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Abstract

Basing on our recent results on the 1/n-expansion in unitary invariant random matrix ensem-
bles, known as matrix models, we prove that the local eigenvalue statistic, arising in a certain
neighborhood of the edges of the support of the Density of States, is independent of the form of
the potential, determining the matrix model. Our proof is applicable to the case of real analytic
potentials and of supports, consisting of one or two disjoint intervals.

1 Introduction

Universality is an important concept of the random matrix theory and of its numerous applications
(see e.g. reviews [14, 19] and references therein). In a more concrete context one refers to universality
while dealing with local eigenvalue statistics of ensembles of n x n real symmetric, Hermitian or
real quaternion matrices in the limit n — oco. One distinguishes the bulk case, arising in a 1/n-
neighborhood of a point )y of the support of the Density of States p of an ensemble, such that
0 < p(Ao) < o0, and the edge case, arising in a certain o(1)-neighborhood of endpoints of the support,
more generally, in a neighborhood of those points of the support, at which p(Ag) = 0,00 (perhaps as
an one-side limit, i.e., for Ag + 0 or Ao — 0).

In this paper we will study the edge universality of ensembles of Hermitian matrices M =

{M;}% =y M jx = M; 1, known as the matrix models and defined by the probability distribution

P.(M)dM = Z;* exp{—nTrV (M)}dM, (1.1)
where .
dM = [Jdmy; ] dSMrdRMjy, (1.2)
j=1 1<j<k<n

Z, is the normalizing constant, and the function V' : R — R is called the potential. We assume that
V satisfies the conditions:

(i) there exist L; and e > 0, such that
VN = (2+€e)log|A], [A] = L1, (1.3)
(ii) for any 0 < L < oo and some y > 0

V(M) = V(A2)| < C(La)[Adr = A7, [Aa2| < Lo (1.4)

Denote by )\§"), e )\,(1") the eigenvalues of a matrix M, and define its Eigenvalue Counting Measure

as
No(A) =AM €A, 1=1,...,n}-n 1, (1.5)



where A is an interval of the spectral axis. According to [7, 15] the N,, tends weakly in probability
as n — oo to the non-random measure N known as the Integrated Density of States (IDS) of the
ensemble. The measure N is a unique minimizer of the functional

eim = [ VOym(@) - [ [log |~ pm(@nm(d), (1.6)

defined on non-negative unit measures on R. Here and below integrals without limits denote the
integration over the whole real axis.

The IDS N is normalized to unity and is absolutely continuous if V' satisfies the Lipshitz condition
[22]:

NR) =1, N(A) = /Ap()\)d/\. (1.7)

The non-negative function p in (1.7) is called the Density of States (DOS) of the ensemble. The DOS of
matrix models was studied in [7, 15, 9]. It follows from these papers that in the case of a real analytic
potential the support of the DOS consists of a finite number of finite disjoint intervals and that if a, is
an endpoint of the support, then the DOS behaves asymptotically as p(\) = const- |\ —a.|'/?, X = a.
generically in V.

The most studied ensemble of the random matrix theory is the Gaussian Unitary Ensemble, de-
termined by (1.1) - (1.2) with

V(\) = 2X\%/a®. (1.8)
Here the DOS is the semi-circle low of Wigner
2
p(N) = —(a® ~ A2, (1.9)

where £ = max(z,0).
The most known quantity probing the universality is the large-n form of the hole probability

En(An) =P, (A" ¢ A, 1=1,....n}, (1.10)

where P, {...} is the probability defined by the distribution (1.1) - (1.2), and A,, is an interval of the
spectral axis, whose order of magnitude is fixed by the condition nN(A,)|A,| = 1.
In the bulk case we choose [17]

Ap = (Ao, Ao+ 5/np(Ao)), s> 0, 0< p(ho) < 0. (1.11)

