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Abstract

We give a new proof of universality properties in the bulk of spectrum of the hermitian
matrix models, assuming that the potential that determines the model is globally C? and
locally C?3 function (see Theorem 4). The proof as our previous proof in [21] is based
on the orthogonal polynomial techniques but does not use asymptotics of orthogonal
polynomials. Rather, we obtain the sin-kernel as a unique solution of a certain non-
linear integro-differential equation that follows from the determinant formulas for the
correlation functions of the model. We also give a simplified and strengthened version of
paper [1] on the existence and properties of the limiting Normalized Counting Measure
of eigenvalues. We use these results in the proof of universality and we believe that they
are of independent interest.

1 Introduction
We present an asymptotic analysis of a class of random matrix ensembles, known as matrix
models. They are defined by the probability law

n,

P, 3(dgM) = Z Lexp {—ﬁ;Tr V(M)} dgM, (1.1)

where M = {Mj}"_; is a n x n real symmetric (3 = 1) or hermitian (3 = 2) matrix,
V :R — Ry is a continuous function called the potential of the model and we will assume
that

V(A >2(14+¢)log(1+|A) (1.2)
for some € > 0,
diM = H dMjg, doM = Hdej HdgMjkd%Mjk’ (1.3)
1<j<k<n Jj=1 J<k

and Z,, g is the normalization constant.

These ensembles have been actively studied in the last decades because of the number of
their interesting properties and applications (see review works [7, [10} 13, [16] and references
therein).

The Random Matrix Theory deals with several asymptotic regimes of the eigenvalue
distribution, in particular, the global regime, centered around the weak convergence of the
Normalized Counting Measure of eigenvalues (see 2.1)), and the local regime, where universal-
ity of local eigenvalue statistics is one of the main topics. Universality of various ensembles
of hermitian and other matrices have important applications (see [10, 13, 16]) and have been
discussed in physics literature since the beginning of modern era of Random Matrix Theory



in the early fifties [3, 9, 11, 12, 16, 17, 18, 25]. Rigorous proofs of the universality property for
the hermitian matrix models (3 = 2) were given in [21] and [6]. Both proofs rely strongly on
the orthogonal polynomial techniques, reducing the proof to a certain asymptotic problem
(see relation (3.16) below) for a special class of orthogonal polynomials. The reduction is
based on remarkable formulas for all marginals of the joint probability density of eigenvalues
known as determinant formulas (see formula 2.4/ below) for § = 2.

In this paper we give a new proof of the bulk universality of local regime of hermitian
matrix models. The proof is valid for potentials in (I.1) that are of the class C? everywhere
and have 3 bounded derivatives in a neighborhood of a point, where we prove the universal-
ity. We obtain the sin-kernel as a unique solution of a certain nonlinear integro-differential
equation, while in our previous paper [21] the kernel was obtained, roughly speaking, as a
power series in its arguments. Since our proof of universality requires a number of facts on
limiting Normalized Counting Measure of eigenvalues of matrix models, the paper includes
an updated and simplified version of results of [I] on the existence and properties of the
measure. Most of simplifications are possible because of systematic use of book [22]

The paper is organized as follows. In Section 2 we treat the global regime and in Section
3 the local regime. In the course of our presentation we will need several technical results
from [1}, 21]. We will give them here (often improving) to make the paper self consistent.

2 Global regime

2.1 Generalities

Denote {)\l(")}?zl the eigenvalues of a real symmetric or hermitian matrix M and set for any
interval A € R
Na(A) =AM e A l=1,...,n}/n. (2.1)

This is the Normalized Counting Measure of eigenvalues of M (empirical distribution in
mathematical statistics). In this section we study the convergence of the random measure
N, to a non random limit N which proved to be a probability measure (N(R) = 1) called
often the Integrated Density of States.

Our starting point is the joint probability density of eigenvalues, corresponding to (1.1)
— (1.3) [16].

P ALy oy An) = @, g exp {—52” > V(Ai)} |AL(A)]?, (2.2)
=1
where
AN = JI i=X), A=, (2.3)
1<j<k<n

and Q;lﬁ is the normalization constant.

Let
By ey M) = / PO A A M)A (2.4)
be the [-th marginal density of p, g. Then, in particular,
N(8) = BN} = [ #500dn, (2.5)
or
Nu@) = [ puar oo =l (2.6)



The cases § =1 and 8 = 2 correspond to real symmetric and hermitian matrices. However,
the probability density (2.2) is well defined for any 5 > 0 (in particular, the case § = 4
corresponds to real quaternion matrices [16]). In this section we will treat the general case
of n-independent strictly positive S.

According to Wigner (see [25] 8, [16]) the density (2.2) can be written as the density of
the canonical Gibbs measure

Pug(A) = Q e PPHEM/2 A — (X\,... ) \,) € R, 2.7
Ne) n,B

corresponding to a one-dimensional system of n particles with the Hamiltonian

HA) =SV — 3 los|n - Ayl (28)
=1

1<j

the temperature 2/6n, and the partition function

Qny = /R e~ BnH(N)/2gp (2.9)

The first term of the r.h.s. of (2.8)) is analogous to the energy of particles due to the external
field V' and the second term is analogous to the interaction (Coulomb repulsion) energy.

It is important that the Hamiltonian (2.7) — (2.8) contains the factor 1/n in front of the
second sum (interaction). This allows us to view (2.7) — (2.8) as an analog of molecular field
models of statistical mechanics. This analogy was implicitly used in physical papers [25, 8| 2].
A rigorous treatment of a rather general class of mean field models was given in [20), 23]. We
will use an extension of the treatment to study the limit of NCM (2.1)), corresponding to (2.2)
— (2.3). We stress a difference of this problem comparing to that of statistical mechanics.
In the latter the number of particles is explicitly present only in the Hamiltonian (see the
factor 1/n in the second term of (2.8)), while in the former we have n also in the Gibbs
density (2.7). In statistical mechanics terms we have here a mean field model in which the
temperature is inverse proportional to the number of particles, while in a standard statistical
mechanics treatment the temperature is fixed during the ”macroscopic limit” n — oo. This
will imply that the free energy of the model has to be divided by n? to have a well defined
limit as n — oo and that the limit will coincide with the limit as n — oo of the ground state
energy, also divided by n? (see [1, 14] and formulas (2.10) — (2.11), and (2.28) below).

It is also well known in statistical mechanics that the macroscopic limit of mean field
models can be described in terms of certain extremal problems. In our case the problem
consists in minimizing the functional

Em] = / V\)m(d\) + / log M_le(d)\)m(du) (2.10)

defined on the set of non-negative unit measures M;(R) (cf (2.8)).

The variational problem (2.10) goes back to Gauss and is called the minimum energy
problem in the external field V. The unit measure N minimizing (2.10) is called the equi-
librium measure in the external field V' because of its evident electrostatic interpretation as
the equilibrium distribution of linear charges on the ideal conductor occupying the axis R
and confined by the external electric field of potential V. We stress that the correspond-
ing variational procedure determine both the (compact) support oy of the measure and its
form. This should be compared with the widely known variational problem of the theory
of logarithmic potential, where the external field is absent but the support is given (see e.g.



[15]). The minimum energy problem in the external field (2.10)) arises in various domains of
analysis and its applications (see [22] for a rather complete account of results and references
concerning the problem).

Before to start the systematic exposition we will make notational conventions that will be
used everywhere below. First, the integrals without limits will denote the integrals over the
whole axis. Second, symbols C, ¢, C1, ... etc. will denote positive finite quantities that do not
depend on n and spectral variables and whose value is not important in the corresponding
argument.

2.2 Basic results and their proof

We will need certain properties of the variational problem (2.10), given in the following

Proposition 1 Let V : R — R, be a continuous function satisfying (1.2). Then:
(i) there exists one and only one measure N € My (R) such that

inf  E[m] = E[N] > —o0, 2.11
nf  Elm] = £[N] > —o0 (211)

and N has the finite logarithmic energy

L[N,N] := /log N(dAN)N(dp) < oo (2.12)

1
A — p

(ii) the support on of N is compact;
(i1i) a measure N € M1(R) is as above if and only if the function

u(MN)=V(A) + 2/10g N (dp) (2.13)

1
A — pl

satisfies the following relations almost everywhere with respect to N (in fact except the set of
zero capacity):

U(A; N) = uy, (2.14)
where
uy = inf u(A; N) > —oc; (2.15)
AER

(iv) if the potential V' satisfies the Hélder condition
V(A1) = V(A2)| S C(La) A = Ao, [Are] < Ly (2.16)

for some v > 0 and any L1 < 0o, then u(A; N) also satisfies the Hélder condition with the
same y:

‘U(Al; N) — u(/\Q;N)| S C/(Ll)’)\l — )\2"7, ’/\172‘ S Ll; (2.17)

(v) if m is a finite signed measure of zero charge, m(R) = 0, or its support belongs to
[—1,1], then
L[m,m] >0, (2.18)

where for any finite signed measures my 2 we denote

L[my, ma] = /log ‘)\ilu‘ml(d)\)mg(du), (2.19)



L[m,m] =0 if and only if m =0, we have
|£[m1,m2]|2 < £[m1,m1]£[m2,m2], (2.20)

and (2.19) defines a Hilbert structure on the space of signed measures with a scalar product
(2.19) in which the convex cone of non negative measures such that Lm,m] < oo is complete,
i.e., if {m(k)}zo:l is a sequence of non negative measures, satisfying the Cauchy condition
with respect to the norm (2.18), then there exists a finite non-negative measure m such that
m®) — m in the norm (2.18) and weakly;

(vi) if my12 are finite signed measures with compact supports, and mi(R) =0, then

E[ml,mg] = /OOO de, T/fll,g(p) = /eip/\mm(d)\). (2.21)

Proof. Assertions (i) — (iii) are proved in Theorem I.1.3 and 1.3.3 of [22] for not necessary
continuous V', but it is shown there only that u(\; V) satisfies (2.14]) almost everywhere with
respect to N. We will prove now that if V' is continuous, then u(\; N) satisfies condition
(2.14) for all A € on. To this end consider a point A9 € R such that

u(Ao; N) > up+e, e>0.
Since V is continuous, there exists d; > 0 such that
V(A) = V(X)) > —¢/3, |A—=Xo| <61

On the other hand, it is known [15] that for any finite positive measure m the function

L(A;m) = /log m(du) (2.22)

1
A =l
is upper semicontinuous, i.e. if £(Ag;m) < oo, then for any € > 0 there exists dy > 0 such
that
C()\,m) >C()\0;m)—5/3, ’)\—)\0‘ < bs.

Using this property for m = N we obtain from the above inequalities that
u(A) > us +¢/3,  |A— Aol <6 :=min{dy,d2}.

Then (2.14) and (2.15) imply that N((Ag — d, A0 +0)) = 0, i.e., \g € on. For the case
L(Ao; N) = oo the proof is the same.

Let us prove assertion (iv) of proposition. It is evident that it suffices to prove that
L(A\;N) of (2.22) is a Holder function in A. If A, Ay € oy, then, according to the above
2L(A12; N) = =V (A12) + us, and (2.17) follows immediately from (2.16)).

