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Abstract This note gives a survey of some results on limit theorems for random
matrices that have been obtained during the last 10 years in the joint research of
the author and F. Gotze. We consider the rate of convergence to the semi-circle law
and Marchenko—Pastur law, Stein’s method for random matrices, the proof of the
circular law, and some limit theorems for powers and products of random matrices.
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1 Introduction

In this note we describe some results obtained jointly with F. Gotze in the
last 10 years. We consider limit theorems for Wigner matrices (Wigner matrix
means symmetric real matrix or Hermitian matrix with independent entries up to
symmetry), limit theorems for sample covariance matrices and limit theorems for
powers and products of independent Ginibre-Girko matrices (that means matrices
with all independent entries without any symmetry). We consider results about
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the rate of convergence to the semi-circular law and Marchenko—Pastur law for
the empirical spectral distribution function of Wigner matrices and of sample
covariance matrices, respectively. For Girko—Ginibre matrices and their powers
and products we discuss the results on convergence to the limit distributions. We
consider also random matrices with dependent entries and describe Stein’s method
for random matrices with some martingale structure of dependence of entries.

2  Wigner Matrices

Let X i (1 < j <k < n)beindependent random variables (possibly complex) with
EXjx = 0 and E|Xx|*> = 1, defined on the same probability space {Q2, R, P}. We
define the Hermitian (symmetric in real case) matrix X with entries [X] ;x = \/LEX Jk
for 1 < j < k < n. Consider the eigenvalues of the matrix X denoted in non-
increasing order by A; > --- > A, and define the empirical spectral distribution
function of this matrix as

R = Y T <,
i=1

where [{A} denotes indicator of the event A. Introduce also the expected spectral
distribution function F,(x) := EF,(x) of matrix X. Wigner [39] considered the
symmetric random matrix X with entries X ;; = &1 with probability % and proved
that
A, :=sup|F,(x) — G(x)] >0, as n — oo, (1)
X

where G(x) is the distribution function of the semi-circular law with the density
G'(x) = ﬁ\/ 4 — x2I{|x| < 2}. This problem has been studied by several
authors. Wigner’s result [39] was extended later to different classes of distributions
of random variables X ;. In particular, Wigner in [40] proved that (1) holds for
symmetric random matrices with sub-Gaussian entries. (A random variable £ is
called subgaussian random variable if there exists a positive constant 8 > 0 such
that P{|§| > x} < exp{—PBx?} for any x > 0.) Later it was shown that the semi-
circular law (the statement (1)) holds under the assumption of Lindeberg condition
for the distributions of matrix entries, i €.,

1 n n
L(r) = — DO EIX I X k| = tv/n} —> 0 asn — oo, 2)
j=lk=j

for any T > O (see, e.g., [16]). It was shown also that under the same assumptions

AY :=sup|F,(x) —G(x)| = 0 in probability as n — oo. 3)
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We have investigated the rate of convergence in (1) and (3). This problem has
been studied by several authors. In particular, Bai [5] proved that A, = O(n_%)
assuming that sup, _; I[?,|Xjk|4 < M4 < oo. Later Bai et al. [9] under the condition
that sup; ;<4 E|X;k|® < Mg < oo proved that A, = O(n_%) and EA} =
O(n_%). Girko [18] proved that A, = O(n_%) assuming sup; _; E|Xk|* <
My < oo. A very interesting result was obtained recently by Erdos et al. in [13]. It
follows from their results that for random matrices whose entries have distributions
with exponential tails, i.e., P{|X x| > t} < Aexp{—t*} for some A, » > 0, the
following holds

P{A; < cn—l(logn)“nm"} > 1 = C exp{—(logn)° "} &)

with some positive constants C and ¢ depending on A4, x only.
We state the results obtained jointly with F. Gotze in several theorems below.

Theorem 2.1 (Gotze and Tikhomirov [20]). LetEX ; =0
and E|X ji|> = 1. Let

sup IE|Xjk|4 < M, < oo. 5)
1<j<k

Then there exist a numerical constant C > 0 such that

1
Ay <CMZn3. (6)
If in addition
sup E|X k| < Myp < oo,
1<j=<k
then 1
EA* < CM{n™7. )

Assuming instead of (5) the condition (8) below, we have obtained the following
result.

