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Abstract

We consider the adjacency matrix A of a large random graph and study
fluctuations of the function f,(z,u) = L S°}_; exp{—uGj(2)} with G(z) = (2 —
iA)~!. We prove that the moments of fluctuations normalized by n~'/2 in the
limit n — oo satisfy the Wick relations for the Gaussian random variables. This
allows us to prove central limit theorem for Tr G(z) and then extend the result
on the linear eigenvalue statistics Tr¢(A) of any function ¢ : R — R which
increases, together with its first two derivatives, at infinity not faster than an
exponential.

1 Introduction

Random graphs appear in different branches of mathematics and physics (see mono-
graphs [4, 12] and references there in). It is well known that they are closely connected
with the theory of random matrices, since there is one to one map between graphs with
n vertices and their adjacency matrices (recall that by the definition the entries a;; of
the adjacency matrix are 1 if the vertices ¢ and j are connected and a;; = 0 other-
wise). Commonly, the set of n eigenvalues of the adjacency matrix is referred to as the
spectrum of the graph. The limit when the dimension of the matrix n (the number of
the vertexes of the graphs) tends to infinity provides a natural approximation for the
spectral properties of random graphs.

One of the classes of the prime reference in the theory of random graphs is the
binomial random graph originating by P. Erdés (see, e.g. [12]). Given a number
pn € (0, 1), this family of graphs G(n,p,) is defined by taking the set of all graphs on
n vertices as the space of events with probability

P(G) = pO (1 — p,)(3) =@, (1.1)

n

where e(G) is the number of edges of G. Most of the random graphs studies are devoted
to the cases where p, — 0 as n — oc.

Ensemble of random symmetric n x n adjacency matrices A corresponding to (1.1))
can be represented as A = {a;;}};_; with a;; = 0, and i.i.d.

a~—{ 1, with probability p,,
1] -

0, with probability 1 — p,, (1.2)
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For any measurable function f we denote E{f(A)} the averaging with respect to all
random variables {a;;}1<;<j<n and

Var{f(A)} := E{|f(A) — E{f(4)}[*}. (1.3)
The normalized eigenvalue counting measure of A is defined by the formula
N, (\) =n7t {5 A <Al

The ensemble of adjacency matrices (1.2) is a particular case of the random matrix
theory, where the limiting transition n — oo is intensively studied during half of century
since the pioneering works by E. Wigner [23]. Spectral properties of random adjacency
matrix (1.2) were examined in the limit n — oo both in numerical and theoretical
physics studies [7, 8, 9] 118, 19, 20]. There are two major asymptotic regimes: p, > 1/n
and p, = O(1/n) and corresponding models can be called dilute random matrices and
sparse random matrices, respectively. The first studies of spectral properties of sparse
and dilute random matrices in the physical literature are related with the works [19],
[20], [18], where equations for the limiting density of states of sparse random matrices
were derived. In papers [18] and [10] a number of important results on the universality
of the correlation functions and the Anderson localization transition were obtained.
Unfortunately these results were obtained with the non rigorous replica and super
symmetry methods.

On mathematical level of rigor the eigenvalue distribution of dilute random matrices
was studied in [14]. It was shown that the normalized eigenvalue counting measure
of (np,)~'/2A converges in the limit np, — oo to the distribution of explicit form
known as the semicircle, or Wigner law [23]. In the paper [5] the adjacency matrix
of random graphs (L.1) with p, = pn~! was studied. It was shown that for any
m there exist non random limiting moments lim, .., n 'Tr A™ and these moments
can be found from the system of certain recurrent relations. The results of [5] was
generalized to the case of weighted random graphs in [15], where the resolvent of the
adjacency matrix was studied and equations for the Stieltjes transform g(z) of the
limiting eigenvalue distribution were derived rigorously (note, that the same equation
for gaussian weights were obtained in [19], [20], [18] by using the replica and the super
symmetry approaches.) It was shown in [15] that to prove the existence of the limit
lim,, oo g (2) = g(2), where g,(2) is the Stieltjes transform of the normalized counting

function N, ()
dN,(\)
W(2) = | —222 1.4
e = [ 52 (1.4
we need to study the behavior of the function

n

fu(z,u) = 1 Z e UGk (2), (1.5)

n
k=1

where



The function f,(z,u) is defined for any u, z such that $z # 0. In what follows it will
be important for us that

G <R[ Y1yl = (GG < |G < [Re72 (L.7)
j=1
R(Ge,e)Rz >0, Ve e R" = |e 9| <1, if uRz > 0.
Here and everywhere below ||A|| means the operator norm of the matrix A.
The following theorem (proven in [15]) gives us the limiting properties of f,(z,u)

of (1.5)

Theorem 1 Consider the adjacency matriz (1.2) with p, = p/n. Then for any u, z
such that uRz > 0 we have:
(i) the variance of the function f,(z,u) defined by (1.5) vanishes in the limit n — oo:

Var{f,(z,u)} < C/(Rz)*n, (1.8)
(i) there exists the limit

lim E{f.(z,u)} = f(z,0),  [E{fu(z,0)} = f(z,u)| < Cu'?/|Re[n'?  (1.9)

(i1i) if we consider a class H of functions which are analytic in z : Rz > 0 and for
any fived z : Rz > 0 possessing the norm

Nf Gzl
W0 Tra

then the limiting function is the unique solution in 'H of the functional equation

F I = (1.10)

flz,u) =1—u'?e? /000 dvjl(QT\gu_v) exp{—zv + pf(z,v)}, (1.11)

where J1(C) is the Bessel function

g}i (=C/4)° (1.12)

El(k+1)!