Since oy is compact, R\ oy consists of a finite or countable system of open intervals
(gaps). Assume that A1, Ay belong to the same gap (A}, A%): A\J < A1 < A2 < A5, Since
L' N) >0, A€ (A, A5), and L(A; N) > (usx — V(XN))/2, we have

5 (VXD = VO + O = M) < L3 + Oz = M) N) = LOG )
< L(A2;N) — LA N) < LA N) — LA — (A2 — A1);N)
<SO- =) -VOR),  (223)



and (2.17) follows from (2.16). Observe now, that this inequality is also valid if A\ = A or
A2 = A5. The case when \; or Ay belongs to semi infinite gap can be studied similarly.
If A1, A2 belong to different gaps A1 € (A}, A3), A2 € (A5, A\}), then (2.23) implies

[L(A1; N) = L(A2; N)| < [L(A1; N) = LA N[+ |L(A3; N) = L(Az; N)|
+L(A3; N) = L(A2; N)| < C(|Adr = A57 + [Az = A3]7 4 [A3 = Ao[”
< 317N = N

This proves assertion (iv).

Assertion (v) is proved in Theorem 1.16 of [15]. Assertion (vi) is proved in Lemma 6.41
of [4] for the case ma(R) = 0. This implies (2.21)) for a general case of my. The proposition
is proved.

We formulate now the main result of this section.
Theorem 1 Consider a collection of random variables {)\l(n)}?zl, specified by the probability

density (2.2) — (2.3) in which B > 0 and the potential V' satisfies (1.2) and (2.16). Then:
(i) there exists 0 < L < oo such that for any |Ai],|A2| > L

pn(Ap) < emCVO), p%(M,)\Q) < e MOV AD)+V(2)) (2.24)

where py, and pgnﬁ) are defined in (2.6) and (2.4), and L depends on € of (1.2) and on

m = {\nelg{V()\) —2(14¢€/2)log(1+ A))}, M= )\6[1111%?1/2} V(N); (2.25)

(ii) the Normalized Counting Measure (2.1l) of the collection {)\l(")}?zl converges in prob-
ability to the unique minimizer N of (2.10) — (2.11), and for any differentiable function
¢ :[—L,L] — C we have

\ [ oot [ @(M)N(du)‘ < Ol Y2l - n 2108 2m,  (2.26)
\ / eN)e() (P (A, ) — pnu)pn(u))wdu\ < Cll¢lall¢llz - n~Hlogn, (2.27)
where the symbol ||...||2 denotes the L?~ norm on [—L, L};

(iii) the free energy —2(8n*)"tlog Qn s of the model (2.7) — (2.9) converges as n — oo
to the ground state energy (2.11) and

2
1 Nl < Cntlogn. 2.2
Bn? 0gQns+E&| ]’ <Cn ‘logn (2.28)

Theorem 2 Let V satisfy (1.2) and V' be such that for any A > 0 there exists C(A) > 0
providing the inequality

V'(N) = V()] < CA)N—ul, AL ul < A (2.29)

Consider the measure N defined by (2.11) and denote f its Stieltjes transform:

flz) = / ]X(il);), Sz # 0. (2.30)



Then f satisfies the equation

V(NN (dN)
22)= | L2 2.31
P = [ (231)
N has a bounded density p which can be represented in the form
1 1/2
pN) = 2= (400N = V() %, (2.32)
where ()4 = max{z,0},
V(A =V (i
o) = [ FE=T (2.33)
—p
and we have !
1P2(A) = p* ()] < CIA — plog p— (2.34)

The proof of the theorem is based on the ideas of [19] (see also [5]) and is given below, after
the proof of Theorem 1.

Remark 1 [t follows from the theorem that under condition (2.29) we can differentiate the
r.h.s. of (2.14)) with respect to A\. Then we obtain that p solves the singular integral equation

V() = 2/ M’ A€ o. (2.35)

Theorem 3 Let V' satisfy conditions of Theorem 2 and u(X\) # u. for A € on (see (2.13),
(2.14)). Denote by 01(5) the e-neighborhood of on and

dp = / e AN =w)/Agx - d(e) = sup {(u. —u(N))/4} (2.36)
R\on R0

Then there exists an n-independent C > 0 such that for any e > 0 (may be depending on n),
satisfying condition d(e) > C(n='/?logn + d,,) we have the bound (cf (2.24))

No(R\ o)) < e ) (2.37)
where Ny, is defined in (2.5).
The proof of the theorem is given below after the proof of Theorem 2.

Remark 2 [t follows from the proof of the theorem that if we replace (2.29) by conditions
(2.16) and |on| # 0, then Theorem |3 will also be valid.

Remark 3 Usually d,, of (2.36) is O(n='), but it may happen also that d, — 0 vanishes
more slowly as n — oo.

Proof of Theorem [1. Following the main idea of [20) 23] we will use the Bogolyubov
inequality (a version of the Jensen inequality) to control the free energy of our ”"mean field”
model. The inequality is given by



Lemma 1 Let Hiz : R" — R be such that
Q12 := /eHm(A)/TdA <00, A=(A,...,\) €R", T>0.

Denote

(2= Ql_é / e H12(W)/Tgp

Then
<H1 - H2>1 <TlogQo —TlogQ < (Hl - H2>2. (2.38)

The proof of the lemma is given in the next subsection.

Since the proof of assertion (i) is independent of the proof of (central) assertion (ii), we
will give the proof assertion (i) in the next subsection. We will use however assertion (i) in
the proof of assertion (ii).

According to assertion (i) the limiting measure N of (2.5), if it exists, has its support
strictly inside [—L, L]. Let us show that the limiting measure does not depend on values of
the potential outside [—L, L]. To this end consider potentials V; and V3, verifying conditions
(L.2) and (2.16). Then the potential

VAt = tV(A) + (1 — )Va(\) (2.39)

also satisfies (1.2) and (2.16). Denote N, (-,t), pn(-,t), and p(n)( -,t) the measure (2.6)), its
density, and the second marginal of (2.2) corresponding to (2 39). Then it is easy to find
from (2.2) — (2.4) that

;’;pn(x,t) = —ndV(A\)pn(At) —n(n—1) /5v SO ) dpe (2.40)
+n pn(A,t)/W(u)pn(u,t)du,
where 6V = V; — V5. This implies the bound
d
‘815 n(4, t)‘ < 2n? /IW on(p, t)dp,

valid for any A € R. Now, if Vi(A) = Va(A), |[A| < L, then in view of (2.24) and (1.2) we
have:

< 2n2/ d)\"/l ‘/2 ‘/ —nCV( )\t
V=V, [A|I>L (2.41)

< 201 (e—nC\/l()\) +e —nCVa(\) d)\ O —nC’)
[A\|>L
We conclude that without loss of generality we can assume that the potential satisfies the
Holder condition on the whole axis with the same exponent as in (2.16):

’V()\l) — V()\Q)‘ < C‘)\l — )\2|’y, Al,)\g € R. (2.42)

Furthermore, we can also assume without loss of generality that the parameter L of assertion
(i) of the theorem is less than 1/2 and that the support on of the minimizer N of (2.10) —
(2.11)) and all the points A} such that u(\}) = u, are contained in the interval [—1/2+6,1/2—0]
for some § > 0.



Let us prove (2.26). Denote by C* the cone of measures on R satisfying the conditions:
m(d\) >0, supp m C [—1/2,1/2], L[m,m] < oo, m(R) <1. (2.43)

For any m € C* we introduce the ”approximating” Hamiltonian
n
H,(A;m) = Zu”()‘i; m) — (n— 1)L[m, m], (2.44)
i=1

where (cf (2.13))
n—1

up(A;m) =V (A) 42 L(A;m), (2.45)

and L(A;m), L[m,m] are defined by (2.22) and (2.19). Consider the functional ®,, : C* — R,
defined as

2 _ : (n—1)
q)n | ,SnHa(A,m)/QdA —
[m] 2 og/e - L[m, m]
2
1 —Bnun(A;m)/2 ) 4
+—ﬁn og/e d\. (2.46)

Taking in (2.38) Hy = H, Ha = H, and T' = 2/n, we obtain

2
Rlm] < @,[m] — Bn? log Qn 3 < Raml, (2.47)
where
Rim] = 2(8n2Qus)~! / (H — H,)e 5H24),
Ra[m] — 2(ﬁn2)—le—ﬁn2{>n[m}/2 /(H _ Ha)e_ﬂnHa(A;m)/QdA,

and @, 3 is defined in (2.9). Since H and H, are symmetric, we can rewrite R[m] as follows

R[m] = nT_l (/ log B i i (p%(k,u) — Pn(N)pu(p))dAdp

+L[N, —m,N, —m]), (2.48)

where pgg, pn, and N, are defined in (2.4), (2.5) — (2.6). To obtain R,, we have to replace

pn(A) and pgfﬁ)()\, w) in (2.48) by pq(q,a)()\; m) and p,(f)()\; m)p%a) (1;m), the correlation functions

of the approximating Hamiltonian (2.44), where

—1
P (Aim) = e‘ﬁmn(*m>/2< / dAe—ﬁ’wn(Nm)/Q) : (2.49)
This yields:
Rafm] = =L £[N — m, N — ], (2.50)
n
where
NI (dx;m) = pl (A m)dA. (2.51)



Lemma 2 Let C* be the cone of measures defined by (2.43) and the functional ®,, : C* — R,
be given by (2.46). Then,
(i) @, attains its minimum at a unique point m, € C* and

LINS =1y, N —mp] < e (2.52)
(ii) if N is a measure, defined by (2.8) — (2.15), then
0 < ®,[N] - &,[m,] < Cn 'logn. (2.53)
The proof of Lemma 2 is given in the next subsection.
On the basis of (2.47), Lemma 2, and (2.50) we obtain

RIN] < cpn[N]—;nngQnﬂ (2.54)
= (@[N] — Dulma]) + (Bala] — —=5 l0g Qp)

fn?
< Cn~llogn + Ry[m,] < Cn~tlogn + Ce ™.

This and (2.48) lead to the inequality

1 n
/10g B (0S” (\, 1) = pu(A)pn (1)) dAdps (2.55)
+L[N, — N,N, — N]) < Cn tlogn.
Since L[N,, — N, N,, — N] > 0 by Proposition 1/ (v), we have the bound

P51 G Oum) = O ) — pu(Npa(r). (256)

1
log ———Gn(\, p)d\du < C
/ B (A, p)dAdp

We will prove now that there exists an n-independent C' > 0 such that

)
n

1 logn
log —— G, (A, p)dAdp, > —C ) 2.57
e g " (237
and, as a result, that
1
/ log manu, p)drdp = O(n"logn). (2.58)

Note that (2.58) and (2.54) yield assertion (iii) of Theorem [I. Indeed, it follows from (2.55))
and (2.58) that
L[N, — N,N, — N} =0O(n"'logn). (2.59)

This and (2.54) imply
2 -
®,[N] - e log Qnp = O(n" 'logn). (2.60)
Since according to (2.17) L£(\;N) is a Hélder function, it is easy to find by the Laplace
method that

2,V = " Leivi vy — min{u(X; N)} + O(n~ log )

_ 2l / w( NYN(dX) + O(n~"log n)

n

= —E[N]+ O(n*1 logn).