Theorem 2.2 (Tikhomirov [37]). Let X j; be independent random variables with
EX jx = 0and E|X jx|* = 1. Assume that for some 0 < § < 2 the following relation
holds
sup ]ElXjkl2Jr5 =: Mr4s < 0. ®)
1<j<k
Then there exists a numerical C > 0 such that

(=84

.
M2+b'
2448
An=C—— :
n2ts

where (1 — §); = max{l —§,0}.
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Under stronger assumptions on the distribution of X j; we get bounds for A, of order
O(n_%_”) with some positive y > 0. In particular, in the paper of Bobkov et al.

[13] we consider random variables X ;; with distributions satisfying a Poincaré-
type inequality. Let us recall that a probability measure 1 on RY is said to satisfy
a Poincaré-type, PI(c?), or a spectral gap inequality with constant o if for any
bounded smooth function g on R? with gradient Vg

Var(g) < o2 /Rd |Vgl?dpu, )

2
where Var(g) = [p. g2dp — (f]Rd gd,u) .

Theorem 2.3 (Bobkov et al. [13]). If the distributions of X;i’s satisfy the
Poincaré-type inequality P1(c?) on the real line, then

Ay <CnP,
where the constant C depends on o only. Moreover,
EAY < Cn™?log’(n + 1).
For any positive constants o > 0 and » > 0 define the quantities
lyo :=logn (loglogn)® and B, := (l,,,a)%Jr%. (10)

The best known result for the rate of convergence in probability to the semi-circular
law is the following:

Theorem 2.4 (Gotze and Tikhomirov [28]). Let EX;; = 0, ]EXJ2 = 1. Assume
that there exist constants A and »x > 0 such that

P{Xjk| = 1} < Aexp{—1"}, (11)

forany 1l < j <k < nandanyt > 1. Then, for any positive « > 0 there exist
positive constants C and ¢ depending on A and »x and o only, such that

]P’{ sup | F(x) — G(x)| > n_lﬂﬁ} < C exp{—clyq}.

Remark 2.5. In the result of (4) [13] A} = Op(n~'(logn)©0°elem) In our result
Ax = Op(n~'(logn)°M).

Remark 2.6. If X belongs to Gaussian Unitary Ensemble (GUE) [23] or Gaussian
Orthogonal Ensemble (GOE) [38] then there exists an absolute constant C > 0 such
that

A, <Cn7". (12)
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3 Sample Covariance Matrices

In this section we consider the so called sample covariance matrices and their
generalization. Let X be rectangular matrices of order [n x p] with independent
entries (possible complex) X i, j = 1,...,n; k = 1..., p. We shall assume that
EX;x = 0 and E|X;x|> = 1. Consider the matrix W = 1XX*. Such matrices
are called sample covariance matrices and they were first considered in 1928 by
Wishart [41]. He obtained the joint distribution of entries of the matrix W as X ¢
are standard Gaussian random variables. We shall be interested in the asymptotic
distribution of the spectrum of the matrix W. Note that the matrix W is semi-positive
definite and its eigenvalues are non-negative. Denote the eigenvalues of the matrix
W in decreasing order by sf > > s,f > 0. (Note that the numbers s1,...,s,
are called singular values of matrix «/LEX') Define the empirical spectral distribution

function of the matrix W by the equality
1 n
H(x) =~ Zlﬂ{sﬁ < x}. (13)
i=

Let H,(x) be the distribution function with the density

(b—x)(x—a)

H! =
y () 2mxy

1
+0- ;)+80(x), (14)

where a = (1 — /y)% b = (1 + /¥)* and §,(x) denotes Dirac §-function, a4 =
max{a, 0} for any real a. This distribution is called Marchenko—Pastur distribution
with parameter y. Assuming that p = p(n) where lim, o, 2 = y, and assuming
the moment condition (5), Marchenko and Pastur [29] have shown that there exists

Jim B, (x) = H,y (x), 15)

The result of Marchenko—Pastur was improved by many authors. As a final result
we have the following Theorem.

Theorem 3.1. Let the random variables X, 1 < j < n, 1 < k < p be
independent for any n > 1 and have zero mean and unit variance. Assume that
p = p(n) such that lim,_s % = y. Further suppose that the Lindeberg condition
holds, i.e.,

1 &
Lu(r) = — 3 ) EX P X ] = t3/n} — 0,

j=lk=1

forany © > 0. Then

sup [EH, (x) — Hy(x)| = 0, as n — oo.
X
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Moreover, Hy(x) converges to the Marchenko—Pastur distribution in probability.