One can easily see that

0

_%fn(z7 u) .,

Y S B{Gi(2)} = ~E{Tr G(2)) = Bliga(~i2)}.

where g¢,,(z) is the Stieltjes transform (1.4) of the normalized counting measure N, ().
Hence, Theorem 1 implies that for any z : Sz # 0

lim B{lg,(2) - E{g,(2)}[*} =0 (1.13)

i.e., the fluctuations of g,(z) vanish in the limit n — oco. And (1.9) implies that

g(z) = lim B{g,()} = —2 f(z,u) (1.14)

n—oo 8“ u=0



Since the Stieltjes transform uniquely determines the measure, it follows from Theorem
Ilthat there exists the weak limit NV (\) of the normalized counting measure N,,(\) and
the Stieltjes transform g(—iz) can be obtained as the first derivative of the solution of
(1.11). Using Theorem [1!it is not difficult to obtain the asymptotic expansions for g(z)
with respect to z7*. Since it is well known that the coefficients of this expansion are
the moments of the limiting normalized counting measure of eigenvalues, we obtain the
recurrent formulas for the moments. Besides, constructing the asymptotic expansion
of g(z) with respect to p*, it is easy to show that this expansion is convergent for p < 1.
Since in the case a;; = 0,1 the coefficients of this expansion are rational functions of
z, we can conclude that the limiting spectrum is pure point and consists of the spectra
of finite blocks only.

Results of [15] described above can be viewed as the analogs of the Law of Large
Numbers for linear eigenvalue statistics

Nale] = Z p(\) = Tr p(A) (1.15)

corresponding to continuous test functions. Indeed, it follows from (1.13) — (1.14) that
for any continuous test function there exists

i N o] = [ GONINA),
where N is the limiting normalized counting measure of eigenvalues. In the present
paper we consider the central limit theorem, the second element of the standard prob-
abilistic analysis of linear statistics. Similar questions for other ensembles of random
matrices were studied in [2, [3, 1], 13} 16, 21, 22]. Note, however, that for almost
all ensembles studied in the random matrix theory, like the Wigner ensemble, the
Marchenko-Pastur ensemble, the matrix models, etc the variance of linear statistics for
smooth functions is bounded (see [2, 3] 11], 13, 16, 21, 22]). Thus, for these ensembles,
one expects the Central Limit Theorem to be valid for statistics themselves, i.e., with-
out an n-dependent normalization factor in front. This has to be compared with the
case of i.i.d. random variables with finite second moment, where the variance of linear
statistics is always of the order O(n), n — oo and the Central Limit Theorem is valid
for linear statistics divided by n'/2. As we will see below this is the case also for the
ensemble of sparse adjacency matrices (1.2) with p, = p/n.

The aim of the present paper is to study the fluctuations of linear eigenvalue statis-
tics for different classes of test functions. Following the method of [15] we study first
the functions f,(z,u) (defined in (1.5)) and prove that its fluctuations converges in
distribution to the complex Gaussian random variables.

Define the m-th generalized moment of the fluctuations of f,(z,u):

e - O_U'G Z
Mm,n(Zl,Ul;...;Zm,um) — n_m/2E{H (Ze j kk(J))}

j=1 \k=1

= ’nm/ZE {ﬁf?n(Zj,Uj>} y %Zi 7£ 0. (116)
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Here and below for any random variable ¢ we denote

£ =¢—E{g)

Theorem 2 Consider the adjacency matriz ensemble (1.2) with p, = p/n.
Let My, (21,015 .25 Zm, U) (mo= 2,3,... ) of (1.16) be the "moments” of the fluc-
tuations of fn(z,u) of (1.5). Then for any m > 2 and z1,...,z, : Rz; > 0 there
erists

M (1,015 25 2y W) = 1M My, (20, U155 2y Un)- (1.17)

n—oo

Moreover, the following recursion equations hold:

M (21,015 w25 Ziy U
m
= Z My(zy, ur; Zjs uj)MmfZ(Z% U5 -5 Z5—1, Uj—15 Zj+15 Ujt15 - - - 5 Bm, Up). (1.18)
j=2

Theorem 2/ can be used to prove the central limit theorem for fluctuations of the
trace of G(z) of (1.6). Indeed, if we denote

My (21,05 2m) = n~"/?E {Tr Co;(zl) ST Co;(zm)} , (1.19)

then it is easy to see that

am
M (21, 2m) = =—————— My (21, U1 .. 25 Zmy U,
man (21 ) ouy ... 0Uy, (21, ) i 0
Since M, (z1,u1; . . .5 Zm, Uy,) are evidently analytic in each u; in some neighborhood of
u; = 0 and bounded uniformly in n for any fixed z1,..., 2, (Rz; # 0) (see Lemma 1

below), we pass to the limit n — oo in the above relations and obtain the following
theorem:

Theorem 3 Let G(z) be the resolvent (1.6) of the sparse adjacency matriz (1.2) with

Pn =p/n. Then for any m > 2 and zy,. .., zm : Rz; > 0 there exists
M (21,05 2m) = Hm M (215005 2m) (1.20)

and the following recursions hold:

M;(Zl, e ,Zm) == Z M;(Zl, Zj)M:;li2(ZQ’ B s R B I Zm) (121)
j=2

Theorem 3 by a standard way implies the central limit theorem for v, (z) = n=/2Tr G(z).
Indeed, if we put in (L.20) — (1.21) 21 = 23 = ... = 2z,, = 2, then Theorem 3 yields that
there exist limits of all moments of the complex random variable v,,(z) and

Mo (2) == I E{(n"Y2Tr G(2))?™} = (2m — D)IN(Ma(2))"™

>



This means that v, (2) converges in distribution to a complex Gaussian random variable
with zero mean and variance Ms(z).

It is possible also to derive from Theorem |3/ the central limit theorem for the linear
eigenvalue statistics of any function ¢ which grows not faster than an exponent at in-
finity and possesses two derivatives with the same property, i.e. there exists a constant
¢ > 0 such that ¢, ¢, ¢ € L*(R, cosh™?(c\)). Here and below

L2(R, w( { /|f N < oo} (1.22)

Theorem 4 Consider the adjacency matriz (1.2) with p, = p/n and take any function
@ which possesses two derivatives such that ¢, ', ¢" € L*(R,cosh™(c\)) with some

constant ¢ > 0. Then the random variable n='>N, [p] converges in distribution to a
Gaussian random variable with zero mean and variance V[p] :== lim Var{n=Y2N,[y]}.

It is clear from the above discussion that Theorem 2 plays a key role in the paper,
because Theorems 3 and 4/ are in fact corollaries of Theorem 2. The proof of Theorem 2
is based on a version of the cavity method which has been used many times for proving
different limiting relations of statistical mechanics and random matrices. The idea is
to compare the behavior of the object function (e.g. free-energy, resolvent, etc.) for
the complete system of random variables of the problem and the one with some subset
of random variables replaced by 0.

