Z);

(i) Sf(z) Sz >0 for Sz #0;

(i) lim, oo n|f(in)] < o0;

(iv) for any function f, possessing the above properties there exists a finite nonneg-
ative measure m on R such that f is its Stieltjes transform;

(V) if A isaninterval of R whose edges are not atoms of the measure m, then we
have the Stieltjes — Perron inversion formula
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N Y A NN
m(A) = eli%i - / Sf(A 4+ de)dA; (2.2)
A

(vi) the above one-to-one correspondence between nonnegative measures and their
Stieltjes transforms is continuous in the weak topology of measures and in the topology of
the uniform convergence on compact subsets of C\ R of analytic functions;

(vii) we have lim, . n|f(in)| = m(R).

The next proposition presents elementary facts of linear algebra that will be often used
below.

Proposition 2.2. Let M be the algebra of n X n matrices with complex entries,
equipped with the Euclidean norm || ... ||. We have:

1) if M = {Mjk}?,kzl € M, then

[ Mjx| < [|M]; (2.3)

(i) if M e M and TrM = Z” ) M;; is the trace of a matrix M, then for any
j=
My, My e M
| TeMy Mo| < (TeMy M7 (TeMy M) Y2, (2.4)

where M* is the Hermitian conjugate of M
(iii) if M € M, then

|TeM| < n|M]; 2.5
(iv) for any Hermitian or real symmetric matrix M its resolvent
G(z)=(M —2)7"  G(2) = {Gjr(2)} s (2.6)
is defined for all nonreal z, Sz # 0, and verifies the inequalities
1G] < 827 [Gje(2)] < 927 @7

(V) if My and My are two Hermitian or real symmetric matrices and G, (z), r =
= 1,2, are their resolvents, then

GQ(Z) = Gl(z) — Gl(Z)(MQ — M1)G2(Z) (28)

(the resolvent identity);
(Vi) if G(z) = (M —2)~! isviewed as a function of a Hermitian or a real symmetric
matrix M, then its derivative G'(z) with respectto M verifies the relation

G'(2) - X = -G(2)XG(z) (2.9)
for any Hermitian or real symmetric X, and
IG" ()] < IG(2)I1P < 92172 (2.10)

We present now several facts on expectations of functions of Gaussian random vari-
ables. Recall first the form of the Gaussian Orthogonal (GOE) and Gaussian Unitary
(GUE) Ensembles. These are measures, defined on the sets Mg of n xn real symmetric
(8 =1, GOE) and (8 = 2, GUE) Hermitian matrices M = {M]k};1 w—1 Tespectively,
and given by
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Py(dsM) = exp (—ﬂTrMQ) dgM, B=1,2, @2.11)

Zn,g 4w2

where Z,, 5 is a normalizing constant and

M= [[ dMjx,  dM=]]dM;; [ dRM;pdSM;k  (2.12)

1<j<k<n j=1 1<j<k<n

Proposition 2.3. Consider the GOE (the GUE) and let ®: M, — C be a C'
function, bounded together with its derivative. Then for any (real symmetric) Hermitian
matrix X we have

E{®'(M)- X} = %E{@(M)Tr(MX)}, (2.13)

where the symbol E{...} denotes the expectation with respect to the GOE (8 = 1) and
the GUE (8 = 2) measures (2.11).
Proof. Consider the integral

I= / ®(M) exp{—pnTrM?/4w?}ds M.
/Vl[-}

Since the measures dglM, (B = 1,2, are invariant with respect to translations M —
— M +¢eX forany X € Mg and € € R, we have

I= / O(M + eX) exp{—pBnTr(M + £X)? /4w?}ds M.
Mg

Differentiating this expression with respect to ¢ and then setting € = 0, we obtain the
assertion.
Remarks. 2.1. Taking the case n = 1, [ = 1, in the proposition and denoting

2w? = 02 we obtain

1 —z2 /202 _ 2 1 / —22 /202
—W!xQ(x)e de =0 —27r02R/(I) (z)e dx (2.14)
or
E{¢®(¢)} = B{YE{® (9}, (2.15)

where ¢ is the Gaussian random variable of zero mean and of variance 2. The first for-
mula shows that the proposition is a matrix version of the integration by parts. The second
formula makes explicit the ”decoupling” nature of (2.13), whose analogs are widely used
in various domains of mathematical physics.

2.2. Itis easy to prove a multivariate version of (2.15). Namely, if X = {;}7_, €
€ R? is a random Gaussian vector such that

and ®¢: R? — C has bounded partial derivatives, then

q
E{§0} =) CuE{(vO)}, (V) = g—i. (2.17)
k=1 ¢

Next result is known as the Poincare —Nash inequality (see e.g. [8, 9] and references
therein) and will also play an important role below.
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Proposition 2.4. Consider a random Gaussian vector X = {gj};;:l, satisfying
(2.16) with p = q, and ®12: RP — C, having bounded partial derivatives. Then

COV{(I)l, (I)Q} =E {q)lq)g)} — E{q)l}E{(PQ} <

<E{(Cv®,v8,)} P E(CVD,, vE;)12, (2.18)
where
p
(CVP,VP) := > Cjr(VD);(VE)y. (2.19)
g, k=1

In particular, if ®: RP — C has bounded partial derivatives, then
Var{®} :=E {\<I>|2)} — |E{®}? <E{(CV®,Vd)}. (2.20)

Proof. We will outline a proof, based on (2.17). Consider two g-component inde-
pendent Gaussian vectors X1 and X with zero means and the covariance matrices
C™ and C®). Define the “interpolating” Gaussian vector

X(t) = vixW +vV1I—tx®, telo,1]. 2.21)

Then for any ¥: R? — C with bounded first and second partial derivatives we have

E {\IJ(XU))} _E {\I/(X(Q))} -

N =

1
/E { (CIvE, vE) — (CPvE, v)) (X(t))} dt. (2.22)
0

Indeed, write the Lh.s. of (2.22) as

[ d
/%E{\I/(X(t)}dt -
0

= /IE {((eve) "' x® — vi=1)"'x®) vw(x(0)) } a.

Now, by using (2.17) in each term of the r.h.s., we obtain (2.22).

To prove (2.18), (2.19), we choose

XM = (X’)Y"), where (X',Y") isthe ¢ = 2p-component Gaussian vector, whose
distribution is concentrated on the “diagonal” X’ = Y” and has there zero mean and the
covariance matrix C,

X = (X" Y"), where X” and Y” are independent p-component Gaussian
vectors of zero mean and of covariance matrix C,

U(X,Y) =P (X)Po(Y).
In other words, X(*) and X@® are ¢ = 2p-component Gaussian vectors with zero mean
and with covariance matrices

n_(C C a  (C 0
C()(C C>7 C<><0 C),
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It is easy to see that for this choice of C(*) and C'") the covariance Cov{®;, ®,} has
the form of the 1.h.s. of (2.22), and we obtain

1

Cov{®,, By} = /E{(Cv@l(fc(t)),vcpz(?(t)))}dt,
0

where X(t) = VIX' +1—1X", Y(t) = VIY' +V1—1Y", t € [0,1]. Now,
to obtain (2.18), we use Schwarz inequality |(CX,Y)|> < (CX,X)(CY,Y), valid for
a positive definite matrix C' and any two vectors X,Y € CP, Schwarz inequality for
mathematical expectations, and the fact that X (t) and }A’(t) are identically distributed
Gaussian vectors, whose common law is determined by the matrix C, hence does not
depend on t.