The proof of this result may be found in [8]. We have investigated the rate of
convergence of the expected and empirical spectral distribution function of sample
covariance matrix to the Marchenko—Pastur law. This question was considered also
in the papers of Bai [6], and in Bai and co-authors [10]. Bai et al. in [10] and
independently Gotze and Tikhomirov in [21] established the bound of the rate of
convergence in Kolmogorov distance A, = sup, |EH,(x) — H,(x)| = O(n_%),
assuming that

max E| X x|® < C (16)

Jk=>1

for some positive constant C > 0 independent of n. G6tze and and Tikhomirov [21]
proved as well that AY = Esup, |H,(x) — Hy(x)| = on~2), assuming

max E| X x|"? < C (17)
k=1

for some positive constant C > 0 independent of n. Somewhat later these bounds
were improved in the paper of Gotze and Tikhomirov [26] and in the paper of
Tikhomirov [36]. We formulate the following result.

Theorem 3.2. Let the random variables X, 1 < j < n, 1 < k < p be
independent for any fixed n > 1 and have zero mean and unit variance. Assume
that p = p(n), where % =y < 1. Let for some 0 < § <2

. 2448
M2+5 .= sup E|Xjk| < Q.
Jik.n

Then there exist a positive constant C = C(8), depending on § only , such that

8 .
A, < CMFn~%5. (18)

The bound (18) for § = 2 was obtained in [26], the bound for the case 0 < § < 2 in
[36]. The question about optimality of the above mentioned bounds is still open.
But assuming that the random variables X ;; are independent standard complex
Gaussian random variables (so-called Laguerre unitary ensemble) the optimal bound
of the rate of convergence of the expected spectral distribution of the matrix W
was obtained. It turns out that A, = O(n~!), which was proved by Gétze and
Tikhomirov [23]. Recall that the distribution of a random variable X has so-called
exponential tail means that there exist constants A > 0 and x > 0 such that

P{|X| >t} < Aexp{—t"}. 19)

Assuming that the entries of the matrix X have distribution with exponential tails,
Gotze and Tikhomirov have proved in [27] that
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P{ sup [, (x) = Hy ()] > n' 2} < C exp{—clpal. (20)

for any « > 0. Here §, and [, , were defined in (10). The constants C > 0 and
¢ > 0 depend on A4, x and o only. It would be interesting to extend the results
about sample covariance matrices to more general situations. First we consider the
singular values of powers of random matrices. And then we consider the asymptotic
distribution of singular values of products of independent random matrices.

3.1 Powers of Random Matrices

LetX = (X jk);’.’ ¢— be a square random matrix of order # with independent entries

such that EX;; = 0 and E|X;%|*> = 1. In this section we shall investigate the
asymptotic distribution of the singular values of the matrix W = n~2 X" or the
eigenvalues of the matrix V.= WW*. For m = 1 it is the case of sample covariance
matrix with parameter y = 1. Denote by S12 > .= sﬁ the eigenvalues of the
matrix V. (Note that s; > ... > s, are the singular values of the matrix W.) Let

M) = - 3 st < ) e
i=1

denote the empirical spectral distribution function of the matrix V. Let FC(k,m) =
pm kl T (mkk+k) denote the kth Fuss—Catalan number with parameter m, for k >
1. These numbers are the moments of some distribution which we denote by
H ™ (x). It is well known that the Stieltjes transform of this distribution, s (z) =

/ XL_ZdH (M) (x), satisfies the equation

1+ 25" (2) + (=) T (s )+ = o,

In the joint papers of Alexeev et al. [2] and [1] the following was proved:

Theorem 3.3. Let random variables X ji be independent for any fixed n > 1 and
forany 1 < j k < n. Assume that EXjx = 0 and E|X jx|*> = 1 forany j.k > 1
and

sup E|Xx|* < C, (22)
jk>1

for some positive constant C > 0. Assume also that for any T > 0

n

1
Ly() = — > EIXj*HIX k| = tv/n} -0 asn — oo. (23)
jk=1

Then
lim sup [EH") (x) — H™(x)| = 0. (24)
n—o0o0
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For the proof of this result we use the method of moments, see [2]. The proof of
Theorem 3.2 by the method of Stieltjes transform is given in [4].