In this case the limiting hole probability is the Fredholm determinant of the integral operator, defined
by the kernel sin 7(t; —t2) /7 (t1 —t2) on the interval (0, s). This fact for the Gaussian Unitary Ensemble
(1.8) was established by M. Gaudin in the early 60s [17]. The same fact was proved recently in [20, 10]
for certain classes of matrix models. This is an example of bulk universality, showing that the local
(in the sense (1.10) - (1.11)) statistical properties of eigenvalues do not depend on the ensemble, i.e.,
on the function V in (1.1), modulo a proper rescaling of the spectral axis.
The edge case of local eigenvalue statistics was studied much later even for the GUE [12, 23]. It
was found that if we choose
A, = (a,a(l + s/2n2/3))  sER (1.12)

for the right-hand edge of the support [—a, a] of (1.9), then the limit as n — oo of the hole probability
(1.10) of the GUE is the Fredholm determinant of the integral operator, defined on the interval (0, s)
by the kernel
Ai(ty) Ad (t2) — Ai'(t1) Ai(t2)
t1 — 12 ’
where Ai is the standard Airy function [1]. Similar result is valid for the left-hand edge of the support
of (1.9). Hence, the edge universality means that if a. is an endpoint of the DOS support, and p
behaves asymptotically as p(A) = const - |\ — a.|'/?, X\ = a., then the limiting hole probability should
be the same Fredholm determinant.

This fact for real analytic potentials in (1.1) can be deduced, under certain conditions, from
the recent results [9] on the asymptotics of orthogonal polynomials on the whole line with the weight
e~"VN)_ In this paper we give another proof of the edge universality of the eigenvalue statistics for the
same class of potentials, assuming additionally that these potentials lead to the DOS, whose support

K(ti,t2) = (1.13)



is either an interval [a,b] or, in the case of even potentials, that the DOS support is [—b, a] N [a, ],
where 0 < a < b < co. The proof is based on our recent results on the 1/n-expansions for the matrix
models [3], establishing, in particular, the ”slow varying” character of the coefficients of the three-
term recurrent relation (the finite-difference equation) for respective orthogonal polynomials. As a
result, this relation becomes the Airy differential equation, leading to the kernel (1.13) in the interval
(1.12). We believe that our proof makes explicit an important mathematical mechanism of the edge
universality and is related to simplest cases of the double scaling limit in the matrix models of the
Quantum Field Theory (see e.g. [8], for the random matrix content of these results).

2 Main Result

We will assume that the potential V', determining the probability law (1.1), satisfies the following
conditions, in addition to conditions (1.3) and (1.4) above.

Condition C1. The support o of the IDS of the ensemble consists of either

(i) a single interval:
o=1la,b], —oo0<a<b< oo,

or

(ii) two symmetric intervals:
o=[-b,—a]U[a,b], 0<a<b< oo, (2.1)

and V is even: V(X) = V(=)\), A € R.

b
Remark. It is easy to see that changing the variables according to M' = M — &I in case (i) we

can always take the support ¢ to be symmetric with respect to the origin. Therefore without loss of
generality we can assume that in this case

o =[—-a,al. (2.2)

Condition C2. The DOS p()) is strictly positive in the interior of the support o and behaves
asymptotically as const - |\ — a*|1/2, A = a., in a neighborhood of each edge a, of the support.
Besides, the function

u(n) =2 [ Toglp = Np()d ~ VY (2.3)

attains its mazimum if and only if A belongs to the interior of the closed set o. We will call this
behavior generic (see e.g. [16] for results, justifying the term)

Condition C3. V() is real analytic on o, i.e., there exists an open domain D C C and an analytic
in D function V(z),z € D such that

o CD, V(A+i0)=V(\), A€o

We mention that we always have the single interval case if V' is convex [7, 15] or if it has a unique
absolute minimum and sufficiently large amplitude [16], and we always have the two interval case if
V has two equal absolute minima and sufficiently large amplitude. Conditions C2 and C3 were used
in paper [10] to obtain asymptotic formulas for orthogonal polynomials with the weight e="". The
condition C3 is the case in many applications of the random matrix theory to the Quantum Field
Theory [13] and to the condensed matter theory [14, 5], where V is often a polynomial.

The following statement known, in fact, in several contexts, provides a sufficiently explicit form of
the DOS in our case (see e.g [3] for a proof).