3. Deformed semicircle law. Denote {)\l(”)} eigenvalues of a n X n real sym-

metric or Hermitian matrix H and introduce the Normalized Counting Measure of eigen-
values (NCM)

No(A) = %ZXA (Al(")) : 3.1)
=1

where xa is the indicator of an interval A C R. The NCM is a particular case of linear
statistics (1.1), corresponding to ¢ = xA.

We will consider in this section the convergence of the Normalized Counting Mea-
sures of eigenvalues of the Gaussian ensembles, a basic result of the global regime, perti-
nent for any subsequent study of the eigenvalue distribution of random matrix in question.
In particular, we are going to prove that NCM converges with probability 1 to a nonran-
dom measure, known as the deformed semicircle or the Wigner law.

We begin with Hermitian n X n matrices and consider the ensemble of the form

H=HO9 1M, (3.2)

where H©® is a nonrandom Hermitian matrix and M is a random matrix, distributed
according to the GUE law, defined by (2.11), (2.12) with § = 2. Random matrices of
this form can be viewed as “perturbations” or “deformations” of the GUE matrix by a
nonrandom matrix H(?). We will call (3.2) the deformed GUE.

Writing

M =W/n/? (3.3)

we find from (2.11) that the entries Wj;, j=1,...,n, {W;;, and SM,;, 1 <5<
< k < n, are independent Gaussian random variables, defined by the equalities:

E{Wjr} =0, E{W3}=0, E{W;|’} =w?(1+6)/2. (3.4)

This shows that the random variables { W} };‘ x—1 can be viewed as the upper left corner
of the semiinfinite Hermitian matrix {Wﬁc k=1, Whose entries are complex Gaussian
random variables, defined by (3.4) for 1 < j, k < oo. This observation will allow us to
use the convergence with probability 1 in the probability space, defined by {VV;}C Gh=1-

Theorem 3.1 (deformed semicircle law). Given n € N, consider the deformed
Gaussian Unitary Ensemble (3.2) of n xn random Hermitian matrices, defined by (3.2) —
(3.4). Assume that the Normalized Counting Measure of eigenvalues Nr(LO) of HO® con-
verges weakly to a nonnegative unit measure N©) and denote
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©)(
106 = [ gz, (3.5)

be the Stieltjes transform of N©). Let N,, be the Normalized Counting Measure of the
ensemble. Then there exists a nonnegative unit measure Ngs. such that with probability
1 we have the weak convergence:

limy, 0o N = Nyse, (3.6)
and the Stieltjes transform fqs. of Ngsc is a unique solution of the functional equation

f(2) = fOz + w?f(2)), (3.7)

in the class of functions, analytic for Sz # 0 and such that Sf(z) - Sz > 0.
In view of the one-to-one correspondence between measures and their Stieltjes trans-
forms (see Proposition 2.1) it suffices to study the Stieltjes transform

_ N, (dN) N
>_/ij;7\m¢q (3.8)

of the Normalized Counting Measure N,,. The spectral theorem for Hermitian matrices
implies the formula

gn(2) = n" " TrG(2), 3.9)
where
G(z)=(H —2)71 (3.10)

is the resolvent of H (see Proposition 2.2 (iv)). This link between the NCM of a Hermi-
tian (real symmetric) matrix and its resolvent will play an important role in what follows.
In particular, it motivates the next lemma.

Lemma 3.1. Let G(z) = (H—2)"" be the resolvent of the matrix (3.2), G (z) be
the resolvent of H®) | and g,, be defined by (3.8), (3.9). Then we have for any nonreal =

E{G(2)} = GOE(2) + w?E {§,(:)G(2) } GO (3(2), 3.11)
where
() = ga(2) = fa(2),  ful2) = E{ga(2)}, (3.12)
and
7=z +wifn(2). (3.13)

Proof. Let j, k be two indexes varying between 1 and n. Applying Proposition 2.3
with 3 = 2 to the function ®(M) = (H® + M — z) = G}, and using (2.9), we
obtain for any Hermitian matrix X

E{(GXG),r} + E{ijTrMX} =0. (3.14)
We choose here X as

X ={xpoy" XD = 08,00 + @iy, a € C, (3.15)

p,q=1’

where p and ¢ are two given indexes, varying between 1 and n. This yields
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2
w
E{G;x My} = _WE{Gijqk}a (3.16)

where {M. jk.}; x—1 are the entries of M of (3.2). By using the resolvent identity (2.8)
for the pair (H, H®)

G=G9 -GMG®, (3.17)

we can write the equality

E{Gi} =GY — 3 E{G;,M,,}GY). (3.18)

p,q=1

Replacing the expectation in the sum by the r.h.s. of (3.16) with & = ¢, and using
notation (3.12), (3.13), we obtain the following matrix form of the previous relation:

E{G(2)}(1 - w’fu(2)G(2)) = GO(2) + w’B{g,(2)G(2)}GV(2).  (3.19)
We have also:
1—w?f(2)GO(2) = (HO — 2z —w? £,(2))GO(2). (3.20)

It follows from (3.12) that f,, is the Stieltjes transform of a probability measure, and by
(2.7) we have for Sz # 0: |S(z + w?f(2))| > |3z| > 0. Hence the matrix H©) —
—z — w?f,,(2) is invertible uniformly in n if Sz # 0. Its inverse is G(?)(%), and we
can write the r.h.s. of (3.20) as (G(9(2))~*G©(z). This and (3.19) imply (3.11).
Theorem 3.2. Let g, (z) be as in (3.9), (3.10), where H is given by (3.2). Then

w?

Var{ga(:)} == E {|ga(2) - E{gn ()}’ } < (3:21)

n?|Sz|t
Proof. We will use inequality (2.20), choosing the GUE matrix M as X and g,(2)

as ®. We have by (2.9):
Ogn(z) _ 1 9gn(2) 1
T — (@ -
an j n 8§RMjk n

Ogn (2 i 9 9
aéﬂ(@l = [(G*)jk = (G*)is] -

[(G*)jk + (GP)is]

According to 2.11) with =2 M;;, j=1,...,n, RMj,, 1 <j<k<n, SMj,
1 < j < k < n, are independent Gaussian random variables of zero mean and of variance

2 w? 2 9 w?
E{M;;"}=—,  E{(RM;)"} = E{(3M;i)"} = o~ (3.22)

Hence, the r.h.s. of (2.20) will be in this case:

w? & o 2 w2 2 2 |2 2 2y |2
E EZ‘(G s t5,3 > Gk + (GPis|” + |Gk — (GPig| ¢ =
j=1

1<j<k<n

w? - 2 w?
= 5E S@E]" p = FE{TrG2(z)c;2(z*)}.
j,k=1
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In view of (2.7) the rh.s. admits the bound w?/n?|3z|*, coinciding with the rh.s.
of (3.21).