3.2 Product of Random Matrices

Let m > 1 be a fixed integer. For any n > 1 consider an (m + 1)-tuple of integers
(pos -, pm) wWith pg = n and p, = p,(n) forv =1,...,m, such that

lim —— =y, € (0, 1]. (25)
n—00 pv(n)

Furthermore, we consider an array of independent complex random variables

X](Z) 1<j<py-1,1<k<p,v=1,...,mdefined on a common probability
2

space {2, F,,, P} with EX;V) = 0and IE|XJ(1;{)| = 1. Let X) denote the p,—; x p,

matrix with entries [X(”)]jk = Lx" for1 <j < po-1,1 <k < p, The

N/ L
random variables X](Z) may depend on n but for simplicity we shall not make this
explicit in our notations. Denote by s; > ... > s, the singular values of the random
matrix W := [/, X® and define the empirical distribution of its squared singular

values by
n

H™ (x) = %Zﬂ{skz < x}.

k=1
We shall investigate the approximation of the expected spectral distribution
HY"(x) = EH"™ (x) by the distribution function Hy(x) which is defined by its
Stieltjes transform sy(z) in the following way:

L+ 25y@) — 5y [ (1 =y — 218y (2)) = 0, (26)
=1

where 0 < y; < 1.

Remark 3.4. Inthe case y; = y, = --- = y,, = 1 the distribution Hy has moments
M(k,m) = FC(k,m). The Stieltjes transform of the distribution Hy (x) satisfies in
this case the equation

14+ 2z5(z) + (=)™ Tls(x)" ! = 0.

The main result of this subsection.

Theorem 3.5. Assume that condition (25) holds. Let IEXJ(Z) =0, E|X;Z)|2 =1
Suppose that the Lindeberg condition holds, i.e.,
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1 Pv—1 Dv

)2
> > EIX Lx®pseymy =0 asn— o0, 27)
j=1k=1

L,(tr) := max

forany © > 0. Then

lim sup |H™ (x) — Hy(x)| = 0.
n—>00

Remark 1. For m = 1 we get the well-known result of Marchenko-Pastur for
sample covariance matrices [29].

Remark 2. We see that the limit distribution for the distribution of singular values of
product of independent square random matrices is the same as for powers of random
matrices with independent entries, see [2].

The statement of Theorem 3.5 was published in [1] and a proof of this result is given
in [3].

4 Circular Law and Its Generalization

4.1 Circular Law

Let Xjx,1 < j,k < oo, be complex random variables with EX;; = 0 and
IE|X]~k|2 = 1. For a fixed n > 1, denote by Ay,..., A, the eigenvalues of the n x n
matrix
1
X: (Xn(j7k))’]1‘,k=17 Xl‘l(.]’k): _Xjk fOrl S.]vk fl’l, (28)

n

and define its empirical spectral distribution function by

Galxy) = D TiRe A} < v, Imid;) < ). 29)

J=1

We investigate the convergence of the expected spectral distribution function
EG, (x, y) to the distribution function G(x, y) of the uniform distribution in the
unit disc in R

The main results which was obtained in [19] is the following.

Theorem 4.1. Let X j; be independent random variables with

EXjx =0, EXjx*=1 and E|Xj*e(Xjk) < x,
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where (x) = (In(1 + |x]))'°*" for some n > 0. Then EG, (x, y) converges weakly
to the distribution function G(x, y) as n — oo.

We shall prove the same result for the following class of sparse matrices. Let
gjk, jok = 1,...,n denote Bernoulli random variables which are independent in
aggregate and independent of (X jk)’},k=l with success probability p, := P{ej; =

1}. Consider the matrix X© = Jn;T(SikXik)’}.k=l' Let A(lg), A9 denote the

(complex) eigenvalues of the matrix X®) and denote by G,gs) (x, y) the empirical
spectral distribution function of the matrix X® i e.

1 . & &
Gy (x.y) = ~ 3 I{Re{A} < x. Im{2f} < y}. (30)
j=1

Theorem 4.2. Let X j; be independent random variables with
EXjx =0, EXyl>?=1 and E|Xp|*e(Xx) < x,

where ¢(x) = (In(1 + |x]))"**7 for some n > 0. Assume that p;' = O(n'~?) for
some 1 > 6 > 0. Then IEG,(,S) (x, y) converges weakly to the distribution function
G(x,y)asn — oo.

Remark 4.3. The crucial problem of the proofs of Theorems 4.1 and 4.2 is to
find bounds for the smallest singular values s, (z) respectively s,(f) (z) of the shifted
matrices X —zI respectively X(®) —zI. These bounds are based on the results obtained
by Rudelson and Vershynin in [32]. In the version of paper [25] we have used the
corresponding results of Rudelson [31] proving the circular law in the case of i.i.d.
sub-Gaussian random variables. In fact, the results in [25] actually imply the circular
law fori.i.d. random variables with E| X j; |* < x4 < ooin view of the fact (explicitly
stated by Rudelson in [31]) that in his results the sub-Gaussian condition is needed
for the proof of P{||X|| > K} < C exp{—cn} only. This result was written by Pan
and Zhou in [30].