Let us try to explain the connections among the lemmas and propositions which are
necessary for the proof of Theorem 2. The proof should be seen as a logical sequence
of the following steps:

e We prove first bounds on M, ,, (21, u1; . . . 5 Zm, Uy,) uniform in (21, ug;. .. 5 2m, Unm)
(Rz; > C > 0) (see Lemma [1). One uses the norm estimates of the martingale
theory (Proposition (1), identities for the resolvent and the cavity method con-
sisting in studying the difference of the resolvent of the full matrix and the same
matrix without the first line and the first column.

e To prove the convergence of the variance of the sums of exponentials we need
to generalize Theorem 1/ and to show the existence of the limits of exponentials
multiplied by some entire functions (cf Lemma 2l and Theorem [I). The proof of
Lemma 2 is based on the relations for some functions of A given by Proposition
2.

e Lemma 3 proves the self averaging properties and the existence of the limits for
the terms which will appear in the proof of CLT.

e Finally we prove that the "moments” (1.16) as functions of u; satisfy the linear
integral equations with the kernel defined in terms of the function f of (1.11) (see
(2.54)). Since we are able to prove that these equations are uniquely solvable for
Rz > M, with some fixed M,, we finish the proof of Theorem 2.



2 Proofs

We start from the lemma which gives bounds for M,, .

Lemma 1 For any m € N and z1,..., 2, : Rz; > 0 there exists a constant C,, such
that uniformly in uy ..., uy >0
| Moo (21, Uts . 2y Um)| < Cy (2.1)

The proof is based on the martingale property of the sequence of averages of the
functions of the random matrix A with respect to its rows or columns. The sequence
is ordered with respect to the index of the rows and the proposition below is based on
the sequence of the conditional expectations like in the proof of self-averaging of the
free-energy for disordered systems.

Proposition 1 Let &,, a = 1,...,v be independent random variables, assuming values
in R™e and having probability laws P,, a =1,...,v and let ® : R™ x --- x R™ — C
be a Borelian function. Set

(I)a(é'la s ;fa) - /q)(glv s 7&1’5{1—&-1’ s 7€V>P0<+1<d§a+1) ce PV(dgl/) (22)

so that ®, = ®, oy = E{D}, where E{...} denotes the expectation with respect to
the product measure Py ... P,.
Then for any positive p > 1 there exists C,,, independent of v and such that

E{|® — E{Q}/*} < Cpv" ' > E{|0q — Py} (2.3)
a=1
Moreover, if for every oo = 1,...,v there ezists a &q-independent U(®) : R™ x ... x

R™ — C such that
E{|o - 0@l <C<o0, a=1,...,v, (2.4)

then
E{|® — E{®}|*} < 2C,CV”. (2.5)

Proof. The proof of (2.3)) is given in [6]. Hence, we show only how to derive (2.4)
from (2.3). It follows from (2.2) and (2.4) that the integrals of ¥(®) with respect to
P,.1...P, and P,P,,,...P, coincide and we obtain

2P HEB{|(@ — U)o} + E{|(@ — 047

E{|q)a - (I)a—1|2p} S
< 2PE{|® — U@},

This and (2.3) prove (2.5). O
Proof of Lemma |1 The Holder inequality yields
m}l/m

m
|Mm,n<217 Upsg. .- ;Zm7um>| S nm/2 HE{ fn(zjv uj)

Jj=1




Hence, it suffices to prove the bound for the r.h.s. of the above inequality. For this we
use Proposition [I] for the function ® = nf,(z,u) with f,(z,u) of (L.5). According to
(2.5) and the approach of the cavity method for our purposes it is enough to choose the

functions ¥; independent from & = a™ = (aq,...,a5-1,0, @iy, .., an) and prove
(2.4). Set
AD = A , GY(2) = (2 —iAD)T (2.6)
ai;=0,j=1,...,
D = nfO(z u) Ze’“G() (2.7)
ki

By the symmetry reason it suffices to prove (2.4)) for i = 1. We use the representations:

MY, (GWaM)Y,
. 1) (G a )Z(G a ) L.
Gul2) = G4 = = Gwat qmy © W7

H(GWa), |

G5l = T GWam, qmy I 7L (28)

GH(Z) = (Z—i‘(G(l)(Z(I),a(l)))il,

where a = (0,a12,...,a1,). The inequality |e* — e¥| < |z — y|max{|e®], |eY|} and
(L.7) imply

Z (equkk _ equi(glk)> < uz ’Gkk . Gl(clk) (29)

k=2

(GWa) —G< W) (GO (2)a®, GO (2)aD)
zk: =5 (G, a™)] e+ (GMam, o))
But the spectral theorem yields
O L)

GO(2)a®, GO (2 e O s

( ( ) j:1 )\(] _ \SZ (%2)2 §RZ ( a 7a’ )7
where Ayl = A\WypU), Thus, since by (1.7) Rz R(GMa™ aV) > 0, we have

(1 ONel® (1
(G (Z)CL 7G (Z)a ) S (%2)71. (2_10)

‘Z —+ (G’(l)a(l)7 a(l))|

Inequality (2.4) for our choice of ® and ¥ follows from (2.9) and (2.10). O

In the proof of Theorem 2/ we will replace sometimes M, ,, by the moments inde-
pendent of {ay ;}}_,. Set

T o (1)



with f{" of (2.7). Note that (2.9) yields that for any m € N and z1,..., 2, : Rz; >0

there exists constants C,,, C! such that uniformly in wu; ..., u,,
|M (217 ULy -5 Zms um) - M7(nl,)n(zl7 ULy -5 Zms um)' < Cmn_l/Qa

To study the behavior of some functions, depending on {a; ;}7_,, we use the propo-
sition:
Proposition 2 Let Ei{...} be the averaging with respect to {aix}y—_y. Then we have
for any u,v >0 and RNz > 2