Proposition 2.1 Consider an ensemble of form (1.1)-(1.2), satisfying conditions (1.3), and C1-C3
above. Then its density of states (DOS) p has the form

1

PN = 5-Xe PN X4 (A), (2.4)



where x () is the indicator of the support o of the DOS,

X () = va? — A%, [A] < a, in case (2.2),
T sign A VOZ —a?2)(b2 — X2), a < |\ <b, in case (2.1),

1 V() =V dA
P(Z)_%/(, 2 X ()

and

Besides, the Stieltjes transform

g(z):/w, 32 #0,

Z—p
of the DOS for z € D satisfies the quadratic equation

9*(2) = V'(2)9(2) + Q(2) =0, z€D,

o) = [ HE=T 00

z

where

(2.8)

(2.9)

Denote by pn (A1, ..., Ay ) the joint eigenvalue probability density which we assume to be symmetric

without loss of generality. It is known that [17]
n
pa(Aas ) =@ T (A = M) exp {—nz V()\l)} :
1<j<k<n =1

where (), is the respective normalization factor. Let

pl,n()\la---a)‘l) = /pn()\la---a)\la)\l—i-la---)\n)d)\l—i-l---d)\n

be the Ith marginal distribution density of (2.10). Define the correlation functions as

n! ()

Rl,n()\la---a)\l) = mpl (

)\1,...,)\1).

The link with orthogonal polynomials is provided by the formulas [17, 6]
Rl,n(/\l, cery )‘l) = det{Kﬂ()‘ja )‘k)}é,kzla

[u

Ea(An) =Y ( “) /Al det{ K, (\j, )Y, i - d.

=0

~

Here

n—1
Ko\ ) = D" W™ ()
1=0
is known as the reproducing kernel of the orthonormalized system,

$™M ) = exp{—nV(N)/2}p™M V), 1=0,...,

in which pl(”), 1l =0, ... are orthogonal polynomials on R associated with the weight

wy(A) = eV,

ie.,
/ P (0P (M), (A)dA = 61

(n)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

The polynomial pln) has the degree | and a positive coefficient v, in front of AL, The orthonormalized

functions {1/Jl(n)}120 of (2.16) verify the recurrent relations

T ) + g MM ) + TG ) = M), Joi(n) =0, 1=0,...

(2.19)



According to condition (1.3) the polynomials pl(n) and the coeflicients Jl(") are defined for all [ such
that
I<mni, ny=n(l+e/d). (2.20)

In other words, we have here the ni x ny real symmetric Jacobi matrix

J(n) — J(”) n ,
o i () (2.21)
Jl,m =q 6l,m + Jl 6l+1,m + Jl_l(slfl,m-

Note that if V is even, then ql(") =0,1=0,....
We will need an important particular case of the above formulas [17], corresponding to ! = 1 in
(2.13):

BN} = [ paWaA pa(h) =07 Ko (), (2.22)

where the symbol E,, {...} denotes the expectation with respect to the measure, defined by (2.10), i.e.,
by (1.1) - (1.2).

Theorem 2.2 Consider an ensemble of the form (1.1) - (1.2), satisfying conditions (1.4), (1.3), and
C1 - C8 above. Then for any endpoint a. of the support o and for any positive integer | the rescaled
correlation function

(yn?/3) Ry p(ay £ty Jyn?3, o an £ 1 [yn®/?) (2.23)

converges weakly as n — oo to
det {K(t;, tx)}; p=1 (2.24)

where the sign = (2.23) corresponds to a right hand and left hand endpoint, K(t;,tr) is the Airy kernel
(1.13),

v = (2¢%a)1/3 (2.25)
and . . .
a = a, Cc = % <W + m) (226)
in the case (2.2) and
2
-1 ViCREPCIY YR
a= (" ~a?) { i e= (0 —a*)P(a) (2.27)

(b* —a?)P(b)’

in the case (2.1) for the endpoint a and b respectively. The function P(\), entering (2.26) and (2.27)
is defined in (2.6).

Besides, if A C R is a finite union of disjoint intervals bounded from the left in the case of the
right hand endpoint and from the right in the case of the left hand endpoint, and E,(A) is the hole
probability (1.10) for A, = a. + AJyn?/3, then

/ dty ...dty det{K(t;, tx)}; p—1, (2.28)
A

n— oo l

o (=1
lim E,(A,) =1+ Z !
=1
i.e., the limit is the Fredholm determinant of the integral operator K, defined by the kernel (1.13) on
the set A and the sign + in A, corresponds to the right and left hand endpoints of the support.
We mention now two particular cases of the theorem. The first corresponds to the case l = 1.