Proof of Theorem 3.1. According to (3.8) g,(z) = n ! TrG(z) is the Stieltjes
transform of the Normalized Counting Measure N,,. By applying the operation n~! Tr
to formula (3.11), we obtain for f,(z) = E{g.(2)}:

fa(2) = 1O + 02 (2)) + B {5, (0 TGRGOE) ), (23)
where
0 N (d)
FLO(z2) :/ﬁ, Iz # 0. (3.24)

By using (3.21), (2.7), and Schwarz inequality, we estimate the second term in the r.h.s. of

o 1/2
(3.23) by the expression w?|Sz|2E { 19,,(2) |2} , bounded from above by w?/n|Sz|*
in view of Theorem 3.2. We obtain the inequality

w3

Fale) = FO (e 0 fa(2)] <

- n|Sz)t

(3.25)

In view of (2.7) the sequence {f,} consists of functions, analytic and uniformly bounded
in n andin z by 7, V< oo if |Sz| > no > 0. Hence, there exists a function f and
an infinite subsequence {fy,};>1 that convergesto f uniformly on any compact set of
C\ R. According to Proposition 2.1 (iii) we have

Sfn(2) Sz >0, Sz#£0, (3.26)

thus Sf(2) -3z > 0, Sz # 0. In addition, according to Proposition 2.1 and the hypoth-
esis of the theorem on the convergence of the sequence {NT(LO)} to N the sequence
{ f,(LO)} of (3.24) is analytic in C\ R and converges uniformly on compact sets of C\ R
to the Stieltjes transform f(%) of the limiting counting measure N(©) of “unperturbed”
matrices H(?). This allows us to pass to the limit n; — oo in (3.25) and to obtain that
the limit of any converging subsequence of the sequence {f,} satisfies the functional
equation (3.7). According to Lemma 3.2 below, the equation is uniquely soluble in the
class of functions, analytic for Sz # 0 and such that S f(2) - Sz > 0, Sz # 0, and the
solution possesses the property Sf(z) - Sz > 0, Sz # 0. Hence the whole sequence
{fn} converges to the unique solution fg4s. of the equation.
In addition, the Tchebyshev inequality and Theorem 3.2 imply that for any £ > 0,

w2

P{|fn(2) — gn(2)] > €} < gigVar{gn(z)} <

2[Sz 42’

Hence the series Zoo_l P{|fn(2) — gn(2)| > €} converges forany ¢ > 0, and |Sz| >
> 19 > 0, and by tﬁg Borel - Cantelli lemma we have for any fixed z, |Sz| > no >
> 0 with probability 1 lim,, .. gn(2) = f(z). Let us show that g, converges to f
uniformly on any compact of C \ R with probability 1. Because of the uniqueness
of analytic continuation it suffices to prove that with the same probability the limiting
relation lim,, o gn(2;) = f(z;) is valid for all points of an infinite sequence {z;};>1,
zj, |Sz;| > mo > 0, possessing an accumulation point. Indeed, according to the above
P{Q(z;} =1 Vj. Hence
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Po()%z)p =1,
Jj=>1
and the last assertion is proved.

Denote by Nys. the nonnegative measure, whose Stieltjes transform is fys.. Then,
by Proposition 2.1(vi), we have with probability 1 the weak convergence (3.6), and, in
view of Lemma 3.2, Ny, is a unit measure. The measure can be found by using the
inversion formula of Proposition 2.1(v).

Remark 3.1. If in the conditions of the above theorem we assume additionally that
the sequence {N,S‘”} is tight, then the sequence {N,} is also tight with probability 1.
Indeed, consider first the case of the GUE itself, corresponding to H(®) = 0 in (3.2). In
this case we have by definition of the NCM and by (3.3)

/)\QNn(dA) = % ‘Z Wikl (3.27)

7,k=1
It is easy to prove that the sum on the r.h.s. of (3.27) converges with probability 1 to
E{|W,*} = w? (this is the strong law of large numbers for the Gaussian random

variables {ij}szl). Hence, the second moment of N,, is bounded uniformly in n
with probability 1 and the sequence {N,} is tight with probability 1.
In a general case of the deformed GUE (3.2), (3.3) we can argue as follows. We first
use the resolvent identity (3.17) and inequalities (2.4) — (2.7), according to which
1/2

_ 1 PN
9n(2) = g0 ()] < [T TOEMGO @) < 1 (077 3 WP
j.k=1

Next, we note that if m is a unit nonnegative measure and f is its Stieltjes transform
then

(L) m({h A < 9'?)) <
< 0Sf(in) < nlf ()] < m{x: A < g*2)) + L+ )72
By using these inequalities we obtain the bounds
Na({A: Al < 92} >
> NP A <02 = Q)™ = (L) T2 = w2y

where W, is the r.h.s. of (3.27). Since, according to the above, W,, is bounded with
probability 1, the bound and the tightness of the sequence {Nr(LO) } implies the tightness
of {N,}.

Lemma 3.2. Let (O be the Stieltjes transform of a unit nonnegative measure, and
w be a positive number. Then the functional equation

F(2) = Oz +w?f(2)) (3.28)
has at most one solution, analytic for Sz # 0 and such that
Sf-Sz > 0. (3.29)

The solution is the Stieltjes transform of a unit nonnegative measure N, in particular,
inequality (3.29) is strict: Sf - 3z > 0.
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Proof. Let us prove first that for any solution of (3.28), (3.29) the inequality (3.29)
is strict. Assume that S f(z9) = 0 for some zg, Sz # 0. Then (3.28) implies that
S fO (z0) = 0. This is impossible because, according to (3.5),

NO(dp)

SFO(2) = &2
& TEEE

is strictly positive for any nonreal z, and any nonnegative unit measure N (%)

Let us prove now that (3.28) is uniquely soluble. Assume that (3.28), (3.29) possesses
two solutions f; and f,. Since in any bounded part of the upper half-plane they coincide
at most at a finite number of points, there exists a subsequence {z,}, such that z, — oo
as p — oo and fi(zp) # fa(zp) Vp. By using (3.28) and (3.5), we obtain the relation

— w? N(O)(dﬂ)
1= / (M_Zp_wzfl(zp)) (M_Zp_w2f2(zp))

that has to be valid for all z,. This is impossible, because the limit of the r.h.s. of the
relation is zero as p — oo (recall that |f12(2)] < [Jz2|71).

To prove that the solution of (3.28), (3.29) is the Stieltjes transform of a unit
nonnegative measure, we have to prove that lim, .. n|f(in)] = 1 (see Proposi-
tion 2.1 (vii)). Since f(®) possesses the same property, it suffices to prove the equality
limy,— 0o 7| £ (in)| = lim,,—00 7| £(©)(in)|. Tt follows readily from (3.28) and the inequal-
ity Sz > Sz.

Corollary 3.1. Consider the GUE, and let N,, be its Normalized Counting Measure
of eigenvalues. Then there exists a unit measure Ng., called the semicircle law and such
that the sequence {N,} converges tightly to N. with probability 1 :

limy, oo Ny, = Ny,

and
1/2
Noo(A) = / pacNAN, puclN) = ooy (= N)1/2, (3.30)
A
where we denote here and below
x4 = max(z,0), x€R. (3.3

Proof. The case of the GUE corresponds to H(®) = 0 in (3.2). The normalizing
counting measure of this matrix is the unit measure, concentrated at 0, and its Stieltjes

transform is f,(lo)(z) = —1/z. Its limit is the same, hence equation (3.28) in this case is
e 1 (332
Z)=———5~ .
z+wf(z)’
or
w?f2(2) + 2f(2) +1=0. (3.33)

A solution of this quadratic equation that satisfies the condition S f(2) -3z > 0, Sz # 0
is unique and is given by

Flz) = = (\/22 — dw? — z) , (3.34)

2?2
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where /22 — 4w? denotes the branch that has the asymptotic behavior /22 — 4w? =
= 2+ 0O(|z]71), z — oo. In particular, this branch assumes purely imaginary values
with positive imaginary part on the upper edge of the cut (—2w, 2w). Applying to (3.34)
the inversion formula (2.2), we obtain (3.30).