~0(GWa),a®) _ v P oW

e we Ok o (2.13)
2
Ty = UZGS)CLMCLU-I—O(UQ ZGS)GMCLU >, E1/2{|rv|2} < Con™/?
i#]

i#]

Moreover, denoting Z = z + (GMa™, aM), we have

" ( 1) (1)y2
El{ Z(e—quj N equ 1) } { Z e—uG( u(G V2/Z l)al,k} (2.14)

j=2 J,k=2

o222

Proof. Note that since |Rz|™! < 1/2, everywhere below we will replace |Rz|~! by a
constant. We need below the trivial bounds:

e —€”] < Ja—blmax{|e’], "]}, [e” —€” — (a = )] < a— b max{|e"], |¢"]}. (2.15)

The first bound and the second line of (1.7) combined with (2.8)) imply

P
|6—U(G(1)a(1)7a(1)) o 6—1} ngclk)alk| S v

(1)
E , Gy Ok Ok

k1#k2
Averaging the square of the bound we obtain
Ei{|r,)*} = UQEl{ > Géll)zchz(c?malklalkzalksam} (2.16)
k17#ka,k3#ky
C’lv OQU2 1) ~1O) 031)2 (1) 2 041)2
>, Gkl + e Y GG T —1| X G| < o
k1,k2 k1,k2,k3 k1,k2
Here we used the bounds valid for any matrix A:
1/2
a <ol Shaa <o (Tlaar) <wal @an
k k



To prove (2.14) we show first that

i} — exp{—uGﬁ-) + Z(Gglk)falk/Z}’

ZEl{e‘” — i} < On~1 e, (2.18)

j=2

The second inequality of (2.15) and the bounds that |e%| < 1 and |ebi| < e%/P=” < v
yield

ZEl{e“j —ehil] <
j=2

> Ei{q
=2

Then, similarly to (2.16) we have

ZEl{CL]‘ - b]} ZEI{ Z G]legk)zalklalk2Z_lH
j=2

k1#ko

> (GWGEW), ey, Ok,

k1 #ka

> _Eifo

j=2

+ 6UZE1 {|(1j - bj|2}
j=2

—i—ZEl {|(e“j — i) — (a; —bj)|}

2
< UE}/Q{ }E}/Q{Z_Q} < Cun~'2,

Here we used also that in view of (1.7) ®Z > Rz > 2. Moreover, similarly to (2.16),
we obtain

E1 {’@j — bj‘2} S U2E1{

1) (1) ~(1)
Z ijlij2alk:1aleijSij4alk3alk4
k1#ka,k3#£ky

} < Cun=2.

Summing with respect to j, we get (2.18). Besides, we have

n

3 (exp{_uag.y + (G P/ 2} - exp{-uGl)})

j=2
z z V)"
N m'Zm
m 1 m
- S ey 3o G
mlzZm "
7,k=2 m=1

where the remainder term r,, admits the bound

n © .m (1)12ym—2
1 u (Zk; |Gk| ) Cu’e"
Buflral} < 32 3 BAIGRPIG P, | 30—t = < =
m=2 ’

=2 k1ko

The averaging here is similar to (2.16). Thus, we have proved (2.14)0
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Set (cf (1.12))

= —2i¢"? 7, (2i¢?) (2.19)

Below we will need the following properties of 7; ()
sup |1(Q)] < Zi(r), 1A S [+ AN sup [F(Q)] < (1+ Fi(r)) (2:20)

I¢|<r I¢|<r

The following lemma is the analog of Theorem 1/ for the function which will appear in
the proof of Theorem 3.

Lemma 2 For anyu >0, v € C, Rz > 2, and J, of (1.12 the random variable

Vin(z,u,v) =n~? 2”: e’“Gkkjl(szj) (2.21)
jk=1
possesses the property:
Var{V,,(z,u,v)} < n”'q(u, [o))(1+ T (v]) (2.22)
where q(u,v) is a fived polynomial. Moreover, there exists
Vi(z,u,v) == nll—>r{>lo E{V).(z,u,v)}. (2.23)
and
7 s (2,0, 0)| == [Vin(z,u,0) = Vi(z,u,0)] < Cn~2(1+ i (|v])). (2.24)

Proof. According to Proposition 1 to prove (2.22)) it is enough to prove that

AW =

3 (G (0) — R Gy (u( G >>)\Sq1<u,v><1+51<\vr>> (2.25)

Jk

with polynomial ¢;. Then ¢ = ¢?. In view of the second bound of (2.20), (1.7), (2.8),
(2.9), and (2.10) we have

Z ( oG _ e_uG$3> i(vGij)

j?k

ALD)

< Culol(1+ Zillo) Y |G — G163,
7.k
(GD(2)a®, GD (2)aM)
|Z + (G(l)a(1)7 a(1)>|

Moreover, by the third bound of (2.20)), we can write

< CulolJi(Jvl) < Culo|(1+ Ji(|v])).

Y (& ~ e
A2 A (FGE) - ZEL)) ‘ A (g - Gl?) ’
+CP(1+ Fi(e]) D Gy — GGyl + |ij °) (2.26)
7.k
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Then denoting 3; the first sum in the r.h.s., we have in view of the first line of (2.8]),
(1.7), and (2.10),:

2)aM) (GO (2)aM), "
WHZZ‘E: |¢+ (dgmw|j<Q“@+GM@D‘

(1) (1)
(ED()a, GV ()a®) _
|44Gmﬁxﬂm| =

< (l6@)I+ 16D @)

To estimate >5 — the second sum in the r.h.s. of (2.26) we use that for any matrix M
if we consider the matrix M) = = {|M|?;}};=1, then

1/2 1/2
1P| < sup (Z |M¢j|2) sup (Z |Mij|2) < [[M]]. (2.27)
) j J i

Hence, the matrix with entries |Gy;|? has the norm bounded by ||G||? < |Rz|2. Then
(2.27) and (2.10) imply for X,:

M( z 1
X2 < m|1§:|G|zl«%u%,é& )|0@“>F+Kjkﬂ)
((;(1)< ) 7(;(1)(2)a(1)> <0

-3
S T N

Thus, we have proved (2.25) and so (2.22).
To prove (2.23) — (2.24)) it suffices to prove that for any m > 2 there exists

Vin(u, 2) = nhjglo E{n_1 Z e‘“GkkG}Zj} = nh—>nolo E{ Z 6_“G”ij},
gk J
and
< Cm(1 +u)/n'/? (2.28)

‘E{ Z e_“G“G’ffj} — Vin(u, 2)

J

To average with respect to a®) we use the second and the third line of (2.8) and the
formulas:

00 m—1
-m v —Rv
R™™ = /0 dv—(m — 1)!6 , (2.29)
ee 24/
e—uR —-1— u1/2/ d'UM exp{_R_lv}’ (230)
0 Vu
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which are valid for any ®R > 0 and u € C. Then we get

m—1

Tm(u) = E{ Z _UGUGm } = EE1{/ dU1—< ! 1)'e_”1(2+(G<l)a(l):a(1)))}
0 - .