10



Here u(\; N) is defined by (2.13) and we have used (2.14). The two last relations yield (2.28).

To prove (2.57) we need certain upper bounds for p,, and p(Qn) . Changing variables \; —

\; — z and using (2.42) we find that for any |z| < h := n=3/7

= Q| [ dradrn - |AN)]7 (2.61)

Xe—n\/()\l-i-:c) H e—nV()\i—x) o H —nV(\;)
=2 =2

Now we use the simple identity valid for any interval [a,b] and any integrable function v(\)

Pn(A1+2) — pn(A1)

< Cn%27 pn ().

b b
o) = b=t [ W) = o)+ -0t [ o (2.62)

The identity with v(\) = pp(A\), a = X\, b= A+ h, (2.61), and the normalization condition

/pn(>\)clA =1 (2.63)

lead to the inequality
pr(A) < Cn_lpn()‘) + n3/’y7

implying
pn(X) < Cn3/. (2.64)

Similarly we have for pg") of (2.4), and G,, of (2.56):
A0 < Cn, [ GROpadd < Cnl. (2.65)

Furthermore, we can write the equality

log |t|™ = Z (R eiktr g < 1, (2.66)
k=—o00
valid in L?([~1,1]) and in which

Cy (k) 1 /”'kl sina: C’1
— = k # 0, 2.67
WU AR S, e e (2.67)

Besides, since for any bounded continuous function f : R — C we have

2
pu(A)IA >0, (f) = / SN pn(NdA

i=1

the symmetry of p,, of (2.2) implies:

/ FOVF ()G p)dAdp + (n — 1) f12) > 0. (2.68)

We now write integral in (2.57) as that over the square {|\| < 1/2,|u| < 1/2} and over the
complement of the square. The second integral is O(e™"¢) by (2.24) and (2.65). In the first

11



integral we replace log|A — p|~! by the r.h.s. of (2.66) with ¢ = A\ — . Thus, choosing
M = n2t6/7 we get:

/ log #GH(A, pydAdp = O(e™") + Y GFFI®) (2.69)
A= pl Py
=Y GEI+ (-1 B —(n—1) Y I+ Ry
k<M k<M

> —Cn"tlogn + Ryy.

Here
2 .
Gglk,m) _ / GZkﬂ—)\_Zmﬂ—'an()\,M)d)\d,u,
~1/2

and we use (2.24) implying GO0 — O(e~“") and (2.68) implying GER L=l > 0. To
estimate Ry we use (2.67) and (2.65) to write

nS/'Y

1/2 1/2
|Ru| < > IGHERI®] < {Z\G,&kvmﬂ [Z |l(’“)|2] <Cimm (2.70)
k>M k,m k>M

The bound (2.58) follows from (2.69) and (2.70).
Consider now a function ¢ : [—1/2,1/2] — C such that ¢’ € Ls[—1/2,1/2] and denote

p1(A) = 90()1\)1|A\§1/2 +20(=1/2) (1 + N 1xc_1/2 +20(1/2)(1 = M) 1xs1 /2,

1 .
D=3 [ e,
2 ),

1
o — % /_ TN (A) = N (V).

ol

Then, using (2.24)), (2.67), and the Parseval equation, we get

2

2
‘O(em) ISCIC

] [ e @y - W)

kez
<Y 1WAy kM + 0(e™)
keZ keZ

< CLIN = Ny, N = No] - [l |[¢]|l2 + O(e™™).

This inequality and (2.59) imply (2.26). The inequality (2.27) can be proved similarly.
We will prove now that for any finite interval A C R N, (A) of (2.1) converges in proba-
bility to N(A) of (2.11) as n — oo, i.e. that for any £ > 0
lim P{|N(A) — N,(A)| >} =0,
n—oo
where P{...} denotes the probability, corresponding to (2.2). This is the first part of assertion
(ii) of Theorem (1l
Denote A = (a,b), —0o < a < b < oo, x the indicator of A, and x4 the continuous
function, coinciding with x on (a,b), equal zero outside (a — d,b + ) for a sufficiently small
d and linear on (a — d,a) and (b,b+ J). Let x_ be the analogous function for the interval
(a4 6,b—¢). Then

X-<Sx S el <b—a+o, [ <267 (2.71)
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Hence
Nalx-] € Nulx < Nulxal, (2.72)

where we denote for any ¢ : R — C
Nalel =171y o ) = [ eIV, (). (273

This is a normalized linear statistics of random variables {/\l(n)}?zl, corresponding to the test
function ¢. We have in particular N,[x] = N,(A). By using this notation, we can rewrite
(2.26) as

[B{Nu[el} - Nlgll < Cn 2 log 2 nllglly | /1y (2.74)
where E{...} denotes the expectation with respect to (2.2) and

Nlg] = / SN ().

Choosing in (2.74) ¢ = x+, taking into account (2.71) and the continuity of N and making
first the limit n — oo and then § — 0, we obtain

lim E{N,(A)} = N(A). (2.75)

n—oo

Likewise, denoting
Var{Ny[¢g]} = E{N;[¢]} — E*{N,[¢]},

we obtain from (2.27)
Var{N,[¢]} < Cn~'logn |l¢]2l¢']]2- (2.76)

Using this bound, (2.71) and (2.72) we obtain

lim Var{N,(A)} =0. (2.77)
n—oo
Formulas (2.75)) and (2.77) imply the convergence of the sequence {N,,[A]} in probability to
the non random limit N(A) for any finite A C R. Theorem 1! is proved.

Remark 4 Inspecting the above proof of Theorem 1, we conclude that its assertions remain
valid if we replace the potential V in (2.2) by V + €,V1, where Vi satisfies (1.2) and (2.16)
and e, = O(n~logn). If e, — 0 more slowly, than n~'/? log~ 2 n and n~'log™ ' n in the

r.h.s. of (2.26) and (2.27) should be replaced by 8»}1/2 and €y, respectively.

Proof of Theorem 2. We follow the idea of [19] (see also [5]). Consider a collection
of random variables {)\l(n)}?zl, specified by the probability density (2.2) — (2.3) for g = 2.
We remark first that without loss of generality we can assume that V() is a linear function
outside of the interval [—L, L], where L is defined in assertion (i) of Theorem [Il and hence,

in view of (2.29), that

sup |V'(\)] € C < <. (2.78)
A€R

Indeed, it suffices to repeat the argument, leading to (2.42)).
We have from (2.2)) — (2.4) for § =2 and | = 1:

pN) = Quy [ eI Tdne W= n)? Ty - W) (2.79)
j=2 2<j<k<n

13



Then, taking any z with Sz # 0 and integrating by parts, we obtain from (2.79) that

V'(N)pn(N) 1 [ pu(N) 2(n—1) [ piV(\, p)dAdp
[P = [ @t [ ey e

Since pgn)()\, W) = pgn) (1, A), we have
2/p§")(k,u)dkdu _ _/pén)(&u)dkdu
(A= p)(A—2) (A=2)(p—2)
and (2.80) takes the form

V'(N)pn(N) _ l Pn(A) _n- 1 Gn(A 1)
/)\—z d\ = n/(A—z)QdA - /(M—z)()\—z)d/\d'u (2.81)
n—1 pn(N) 2
o </ A— zd)\> ’
where G, (A, n) was defined in (2.56). Thus, denoting
fa(z) = / pf\(i)? (2.82)

the Stieltjes transform of p,,, we derive from (2.81) for z = \g + in, n # 0:

n—1 1 V(A L [ pa(NdN  n—1 [ Gu(\ p)d)\dp
s [ R RS R
and the second integral in the L.h.s. is well defined, since V is linear for large absolute values
of its argument (see the beginning of proof of the theorem). Moreover, this and (2.26) allow
us to pass to the limit n — oo in this term. The first term in the r.h.s. of (2.83) is O(n™1)
for any fixed z, Sz # 0. According to (2.27) the second term in the r.h.s. of (2.83) also
vanishes in the limit n — oo and, according to (2.26), f,(z) — f(z) as n — oo uniformly on

a compact set of C\ R. Therefore, taking the limit n — oo in (2.83)), we get equation (2.31).
Setting z = A 4 in, we rewrite the equation as

V() = V(X

P+ v se + [T
W=z

Solving this quadratic equation in f and using the inversion formula for the Stieltjes trans-

form, we obtain (2.32) — (2.33).
Note that (2.32) and (2.29) imply that p(A) is bounded, because

A < / |V/(A§:Z,(“)|p(ﬂ)du < C/P(M)dﬂz C.

It is also clear from (2.29) and (2.32) that to prove (2.34) it suffices to prove the same
inequality for Q(\). To this end we take any h > 0 and write

N(dp) = 0. (2.83)

QO+ R) — QW)
V) V()] VIO ) — V()
SA#Qh< Py Py > (k)du
VOB - V) VI - V()
*/)#ﬂh< py— Wx—u-u+h—uopmw“

< Csup p(A) h(|logh| +1).
AER

14



Theorem 2! is proved.

Proof of Theorem [3. Set
1
Vi(A\) = §(u()\;N) —uy), ui(A) =u(AN)—=Vi(N) (2.84)
where u(\; N) and u, are defined by (2.13) — (2.14)). It is easy to see that V3 (A) =0, X € op,
Vi(A) >0, A € on, and u; () attains its minimum wu, for A € op.
Consider the Hamiltonians:

" 2
HP(A) = -Vi(n) + D V) == ) log|hi = Al
=1 n 1<i<j<n
(1a) n — 1 1
H " (A) = - u1 (A1) + E(V()\l) - Vi(A1))

- 2
+ZV()\Z-)—E > log|hi— Al (2.85)
=2

2<i<j<n
Denote
Phs() = (@ ) exp{—BnH (M)/2}, 1= (1), (la)
the corresponding probability densities (cf (2.2)).
Using the r.h.s inequality in (2.38)) for H; = HT(LU, Ho = Hflla) and T' = 2/0(n, we get

log Q\) —log QLY < I + Iy, (2.86)
where .
L=8Y / log [ A1 — Al (05" (01, As) = oD (M)pP (M) dad,
i=2
o= 5(n — 1) [ log 21 = Xl (V52 (dh2) = Ndha))oll ),
p%l), and pg) are the first marginal densities corresponding to Ay and A;, ¢ = 2,...,n for
the Hamiltonian H,gl), Nﬁf‘)(d)\) = p%a)(/\)d)\, a = 1,2 (note that pﬁﬂ) # pg) since HYV is
not symmetric in A\; and \;, i = 2,...,n), pgn’l) and pgn’Q) are the second marginal densities,

corresponding to A1, A, i = 2,...,n and A\, A;,2 <4 < j < n (note that pg"’l) # pgn’Q)
(n,1)

ps 7’ is not symmetric because of the same reason).
Repeating the argument that leads to formulas (2.96) and (2.97) below, we get analogs of