Remarks. 3.2. The case of the GUE itself requires fewer technicalities, than the gen-
eral case of matrices (3.2). Indeed, since in this case G(©) = —z~1  the operation

n~1 Tr, applied to (3.11) with this G(©), yields

2 42 _ o 2p o2
wfi(z2) + z2fn(2) + 1 = —w“E{g, (2)}. (3.35)

Hence, Theorem 3.2 leads directly to the quadratic equation (3.33). The unique solubility
of this equation in the class of analytic functions verifying (3.29) is immediate.

3.3. For the deformed Gaussian Orthogonal Ensemble the limiting NCM is the same,
i.e., it is given by the deformed semicircle law, although the proof is more involved. We
outline the proof in the case of the GOE itself, indicating only moments that are different
from those of the proof of Theorem 3.1.

Recall first that according to (2.11) the GOE corresponds to n X n real symmetric
matrices of the form (cf. (3.3))

M = W/n'/?, (3.36)

where W = {Wj;} are Gaussian random variables, independent for 1 < j < k < n
and such that (cf. (3.4))

Wik =Wy, E{Wp} =0, E{W;}=w*(1+d). (3.37)

Hence we can again view {W k};‘ x—1 asthe n x n upper left corner of the semiinfinite
real symmetric matrix {ij};?szl with Gaussian entries, defined by (3.37), and we can
consider the convergence with probability 1 in the corresponding probability space.

By using Proposition 2.3 for the case § = 1 of real symmetric matrices and choosing
as X the matrices X @) = {Xj(.Z’q)};?;k:l, p,qg=1,...,n, with X;k’q) = 8;p0kq +
+ 9;40kp (cf. (3.15)), we obtain instead of (3.16) the relation

w? w?
E{ijqu} = _?E{GJ'PGQ’C} - WE{quka}’ (3.38)

valid for j,k,p,q = 1,...,n, and containing the additional cross term in the r.h.s. This
leads to the following analog of (3.35):

W2 f2(2) + 2fn(2) + 1 = —w?E{(9,(2))?} — n 2w?E{TrG?(2)}, (3.39)

containing the term w?n~2E{TrG?(z)}, absent in the GUE case (see (3.35)). In view
of (2.5) the term admits the bound |w?n2E{TrG?(2)}| < w?/n|3z|?, hence does not
contribute to the limiting form of (3.39). The form coincides with (3.33) provided that
2

the variance E{| 9,(2) vanishes as n — oo. This fact, namely an analog of bound

(3.21) for the GOE, can be proved by the same argument as in the case of the GUE above.
Indeed, applying again inequality (2.20) to ¢, (z), we obtain

2u?

Var{g,(z)} < (3.40)

n2|Sz|4
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4. Variance and central limit theorem for the trace of the resolvent.

4.1. Variance. Next theorem is a more detailed version of Theorem 3.2. To avoid
technicalities, we confine themselves the case of the GUE itself.

Theorem 4.1. Consider the GUE. Let g,(z) be defined by (3.8)—(3.10) with H(®) =
= 0. Then we have for n — oo

Cov{gn(21), gn(22)} = da(z1, 20)n "2 + 1P (21, 22), 4.1
where
1 2129 — dw?
do(z1,20) = ————= | 1— , “4.2)
2( 1 2) 2(21 _ 22)2 ( \/Z% _ 4w2\/z§ 4w2>
(2)

and 1y’ admits the bound
PP (21, 22)| < O/, 4.3)

where C' is independent on n and finite if min{|Sz1|, |Sz2|} > 0.
Proof. We can write by definition

Cov{gn(z1,22)} = E {gn(zl)gn(@)} . (4.4)

Applying Proposition 2.3 to the r.h.s., we obtain the identity

w2 o ’ZU2
E{gn(21),(22)} = —Z—lE{gi(Zl)gn(Zz)} - ﬁE{TfG(Zl)G%Zz)}' (4.5)

This, (3.12), and the relations

O(21)G(z)y = SV =GN gy ooy, 46)

21 — 2 dz

allow us to rewrite the r.h.s. of the identity as

2uw? o w? 0 fulz1) — falz2)  w?_ (02, .o
T e {ga(20)in () | = g P B ()i () |
Hence, we obtain from (4.4)
Cov {gn(zl)agn(z?)} =
_ w2 iifn(zl)_fn(ZZ) 02 o
- 721 + szfn(zl) {nQ 82’2 21 — 29 + E{gn(zl)gn(ZZ)}} ) (47)

where z1 + 2w?f,(21) # 0 if |Sz1| # 0 because Sfn(2) - Sz > 0 for Iz # 0.
Moreover, we have the bound

|z+2w2fn(z)| > |S(z+2w2fn(z))| > |Sz|. (4.8)

Consider the contribution of the first term of the r.h.s. of (4.7). By (3.35), (3.33) and
Theorem 3.2 we have

w? w

T+ )] o)) <

where we took into account (3.26) and the inequality Sf(z) - Sz > 0 for Sz # 0,
implying that |z + w?(f(z) + fu(2))| > [S2.

1f(2) = fn(2)] <

n?|Sz)5”
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Besides, since f,, is analytic for Jz # 0, we have for [3z; 5] > 19 > 0:

0 fn(zl fn Z2

82’2 Z1 — %9

1
/f/ Z1 +t 2—21))tdt,
0

and

f;’(z)=i. / {g“)z)‘;ﬁ (4.9)

[¢—2]=m0/2
The above three relations imply that the replacement f,, by f in (4.7) yields an error
term bounded by C'(no)/n*, where C(n) is finite if 19 > 0.
We have then
w’ 0 f(z1) = flz2)

n?(z1 +2w?f(21)) Oz2 21 — 22

Cov{gn(zl), gn(ZQ)} = -

2 2

w o o _
Tt R (a) {gn(21)gn(22)} +0(n?), (4.10)

if min{|Sz1],|S22|} > 0. Now it is easy to show by using (3.34) that the first term in
the r.h.s. coincides with the first term of the r.h.s. of (4.1).

To finish the proof we have to show that E{E%(zl)én(zg)} is of the order O(n=3).
Indeed, by Schwarz inequality

[B{32 ()30 (22) }| < Var'/2{3 (1) } Var' (g, ()}

The second factor of the r.h.s. is estimated in Theorem 3.2. To estimate the first term we
use again the Poincare — Nash bound (2.18), (2.19). This and Theorem 3.2 yield

4wt

Var{gi(zl)} < 4n—“fE{ E;n(zl)fTrGQ(zl)GQ(zf)} < 4.11)

714‘ ¥ |8’

O2 [e]
and we obtain the inequality ‘E{gn(zl)gn(zg) } ‘ < 2w®/ n3|S21|*|S22|?. This proves
bound (4.3), hence the theorem.
Remarks. 4.1. Similar argument shows that in the case of the GOE we have

Cov{gn(z1), gn(22)} = di (21, 22)n 2 + W (21, 29), (4.12)
where
1 Z1%292 — 4w2
p I S P 4.13
1(21,22) (21 — 22)2 ( \/Z% _ 4w2\/z§ —dw? )’ ( :

and r,(ll) admits the same bound as (4.3).