' 2\/ 1) (1) (1
1/2EE {/ / dvldvg U{I( v 1;;} ) —(w142) (24 (G D) gl )))}

m—1
v
+EE1{Z<G<1>a<”);” / Y T 1),e—”1<z+<G(““(“v““>”} (2:31)
j>1 0 ’
—ul/QEEl{ / /oo Ol 1j1 2,/uvy)
7>1 1)

w e~ (1Fv2) (G GMaM g }dvldvg
= [Lm — U1/2[27m(U) + [37m(U) — u1/21'4,m(u).

Using (2.13) and averaging with respect to {a;;}, we have

fe'e) Uml -
o = [ dm(—%jyU”EEr{%P%*HEZGSMu}}+CXH1)

= /0 dvl D *WEH (1 - = + Pe-ucy ) +0(n™) (2.32)
- /000 dvi——e " *E{exp{—p + pf{" (z,v1)}}(1 + O(n ™)) + O(n ")

o
e / dfvl 67v1z€fp+pf(z,v1) + 7017m’
0

where

71| < C’mn_l/Z7

and we used first (2.9)—(2.10) to replace £ (z,v1) by fu(2,v1), and then (1.9) to replace
fn(z,v1) by f(z,vq). Similarly

—1
2./
/ / vrdvy 2L j(l(—g)ez(“*”” rrpfEorte) 4oy | (0) (2.33)

[79m ()| < Cn~ 12,

Moreover, using (2.14) and (2.13), we obtain

o) m—1
v —v12 1)\m 1
L = /O doi e 1EE1{Z(G§-£> alkexp{—vl;G&)al,z}}+r§,m

7,k

00 m—l 1
AT ‘7‘””E{ EZeW@E " expf p+pﬂ1@zm}}+r&n
0 -

o) m—1
_ / dvl(v—l)e wE P GIT, (1) + 7, (2.34)
i -

|73 (u)| < Cmn =12,
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Here we used also the relation
1 —v (1) m m
i) - neof2)
ik

which can be proved similarly to (2.25). Repeating the argument used for Is,,, we

obtain
2./
/ / dUldUQ {1( -~ ;L;) ) e ? (vi+v2) —p+pf(z v1+v2)Tm(,U1 + Ug) + 3 m,

Pam(u)]* < Cmn~'/2, (2.35)

Collecting the above relations, we get in view of (2.31) the equation
T(u) = om(u) + [?m(Tm>(u) + T (u),
Irm(u)] < Cm(14 Vu)n Y2,

where the function ¢,,(u) is defined by the r.h.s. of (2.32)) and (2.33) and the integral
operator K, is defined by the r.h.s. of (2.34) and (2.35). It is easy to see that for
Rz > 2 the operator norm in the Banach space of the functions with the norm (1.10)

satisfies the inequality R
|Kmll < ¢ <1

Hence, we get (2.28). Then summing with respect to m and taking into account the
bounds for the remainder terms, we obtain (2.23)). O

The next lemma is a technical one. We will use it in the proof of Theorem [2 below.

Lemma 3 Set
DW(z,u) == n(folz,u) — fV(z,u)) = e 4 Z < —uGu _ e’“GEil)) : (2.36)

Then for Rz > 2 we have

Var {E1 {e_“G“(Z)}} <n7l, Var {E1 {D(l)(z, u)}} <e'q(u)nt,
Var {E1 {eiulGu(zl)D(l) (22, UQ)}} < 6“2QQ(U1, u2)n71. (237)

with polynomial q1,qs. Moreover, if we denote
V21, u1; 20, ug) = Covy {e_“lG“(zl), D(l)(zg7u2)} , (2.38)
where COVl{Fl, F2} = El{FlFQ} — El{Fl}El{FQ}, then there exists

V(z1,u1; 22, u) = lim Vi (21, up; 29, ug) (2.39)

and for any fized z1,uq; 22, Us
|V (21, u1; 22, ) — Vi (21, u1; 22, ua)| < ga(ug, ug)e’>n ™2, (2.40)

with polynomial qs.

14



Proof of Lemma 5. The first bound of (2.37) can be proved similarly to (2.31) —
(2.34). Indeed, according to (2.30) we have

T0<u) — El{euGu} —1— U1/2E1{ /OO dvjl(Q\/uv) eU(ZJr(Gu)a(l)’a(l)))}.
0 VU
Then, averaging with respect to {a;;} similarly to (2.32), we get

To(u)=1-— \/ﬂ/ dv‘ﬂ(ZT\l/)u_v)evzep”f(z’”) +710, E{|ro]*} < C/n.
0

To prove the second bound of (2.37) we use (2.14), which gives us that E, { D) —e‘“Gill)}
coincides with the r.h.s. of (2.14). Then (2.30) for u = i(Gﬁ))?u applied to the r.h.s.
of (2.14)) yields:

i (2im0§}>>
\/1_)

+O0(q(u)e*/n?) = g/ dv vV (2, u, uv)e 0 7PIPIEY) L O (e /nl/?)
0

o—-rtpf (20)

n

El{D(l) _ equgll)} _ Zp\/a/ dv Z B_UG%)GS
0 -
al

with Vj,, of (2.21). Now the second inequality of (2.37) follows from Lemma 2, if we
use (2.30) to integrate the bound for r;,, (2, u, uv) of (2.24) with respect to v. The third
bound of (2.37) follows from the first and the second one.