(2.24) for p(l) and p(l) that allow us to restrict integration in the r.h.s. of (2.86) to [—1/2,1/2].
Besides, using (2.66) for log |\ — u|~! we obtain similarly to (2.69) and (2.70)

and

|Il| < O( —nc + ﬁ Z I k)< ikr1 Z ik zkr>\ >)>’ + |RM| (2.87)
|k|<M Jj=2
1/2 n 2\ 71/2
< ,8|: Z l(k):| |: Z l < Z ik 1k7r)\j>) >:| + ’RM|
k|<M k| <M =2

1

< Clog'? M [O(logl/2 M) + n2/ log

1 1) 1/2
8 MGQ’“’“W*“RM} |

where we denote (cf (2.56))

/ A)dA,  GD( ) = pSP O 1) — p@ () (1),
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)

M = n?t%/7 and R); and RS\} are the remainder terms which are the contributions of sums
from |j| = M + 1 to oo in the Fourier series (see (2.70) for the estimate of such terms).
Likewise, considering H of the form (2.44) with V(A1) replaced by V(A1) — Vi(A1) and
repeating the arguments, leading to (2.58) and (2.59), we obtain analogs of these inequalities
e 1)
for the Hamiltonian H,, ’:

/ log ——G@ (A, p)drdy = O(281),
A= p ool (2.88)
0<[N? - NN _ N < 2081
mn

This and (2.87) yield I; = O(n'/?logn). Similarly, on the basis of the second line of (2.88)
and the Schwarz inequality we get Iy = O(n'/?logn). Plugging these estimates in (2.86), we

obtain
log QS%} — log QS’Z) < Cnl/? log n. (2.89)

Now we use the r.h.s inequality in (2.38) for H; = Héla), Ho = Hy, and T' = 2/n to get the
bound

105QU ~ 108 @u < B [ AV () (2.90)
L A1) / log A1 — Al (62?0 (Ag)dAz — N(dA2))A®) (Ar)dAs,

where ,0,(11&) and pq(fa) are the first marginal densities of the Hamiltonian HT(LM), corresponding

to A1 and A\;,i = 2,...,n. It is easy to see that (cf (2.49))

(1a) ()\) — exp{ﬁ[*(n — 1)“1 ()‘)/2 + ‘/Yl()‘) - V()‘)]}
TexplAl=(n— D (N)/2+ () = VO

According to definitions (2.84) and (2.13) V3(\) = 0 for A € oy and in view of (1.2) and
Proposition [1) (see (2.17)), the function V; — V admits the bounds:

(2.91)

Vild) =V (A) £C, XeR,
V) =V > —C, Acon.

Besides, the integral in the denominator of (2.91) is bounded from below by the integral
over oy, which is bounded from below by |ox|exp{—F(n — 1)us/2 — C} and according to
Theorem 2/ |on| # 0, where |on]| is the Lebesgue measure of on. Taking into account the
above bounds, and denoting I} the first term in the r.h.s. of (2.90), we obtain

|11 < €Cdnflonl,
where d,, is defined in (2.36).
The second term in the r.h.s. of (2.90)) can be estimated by Schwarz inequality (2.20):
[ 108 0 = 2al (62 a)dre — M@)ot )i

= —L[pFdX — N, p{}d)]
< LYP2[pFDdN = N, pFWdx — NILV2[pl A, pll ) dN].
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According to the above p,(qla’) is bounded and decays at infinity as C exp{—nC2V (\)}, hence

the second factor is bounded. To estimate the first factor we note that pﬁf‘” coincides with
the first marginal density of the Hamiltonian

/ 2

1=2 2<i<y

Thus, the bound for the second factor follows from (2.26) with p, replaced by pSf“). Finally,

from (2.89) and (2.89) we derive

(1) (1) (la)
= log + log 2 < C (n*?logn + nd,). (2.92)
Qn,ﬁ Qn,ﬁ

Qnﬁ

The assertion of Theorem [3 follows.

2.3 Auxiliary results
Proof of Lemma [1. Define F': [0,1] — Ry as

F(t) = Tlog/exp{—T_l((l — t)YH1(A) — tHa(A))}dA
It is evident that F”(¢t) > 0. Therefore we have for all t € [0,1]:
F/(0) < F'(t) < F/(1),
and integrating with respect to ¢, we get
F'(0) < F(1) - F(0) < F'(1).

Inequality (2.38) follows.

Proof of Theorem 1 (i). We prove first that there exists some n-independent C, such
that

/ PV < C. (2.93)

Choosing in (2.38) T = 2/0n, H; = H and H; = H'9, where H'® has the form (2.8) with a
function V replaced by (1 —€1)V, €1 = ¢/2(1 + €), we get from (2.38))

€1 / PNV (AN)dA < 71 gQ\), — 5108 Qn p.

n*p B

Now (2.93) follows from the inequalities:

log Qnﬁ < —m, log Qng > —M —3/2

2

ﬁ n*p

with M and m defined in (2.25). The first can be easily obtained by the Laplace method, if
we use the bound

log |A — p| < log(1 + [A[) + log(1 + |ul), (2.94)
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and the fact that (1 —€;)V satisfies (1.2). And the second follows from the Jensen inequality:

1/2 1/2
Q\, > / / dA exp{—H(A)}

12 1/2
1/2 1/2 )
> exp{ / H(A)dA} > fnCi/2
2 Joape

with A = (A1,...,A\,) and
1/2 1/2
o) = —/ V(\)ldA +/ log |\ — pldAdy > —M — 3/2.
~1/2 ~1/2

Denote for the moment H(A1,...,\,) of (2.8) as Hy(A1,...,An). Then (2.8) implies

On

S HA A = fn

MHn,l()\g, co ) 7‘/()\1)

2
52) )~ 2log X — A, (295)

and in view of (2.94) and (1.2) we obtain

ﬂ” (Al,...,An)zﬁ(%_l)Hn1()\2,...,)\n)
+ 21V 00) — B — 1 log(1 + ).
This and (2.9)) yield:
/Qn lﬂexp ﬁ("; 1)Hn,1()\2,...,)\n)}d)\2...d)\n (2.96)

< e { = 2O + B - Dlos(1 + )}
< exp{ - Q(fT_l:e)V(/\l)}-

On the other hand, by using again (2.95) and the Jensen inequality for the ” Gibbs” measure
e*ﬁ(”*l)H”—l/QQgil 5 We obtain

1/2 _
dXi exp { — %un()\l; Np-1)

_ m”;”/vu)pn_l(x)dx},

where N,,_; is defined in (2.5) — (2.6) and u,, is defined in (2.45).
Using the Jensen inequality with respect to vp, the Lebesgue measure on the interval
[—1/2,1/2], we get further

= [

1/2

1/2

”ijnﬁ >e —(n=1)BC/2 exp nﬂ / )d)\ — (n — 1)ﬁ£[1/0,ﬁn,1]}. (297)
1/2
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where C' is defined in (2.93). But since

—L(A\v) = (1/2—=N)1og(1/2 = A) 4+ (1/2+ X)log(1/2+X) —1> —1—1log2, (2.98)

we have

Ll Noa) = = [ L0 Na (@) 2 —1 - log2,
hence

Qi1 5Qus > e O =C 2+ 2l0g2+ M, (2.99)
and

p(N) = MQ;M / eI A2aN, L dX,
< BnCre-BneV(N/2(14€) < o= neV(N)/A(1+0) Al > L,

(2.100)

if L is big enough. This proves the first bound in (2.24). The bound (2.24) for péng can be
proved analogously.

Proof of Lemma 2. (i) Using (2.18)), it is easy to see that ®,(m) is convex, i.e.,

(1) (2) (1) (2)
o, {m +m ] < O, [m V] + &, [m ] (2.101)

2 2
Let us show that ®,[m| is bounded from below. Let vy be the Lebesgue measure on the

interval [—1/2,1/2]. Then, using the Jensen inequality and then (2.98), we get similarly to
(2.97) - (2.99)

92 1/2 5,”
1/2 1/2
> /E()\; vo)m(d)) — /_1/2 V)AA > —(1 +log2) — /_1/2 V(\)dA.

Combining this inequality with (2.18) we conclude that inf ®,[m]| > —oco.
Consider a minimizing sequence {m®)} of measures, satisfying (2.43) and such that

lim ®,[m®] = inf ®,[m]:= &},

k—oo meC*
Then for any € > 0 there exists k. such that
B 4> d,[mW] > dF, k> k..

This and (2.101)) yield for k,1 > k.,

o (k) 0
oF o> > @, | S g
2 2
Besides, it follows from (2.46) that
n—
b, [m] = Lm, m] + ¥, [m],

where ¥, is also convex. Using the convexity of ¥,, and the previous inequality, we obtain:
E[m(k) —m®W m® m(l)]

<4

(k) 0 (k) 0]
(cbn[m ]—;@n[m ]_q)n[m-gmbgzg_ (2.103)
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In other words, the sequence {m*}, m®*) c C* of (2.43) satisfies the Cauchy condition with
respect to the norm ||m||, = £/2[m,m] and, as a result, has a limit point m,, in this cone
by Proposition [1/ (v). This point m,, is a minimum point for ®,,. Besides, since the second
derivative of ®,, in any direction is bounded from below by a positive constant, m,, is a unique
minimum point.

Consider the measure N.\* (d\;my,), defined by (2.51) for m = m,,. Taking the derivative
of ®,,(my + t(m —m,)) with respect to ¢t at t = 0 it is easy to find that for any m € C*

Limy — N m —my] = 0. (2.104)
Let us show that for any m € C* we have for ,oﬁ{” of (2.49)
P (Nym) < eV A > 1/2. (2.105)
Since supp m C [-1/2,1/2] and m(R) < 1, we have
—L(A;m) < log(1+[X]).

This and (1.2) yield for the numerator of (2.49)

e—ﬁnun()\,m) < 6—,8neV(A)/2(1+e) ]

To estimate the denominator in (2.49) we use (2.102). Then, using the last inequality in
(2.100) we get (2.105). We recall here that we use the scaling of the A-axis such that L < 1/2.
Consider now the measure

N ) = N (A ma) <o
It follows from (2.105) that
1L N9Y — LA N®)| < e7™/2. (2.106)

Thus

LIN® — N Nl _ N@] < g=ne /g,

n n n

Besides, replacing in (2.104) m by N\, we get

hence (2.52) follows.
(ii) Define (cf (2.46)))

2 1/2 .
®WM[m] = - L[m,m] + n log/1/2 dre Prun(im)/2. (2.107)

where wu,, is given by (2.45). Then (2.105) implies for any ®,, of (2.46) and m € C* of (2.43)
oM m] — @n[m]‘ <e e (2.108)

Repeating the proof of existence of a minimizer ®,, in (i), we obtain that there exists a unique

measure mg) € C* such that
WM [mD] = inf &W[m). (2.109)

n meC*
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Now, if we define (cf (2.49), (2.51))

a f/3nu mP 1
MS ’1)(d)\) n(Aimn5)/2 A|<1/2</
71/2

1/2 -1
~Bnun (i, )/2d)\> , (2.110)
then the analog of (2.104) for <I>$Ll) implies the equation

m(t) = Niab), (2.111)
Consider F': [0,1] — R, given by

Ft) = (";1)5[ W L t(N —mI), m® + (N —mD)] (2.112)

~(1=1) [unimDmD @y ~ ¢ [ u NNy,

where u and u,, are defined in (2.13) and (2.45). It is evident, that F”(¢) > 0 and we obtain
in view of (2.12) — (2.13)

F(1)—F(0) < F(1)= 2” Lo, N — m) (2.113)
+ / mM)ym M (dx) — / V(AN (dX) — 2L[N, N]
_ / mD (d\) — / un (s mD)N (@A) + O(n ).