4.2, Ttis convenient to write a unique formula for (4.2) and (4.13):

1 — 4w?
dg(z1,22) = — (1— e B ) B=1,2. (414

B(z1 — 22)? V23— dw? /23 — dw?
4.3. We mention also another expression for dg(z1, z2) :

2w f(z1) = f(z2)\?
5(1—w2f2(21))(1—w2f2(z2))< P—— ) 19
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where f is the Stieltjes transform (3.34) of the semicircle law, the limiting Normalized
Counting Measure of eigenvalues for the GUE and the GOE.

4.4. According to physics literature (see e.g. [3]) the expectation of any unitary in-
variant and smooth function of the GUE matrix admits an expansion in n~2. Since
9,,(21)9,,(22) is smooth and unitary invariant, we have to expect in this case that the
error term in (4.2) is of the order O(n~%). This requires a bound O(n~*) for the second
term of the r.h.s. of (4.10) that can be proved as follows. By repeating the argument that

led from (4.5) to (4.10), we obtain

E{32(:07,(z2) } =

’LU2

= o B {(32(:0) ~ B{32(20)} )3, (20)3(22) } + O~ "),

o+ 2w? fr(21)

[e] (o) (o) 1/2
The expectation in the r.h.s. is estimated by (Var{ g%(zl)}Var{ 9, (21) gn(ZQ)}) .

Now, by applying (2.20), we find that the both variances are of the order O(n=*) (cf.
(4.11)), hence this expression is O(n~*) as well. This implies the same order of magni-
tude of the error term in (4.2).

4.2. Central limit theorem. The results of Section 3 can be viewed as an analog of
the strong law of large numbers for the linear statistics (1.2). In this section we consider
the central limit theorem for these linear statistics.

According to (3.21) and (3.40) the variance of g, = n~* Tr(M — z)~!, the normal-
ized trace of the resolvent of M of (3.3), (3.4), is of the order O(n’z) for the Gaussian
ensembles. Hence the central limit theorem should be valid for the trace itself

—~ 1
Yn(2) = Z N s ngn(z). (4.16)
1=0

This has to be compared with the case of the i.i.d. random variables with the finite second
moment, where the variance of linear statistics is always of the order O(n™!), and the
central limit theorem is valid for linear statistics multiplied by /7.

We will begin from the technically simplest case of the random variable

Yr,n(2) == Ryn(2), 4.17)

and the Gaussian Unitary Ensemble.
Theorem 4.2. Consider the GUE. Then for any fixed z such that |Sz| # 0 the
random variable

Yam(2) = VR (2) — E{yn(2)} (4.18)

. . . . . . o . .
converges in distribution to the Gaussian random variable ~yg(z) whose expectation is

zero and whose variance is
1
v3(27) = Var{ya(:)} = 7 (da(z2) + da(2.2) + 20a(2,7) ), (4.19)

where do(z21,29) is given by (4.2).
Proof. Consider the characteristic function of ~ R (2)

F,(t) = E{ exp{it%Rm(z)}}, teR.
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It suffices to prove that for any fixed ¢ € R F,(¢) converges to e v2t/2 g p — 00,
where vy is given by (4.19).
We have evidently
D g = E{A (t)+ B (t)] (4.20)
dt n - 2 n n 9, M
where

An(t) = BL5, () expliti a2t} Balt) = B 5, () explit ()}
4.21)
and

o

Tn(2) = 7a(2) — E{mn(2)} (4.22)

is the centralized trace of the resolvent (cf. (4.18)). Applying Proposition 2.3 to ® =

= G exp {zt% R,n} and performing simple transformations, we obtain

n[l + 2 fn(2)|Fn(t) + 2An(t) + sz{n_lﬁl(z) exp{it%R,n(z)}}+
+ %sz{ [T THGE (2) + T TG (2)G(E) | explitT g ()} ] = 0,

where f,(z) = E{n 'TrG(z)} (see (3.12)) and we took into account that v, (z) =
= 7,(Z). Set here ¢ = 0, multiply the result by F,(¢), taking into account that
F,(0) =1, A,(0) =0, and subtract the obtained equality from the above. This and the
identity

72— B2()} = 32 - B{3h()} + 25unfn
yield
(z+ 2w2fn(z))An(t) =
= —w?B {n 52 (2) exp{itT ()} + w?E {n 132(2) } Fut)-

DB { [ G (2) + T TG ()G(E) | explit i (2) | (423)

According to Theorem 3.2, we have

w?

[E{n ™" (3,(2))*}] < nVar{g.(z)} <

~ nlSz)?

(recall that according to (3.8) gn(2) := n"1TrG(z) = n~'v,(z) ). Hence, the first and
the second terms of the r.h.s. of (4.23) vanish as n — oo. This, (4.6), and the obvious
formula G3(2) = G"(z2)/2 allow us to write (4.23) in the following asymptotic form (cf.
the r.h.s. of (4.7)):
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(z+ 2w2fn(z))An(t) =
= —%thE { [%%gn(z) + %M] exp{it%R)n(z)}} +o(1). (424

Since g, (z) is analytic for |$z| # 0, we have by the Cauchy formula for any |Sz| >
=10 >0

?o 1 LS
[¢—z|=no/2

This, (3.21), and Schwarz inequality imply

d? Aw?
0

where A is an absolute constant. This estimate, (4.8), and Corollary 3.1, according to

which the limit lim,,_.o f,(2) = f(2) is uniform on a compact set of C \ R, allow us
to replace (4.24) by

A, (t) =itL(z,Z)F,(t) + o(1), n — oo,

where

L w? 1d’f(z) | 0 f(2) - f(Z)
L(Z’Z)772(z+2w2f(z)) <§ dz2? +8_§ 2 —Z >’ (4.26)

and f is given by (3.34).
Similar argument leads to the asymptotic relation for the second term B,,(t) of (4.20),
defined in (4.21):

B, (t) = itL(z,Z ) F,(t) + o(1), ISz > >0, n— oo
‘We obtain now from (4.20):
%Fn(t) = —tva(2,2)F,(t) + rn(t, 2,2 ), 4.27)
where
va(z,Z) = RL(2, %), (4.28)
and
nh—{go rn(t,2,Z) =0 (4.29)

uniformly in |$z] > 79 > 0 and in ¢, varying in any finite interval.
Since F),(0) = 1, we can write (4.27) as
t

+ e_%(t2_52)rn(s, z,Z)ds,

implying, together with (4.29), that uniformly in |3z| > 19 > 0 andin ¢, varying in any
finite interval,

va(2,7)t? } .

lim F,(t) = exp { )

n—oo
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This and the standard continuity theorem for characteristic functions proves that the ran-
dom variable ~ r.n(2) converges in distribution to a Gaussian random variable yr(z) of
zero mean and of variance v2(z,Z) given by (4.28). In view of (4.26), (3.34), and (4.19)
we obtain the expression (4.2) for the variance after a simple algebra.

Remarks. 4.5. According to Theorem 4.1 da(z1, 22) is the leading term of the co-
variance of ~,(z1) and ~,(z2) as n — oo. This is in complete correspondence with
the relation

va(z,Z) = lim E{(%‘E%n(z))Q} —

n—oo

= lim 7B{(. () + (@) + 25,052} =

1
— §§R(d2(2,2) + dQ(ZaE))v

where %n(z) is defined in (4.16) and in (4.22), and dy is given by (4.2).