Relations (2.39) — (2.40) can be proved if we repeat the argument (2.31) — (2.35)
and then apply Lemma 2.[]

Now we are ready to prove Theorem 2.

Proof of Theorem |2 Fix z1,...,z, such that Rz; > 2,7 = 1,...m. We find first
M, ,,. Using the symmetry of the problem and Lemma 1/ it is easy to see that

O_UlGll(Zl)o(l) o—u1G11(z1)

o (1)
M,, = nE {e fa (227u2)} +E {e D (2, u2)}
= T+ Vo(z1, ur; 29, ug), (2.41)

where V,, (21, u1; 22, u2) is defined in Lemma 3. Relations (2.8)), (2.30), and (2.13)) yield

o 2./ o(1) 1),(1) 41
T, = —nu/? dUMe_Z“’E f (ZQ,UQ)e_”(G( alatl) (2.42)
Yo VU !

o0 2./ o(1) L
= —nui/Q/ dUMG—QUE {fn (ZQ,UQ) (H e_le(ck)alk + Ty) }
0 v p

with 7, of (2.13)

o(1)
Since f, (22,uz) does not depend on {ai;}"_, we can average with respect to a'

and similarly to (2.16) obtain

IE{r,}| < C(v+v*)/n.
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We used that (2.17) and the first bound of (1.7) for ||G™||. The bound, the Schwarz
inequality, and Lemma (1! yield

'E{}f)@z,uzm}] < n-1|afez|-2E{|}f)<22,uQ>|} < Clo 4 02)/n*".

Then, integrating with respect to v (recall that | 73| < 1) and averaging [ [, e—vGia
over {ay}, we get similarly to (2.32):

* T(2yuv) _, - o (1) o U2
Tl = _TLU}/Q/O dv%e 1 pE{fn (ZQ,UQ) H@ VG a1k —|—O #

k
> SN(@2yuv) - o(1) W, L2
= —nu}/2/0 dv%e 1 pE{fn (227u2)6pfn =)L Lo ni/z _

o(1)
Writing £ (21, v) = E{f{"(z1,v)} + f,, (21,v), we have

o(1)

> 2,/Uv ) o)
Tl _ _nu1/2/ d’l]jl( \/5 1 )elevpr {fn (ZQ,UQ)epE{ﬂ(Ll (21,0)}+pf (zl,v)} +7,7(12)
0

oo o(1) o (1) o(1)
= n/ dv K, (uq,v;21)E {fn (22, us) (fn (z1,v) + O((fn (zl,v))2)> } + 7’9
0

= / dv K, (uy, v; 21) Mo (21, 05 29, ug) + 7",(13), (2.43)
0
where
Kn(ul, v, Zl) = — pui/z —jl(Q v Ul'U) e_Zlv—peE{pfv(tl)('U,Z)}
Vu
r? = O((wm/n)'?)
> o(1) o(1)
r® = 7~7(Z2) + n/ dvK,(uy,v; zl)E{fn (29,u2)0 ((fn (21, U))Q) }
0
< Con VP (2.44)

The last bound follows from (2.12).
Thus, we obtain that
My (21,15 20, up) = / dv K, (uy, v; zl)Mz(iZ(zl,v; 22, U2) +
0
V(21,15 20, u) 4+ 70 (21, w15 22, u2) + O(n™7?), (2.45)

where V,,(z1,u1; 22, us) is defined in (2.38). Besides, using (1.5) and the inequality
|J1(z)] <1, we obtain that uniformly in u,v > 0

J1(2y/uv)

lim K, (u,v;2) = —put/? S Lo Pexp{—E{pf(z,0)}} = K(u,v;2), Rz>2,

n—oo \/5

and
1K (u,v; 2) — K (u,v;2)| < Cuv™ Y2 Relvy=1/2
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Using the above bounds to replace K, by K in (2.45) and (2.40) to replace V,, by V,
we can write (2.45) in the form

My (21, ur; 20, ug) = / dUK(ul,U;Zl)MQ(}Tz(ZhU;Zz,UQ)+
0

V(217U1;22;U2)+7}(z4)<217u13227u2)+O(n_1/2)a (2.46)

|7“£L4)(21,U1;22,U2)’ < Q(U17U2)€u2”71/2
with polynomial q. The inequality
| K (u,v; 2)| < pul/?p=1/2e" %= (2.47)

implies that there exists M, > 2 such that for all z with 8z > M, the norm of the
integral operator K in the Banach space H (see (1.10)) satisfy the inequality

1K < (2.48)

N[ —

and so there exists the inverse operator (I — K)~'. But the problem is that the bound
for r{" above does not allow us to conclude that ri” € H (recall that we fixe uy and
consider 7" as a function of uy). This difficulty can be easily overcome if we consider

a new function

Mz,n(21, Uz, 227U2) = Mz,n(Zb Uz, 227u2) - T§L4)(21,U1; 22, Uz)-

Then (2.46) takes the form

MQ,n(zlaul;ZQau2) = / dvK (uy, v; Zl)Mg(,lg(ZhU; 79, Ug) +
0
V (21, un; 20, u2) + K () (21, wn; 20, uz) + O(n™%),(2.49)

and (2.47) yields
|K (r) (21, w1; 29, u9)| < Cy/un™ "2,

Thus we can apply the (I — K)™! to (2.49) and obtain that for any z : Rz > M, there
exists the limit

Ms(z1,uq; 22, usg) ::/ (I — K) Yuy,v; 20)V (21, v; 20, up) do. (2.50)
0

But according to Lemma /1l My ,, (21, u1; 22, u2) is an analytic function bounded uniformly
in each compact in the right half plane of C. Hence, taking any bounded domain U
which contains some z: Rz > M, for any fixed u;,us we can choose a subsequence
My 1, (21, u1; 22, uz) which converges uniformly in z; € U to some analytic in U function.
But since for z: Rz > M, for any convergent subsequence there exists a unique limit
of My, (21,u1; 29, ug), defined by (2.50), on the basis of the uniqueness theorem we
conclude that for any z € U there exists a limit of Ms (21, u1; 22, u2) and this limit for
Rz > My is defined by (2.50). Hence we have proved (1.17) for m = 2.
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For arbitrary m we have instead of (2.41)

nm o—u1G11(#1) i o(1) _
- /WE{ H( DO(zyu) + 1, <zj,uj>)}+0<n 112)

J=2
(1
n Z] ’ u]

m G o(1)
+Z (m— 1)/2E{ 1G11( 1)D(1)<Zj>uj>an (zz,ul)}
=2

+O(n'?) =Ty + ) Ty + O(n™'/?) (2.51)

Jj=2

nm/2+1/2 {o u1G11(21)

u’:IS

Then, similarly to (2.43), we write 7} from the r.h.s. of (2.51) as

T, = / dv Ky, (uy, v; 20) Mo o (20,050 2o,y Ui
0
+7"7(13)(z1,u1;.. $ Zmsy Um) + O(n —1/2 q(uyy .. Um)), (2.52)

where 7 admlts the bound (2.44).