The strong circular law assuming moment condition of order larger than 2 and
comparable sparsity assumptions was proved by Tao and Vu in [33] based on their
results in [34] in connection with the multivariate Littlewood Offord problem. In
[35] Tao and Vu proved the circular law without sparsity assuming a moment
condition of order 2 only.

The investigation of the convergence of the spectral distribution functions of real
or complex (non-symmetric and non-Hermitian) random matrices with independent
entries has a long history. Ginibre in 1965, [14], studied the real, complex and
quaternion matrices with i.i.d. Gaussian entries. He derived the joint density
for the distribution of eigenvalues of matrix and determined the density of the
expected spectral distribution function of random matrix with Gaussian entries with
independent real and imaginary parts and deduced the circle law. Using the Ginibre
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results, Edelman in 1997, [12], proved the circular law for matrices with 1i.1i.d.
Gaussian real entries. Girko in 1984, [15], investigated the circular law for general
matrices with independent entries assuming that the distributions of the entries have
densities. As pointed out by Bai [7], Girko’s proof had serious gaps. Bai in [7] gave a
proof of the circular law for random matrices with independent entries assuming that
the entries have bounded densities and finite sixth moments. It would be interesting
to consider the following generalization of the circular law.

4.2 Asymptotic Spectrum of the Product of Independent
Random Matrices

Let m > 1 be a fixed integer. For any n > 1 consider mutually independent
identically distributed (i.i.d.) omplex random variables X](.Z) , 1 < jk < n,

2
v=1,...,m, with EX](.Z) = 0and E|X](Z)| = 1 defined on a common probability

space (2, F,,P). Let X) denote the n x n matrix with entries [X")];x = JLZX;Z),
for 1 < j,k < n.Denote by A{,...,A, the eigenvalues of the random matrix

w:=TI"_, X® and define its empirical spectral distribution function by

1 n
Falx,y) = FM(x,y) = ~ 3 HRe < x,ImAy <y},
k=1

where I{ B} denotes the indicator of an event B. We shall investigate the conver-
gence of the expected spectral distribution F,,(x, y) = EF,(x, y) to the distribution
function F(x, y) corresponding to the m-th power of the uniform distribution on the
unit disc in the plane R? with Lebesgue-density

o) = — 4y <1y

mm(x? + y?)

We consider the Kolmogorov distance between the distributions F,(x,y) and
F(x, ),
A, = sup|F,(x,y) — F(x,y)|.
x.y

We have proved the following.

Theorem 4.4. Let EX ) = 0, E|X )2 = 1. Then, for any fixedm > 1,

lim A, = 0.

n—o0

The result holds in the non-i.i.d. case as well.
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Theorem 4.5. Let EX|) = 0, E[X[)]> = Lv = 1....m, j.k = 1.....n.

Assume that the random variables X ](Z) have uniformly integrable second moments,
i. e

max E[XVPH XY > M} -0 as M — . (31)
v,j.k.n J J
Then for any fixed m > 1,
lim A, =0.
n—o0

Definition 4.6. Let 11, (-) denote the empirical spectral measure of an n x n random
matrix X (uniform distribution on the eigenvalues of matrix X) and let u(-) denote
the uniform distribution on the unit disc in the complex plane C. We say that the
circular law holds for the random matrices X if Eu,(-) converges weakly to the
measure /(-) in the complex plane C.

Remark 4.7. For m = 1 we recover the well-known circular law for random
matrices [19, 35].

S Bounds on Levy and Kolmogorov Distance in Terms
of Stieltjes Transform

One of the first bounds on the Kolmogorov distance between distribution functions
via their Stieltjes transforms was obtained by Girko in [17]. Bai in [5] proved a
new inequality bounding the Kolmogorov distance of distribution functions by their
Stieltjes transforms. The proofs of Theorems 2.1-3.3 are based on a smoothing
inequality for the Kolmogorov distance between distribution functions in terms of
their Stielties transform. Recall that the Stieltjes transform Sr(z) of a distribution
function F(x) is defined by the equality

Sr(z) == /R Z_LxdF(x),

forall z = u + iv with u € R and v > 0. For any distribution functions F and G
define the Levy distance as

L(F,G):=inf{§ >0: F(x—8)—8 <G(x) < F(x+6)+46, forallx e R}.
(32)
In [13] the following result was proved.