This inequality and (2.108)) imply

0 < @u[N] = &y[my] = (O[N] = F(1)) + (F(1) — F(0)) +
+(E(0) — 2 [mV]) + O(e™™) < (@[N] — F(1))

+ / s Ym0 — / (s D) N ()
(F(0) — D [mM)) + 0(n™), (2.114)

where @%1)( ) and mi are defined in (2.107) and (2.109).
Therefore to prove (2.53) it suffices to have the inequalities:

oV [N] - F(1) < 0;
/un()\, m{MmD(d\) — /un()\; mMYN(dX) < Cn~'logn; (2.115)
F(0) — ! [m%)] < Cn~llogn.
The first inequality follows from (2.105)), (2.14) — (2.15) and the simple bound
2 log / v e AN 2g) < —minu(A; N) = — / u(X; NYN(d)),
Bn 1/2 T XeR

where the last equality follows from (2.14).
To prove the second inequality in (2.115) we introduce the function

nl/v
In(A) = 5 Lpjn-v (2.116)
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and consider the convolution operator ¢ defined for any finite measure m as

il
(5m)(A) = /A P07 —m =Y ), m(A) = m((—oo, ).

It is evident that for any non-negative measure m such that m(R) < 1 the measure ¢} m has
a density bounded by n'/7. This implies, in particular, that

}L()\ + hy6im) — L(X; 5;§m)‘ < pt/ / log

-1

L+ HdA < ChM2nt, (2.117)

Besides, if the measure m is absolutely continuous and its density is p, then J;m has the
density

(6n % p) (A /5)\u w)dp,

the convolution of §, and p. We will also use below the following estimate valid for any
function v : R — C, satisfying the Holder condition with the exponent ~:

(60 % 0)(A) —v( V)] < (2n~ Y77 /| o lo(\ + ) — v(\)|dp < Cn~Y7. (2.118)
pl<n=1/7

Moreover, for any m with finite energy (2.12) we have

[ 800 W) m)dn = £(38m), (2.119)
and in view of the relations
o) = [P, =" )] <1,
pn

and (2.21) we obtain

hence
L[6ym,m] < L[m,m]. (2.120)

Now we are ready to prove the second and the third inequality in (2.115). Using (2.111),
(2.38) with H1 = un(X; mq(ll)), Ho =0and T'=2/(6n), and then (2.108) we have

_ / (s mD)mD (dA) = — / (s D) N @D () (2.121)
1/2 1/2
> i1og / =B (imi)/2gy _ 2 log / d\
ﬁ” 1/2 pn -1/2
= %log / e=Prun(imi)/2g) 4 O(e"e).

Besides, we have by Jensen inequality

;nllog/e—ﬁnun(k;m,(nl))/QdA — ;Llog/én(A—/,L)e_ﬁnun(A;mgll))/Qdﬂd)\

v

5271 log / e~ Anin(/2q,, (2.122)
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where
n—1

iin(A) = (0 # V)(A) + 2——L(X; 65m{D)).

Observe also that if

Uy 1= r/{lelgun()\) = Un(\"),

n
then (2.117) with h = n~%7 implies
Un(N) <@k +Cn~2 A= X| <n %7,

thus
/al/\eﬁnf‘n(’\)/2 > p~6/1¢—Pnis/2-Cn"

This bound, (2.121)), and (2.122) yield

- / un (A mEymD (d)) (2.123)
2 1/2 5
> — log/ eI N/2gx\ 4 O(e7™) > —i} — Cn~ ' logn.
n -1/2

Using this inequality and (2.118) for v(\) = L(A; N) and v(A) = V(A), we obtain in view of

(2.17), (2.45), and (2.116)

- /un(A;mgU)m,(})(dA) > —/an()\)N(d)\) — Cn~tlogn
2 G Ry m@N) - [ 6,6 VION (@

—Cn~tlogn = —QnT_lﬁ[N, mN] — /V()\)N(d)\) +0(n™)

=2

— Cntlogn = —/un()\; mDYN(dX\) + O(n~tlogn).

Hence, we have proved the second inequality in (2.115).
By a similar argument we derive from (2.122), (2.123), (2.118) and (2.120) that

1/2
QIOg// e—ﬁnun(ksmﬁl))ﬁd)\
pn —1/2

2_2n—1

LleEmM, m] — / (6, % V)(N)mD(dX) — Cn ' logn
n

n—1

> —2T£[m7(11), m(M] — /V()\)mg)(d)\) + 0™ —Cntlogn
> —/un()\; m{MNmD(dA) + O(n'logn).

In view of (2.107) and (2.112)

1/2
F(0) — W [mM] = — / (X mP)mD (dN) — ; / e~ Prmun (mi)/2 g,
nJ-1/2

and the third inequality of (2.115) follows. Lemma 2!is proved.
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3 Bulk universality of local eigenvalue statistics.

3.1 Generalities

Universality is an important asymptotic property of spectra of random matrices of large size
n. According to the property (see e.g. [10} 13, 16]) the probabilistic description of eigenvalues
on the scale of typical spacing does not depend on the matrix probability law (ensemble) in
the limit n — oo and may only depend on the type of matrices (real symmetric, hermitian,
or quaternion real in the case of real eigenvalues and orthogonal, unitary or symplectic in the
case of the eigenvalues on the unit circle).

In a more concrete setting of the bulk of the spectrum of hermitian matrix models (1.1)) —
(1.3) the property can be described as follows. Assume that the limiting Normalized Counting
Measure of eigenvalues N (see e.g. Theorem 1! for its existence) possesses a continuous density
p (see e.g. Theorem [2). Choose Ay belonging to the bulk of the support of N, i.e., such that
0 < p(Mo) < oo, and assume that p, of (2.6) converges uniformly to p in a neighborhood of
Ao- Then we have to have the following limiting relation for any marginal density (2.4) for

6=2:

. I (n x x
Jim_[pn (o)) lpl(,Q) <)\0 + m7 Ao+ m> (3.1)
= det {S(z1 — xk)};’k:p
h
where sin mx
S(x) = — (3.2)

In other words, the limit in the r.h.s. of (3.1) should not depend on V in (1.1) (modulo some
weak conditions) for all A9 that belong to the bulk of the spectrum. Note that the r.h.s. of
(3.1) does not depend on Ag.

Thus the limit (3.1) for arbitrary V has to coincide with that for the archetype Gaussian
Unitary Ensemble, corresponding to V(A) = A\2/2. For this case (3.1) is known since the
early sixties (see [16] for corresponding results and discussions).

In addition, an analogous properties has to be valid for the "hole” probability

Eoo(A)=PA" ¢ A 1=1,..n}, ACR. (3.3)
Namely, we have to have for any s > 0:

nlLH;o Ep2([Xo, Ao + s/npp(Xo)]) = det(1 — Sy) (3.4)

where S; is the integral operator, defined by the kernel S(z — y) on the interval [0, s].
We will prove the following

Theorem 4 Consider a matriz model (1.1) — (1.3) for 8 = 2 and assume that its potential
V' satisfies (1.2), V' is a Lipschitz function (see (2.29)) and there exists a closed interval
[a,b] C 0 =supp N such that

sup |[V”(V)| <01 <00, 0< inf p(N). (3.5)
\E|a,b] A€la,b]

Then for any d > 0 the universality properties (3.1) and (3.4) are true for any \g € [a +
d,b—d). More precisely

(i) (3.1) is true uniformly in (z1,...z;), varying on a compact set of R;
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(ii) (3.4)) is true uniformly in s, varying on a compact set of [0, 00).

The theorem will be proved in this and the next subsections. An important technical
mean of the proof is a remarkable formula for all marginals (2.4) of the joint eigenvalue
probability density (2.2) for 3 = 2. The formula is known as the determinant formula (see

e.g [16] for details).

Assume that V satisfies (1.2) and consider polynomials {Pl(n)()\)}lzo orthogonal on R

with respect to the weight
wp(N) = e ™V,

We have
[ RONER e Vix =5,

or, denoting
(V) = exp{-nV (/21PN (), 1=0,1, ..,

we obtain the corresponding orthogonal functions in L?(R):

/ G )G (\)dA = 61

Then marginal densities (2.4) have the determinant form [16]

n n—1)!
PO, M) = — 2 det{ (g, )Y
where
n—1
Kalhi) = S0 0007 (), [ Ka M) Ko = Kl )
=0

is known as the reproducing kernel of system (3.8)). In particular,

n—1

pa(N) =P (V) = n K, (A A) =t S (e (V)2
(=0

We mention also the Christoffel-Darboux formula [24]:

o P8 OB () — T () ()

Kn()\wu’) = Jp—1 >\ L

)

where
T = /w,ﬁ")(xm,@lu)w, kE=0,1,..

(3.6)

(3.7)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

are the off-diagonal coefficients of the Jacobi matrix, associated with these orthogonal poly-

nomials.
Write the hole probability as

E,5(A) = E {ﬁ <1 —xa ()\l(”)>)} :

=1

25



where xa is the indicator of A C R, use the symmetry of (2.2) in its arguments, (3.10), and
the scaling of the Lh.s. of (3.4). This yields for A = [Ag, Ao + s/np(No)]:

En2 ([Mo; Ao + s/npn(Xo)]) = det(I — Knxa)

. 1
=1+ SO / dxy...dx det{Kn<)\ 1 o+ Ti >} 3.15
;p o) [0,5]! ' : ° npn (o) 0 npn(Xo) /) J 421 (3.15)

where K, is the integral operator with the kernel K,, of (3.11) and ya is the multiplication
operator by xa. In view of (3.10) and (3.15) the proof of the universality properties (3.1)
and (3.4) for the random matrix ensemble (1.1) — (1.3) with 5 = 2 reduces in essence to the
proof of the limiting relation

sinm(z — y)

lim (1npn(X0)) ™ Kn (Ao +2/1pu(X0), Ao + y/npu(Xo)) =

lim =) (3.16)

In paper [6] the asymptotic formulas for w,(ln), 1/;7(:1_)1, Jén_)l as n — oo were found in the

case of a real analytic potential, and the limits (3.1) and (3.4) were obtained by using above
formulas, (3.13)) for in particular. In paper [21] a certain integral representation for K, (\, i)
was used (see formula (3.31) below) to obtain the sin-kernel of the r.h.s. of (3.16) as a series
in its argument. In this paper we start from the same representation of the reproducing kernel
and derive an integro-differential equation for the limit of the Lh.s of (3.16). We then show
that a unique solution of the equation is the sin-kernel of the r.h.s. of (3.16). It turns out
that this requires weaker conditions (see Theorem 4) than the potential to be a real analytic
function. In view of this and the importance of the universality properties (3.1) and (3.4) it
seems reasonable to present one more proof of the property.