4.6. We will formulate now a general statement of similar nature. Its proof follows
the same strategy but is more tedious.

Theorem 4.3. Consider the GUE defined by (2.11) with 3 = 2, and denote ~,(z) =
=Tr(M — 2)71, 3z # 0. Given integers p >0 and q > 0 and 1y > 0, take a set of
points (21,...,2p, Zp41,- -, 2p+q), SUCh that |Sz;| >ny >0, j=1,...,p+¢q, and
denote

Irnlz) = R|m(z) —E{()}], G=1....p,

Jrn(a) = S|yala) ~E{m(=)}], k=p+1....p+q

Then the collection
F;(DZ) = {%R,n(zj)ﬂ ] = 17 oD %I,n(zk)a k = p+ 17 cee 7p+ Q}

of p+ q random variables converges in distribution as n — oo to the set of Gaussian
random variables

qu:{'OVR(Zj)» J=1...p; ’OY[(Zk), k:p+1""’p+q}’

whose expectations are equal to zero and whose covariances are

o o 1 . .
COV{’YR(Z]&)?’YR(Z]Q)} = §%(d2(zj1’zj2) +d2<zj1’%))’ Ji, j2=1,...,p,
COV{%I(Zkl)v'C;/I(Zkz)} =

1
= —§§R<d2(2k1,2k2) - d2(‘%€1a%))7 k17 ko =p+1,....p+g,

Cov{Tn(z). 1)} =

1 .
:§%<d2(zj,2k)*d2(zj,a)>, ]:17"'ap7 k:p+1,ap+q

Remark 4.7. The above proof establishes the central limit theorem for the GUE and
we will give below a similar fact for the GOE. For a more general case see [5].
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Consider now analogous results for the GOE, corresponding to 8 = 1 in (2.11). Our
arguments will again be based on the differential formula (2.13), this time for the case of
real symmetric matrices, i.e., for § = 1.

It was explained above (see Remarks 3.2, 3.3) that the limiting form (3.30) of the
Normalized Counting Measure of eigenvalues as well as the order of magnitude of its
variance are the same for the GUE and the GOE (cf. (3.21) and (3.40)). The next theorem
is the central limit theorem for the GOE.

Theorem 4.4. Consider the GOE, defined in (2.11) with 3 = 1. Then for any z
such that ¥|z| > no > 0 the random variable

%R,n(z) = "YR,TL(Z) - E{’YR,n}a

where YR, (2) = RTr(M — 2)71, converges in distribution to the Gaussian random

. o . . . .
variable 7 (z) whose expectation is zero and whose variance is

Var{§a(2)} = § (d(22) + 41(7.7) + 2 (2, 7)),

where dy(z1,22) is given by (4.13).

Proof. We will follow the scheme of the proof of Theorem 4.2, but using the differ-
entiation formula (2.13) for the case § = 1 of real symmetric matrices. We obtain the
following analog of the relation (4.23):

(2 + 202 fu(2)) An(t) =
= —w?B{n 152 (2) exp{itTp ()} } + w?E{n 752 (2) | Fu(t)-
—ithE{ [n_lTrG?’(z) + n—lm;?(z)a(z)} exp{it%R’n(z)}—
- wQE{ [n-lTrG2(z) - E{n‘lTrGQ(z)}] exp{it%m(z)}}.

The relation differs from (4.23) by the factor 1/2 in front of the second term of the r.h.s.
and by the last line (cf. the analogous term in ( 3.39)). In view of (4.6) the line can be
rewritten as

B { L explitina ()}

Now by using an analogue of (4.25) for the derivative g/,(z), we can prove that this ex-
pression vanishes as n — oo. The rest of the proof repeats literally that of Theorem 4.2.
We note that an analog of Theorem 4.3 is also valid for the GOE.

5. Other ensembles. We outline here analogs of Theorems 3.1, and 3.2 for certain
other ensembles, involving Gaussian random variables.

1. Ensembles with correlated Gaussian entries. We write again M = n~/2W,
where now M and W are n X n, n = 2m + 1 real symmetric matrices and W =
= {Wjr}j|,/k|<m is the nxn central square of the double infinite real symmetric matrix
{ij} j,kez, Whose entries are Gaussian random variables such that

E{ij} =0, E{leklezkz} = le*jQ,k?lsz + le*kz’klfjw (5.1

where Bj; ;. satisfies the conditions
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Bjy=Bj_x,  Bji= By, > IBjk| i=b < o0. (5.2)
3,kE€Z

The case Bjj, = w?d;00ko is the GOE.

Under these conditions the NCM of the corresponding ensemble converges weakly
with probability 1 to the limiting unit measure whose Stieltjes transform f is uniquely
defined by the relations:

1
/ z ,p) dp, (5.3)
0
where fis analytic in z, %f(z,p)-%z >0, Sz #0, \f(z,p)\ <ISz|7t Wpelo,1)

and is uniquely determined by the equation, generalizing (3.32):

-1

1
f(z D) z+/ q)dq , 5.4)
0
where
e T (5.5)
7,k€EZ

To prove these facts we write as above, by using (2.17):

05 1 N
B{Gu()} === = 30 B{Al,Gu(2) |~ B{T, (5.6)
l[g|<m
where
n 1
AN =L ST B ,Gul), 57)
l,pE[—m,m]
and
1
= % Z Bj*p’l*qup(z)qu(Z).
lvPvfIG[*m,m]

We have by Schwarz inequality, (5.2), and by the inequality Z Gi(2)]* <3272

ltjem

1
LTSS ol () SENCERETS
l,qe

[p|<m [—m,m)]

1/2
X Z [ Bj—p,i—ql qu(2)|2> <

l,g€[—m,m]
. 1/2
SSTD Ol SN SILHEIED SIS SCHETS I
lp|<m \ g€Z l1<m lez lgl<m
1
= on|Qz3TTY
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where
B; =Y |Bjil.
leZ

Hence, the third term in the r.h.s. of (5.6) vanishes as n — oco.

Let us show that the variance of (5.7) is of the order O(n~'). We use again the
Poincare — Nash inequality (2.20). This require the derivatives of Ayi)q with respect to
M,p. We have by (2.9)

(n)
8Aj*q 1

T n 2 BraaGul)Gu(e),
@ l,pe[—m,m]

and by an argument similar to that in the proof of (4.2) we obtain

(n)
aAj—q
8]\4ab

B

i—q
~ n|Sz)2

Thus, we have by (2.20) and (5.2):

Var { Ag@q } <

B? 2bB2
e (1Bas -zl + 1By by ) < =
ST oy g e Pl S
This and (4.2) allow us to write (5.6) as
6‘k 1 n —
E{Gu(2)} = =2 — = 37 B{A, IB{Gu(2)} + O(n%),  [32] #0.

lgl<m
By using the above relation, it is possible to obtain the following formulas for the limit f
of the expectation f, = E{n " 1TrG(2)} :
f(2) = fo(2),
1 1 .
D Y S

Now, passing to the Fourier transforms in these formulas, we obtain (5.3) —(5.5). To prove
the convergence with probability 1 of g,,(z) := n~!TrG(2) to the same limit, we use
again the Poincare —Nash inequality, leading to the O(n~2) bound of the variance of
gn(z) for |Sz| # 0. We have by (2.20), (5.1), (5.2), and (2.9):