Since fn does not depend on {ay; }7_, we can average with respect to these variables
and, using (2.37) write T5; in the form

Ty = E{ (E1{€7U1G”(Z1)D( '(2),u5)} = Ea{e" 1B E, { DU (Zwuj)})
(1)

1 7 o)} = Etaemiswne] I 7 o)

1=2,iF£] 1=2,i#£j

o e (1
+E{Vn(zlaul;zjvu] H n Z]au]} (2.53)

Using the Schwartz inequality and Lemmas 1,2, it is easy to obtain that the last term
in the r.h.s. of (2.53) is O(n~"/2). Hence, (2.51), (2.54) and (2.53) yield

o0
Mmm(zl,ul;...;zm,um):/ dv Ky, (uy, v; 21) Moo (21,0505 Ziy Ui
0

+ Z E{Vi (21, u1; 25, u5) } M2, (22, V25 - - 23 2jo1, Ujm13 Zj41, U1, - - -5 2y Um)
j=1
+O(n 2 (uy, . ) (€% + - - -+ €%)), (2.54)

Then, using once more the argument, which we applied to (2.50), we can prove (1.17)
first for ¥z > 2 and then extend it to the whole right half plane of C. [J

Proof of Theorem j We prove Theorem 4] in two steps: first for polynomial ¢ and
then extend the statement to any real valued functions ¢, satisfying conditions of the
theorem. For polynomial ¢ we replace in Theorem [3 the product of traces of resolvent
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of A with different z; (see (1.19)) by the product of traces of ¢;(A),...,p,(A) with
©1,- - -, m being some fixed polynomials. More precisely, we consider (cf (1.19))

My vom) =B T i) o) | = B T 2001}
j=1

and prove that for any m and any fixed polynomial ¢q, ..., @, there exists the limit
nh—>Hc}o Mpn(p1, - som) = My (@1, -, om) (2.55)
and
My (1.5 om) = ZM2(9017<Pj)Mm72(9027 e PG, Pt Prn)- (2.56)
j=2
Then taking ¢; = --- = ¢, = P we obtain that there exist the limits of all moments

of n712N,,[P] and these moments are expressed in terms of the second moment by the
same way as for the Gaussian random variable.

Recall that Theorem (3| imply that the (2.55) and (2.56) are valid for ¢, (\) =
(1A — z;)~'. We will replace ., by the polynomial ¢; in (2.55) — (2.56) step by step,
starting from the last one ¢, (). To this end we prove by induction with respect to
the polynomial degree k that if we replace ., () by a polynomial Py()) of degree not
exceeding k, then (2.55) — (2.50) are valid.

For k = 0,1 N, [P;] = 0 (recall that A;; = 0), so (2.55) — (2.50) are trivial. Let us
assume that that we know (2.55) — (2.50) for ¢,,,(A) = P,(\) with [ <k — 1 and prove
that they are valid for [ = k. Consider

Om(A) = 0\, 2, k) = =2, NN — 2,,) 7 (2.57)
k
= —(=i)Fz, (zfn(z/\ — Zm) T Z CL(iN — zm)l_lzfn_l) .
=1

By the above representation and the induction assumption (2.55) and (2.56) are valid
for pm(A) = @(A, 2, k) with any z,,. Moreover, if we use the inequalities

gl
gl

combined with the Holder inequality

n—l/Qﬁ/n[P;] } < CO(m,k), P\ =M, kmeN, (2.58)

N } < Clmk)/1Rel, @p(h) = No(iA = 2)7",

Moalor. ool < TV {\nl/wn[sojnm} ,

j=1
then, since P}(X) — ¢(A; zm, k) = —ig}, 1 (A), we obtain
\Mpn(p1,- s Pr) — Mypn(@1, -, 005 2m, k)| (2.59)

., C
= |Mm,n(9017 R ¢k+1>| S W’
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where C' does not depend on n and z,,. We will prove (2.58) later. Now let us use a
simple proposition

Proposition 3 Let the sequence of the functions {u,({)}5%, converges point-wise to
the function u(z), as n — oo, in the domain RC > C, and for any fivred n u, () — ul,
as NC — o0, so that

|un(C) — up| < Co/IRC|%, a>0. (2.60)
Then there exist the limits
lim u) = §)?lcim u(C) (2.61)

Proof. Take any € > 0 and (. such that Cy/|R(|* < /4. Moreover, choose N such
that |u,((.) —u(¢.)| < e/4 for any n > N. Then for any n,n’ > N

|y, — g | < g — wn (G| gy — (G| + |un () — u(Co)| + un(C) — u(C)] < e.

Hence, there exists u* = lim, .o w). In addition, for any ¢ and any ¢ > 0 one can
choose N such that |uy(¢) — u(¢)| <e/2 and |uly — u*| < e/2. Then

|u(C) — u™| < [u(C) — un(Q)| + |un(C) — un| + |luy — w'| < e+ Co/|RCI™

Thus, there exists the second limit in (2.61) and it coincides with «*.0]

Now if for fixed z1, . . ., 2,—1 We consider the functions w,, (2,) = My n (01, .-, 0( 5 2m, k),
then (2.57) gives the point-wise convergence of u,(z,,) and (2.59) coincides with (2.60)
of Proposition 3 with u} = M. ,(¢1, ..., P;). Applying the proposition we obtain that
(2.55) — (2.56) are valid if we replace the last function ¢,, by any polynomial of degree
k.