3.2 Proof of basic results.

An important ingredient of our proof is the uniform convergence of p, of (2.6) to p of (2.32))
in a neighborhood of Ag.

Theorem 5 Under conditions of Theorem |4 we have for any d > 0:

sup  |pn(N) = p(N)] < Cn 727 (3.17)
A€la+d,b—d]

with some positive and finite C'.

Proof. We note first again that we can assume without loss of generality that V is
linear for large absolute values of its argument, i.e., that (2.78) is valid (see the beginning of
the proof of Theorem 2). Using in (2.83) representation (3.10) for pgn)()\, i), we obtain for

z=A+1in,n>0:

F2(2) + V(N fu(2) + Qu(X )——1/K2()\ )( ! >2d>\d (3.18)
" " niAT) = TR I\ o=z H '
where f,,(z) was defined in (2.82)), and

@) = [ =T

is well defined due to (3.22), (2.78), and our conditions on V() (see Theorem 4).

To proceed further we need two lemmas, whose proof will be given in the next subsection.
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Lemma 3 Let K, (), ) be defined by (3.11). Then for any § > 0 we have under conditions
of Theorem |1:

JO-wrr i < c. KO < 057 (3.19)

\ / (A—M)"‘KZ(A,M)du‘ < o(mwmwmm), a=12 (320

[ mouw < 052([w£@1<x>}2+[ 5{”(»12). (3.21)
[A—p[>6

Lemma 4 Under the conditions of Theorem [{ we have uniformly in A € [a + d,b — d] for
anyd >0

pn(N) < C, (3.22)

e < o R + BP0 + . (3.23)

/ ap ([ ()P + [ ()]?) < o2, (3.24)
ln=Al<n=1/4

(W2 + PR < o (3.25)

It follows then from (3.18) and (3.19) that

Fa) + VN fal2) + Qu(Am) = O(n ™07, (3.26)

where 1 = |Qz|. Observe now that if A € [a 4 d, b — d|, then we have for sufficiently small 7
in view of (2.29)), (2.78)), and (3.22):

V(1) = V'(N)|pn(p)dpe
|Qn(>‘777) - Qn()‘70)| < 77/|u—>\|>d/2 |M _ /\H('u _ )\)2 + 772|1/2

du L .
¢ < Cnd Cnl .
! 77/Iu—>\|<d/2 l(p— N2+ ,72|1/2 =0n + Cnlogn

Besides, applying (2.26), we get
Qn(A,0) = Q) +O(n~log! 2 ),
where @ is defined by (2.33). The last two bounds yield
Qn(X, 1) = Q(\) + O(n*1og!?n) + O(nlogn™"). (3.27)

Combining (3.26) and (3.27), we find for any 1 > n~3/8 that

1
FaAtin) = =SV/()+ [VEN)/4= Q)
2
1/2 (3.28)
+0(nlogn™) + O(n~Y210g"? n) + O(n~2y~%)
This and (2.32) yield for n = n=%*:
1S (A +in) = p(\) + O(n=?). (3.29)
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On the other hand, integrating by parts and using (3.28) and Lemma 4, we obtain for n =
—4/9
n

’ﬂ-il%fn(/\ + iﬁ) - pn<)‘)‘

n - Fn A
n / +/ (1) L (2)!du+0(n)
T \ i<z Iprrcu-n<dz) (B=2A)2+n

< C |0 (1) dp + O(n*/?) < Cn'/2.
[u—=X|<n!/2

IN

This bound and (3.29) imply (3.17).

Proof of Theorem 4. According to (3.10), the proof of validity of (3.1) — (3.2) uniformly
on a compact set of R, i.e., assertion (i) of the theorem, reduces to the proof of validity of
limiting relation (3.16) for the reproducing kernel (3.11) of the orthonormal systems (3.8])
uniformly in (z, %) on a compact set of R%. This proof occupies the overwhelming part of the
this and the next subsections. Before presenting the proof we will show that (3.16) implies
(3.4), i.e., assertion (ii) of the theorem. Indeed, if (3.16) is valid, then we can pass to the
limit n — oo in the integrals over (z1,...,x;) in every term of (3.15) and obtain the r.h.s. of
(3.1) as the integrand of every integral. We have to prove then that the terms of (3.15) are
bounded uniformly in n by terms of a convergent series. This is based on

Lemma 5 Let A = {Ajk}é',kzl be a positive definite l x I matriz. Then
l
a1 <]] 4 (3.30)

The lemma will be proved in the next subsection. It follows from (3.11) that the matrix
{Kn (N, )\k)}é w—1 is positive definite. Hence we have by the above lemma, (3.12), and (3.22):

det{(npn (X)) Kn(Xo + 25 /npn(X0), Mo + 2x/10n (X))} k=1

H pn(Xo + xj/npn()\O)) <l
Pn )\0) n

Thus, the Ith term of (3.15) is bounded by C!/I!, the term of a convergent series. This allows
us to pass to the limit n — oo in every term of (3.15) and to obtain (3.4) in view of (3.12)).

We turn now to the proof of validity of (3.16) uniformly in (z,y) on a compact set of R2.
This will be based on the representation

KA p) = Qe m(VINHV()/2
AV 3.31
X /Hd&‘e A=A =) TT =) (3:31)
j=2 2<j<k<n

which can be derived from the well-known identities of random matrix theory [16]

_1 n
I on-x= (H o ) det{P") A}k, @Qnaz = n! [J(1™)
=1

1<j<k<n
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where %(n) is the coefficient in front of A in the polynomial Pl(n). Using the first identity with

A1 = A and A\; = p in the r.h.s. of (3.31), integrating the result with respect to Ag, ..., A, we
obtain the Lh.s. of (3.2)), in view of the orthonormality of functions (3.8).

We note again that we can assume without loss of generality that the potential is linear for
|A| > L, where L is defined in Theorem [1} i.e., that (2.78)) is valid. Corresponding argument
is a version of that leading to (2.42) and (2.78). Indeed, if V; and V; satisfy the conditions of
Proposition 2, then V/(\,t) = tV1(A\) + (1 — t)Va()), t € [0,1] also does. Denote N, (-,t) the
measure (2.6) and p,(-,t) its density. Then, by using formulas (3.6) — (3.12) and (3.31), we
obtain for the kernel K (A, i, %), corresponding to V(A ¢):

gtKn()\,,u,t) = —— (5V(/\)+5V( ) En(\ p, t) (3.32)
/5V n(\ v, ) Ky (v, t)dy,

where 0V = Vi — Vo, Now, if Vi(\) = Va(N), |A| < L, then in view of the inequality (see
(3.11) and (3.12))
KR 1) < K0 N Ko (1, 12) = 0 pn (V) pn (1) (3.33)

we obtain for A\, € [a +d,b—d] C (a,b) (d > 0):
O KuOh )| < m3p2(0, 012 (1) / OV (1) (),
at [A|>L

It follows from (3.22), (2.24), and (1.2) that the r.h.s. of this inequality is O(e~"¢) uniformly
in ¢t € [0,1] (cf (2.41)). Hence, the limit (3.16) for a given potential, satisfying the condition
of the theorem, is the same as that for the potential, coinciding with the given for |A\] < L
and linear for, say |A| > L + 1.

Now take some Ag € [a + d, b — d], where [a, b] is defined in (3.5), and denote

Knlz,y) =n " K,(Ao + x/n, X + y/n). (3.34)

We have from (3.11) — (3.12), (3.22), and (3.33):

/ Ko, 2K (2, 9)dz = Kn,y), K2(2,y) < K, 2)Kn(y, ), (3.35)

Ko, 2) = pu(do +2/n) <C < 00, [Kn(z,y)| <C <00, iy =o(n).  (3.36)
Then, differentiating (3.31) with respect to x, we get (cf (3.32))

0 1
k(@) = =5V (ot z/n)Ka(z,y)
Kn(2', 2K (z,y) — Kn(z, 2" )Crn(2',y) ., (3.37)
+ P dx'.

We have the following lemma that will be proved in the next subsection.

Lemma 6 Denote K. \d
D) = / (1, 1) ’

Then under conditions of Theorem 4 we have uniformly in any [a + d,b—d] C (a,b):

ID(V)| < Cn~Y*logn. (3.38)

29



The lemma yields
Kn (@', 2" )Kn(z,y)

/
7 i

SV (o 2/n)Kn(z, ) —/ 20
= D(X\o + z/n)Kn(z,y) = O(n"*logn).

This allows us to rewrite (3.37) as

0 - ICn(x,:r’)/Cn(a:', y) / —-1/4
%Kn(a:,y) = —/ " dz' + O(n logn). (3.39)
Denote
L = logn. (3.40)

For |z|,|y| < £ we can restrict integration in (3.39) by the domain |z'| < 2L, replacing
O(n~'*1ogn) by O(L™1), where £ is defined by (3.40). This follows from the bound

/ /
L/‘ ol 2K 9)
|2'|>2L

Tz —a

1/2
< E1</K%(m,x')dw'/l@%(y,x’)dx’) <cLl (3.41)

and (3.35) — (3.36).
We will use now the following assertion that will be proved in the next subsection.

Lemma 7 Under conditions of Theorem 4 we have uniformly in |z|,|y| < L, Mo € [a+d,b—d]

‘aaxlCn(x, y) + ;len(x,y)‘ <C (n_l/s + |z — y\n_2> , (3.42)
Kn(@,y) = Kn(0,y = 2)] < Cla| (077 + o — yln2), (3.43)
‘alCn(x,y)' <C, dx 2lCn(ag,y) i <C. (3.44)
ox wl<c |0
Denote
Kn(x) = Kn(2,0)13<z + Kn(L,0)(1+ L —2)lrcrcri (3.45)

+ Ka(=L£,0)1+L+2)1 £ 1<e<—r,

and observe that if we set x = 0 in (3.39) and take |y| < £/3, then similarly to (3.41) we
can restrict integration to |2/| < 2£/3 in the obtained relation, adding O(£~!). This and
Lemma [7/lead to the equation

K (o INK () o]
9 ket () = / Fn@Raly =) 41 4 () + 0L, (3.46)
dy 2/|<2L/3 x

where
Kn(oa LU/)(]Cn(.T,, y) - Icn(()? Yy —= .’El))

o) = [ "
" la'|<2L/3 !

and assuming that |y| < £/3 we have by Lemma 7

raly) = O(n~Slogn).
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Now, using the bound similar to (3.41), we can replace in (3.46) the integral over |2/| < 2L£/3

by the integral over the whole real line. Besides, on the basis of Lemma 7l and (3.35]) —

we obtain

2
/|IC;‘L(x)|2da:§/|/Cn(a:,0)|2dx+C’ <C, /‘jgjl@(m)

= / Kr(z)eP  d,

where the integral is defined in the L?*(R) sense, and write K} () as

Consider the Fourier transform

K (z) = (2m)~ / IC: (p)e™PYdp.
Then we have from (3.12)) and (3.17):
[ Ratwhdp = 25p000) + o(1),
and from (3.47) and the Parseval equation:

/ PR (p)Pdp < C.