Corollary 2.3 Denote

Un(8) = pnlas £ s/m>>n'/? /5. (2.29)
Then we have weakly in R :
lim v, = v,
n—roo
where -
u(s) = / AP (2)dz, (2.30)

and £ in (2.29) corresponds to the right and left hand endpoints respectively.



Remarks. 1). Denote N, (A) the number of eigenvalues in the set A, = a, + A/yn?/?, A C R.
According to (2.22) and (2.29)

Ea{Na(8)) =n [

a.+2cn—2/3A

pn()\)d)\:/Aun(s)ds.

Hence, we can interpret the corollary as a statement, according to which the expectation of the rescaled
counting measure N, converges weakly to the absolute continuous measure A" whose density is (2.30).
The density can be viewed as an analogue of the density of states for n—2/3- neighborhoods of the
edge a, of the support of the Density of States, given by Proposition 2.1.
2). By using the equation
A (z) = zAi(z), (2.31)

and the following from the equation identity [1]
Ai(x)Ai' (y) — A’ (z) Ai(y
r—=Yy

) _ /0 " Ai(w + u)Ai(y + u)du (232)

for £ =y, we can rewrite the r.h.s. of (2.30) in the form
v(s) = Ai"(s) — sAi*(s). (2.33)

The formula was obtained in [12] in the case (1.8) of the GUE, by using (2.22) and the Plancherel-
Rotah asymptotic formula for the Hermite polynomials, that play the role of polynomials pl(") for the
GUE [17].

The next corollary deals with the case of A = (s, 00) of formula (2.28).

Corollary 2.4 Under condition of Theorem 2.2 the n = oo limit of the probability distribution of the
mazimum eigenvalue of the random matrix (1.1) - (1.2) is

lim P, {\", < a, +s/yn?*?} = det(1 — K(s)),

n—roo

where a. is the extreme right-hand endpoint of the support and K(s) is the integral operator, defined
by the kernel (1.13) on the interval (s, 00).

The corollary asserts that the n = oo limit of the probability distribution of the maximum eigen-
value of the random matrix is independent of the ensemble (of function V in 1.1), i.e., the universality
of this distribution for the class of ensembles, treated in the paper. Analogous statement is valid for
the minimum eigenvalue.

3 Proof of the Main Result

We will prove Theorem 2.2 in details for the case (i), where the support of the Density of States is an
interval of the spectral axis. At the end of the proof we shall explain the difference between this case
and the two-interval case (ii). Besides, we can restrict ourselves to the right hand endpoint a of the
interval [—a, a] without loss of generality.

The proof is based on the following asymptotic formula for the coefficient Jl(n) of the Jacobi matrix
(2.21) [3], Theorem 1:

n k n —(n
=S e =, @)

where c is given by (2.26), and the remainders r™ 7" admit the estimate

K2 +1
n2 ’

r) ) < - k| < C -n?/3. (3.2)

Here and below the symbol C' denotes positive quantities that do not depend on n and k but can be
different in different formulas.

It follows from (2.19) and the orthonormality of {pl(n)}lz(] that

o — / ™ (0p™ (A)d. (3.3)



This and (3.1) imply that the order of the orthogonal polynomials pl(n), entering formulas (2.13) -

(2.15), and (3.1) does not exceed n + Cn?/3, and makes possible to replace pl(n) of (2.18), orthogonal
on the whole axis, by the polynomials pl(L’n), orthogonal on a sufficiently big but finite interval [—L, L]

with respect to the same weight (2.17). This will simplify our analysis and is justified by the following

Lemma 3.1 Let {pl(L’n)}?io is the system of polynomials orthogonal on the interval [—L, L] with
respect to the weight (2.17):