Var{gn(z)} <

S 1173 Z (|Ba1_027b1_b2| + |Bal—b2,bl—a2|> X

a1,by,az2,b2€[—m,m]

XE{I(G) s | (Gt ()}

Consider the contribution of the first term in the parentheses of the r.h.s. By using Schwarz
inequality for sums and for expectations, we obtain the bound
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n( > BucablB{l(Gan 2} x

ay,b1,a2,b2€[—m,m|

1/2
< |Ba1a2,b1b2|E{<GZ>a1b12}> <

a1,b1,az2,b2€[—m,m]

1/2
§§< > Bl > E{|(G2)a1b1|2}> <
ai,b1 €[—m,m] az,ba€[—m,m]
b

— n?|Sz|t

The contribution of the second term of the r.h.s. of the above inequality for Var{g,(z)}
admits the same bound, implying an O(n~2) bound for Var{g,(z)}. This finishes an
outline of proof of the announced result for ensembles of random matrices with correlated
Gaussian entries. For earlier proofs see e.g. [10].

2. Deformed Wishart ensemble. The ensemble is defined by (3.2) in which now

1
M= XX, (5.8)

_ Cymp . . P .
where X = {Xj,} j=1 =1 18 X p matrix, X" is its transposed, and the entries of X
are i.i.d. Gaussian random variables of zero mean and of the variance z2 :

E{X;,} =0, E{X}}=2" (5.9)

Denoting again G/(z) the resolvent of H, and g, (z) = n~'TrG(z), we find easily that
in this case

Ogn 2 & 9
= —— G“(2)) Xy, 5.10
0X;, n? Pt ( ( )>jl u ( )

hence we have in view of Proposition 2.4 and (5.9):

n

£E2 P
Var{gn(z)}§4n—42E 3 <G2(2)>lelu(G2(z))ijmu . GAD

p=1 l,m=1

Setting X,, = {Xj#}?zl € R™, we can write the r.h.s. of the inequality as
422 &
— Y E{IG )X -
p=1
By Schwarz inequality and (2.7) we have
2 2 4 2 1 2 RN 2
I1G? () Xl < IGENXl? < oz Xull® = mog D 1Xul™
R# R# =

This, (5.9) and (5.11) imply
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4x*p 8zt

Var{g,(z)} < (5.12)

n3|Szt T 2|zt
if m is large enough, since p/n — ¢ < oo.

Note that the above bound is valid for any 3z # 0 and any “unperturbed” matrix
H®O in (3.2). However, if H© is positively definite, then H is also positive defi-
nite and we have the bound O(1/n?) also for negative values of the spectral parameter:
z = —o?. In this case we have to replace |Sz| by o2 in (5.12), because for any real

-1
symmetric (Hermitian) matrix H we have |[(H — z)7!|| < (dist(spectrum H ,z)) ,
in particular, if H is positive definite, ||(H + 0?)~!|| < 072, We will use this observa-
tion below.

It can be shown, by using (5.12) and an argument similar to that of the previous
section, that the Normalized Counting Measure of eigenvalues of ensemble (3.2), (5.8)
converge with probability 1 to the limiting distribution, whose Stieltjes transform solves
the equation (cf. (3.7)):

2

0 x
f(z)=fO (z—Hx—W) (5.13)
where f(©) is defined in (3.5). Analogous result is valid for complex valued Gaussian
matrices X and X* instead of X’ in (5.8). This ensemble is called sometimes the
Laguerre ensemble because of use of Laguerre polynomials in the orthogonal polynomials
approach.

A bit more involved argument allows one to study a more general random matrix
than (5.9):

Lxrx,
n

where T' is a p X p real symmetric matrix, whose NCM 7,, converges weakly to a
nonnegative measure 7. In this case we have instead of (5.13)

f() = 1O (z—/ﬁ%%) .

Notice that the matrix 7' can also be random but independent of X. In this case we
have to assume that 7 is nonrandom and that 7, converges to 7 with probability 1.
A particular case of this problem, corresponding to a diagonal 7' with i.i.d. diagonal
entries, was studied in [11] by another method.

3. Random matrices of the telecommunication theory. We consider the real symmetric
version, where the corresponding matrices have the form [12]:

B=XT(TXX'T' +0%) 'TX, (5.14)

in which X is as in (5.8), X’ is its transposed, 7' is a n X n matrix such that the
Normalized Eigenvalue Measure of eigenvalues 7,, of TT" converges to a unit measure
7. We outline an argument, showing that n~'TrB converges with probability one uni-
formly on compact sets of ]0,00[ in o to a nonrandom limit, given by formulas (5.24),
(5.25) below.

Assume first that the norms of 77" are uniformly bounded in n and note that

nITrB =1—o*n " 'Tr(A+0?)7 !, (5.15)
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where

A=TXX'T. (5.16)
Hence Var{n 'TrB} = Var{n’lTr(A + 02)’1}. Denoting as before g,(z) =
=n"'TrG(z), G(z) = (A - 2)"1, wehave for g,(—0?) (cf. (5.10))

agn(_OQ) _ 2 /2 2
Tox,, — (TG (=0 )T X,);-

Thus, by Proposition 2.4,

8zt
Var{ga(=o*)} < S<IITII" (5.17)

To find the limit of E{g,,(—0?)} we can use the scheme similar to that of Section 3. We
will use however another scheme, outlined below and dated to [11] (see also [6, 13]).

For any two vectors X,Y of C" denote by Lx y the rank one matrix, acting on
¥ € C" by the formula

Lxy¥ = (¥, X)Y. (5.18)

Then we can write (5.8) as M =n~! Zp Lx, x, and A of (5.16) as
p=

Iz

ZL =TX,. (5.19)

Hence, we have by the resolvent formula

1
E{G(-0%)} = = mQ ZE{L Y,.GY, }- (5.20)

O'

It is easy to show that for any Hermitian (real symmetric) matrix H, any Y € C™, and
any z that do not belong to the spectrum of H + Ly y, we have

Gy =H+Lyy —2)' =G — % G:=(H-2)"",
in particular
GyY = mGY (5.21)
This formula and (5.20) yield
E{G(-0?)} = ﬁ_nﬁz {1+n é‘Y Y)LY“’G“Y”}’
p=1 (5.22)
G, = G(_02)|YM:0'

Since the vectors {X,}7_, areiid., {Y,})_, have the same property and since G,
does not contain Y, we have by (5.9) and (5.19)

E{(GuY..Y,)} = szrT'G#T7 EM{LY;“GMY#} = GMTT/’

where E,{...} denotes the expectation with respect to X,,, and if Var,{...} is the
corresponding variance, then
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-1 Cat 4
Var, {n" (G.Y,, Y.)} < —[IT|I",
no
where C' is an absolute constant. This and the inequality (G,Y,,Y,) > 0 allow us
to replace n=(G,Y,,,Y,) by n~'TrG,, in (5.22), and then, after applying once more

(5.21), by n~'TrT’GT. We arrive to the relation

1 2 ¢ 1
2
p=1

Now, by using again Proposition 2.4, we prove an O(1/n?) bound for the variance of
n I TrT'GT (cf. (5.17)), which leads to the asymptotic formula

1+ a%h, (1 + 22hy,) -t
T a2 22

E{G(—c%)} (TT’ + +O(1/n), (5.23)

where
hy, = B{n 'TYT'G(~0?)T}.