Theorem 5.1. Let F and G be distribution functions. Given v > 0, let an interval
[, B] C R be chosen to satisfy G(a) < vand 1 — G(B) < v. Then
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L(F,G) < sup / (Sr(x +iv) — Sg(x +iv))dx
x€la—2v,p4+2v] ' /=00

+ 4v 4 50Im S (x + iv). (33)

The following corollaries are very important for applications.

Corollary 5.2 (Bobkov et al. [13]). Let F and G be arbitrary distribution func-
tions. With some universal constant ¢ > 0, for any vi > vy > 0,

cL(F,G) §v0+vosupImSg(x+ivo)+/ |Se(w~+ivy) — Sp(u+ivy)|du
R

x€R

vi
+ sup / [Se(x +iv) — Sp(x +iv)|dv, (34)
X€[a—2v,B4+2v] Jvg

where o < 8 are chosen to satisfy G(a) < vo, and 1 — G(B) < vo.

Corollary 5.3. If G is the distribution function of the standard semi-circular law,
and F is any distribution function, we have for all vy > vy > 0, up to some universal
constant ¢ > 0,

c||F — G| :=csup|F(x) — G(x)| <wo +/ [Se(m+ivi) — Sp(u+ivy)|du
R

x€R

Vi
+ sup / |Se(x +iv) — Sp(x +iv)|dv (35)
X€la—2v,+2v] Jvo

This result improved a similar inequality (2.4) in [20]. The main idea of such type
of inequalities belongs to F. Gotze. We consider the first integral in the right hand
side of (35) (“horizontal”) far from the real line. A distance from a real line in the
second integral (“vertical”) has an order O(n~" logn”) in one point only. To obtain
a bound of order O(n~" logn”) for A, we need some modification of the last result.

Lety = v4 — x2.

Theorem 5.4. Letv > 0 and a and € > 0 be positive numbers such that

1 1 3
o= —/ ———du="1, (36)
T Jjul<a U +1 4

and

2va < e\/y. (37)

If G denotes the distribution function of the standard semi-circular law, and F is
any distribution function, there exists some absolute constant ¢ > 0, such that



308 A. Tikhomirov

o0
c|IF — G| < / ISp(u+iV) = Sgu+iV)|du+v+e?
o0

|4
+ sup / [SF(x +iu) — Sg(x + iu)|du, (38)
X€[a—2v,f+2v] JV

where a, B are defined in Theorem 5.2 and v' = v/ /7.

In the inequality (38) the right hand side is “sensitive” to the closeness of the point
x to the end points of the support of semi-circular distribution function.

6 Stein’s Method for Random Matrices

One of the more interesting direction of our joint work with F. Gotze was a
development of Stein’s method for random matrices. This idea belongs exclusively
to F. Gotze. The obtained results were published in several papers [22, 24, 25],
and we give a short review of them in this section. The goal of this review is to
illustrate the possibilities of Stein’s method for the investigation of the convergence
of the empirical spectral distribution function of random matrices. We consider
two ensembles of random matrices: real symmetric matrices and sample covariance
matrices of real observations. We give a simple characterization of both semicircle
and Marchenko-Pastur distributions via linear differential equations. Using con-
jugate differential operators, we give a simple criterion for convergence to these
distributions. We state also the general sufficient conditions for the convergence of
the expected spectral distribution functions of random matrices.

6.1 Real Symmetric Matrices

Let X, 1 < j <k < oo, be a triangular array of random variables with EX ;; = 0
and EXj?k = 07, andlet X;; = X, for1 < j < k < oo. For a fixedn > 1,
denote by A; < ... < A, the eigenvalues of a symmetric n X n matrix

1
Wo = Wa(Gk)ja=1> Wa(jk) = WXjkv forl <j <k =<n, (39)

and define its empirical spectral distribution function by

1 n
Falx) =~ > LA, < x}. (40)
j=1
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We investigate the convergence of the expected spectral distribution function,
F,(x) := EF,(x), to the distribution function of Wigner’s semicircle law.

Let g(x) and G(x) denote the density and the distribution function of the
standard semicircle law, i.e.