Repeating the above procedure we replace step by step all 1, ... ¢, 1 by polynomi-
als of any fixed degree. As it was mentioned about this implies that for any polynomial

P n~Y2N\,[P] converges in distribution to a gaussian random variable with zero mean
and the variance from (2.62). Hence, by the standard argument we conclude that
uniformly in x varying in any compact of R

E {eim‘”%[ﬂ} =@V Y(P) = lim Var{n "2\, [P]}. (2.62)

n—oo

To finish the proof of CLT for polynomials we are left to prove (2.58). It is done in the
further proof of Theorem 4.
To extend CLT to a wider class of functions we use

Proposition 4 Let {fl(”)}7:1 be a triangular array of random wvariables, N,[p] =

Z gp(gl(n)) be its linear statistics, corresponding to a test function ¢ : R — R, and
=1

Val] = Var{n™ 2N, [¢]}

be the variance of N,[p]|. Assume that

20



(a) there exists a vector space L endowed with a norm ||...|| and such that V, is
defined on L and admits the bound

Valel < Ollgll, Vo € L, (2.63)

where C' does not depend on n;
(b) there ezists a dense linear manifold £, C L such that the Central Limit Theorem
is valid for N,[¢], ¢ € Ly, i.e., if

Zulwg) = E {/N m}

is the characteristic function of n=Y2N,[¢], then there exists a continuous quadratic
functional V' : L1 — Ry such that we have uniformly in x, varying on any compact

interval
lim Z,[zg] = e V2 vo e Ly (2.64)

Then V' admits a continuous extension to L and Central Limit Theorem is valid for all

Nalel, v € L.
Proof. Let {pr} be a sequence of elements of £; converging to ¢ € L. We have

then in view of the inequality |e™ — | < |a — b|, the linearity of N,[p] in ¢, the
Schwarz inequality, and (2.63):
ol { }

< [e[Var2{n V2N [0 — @i]} < Clal [le — @il

RN ] — 02N ]

IA

Zn(10) — Zn(20) |<p=<pk

Now, passing first to the limit n — oo and then k — oo, we obtain the assertion. [J

Let us show now that hypothesis (a) and (b) of Proposition 4 are fulfilled in some
vector space. We fix some ¢ > 0 and consider the vector space £ of functions ¢ such
that o, ¢, " € L*(R,cosh™2(c\)) (see (1.22)). Denote

loo])? :/]@”()\)PcoshZ(CA)d)\—i-/Mp’()\)]Q cosh2(c)\)d>\+/|g0()\)]2 cosh™2(cA)d\

It is evident that the space of all polynomials L., is dense subspace in £ with respect
to the norm ||.||. Moreover, (2.62) proves (b). Hence we are left to check assumption
(a) of Proposition 4.
It is easy to see that if ¢ € L then f(A\) = p(A)cosh™(cA) € Ly(R) and also
1, " € Lay(R) and
1 o + 1 Naw) < Cllell®.

Hence it is enough to check that
Var{n™*Tv f(A)e*!} < C||f|[Lr + 1" 2ar)- (2.65)

According to Proposition [1/ (see (2.4))

of ") <

n71/2rI?r f(A)eicA

Tr (f(A)eicA _ f(A(l))eicA(l))rm} : (266)
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where AM is defined in (2.6). Note that to prove (2.65) it suffices to consider m = 1,
but we need other m to prove (2.58). Write

Tr (f(A)eCA _ f(A(l))ecA(1)> . /dff(f) ( (i€+c)A (i§+c)A<1)> ’
where fis the Fourier transform of f. Then the Duhamel formula yields

1
Tu (e““C)A—e("HC)A(U)‘ B ‘ / di(i€ + o) Tr (e“’“C)A(A—A<”)e<if+c)"‘<”(1_t)>‘

< (€2tcA€17€1)1/262cA(1)(1 t)a(l)’a(l))l/Q‘

Here we used that

i€+ ie+c) A (1— iE+c ie+re) A (1=
Tr ( (944 — AW)elieta e ﬂ) :Z<€t(§+ M) jran (e e Nis
gk
&+c i&4c) A (1—
+ ) (M) g (AT
4k

The first some gives Y7, (e"€+)4ey) (e (ie+e) AV =1 (D) - where e = (1,0,...,0) and
the vector a!) is defined in (2.8). The second sum can be estimated similarly, since
relations Ag) = AS) =0 (i =1,...,n) imply (e@&TAVA=D) . — 0 (i =2 ... n)
Then the Schwarz inequality yields
2
Var(n e ja)e) < G [IOI0E + de) B e, )
E1/2{< (1-t) cA<1)a(1)7 a(l))2}. (267)

Using the Schwarz inequality once more and then the symmetry of the problem, we

obtain
E{<€2tCA€1, 61)2} S E{(€4tCA€1, 61)} — E{TI‘ €4tcA}.

Similarly, using the Schwarz inequality and then the independence A® of a"), we can
average with respect to a") to obtain

E{( (1-t)eA® (1) (1)) 1< E{( (1=t)eA® (1 ),a(l))(a(l),a(l))}
< C'(p+p )E{n 1TI“ e 4(1-t)cAlt }+ C'(p +p )E1/2{n_1Tr 68(1—75)0,4(1)}‘

Since all entries of A and A and A — AWM are positive, we have for any ¢
E{Tr 64(1_t)CA(1)} < E{Tr i(=9e4) < B{Tr e*4}.
Moreover, according to the result of [5] we have for any m
E{n 'Tr A"} < C"m! = E{n 'Tr e} < 25072
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In addition the Schwarz inequality yields

( [ife |£|+cds> < [1F@R e+t [(el+e)de < CURm IS

Summarizing the above inequalities, we obtain (2.65) and hence the assumption (a) of
Proposition 4. Then Theorem 4 follows from Proposition 4.

To prove (2.58) we use again (2.66), where for the first line of (2.66) f(\) =

M cosh™(c)A) and for the second line f(A) = A cosh™(cA). Repeating the above
argument we obtain (2.66). O
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