Applying the operation n~!Tr to (5.23) and to this relation, multiplied by 7" from the
left and by 7' from the right, and by using an argument, similar to that in the proof of
Theorem 3.1, we prove that g,, converges with probability 1 to a nonrandom limit f, A,
converges to h and f and h satisfy the following system of functional equations:

2h 2 Zh
f= (H;%)fo (—%) ) (5.24)
2h 2 2h
h:(l‘;fc )¢, <_0' (1;;: )>’
where
T 7(d\ T M (dA
fo(z):/:(_z), fl(O'Q):/ AT(_ Z), (5.25)
0 0

and 7 is the limiting Normalized Counting Measure of eigenvalues of T7".

The above proof of (5.24) was given under the assumption that the norms of TT” are
uniformly bounded in n. The general case can be obtained by a standard truncation pro-
cedure, which is easy to carry out because the norm does not present in (5.24) and (5.25).

4. Wigner ensembles. A natural question is to which extent the above results, ob-
tained for ensembles with Gaussian variables, can be generalized. We will discuss shortly
this question for the Wigner ensembles, defined as follows (for technical convenience we
will consider in this subsection real symmetric matrices). Write the matrix M in the
form (3.3)

M =n"?W, (5.26)
where W = {W;’?)}‘k ) with Wj(,?) = W,E;L) €R, 1 <j <k <n. Suppose that
Jik=
the random variables W.(”), 1 < j <k <n are independent and that
Jk

E{Wj(,z)} =0, E{(W;,’?)?} = (1+8j)w?, (5.27)
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i.e., the two first moments of the entries are as in the GOE case (see (3.36), (3.37)). In
other words, the probability law of the matrix W is

PW)= [ F@w), (5.28)
1<j<k<n

where forany 1 < j <k <n F;Z) is a probability measure on the real line, satisfying
condition (5.27).

A sufficiently detailed study of the global regime of these ensembles is rather involved
(see e.g. [6, 7, 13, 14]). It is worth to note however that many of these results can be
obtained by applying a generalization of the method, used in previous sections and based
on resolvent identity and on differentiation formulas (2.13), and (2.17). The role of these
formulas in general case of the Wigner ensemble plays the following one [7].

Let ¢ be a real valued and centered random variable, having p + 2 finite moments
for some positive integer p, and let ®: R — C be a function, whose first (p + 1)
derivatives are bounded. Denote by «;, [ = 1,2, ..., the cumulants (semiinvariants) of
&, i.e., the MacLaurin coefficients of logarithm of the characteristic function of £. Then

E{¢®(¢)) = i LE{e0(©)] + 5, (5.29)
=1

where

5] < Cpsup ’q><P+1)(m)’E{|§\P+2}, (5.30)
TE

and C, depends on p only. The cumulants can be expressed via the moments of &.
Namely, if y; = E{¢!'}, and p1 = 0, then

k1 =0, Ko=pg=Var{€}, k3=pz, K4=ps— 33, (5.31)

etc. For the Gaussian random variable all cumulants but <o vanish, and the above formula
reduces to (2.15). Note that k4 is called in statistics the excess of the random variable &.
It is an important ingredient of a simple statistical test to find that a given random variable
is not Gaussian.

We present now a result, whose proof is based on (5.29).

Theorem 5.1. Let n~'/2W be the GOE matrix (3.36), (3.37) and n='/>W be the
Wigner matrix (5.26) —(5.28), satisfying the condition

n)|3 } —
bl:LpKHjl%)é E{\ij 124 = w3 < oco. (5.32)

Denote by G1(z) and Ga(z) the resolvents of n=Y2W and n='/2W. Then
IE{n"'TrG1(2)} — E{n 'TtGa(2)}| < Cws/n'/?|S2|*, (5.33)

where C is an absolute constant.
Proof. Consider the “interpolating” random matrix (cf. (2.21))

H=Vt/nW+/A-t)/nW, 0<t<l, (5.34)

viewed as defined on the product of probability spaces of matrices W and W. In other
words, we assume that matrices W and W in (5.34) are independent. Denote again by
E{...} the corresponding expectation in the product space. It is evident that
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M(1)=n"2W,  M(0)=n"'2W, (5.35)

and if G(z,t) is the resolvent of M (t), then we have by (5.35):
/ d
n"ITrG(2) — n ' TrGa(2) /d_ TGz, t)dt
0

and by (2.9):

in_lTrG(z,t) = n_lTer(z,t) ( (5.36)

1 1 —~
W — w.
dt 2v/nt 24/n(1—t) )
Now we will apply the differentiation formula (5.29) with p = 1 to transform the first
term in parentheses. To this end we take into account that W and G?(z,t) are symmetric
and write the term as

n

(w2 ¥ efwaee.)

Jj=1 1<j<k<n

Since {Wjr}i<j<k<n are independent, we can apply (5.29) to every term of the sums.
In view of (5.27) we obtain that the contribution of the first term in the parentheses of
(5.36) is

)
) —(G?*(z, )k R, 5.37
W ;1 + 0j1) {awj};)( (2 >>kj}+ (5.37)

where

n
w3
< E sup
" 2vnSt o1 MikeR

It follows from the Gaussian differential formula (2.13) that the contribution of the second
term in the parentheses of (5.36) can be written in the same form as (5.37), but without
the remainder term R,,. By using formula (2.9), it is easy to show that the expressions
are

82

R —
9 (M)

(G?(2,1))k; (5.38)

2
L E{TrG*TrG + TvG?} . (5.39)
n

Hence, the r.h.s. of (5.36) is equal to R,,. By using formula (2.9) twice, we find that the
second derivative in (5.38 ) is the sum of terms of the form n™'(G?)4,GaG.f, where
a, b,...,f assume values j, k. Each of these terms is bounded by n~!|3z|~* in view
of (2.7). We obtain that the remainder (5.38), hence the derivative (5.36), admits the
bound:

ng

_ 5.40
ey (5.40)

Rl <

where C' is an absolute constant. This fact and the interpolating property (5.36)
yield (5.33).

Remarks. 5.1. A similar argument and (3.40) imply an O(n~'/2) bound for the
variance of n ' Tr(M — z)~!. This and a standard truncation procedure lead to the weak
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convergence in probability of the NCM of a Wigner ensemble satisfying (5.27) and the
condition

lim n=? ) W2F(dW) =0 Vr>0. (5.41)
LIRS >

The condition is a matrix analog of the well known Lindeberg condition for the validity
of the central limit theorem. Hence the semicircle law is a common form of the limiting
eigenvalue counting measures for all Wigner ensembles, satisfying (5.27) and (5.41). For
these and other numerous results for the Wigner ensembles see e.g. [6, 7, 13, 14] and
references therein.

5.2. As another example of application of (5.29) we mention the asymptotic form of
the covariance of ~,, = Tr(M — z)_1 for the Wigner matrix (5.26) —(5.28), such that its

moment E{|Wj(,? )’5} is bounded uniformly in j,k and n [7]:

n2Cov{%(z1)%(zz)} = dy (21, 22) + 2kah(21)h(22) + O(n~Y/?),

where d;(z1, z2) is the covariance for the GOE, given by (4.13), h(z) = f2(2)(z? —
—4w?)~1/2 and f is defined in (3.34).
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