X

g0 = 3 VI— R I <2} G = / gdu. @1)

—00

6.2 Stein’s Equation for the Semicircle Law

Introduce a class of functions

Ciy={fR>R:feC'R\{-2,2);

1imyy |- 00| ¥/ (»)| < 00; lim sup 14— 2 f ()] < C}.

y—>=+

By C(R) we denote the class of continuous functions on R, by C'(B), B C R,
we denote the class of all functions f : R — R differentiable on B with bounded
derivative on all compact subsets of B. We state the following

Lemma 6.1. Assume that a bounded function ¢(x) without discontinuity of second
order satisfies the following conditions

@ (x) is continuous at the points x = +2 (42)
and )
/_pr(u)mmt = 0. (43)
Then there exists a function f € C%—Z,Z} such that, for any x # %2,
(4= x%) f'(x) = 3xf(x) = p(x). (44)

If o(£2) = O then there exists a continuous solution of (44).
As a simple implication of this Lemma we get

Proposition 6.2. The random variable & has distribution function G(x) if and only

if the following equality holds, for any function f € C%—z,z}’

E((4—£)f'(€) —3£f(§) = 0. (45)
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6.3 Stein Criterion for Random Matrices

Let W denote a symmetric random matrix with eigenvalues A; < A, < ... < A,.
If W = U 'AU, where U is an orthogonal matrix and A is a diagonal matrix, one
defines f(W) = U™! f(A)U, where f(A) = diag(f(A1)..... f(An)).

We can now formulate the convergence to the semicircle law for the spectral
distribution function of random matrices.

Theorem 6.3. Let W,, denote a sequence of random matrices of order n X n such

that, for any function [ € (C%—Z,Z}

1
—ETr(41, — W) f'(W,) — EETrWn f(W,) =0, asn—oco. (46)
n n

Then
A, :=sup|EF,(x) — G(x)| > 0, asn — oo. (47)
X

6.4 Resolvent Criterion for the Spectral Distribution Function
of a Random Matrix

We introduce the resolvent matrix for a symmetric matrix W and any non-real z,
R(z) = (W—z2D)7", (48)

where I denotes the identity matrix of order n X n.

Proposition 6.4. Assume that, for any v # 0,
1 PN 3

Ri(W)(z) := —ETr(41 — W*)R“(z) + —ETrWR(z) — 0, asn - o0  (49)
n n

uniformly on compact sets in C\R. Then

A, — 0, asn — oo. (50)

6.5 General Conditions of the Convergence of the Expected
Distribution Function of Random Matrices to the Semi
Circular Law

We shall assume that EX;; = 0 and 0}2,, = IEXJZ,,, for1 < j <[ < n.Introduce
o-algebras F/! = o{Xym: 1 <k <m <n, {k,m}y#{j,1}},1<j <l <n,and
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Fl=0{Xim:1<k<m<n, k#jandm # j},1 < j < n. We introduce as
well Lindeberg’s ratio for random matrices, that is for any 7 > 0,

1 & 5
Ln(0) = — 3 EXGhx, ey (51)
ji=1

Theorem 6.5. Assume that the random variables Xj;,1 < j <l <n, n > 1
satisfy the following conditions

E{X;|F/"y =0, (52)

1 .
gl =— Z EIE{X}|F/} =07 >0 as n— oo, (53)

1<j<i<n

there exists 6> > 0, such that

1
2 .— 2 2
e = — Z lof; =0l =0 as n— oo, (54)
l<j<l<n
and
for any fixed T > 0,
L,(t) >0 as n— oo. (55)
Then
A, =sup|EF,(x) —G(xo )| =0 as n— oo. (56)

Corollary 6.6. Let Xl(;)’ 1 <1 < j < n be distributed uniformly in the ball of the
radius /N in RN with N = @ , foranyn > 1. Then

A, =0, as n— oo. 67

6.6 Sample Covariance Matrices

Let Xjx,1 < j,k < oo, be random variables with EX ;; = 0 and EX]?k = cr]?k. For
fixedn > 1 and m > 1, we introduce a matrix n X m

X= (le)lslsn, l<j<m (58)
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Denote by A; < ... < A, the eigenvalues of the symmetric n X n matrix

1

W, = —XX7, (59)
p

and define its empirical spectral distribution function by
Fy(x) 1§n]1{/\<} (60)
X) = — i < Xx}.
n n =~ j =

We investigate the convergence of the expected spectral distribution function
EF, (x) to the distribution function of the Marchenko-Pastur law.

Let g,(x) and G4(x) denote the density and the distribution function of the
Marchenko-Pastur law with parameter & € (0, 00), that is

1 X
@ubjgwwwm—mnmmpcmm=/ gewdu,  (61)

—00

wherea = (1 — )2, b = (1 + Ja).