It follows from (3.11) and (3.34) that the kernel KC,,(x,y) is positive definite:

L
[ Kalen @ @edy > 0. f € Lo(R),
and by (3.43) we have for any f € Lo(R):

[ R0 = ~ClL A1y g n + O(E).

Furthermore, the Parseval equation and (3.43) yield

/UC* K (—p)|2dp = 27?/ K () — Kk (=) 2de < Cn~ % 1og® n.

We write now by definition of the singular integral

* / * -
[ = g~ i [ ank @K - R+ )

x! e—40
In view of the formula

ePTR(z! + ie) ' de = mie Plsgn p

and the Parseval equation we can write the r.h.s. of (3.53)) as

1 e o
5 im [ dpdp'K (p)KC, (p)e ”’ySIgn(p—p’)e Lad

dpeﬂple* / IC* Ndp'
27T

de < C.

(3.36),

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

- / dpe ™I (p) / (R — Re(—p)dp. (3.54)
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Note that the both integrals are absolutely convergent because K% € L(R) by (3.50). Since
the Schwarz inequality and (3.50) imply the bound

L2 .
< / K () - Ri(—p)dp

/ TR - B ()

R R R 1/2
v [ R < £ [IR30) - Ra-Pay) - +oc,
lp|>L2
we get from (3.52)) - (3.54) uniformly in |y| < £/3

* (o INK* () ol
/Kn(x )K:Ti(y x)dl’/ QW/deC* ZPZJ/ ]C* dp _|_O(£ )

X

This allows us to transform (3.46) into the following asymptotic relation, valid for |y| < £/3:

/ K (p < / K (p ) “PYdp = O(L7). (3.55)

Now consider the functions »
_ / R (0')dp. (3.56)
0

Since pK:(p) € L2(R), the sequence {F,(p)} consists of functions that are of uniformly
bounded variation, uniformly bounded and equicontinuous on R. Thus {F,,(p)} is a compact
family with respect to the uniform convergence. Hence, the limit F' of any subsequence {F,, }
possesses the properties:

(a) F is bounded and continuous;

)
(b) F(p) = —F(=p) (see (3.51));
(c) F(p) < F(p), if p <p' (see (3.51));
(d) F(+00) = F(—=00) = 2mp(Ao) (see (3.49));
(e) F satisfies the following equation, valid for any smooth function g of compact support

(see (3.55)):
/(F(p) —p)g(p)dF(p) = 0. (3.57)

The last property implies that F'(p) = p or F(p) = const, hence it follows from (a) — (c) that

F(p) =pLyp<p, + p"sign(p) Ljpi>po»

where pg = mp(Ao) by (d).

We conclude that (3.57) is uniquely soluble, thus the sequence {F,,} converges uniformly
on any compact to the above F. This and (3.56) imply the weak convergence of the sequence
{K*} to the function
sin(mp(Mo)2)

mp(Xo)r
But weak convergence combined with (3.36) and (3.44) implies the uniform convergence of
{K;} to K* on any interval. Now, using Lemma [7, we obtain that we have uniformly in
(x,7), varying on a compact set of R?

lim ICp(z,y) = K*(x —y).

K (x) =

Recalling (3.1), (3.10), (3.16), (3.17), and (3.34) we conclude that Theorem 4! is proved.
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3.3 Auxiliary results for Theorem 4

Proof of Lemma [3. By using (3.9) and the Christoffel-Darboux formula (3.13) — (3.14) we
get for the r.h.s. of (3.19)

[ O WK mdrdy = 27 ) (3.58)
Besides, (2.24) and (3.11) - (3.12) imply the bound
W WP < npn(A) < nexp{-CnV(N)}, N[ =L, 1=0,1,...n-1, (3.59)

and then we have by (3.14) that
7" < c. (3.60)

This bound, (1.2) and (3.58) imply (3.19). Similar argument and equation (3.13) yield

/ (A= K200 g = T, (N (). (3.61)

Now (3.20) for ae = 1 follows from this identity and (3.60). The case o = 2 in the Lh.s. of
(3.20) can be proved similarly and (3.21)) follows from (3.20) with o = 2. Lemma 3 is proved.

Proof of Lemma 4. We start from the simple identity
dpn(N)  dpp(A+1)

dA dt

t=0
Changing variables in the integral (2.4) to \; — t = p;, i = 2,...n, we rewrite p, (A +t) as

n n

pnA+1)=Qnh [ eV TT (i — )? [ e ™) (X = ) 2dp;.

i>§>2 j=2
Hence, after differentiating with respect to t and setting ¢ = 0 in the result we get

d/);)(\)\) = —nV'(N)pn(A) —n(n — 1)/V/(M)p7(12,%()\aﬂ)du

= VWKL) - / V() (o 0 N Ko (p 1) — 200, 1),

(3.62)

where p(2) (A, A2) is defined by (2.4) and we used also (3.10) for [ = 2. Integrating this relation

n,2
and using (3.11) we obtain

/V’(M)Kn(u,u)du =0.

This, (3.62), and (3.11)) yield

) = / V() = VIO K2\, ) (3.63)

We split this integral in two parts corresponding to the intervals |u — A| > d/2 and |p— \| <
d/2, and use (2.29), (2.78)), and (3.21) with § = d/2 for the former integral. In the latter
integral we write

V() = V) = (= V') + L
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for some ¢ depending on A\ and p and use Lemma [3 and condition (3.5) of Theorem 4.
Combining the bounds for these two integrals, we obtain (3.23). To obtain (3.22) we use
(2.62) for v = p,, and (3.23) in the first integral of (2.62) and (2.63) in the second.

To prove (3.24) and (3.25) we introduce the probability density

(AL, ey A —H V(A IT =22 (3.64)

n2 j=1 1<j<k<n—1

The difference of this density from density (2.2) written for n — 1 variables Ay, ..., A\, is that
in the former we have the factor n in the exponent while in the latter we would have n — 1.
We have analogously to (3.10) for I =1 and (3.12):

- n—1/[ _ L= 0042
P (V) = — /pn (A A2y e A1) dAg.d Ny = HZ(% (A)?, (3.65)
j=0
thus
(W (0)% = n(pa(N) = pr (V)- (3.66)

Furthermore, by using an analog of identity (3.26) for the probability density p,,, we obtain
the asymptotic relation

V(1
/ du O(n?n™) (3.67)
for the Stieltjes transform f, of p,, and z = A+ i1, n > 0. Denote

(n) 2
Ble) = niia(a) — gy ) = [, (3.68)

subtract (3.67) from (3.26) and multiply the result by n. This yields:
_ v’ 9 _
BulD () + )+ [ T () P = O
For z = )\ + in—1/4 this relation takes the form
A ViA ™) (11))2du + O(1
n(2)(fn(2) + £ (2) (wnq(u)) p+O(1).

Since S f,, (2)Jz > 0, Fz > 0, we can write in view of (3.5) and (3.28)

0< 88,0 in ) < (g [ R w0 < c.

and then (3.68) for z = A + in~1/4 yields:

/ A< —1/4(w51@1(“))2dﬂ
H—A|SN

IN

(n)

- o~ 1/40A ()\—i—m 1/4) <Cn71/4

Hence, we have proved (3.24)).
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To prove (3.25) for ¢ 1 we need two elementary facts. The first is the inequality for a
differentiable function w : a1, b;] — C:

llullZe < 2llullz |||z + (b1 = ax) ™ lull3, (3.70)

where ||...||ls and ||...||2 are the uniform and the L? - norm in [a;,b;]. The inequality
(a simple case of the Sobolev inequalities) follows easily from (2.62) with v = u? and the
Schwarz inequality.

The second fact is the identity

/(iwﬁ”lu)du [ v (w2
) .

that follows from (3.7) — (3.8) and the integration by part, taking into account that P}gn is
orthogonal to its second derivative, a polynomials of degree k — 2. The identity, (2.78)), and

(3.9) yield the bound
d (n ?
/(W%S)NM)) dp < On’.

This, (3.70) for u = ¢, [a1,b1] = [A — n¥/%, X + n'/4], and (3.69) yield (3.25) for 4",

To prove an analogous bounds for z/J,(Ln) we repeat the above argument for the probability
density (cf (3.64))

prOL s dn) = — [ ™™ I v—w?
n2 1<jn+1 1<j<k<n+1
setting
) = " Lt e A ) g = = ST ()2
pn( )‘_ n pn( y N2y ooy n+1) 2 0An41 = nZ[% (:u)] )
§=0

so that [ (n)()\)] =n(pf(A) — pn(N)) (cf (3.66)). Lemma 4 is proved.

Proof of Lemma 5. Since A is positive definite there exists a positive definite B such
that A = B?. We have then by the Hadamard inequality:

1
det A = det B? < H > 1Bl
j=1k=1

By definition of B the sum in the r.h.s. is (B?);; = A;; and we obtain the assertion of lemma.

Proof of Lemma 6. According to (3.28) we have for f,,, defined by (2.82)
RS (X +in) + V'(N)/2| < Cn~3logn, n=n">"5 (3.71)

On the other hand, using (2.82)), integrating by parts the difference R f,,(A+in) — R f, (A +1i0),
written via the r.h.s. of (2.82), and using (3.23) and (3.22), we obtain

’%fn(/\ i) — / W’

1

+O(n)

/ log (1 + 1|1 — A 72) pr, (1) dpe
In—Al<d/2

<c [ ot A7) (W 002 + )2 die+ O)
lu—Al<d/2

= C(Il + Iy + Ig) + 0(77),
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where d is given in the formulation of Theorem 4/ and I1, I, and I3 correspond to the integrals
over |A—pu| <n 2, n72 <|A—pl <n Y4 and n=/* < |\ — p| < d/2 respectively. Using
(3.25)) for I and (3.24)) for I, we get

I <Cn2logn<Cn7!, Ib< Cn~1/4 log n.
Besides, for n = n3/8 and |\ — u| > n~'/* we have the inequality log(1 4+ 7?/|u — \|?) =
O(n~Y*), thus I3 = O(n~'/*). Hence, we obtain from (??) that

‘?an()\—i-in) —/W' < OnY4logn.