6.7 Stein’s Equation for the Marchenko-Pastur Law

Introduce a class of functions

(C%a’b} ={f:R—>R: feC(R\{a b))

(a —b)
4

limyyj 007/ (¥)] < 003 limsup |(

—b 4 atb
y

b
—0 =R m <

At first we state the following

Lemma 6.7. Let o # 1. Assume that a bounded function ¢(x) without discontinu-
ity of second order satisfies the following conditions

¢(x) is continuous in the points x = a,x = b (62)

and

b
/ o(u)go(u)du = 0. (63)

Then there exists a function f € (C%a py Such that, for any x #aorx #b,
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b
(v = )b = 0xf'(0) = 3x(x = 22) ) = (o). (64)

If p(a) = 0 (p(b) = 0) then there exists a continuous solution of the equation (64).

Proposition 6.8. The random variable £ has distribution function G (x) if and only
if the following equality holds, for any function f € (C;a’b},

b
B(E-06-08r© - 3E - 0/0) =0 69

6.8 Stein’s Criterion for Sample Covariance Matrices

Let W denote a sample covariance matrix with eigenvalues 0 < A; < A, < ... <
Ap. fW = UT'AU, where U is an orthogonal and A a diagonal matrix, one defines

f(W) =U"" f(A)U, where f(A) = diag(f(A1)..... f(An).
We can now formulate the convergence to the Marchenko-Pastur law for the
spectral distribution function of random matrices.

Theorem 6.9. Let W, denote a sequence of sample covariance matrices of order
. 1
n X n such that, for any function f € (C{u,b}

%ETr(Wn —al,) (b1, — W, )W, f'(W,)

_3Emw,w, — #In)f(w,,) 0, asn— oo.
n
(66)

Then
A, i=sup|EF,(x) — Gy(x)| = 0, asn — oo. (67)

6.9 Resolvent Criterion for Sample Covariance Matrices

Denote by R(z) the resolvent matrix for the sample covariance matrix W.

Proposition 6.10. Assume that, for any v # 0,
1
Rp(W)(2) :=—ETrW(W — al) (b1 — W)R?(z)
n

3 b
+ —ETr(W — %I)WR(z) — 0, asn — o0 (68)
n
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uniformly on compacts sets in C\R. Then

A, — 0, asn — oo. (69)

6.10 Convergence to the Marchenko-Pastur Distribution

We shall assume that EX;; = Oandcr[ = IEXJl,forl <j<nandl <] <m.

Introduce o-algebras F/! = 0{Xig 1 <k <n,1<q=<m, tk.q} #1{j1}},
l<j<nl<l<madF =o{X;;:1<j<nl1<s<ms#I}
1 <[ < m. We introduce as well Lindeberg’s ratio for random matrices, that is for
any T > 0,

La(t) = — ZZ]EXZ,JI{|X,,| > t/n}, (70)

j=1i=1
as well as the notation X( - = X K{|X ;| < t/n}—EX;I{|X/| < t/n}, E(I) :
E{X}t)‘]—'(ﬂ)} Introduce also the vectors X;” = (X{7.....X{))7 and | =
7. e

Theorem 6.11. Let m = m(n) depend on n, such that

m(n)

——>ot€(01) asn — oo. (@AY)

Assume that the random variables X;;,1 < j <n,1 <[ <m,
n,m > 1 satisfy the following conditions

E{X;|F/'} =0, (72)

1 m
e = — Y EIE{X}|F} =0} >0 as n— oo, (73)
j=li=1

there exists 6% > 0, such that

n m

1
e =— > > lof —o? = 0. (74)

j=11=1

(0= L3 S B[R~ B PO — B | o,
=1 j k=1

(75)
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el nW}ij E|E(E)? - BE

I=11<j#k=<n
X (€712 —EE)|FY - 0. asn — oo, 76)
and
L,(t) - 0, foranyfixedt >0, as n — oo. an
Then
A, = sup |EF,(x) — Go(xa )| -0 as n— oc. (78)

Remark 6.12. Note that condition (74) implies that

1
lim —ETrW, = ¢ < co. (79)

n—oo n

Corollary 6.13. Assume (71). Let, foranyn,m > 1, X,
1 <j<n,1=<1<m,beindependentand EX; = 0, EX?[ = o2, Suppose that,
for any fixed T > 0,

L,(t) =0, as n— oo. (80)

Then the expected spectral distribution function of the sample covariance matrix W
converges to the Marchenko-Pastur distribution,

A, = sup|EF,(x) — Go(xa™ )| = 0, as n— oo. (81)
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