This inequality and (3.71)) prove Lemma 6.
Proof of Lemma [7. To simplify notations we denote
Az =X+ (z—tx)/n, X\y=Xo+ (y—tx)/n. (3.72)
Then, repeating almost literally the derivation of (3.63)), we get the formula

d

S En (e 2y) = x/Kn()\xa)‘)Kn()‘yv)‘)(

1

V) + %V’(Ay) _ V’(A)) i (3.73)

To estimate the r.h.s. of the formula we split the integral in two parts corresponding to the
intervals [A —Xo| > d/2 and |\ — \g| < d/2, where d = max{\o—a,b— Ao}, and for the former
integral we use the inequality 2K, (A, Ay) Kn(A, Ay) < K2(A\, Ay) + K2(A, \y) and then (3.21)
with 0 = d/2 and (2.78)). In the latter integral we write

V)~ 5V () — 5V

= SO AV 00 + 5= AV () + 0 (A= AP+ (A= 4,)?)

o — 2
= SO AV ) + S A= AV(N) 40 (()\ A A+ nQy‘ ) .

The Christoffel-Darboux formula (3.13) yields (cf (3.61))
[ Eaus D E s MO = M)A = =T 00 0 ()
Hence

/ KAz, M) EKn(Ay, ) (A= Ag)dA
[A=Xo|<d

= (/—/ >Kn(/\x,)\)Kn()\y,/\)()\—/\Ly)d)\
[A=Ao|>d
= —JM O™ () - 1,

where I can be estimated by using again (3.21) and an argument similar to that in (3.73).
Similar formulas are valid for (A—\,) in the integrals. Besides, we have by Schwarz inequality,

‘/ KAy MK (A, M)A = Ap) (A — )\y)d)\‘
< [/ K2, N\ — Am)sz/Kg(Ay,A)(A - Ay)%m} 1/2.
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Using (3.20) for the r.h.s. of the last inequality and the above estimates for the integrals with
(A=) and (A — \y) we obtain from (3.73)
d
7Kn )\am A

< Clal (000 + (W () + (00 ()
o7+ )

The bound, the finite increment formula, and (3.25) imply (3.43). On the other hand, we
have

0 0 d
7,Cn 71Cn 3 =z ! _liKn >\x7)\
S Knl@) + g Kn(9) = = LK ()
Combining this with (3.74) and (3.25)), we obtain (3.42).

Note, that (3.43) with Ao + x1/n instead of \g and y = = = x9 — x; leads to the bound,
valid for any |z1 2| < nd/2:

t=0

K21, 1) — Kn (22, 2)| < Cn~ V8|21 — 24| (3.75)

To prove (3.44) we first show that for any || < nd/2 we have the bound

1 k2
/ Kn(@,2)Kn(x +t,e+1) K@ +t2) ) (3.76)

. 2

where the symbol < ... > denotes the operation E{0(A1—Xo) ...} and E{...} is the expectation
with respect to the measure (1.1) — (1.3) for 8 = 2. By Schwarz inequality W? is bounded
from above by the product of integrals

z7! / VO T = [T o+ o — A2V,

2<j<k<n 2<j<n

To this end consider the quantity

v (i

=2

1

1- —-—
TLZ()\Z — )\0)2

for ¢ = £1/n. Besides, n(V (o) — V(Ao + 0)) is bounded in n because of condition (3.5).
Replacing V' (Ag) by V(Ao + o) in the above integral and using (2.79) and (3.22) we can write
the bound

W < C-p?(Mo+1/n)pl/?(Mo — 1/n) < C1. (3.77)

On the other hand, W can be represented as

n n—1 k+1 n
W= <H(¢1(>\z‘) + ¢2(/\z‘))> = Z (" <1:[2 P1(Ni) H ¢2(>\i)>7

=2 k=0 i=k+2

where ( 20— 2g)?)?
1—n — AQ
¢1()‘) = ng()\ — )\0)2 1n\)\—)\0\<17

and
P2(A) = (L= n*(A = X0)?) Lypongl<t + (L= 172X = ol 72) Lypongf>1-
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Since 0 < ¢2(N) <1 and ¢1(A) > 0 we get from the term k£ = 1 of the above representation:

W= (n-1) /d)‘ﬁbl()‘) <5()\2 — A)exp {Zlog ¢2()\i)}> : (3.78)
i=3

Now the Jensen inequality implies

<&A2—Awmp{§jkg¢xxn}> (3.79)
=3

> eXp{< (A2 — A Zlog¢2 )PS5 (Ao, )]~ 1>}

= e {(n-2) [ 1ogx)pI000. A NN B 00, ]

(Mo, A) and pgg(Ao,)\, )\') are the second and the third marginal

where (§(A2 — \)) = piy
2.4)) for § = 2. According to (3.10) for I = 2,3 we have

densities, specified by (

n n n
PEE (0 A X) = —= pu (V) P35 (Mo, V) (3.80)
L 2En(00, ) Ko, M) En(X, V) = Ko, M)E2Z(N) — Kp(A N E2 (Ao, )
n(n—1)(n—2) ’

In view of (3.33) we can write

K,(Ao, MK (Ao,)\’) (X A)
< 2K (M0, M) KX 2 (A M) Ko (Mo, X) || K (X, 0))]
< Kn (Ao, M) Kn (X, ) + Kn(X, ) K7 (Ao, X).

Thus the second term in the r.h.s. of (3.80) is non-positive and we obtain the bound

n n
pi(’) 2)()‘0a A, X) < mpn()\ ) gg()\g, A).

)

Hence, taking into account that log ¢2(A) < 0 and p,(A) < C, A € [a+d,b— d] (see (3.22)),
restricting the integration in (3.78) by the interval |A — \g| < n~!, using (3.79)(3.80), and
recalling the definitions of ¢1 2, we have

Wos (1) / 0883 00 Nesp fr [ a3 08 82000}

—1 1—2)?
> — / ( 2 L p0 00, 2o + t/n)dt (3.81)
-1

exp {—0 < 01 |log(1 — o%)|dy + /10o log(1 — y_Q)dy> — c} .

It is easy now to derive (3.76) for z = 0 from (3.81) and (3.77). Then, replacing Ay by
Ao + x/n, we obtain the same inequality for any |z| < nd/2.
Now we are ready to prove (3.44). According to (3.39), we have

0 Kn(z, 2" ) Cpn (2, y)
ICn:B,y‘:K/ +/ ) d “2Lda’| + o(1
‘83: ( ) |lz—a’|<1 |lz—z'|>1 r—a ( )

< iz, y)[ + T2z, y)| +o(1). (3.82)

X
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By (3.35) and (3.36) we have
|Ia(2, )| < K/ (v, ) K}/ (@, 2) < C.
To estimate I; denote
ti=inf{t >0: Ky(x+t,z) < pn(Xo)/2}, ¢*=min{t],1}. (3.83)

Then we can write

Li(z,y) = (/ +/ ) dx’
|e—a'|<t* t*<|z—a'|<1

Kn(z, 2" YK (2! y) — Kn(z, 2) Kz, 9)

/

=I + 1
P 1+ 14

In view of (3.35) — (3.36) we have
|I7| < C|logt*|.
On the other hand, using the Schwarz inequality and (3.34), we obtain the bound

’K:'fl(xa Z) - ]Cn(xla Z)|2

2
/

*12 D0+ =) = o + = >>wk "o +>))

< (Kn(z,x) + Kn(2,2') — ZKn(x',x)) Kn(z,2)
= (2@, 2) = K2 2))? + (2w, 0K (o)
—Kn(2',2)) Kn(z,2). (3.84)

In view of (3.75) and (3.36) the contribution of the first term in the parentheses of the r.h.s.
of (3.84) is bounded by Cn~/4|z —2/|?. Furthermore, write the expression in the parentheses
of the second term as

Kn(z, )y (2, 2") — Ky (2, )
1 (a, )N (2 2') + K (2, )
and use the inequality K, (2/, ) > 1p,(Ag) > C, valid for |z — 2’| < t*. We obtain the bound
K (2, 2) = Kn(2, 2)|? C (Kn(z,z) + Kn(2,2") — 2K, (2, 2)) (3.85)

’a:—.’L'/P PN k20
nl

K2 (2, 2) K2 (2! ') — K(a!, 2) =

IN

Thus we have from (3.85) with z = z,y, (3.36), and the Schwarz inequality

/ / _
-] [ B b,
|lx—a!|<t*

r—a
, —
|e—z'|<t* |$ _x|
, —
+C/ ‘}Cn(.’lf,$) ,?n(x7x)’dxl S Clt*
|e—a!|<t* |{E - |

- PN 102 (o 1/2
+ Cl\/ﬁ(/ ‘K;n(.’IJ,iU)’Cn((B ,I‘) K:n(x 7x)‘dx/> S 02\/1:7*’ (386)
|x—z!|<t*

|z — 2/|?
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where we used (3.76) to estimate the last integral. Now, on the basis of (3.82) — (3.86) and
the finite increment formula, we have that

C1 < pn(M0)/2 < Kl +1,2) = Kl 2)] < Cp (#)¥2 + 1*[log 7]

We conclude that the inequality |t*| > d* is valid with some n-independent d*, hence, re-
peating derivations of (3.82) — (3.86) with d* instead of t*, we obtain the first inequality of
(3.44).

To prove the second inequality in (3.44) we observe first that we have by (3.42):

2
/ w= [
jel<L lel<L

Then we rewrite an analog of (3.39) for %Kn(x, y) as

d / / Kz, 2" )Kn(2',y)
—Kn(x,y) = + 1y >a dx
Ay (0) ( |2/ —y|<d*  Jla'|<2L i ) y—a

+0(L7Y = Ii(z,y) + Ly(z,y) + O(L™Y).

Since in I; the interval of integration is symmetric with respect to y we can write

2

0

)
Kn(z,y) a9

dx

N — /
Il(g;’y> — (Icn(ﬂf,iU) /Cn(x,y))lCn(g; 7y)dx’
| —y|<d* y—x
/ _
+ / Kon (2, y) (Kn (@ ,y2 Kaly.9) 4.0
|z —y|<d* Yy—x

Then we have by the Schwarz inequality and (3.36))

A 270
P(z,y) < 2d°C (Kn(z,2') — Kp(z,y))2dz

|z’ —y|<d* (y - x/)2
/ _ 2
| —y| <d* (y - )

Now (3.35) and (3.36) lead to the bound

/ / _ ’
/I%(x,y)dx < 2d*C dm”cn($ ,x') + ICn(y,?lJ)2 2K, (2 y)
|2/ —y|<d* (y — ') )
T 2d*C g Eon(@y) = Ky, 9))*
o’ —y| <d* (y —a')?

Using the second inequality of (3.85) for the numerator in the first integral and the first
inequality of (3.85) for the numerator in the second integral and then (3.76), we obtain that
the integral of I?(z,y) with respect to z is bounded for |y| < L.

To prove the same I we use (3.35) — (3.36) to write

[ B

’C !/ }C /’ 1 IC !
S / 1‘1/7y|>d*1|x//7y|>d* n(yax) ’I’L(/aj z ) I;n(l‘ ’y) dx/dx//
'] 2" |<2L (y—2')(y — 2")
Ka(y,«')  Ki(y,a")
< C 1|z/fy|>d* 1|x”7y|>d* < n N n %) d[l?ld.%//
/| | <2L (y—a")?  (y—a)

< 20(d*) "' Kaly,y) = O(1).
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The above bounds for integrals of I? and I2 prove the second inequality in (3.44). Lemma 7
is proved.
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