L
/ PP Ve Y = 6y
L

Denote by @ZJ,(L’n), K", and JZ(L’n) (n) the quantities defined in (2.16), (2.15), and (2.19) for the

system {pl(L’n)()\)}loiO. Assume, that V(\) satisfies conditions (1.3) and (1.4). Then there exist some

absolute constants L and Ly such that for any 0 <1 < (1+¢/4)n

max () —1/)1(L)()\)‘ <Ce™™, (Ae[-L,L)). (3.4)
[ — g < cente (3.5)

max  |K,(\p) — KB\ p)| < Ce i 3.6
amax [Kn(Ap) A )l < (3.6)

The lemma allows us to substitute Rl("), E,(A,) and Jl(n) in (2.23), (2.28) and (3.1) by the

respective quantities, constructed from the polynomials {pl(L’n)}loio. We will assume from now on
that this replacement is made and we will omit the super index (L) to simplify notations.

Now we will prove the first assertion of the theorem, relations (2.23) - (2.27). Since any permutation
of [ objects can be represented as the product of the cyclic permutations, each term of the determinant
in (2.13) is the product of the expressions K, (A1, A2) ... Ky (Am—2, Am—1) Kn(Am—1, A1), in which the
arguments are in the cyclic order and do not appear in any other cyclic expression of the product.
Hence, it suffices to prove the weak limit

limn_,oo('yan/3)7lKn (a + tl/'ynQ/?’, a+ t2/’)”fl2/3) Ky (a + tm/'yn2/3, a+ t1/'yn2/3)

= K(t1,t2) ... K(tm, t1) 3.7

for any m > 1. We will confine ourselves to the case m = 2, containing all important ingredients of
the general case.
We set 21 = a +n~2/3¢;, 20 = a +n~2/3¢, and introduce the function

1 1
F, =*4/3//<‘ S K2\, Ao)dA; d) )
(Cl:C?) n \S)\l —Zl\s()\Q _22) n( 1, 2) 1 2 (3 8)

for [S¢1 2] > €0 > 0, i.e., the two-dimensional Poisson integral of the function KZ(A1, A2). According to

(2.16) - (2.19) the functions {1/)1(")}['20 are the generalized eigenfunctions of the selfadjoint operator,
defined in the space I2(Z;) by the matrix J of (2.21). Denoting the operator again J™, we
introduce its resolvent

R™(z2) = (J™ — 2171, (3.9)

and the matrix {RY;C) (2)}5%=0 of the resolvent in the canonical basis of I12(Zy). Then the spectral
theorem yields the representation

H e )
R\")(2) :/%d)\, Sz #0. (3.10)
By using (2.15) and this representation we obtain that the function Fj, of (3.8) can be written as

follows: .

Fo(G,G) =n 4% 3" SRV, (a+n PGSR, (a+ 072 G). (3.11)

n—j,n—=k
J k=1

Set
M = [n?/7], (3.12)



Lemma 3.2 Let R (z) be the resolvent (3.9) of J™. Then for any z = a+n~"2/3¢, |I¢| > e C V7,

R¢ > —C we have
3

nd/
n=4/3 Z Z|R Yk |2<C —=Cn2/" (3.13)
j=M+1 k=0

The proof of the lemma will be given in the next section.
Consider the operator

A= —-— —2cx (3.14)

defined on the whole real line. Denote by R(() the resolvent (A — (I)~! of A for I # 0, and by
R¢(z,y) the kernel of R(¢). We will need the following

Proposition 3.3 The kernel R¢(z,y) possesses the properties:

(i)
g%Rc (#,y) = 2czRe(x,y) = (Re(x,y) +6(x — y), (3.15)
“ 21 [ Y (z, O+ (y, Q)
_4m ~(z, Ys x <y,
&m”‘m{mmoJmsz% (3.16)
where
’(/)+(.’E, ) = AI(X)a ¢—($7C) = CI(X)v (317)
Ci(X) =Ai(X) — Bi(X) (3.18)

X = kx +7¢, k= (4dca")V/3, and Ai(z) and Bi(z) are the standard Airy functions (see [1]).

(#i) The functions 1+ are entire in x and ¢ and have the following asymptotic behavior in x for

SJC=e>0
2
1 _z 3/2
W (2.0l = ~prrrg (L4 O(lz=%/%) { OPL3 R, o= oo (3.19)
T2 X| exp{ye|RX|V/?}, 1z — —o0
1 ex {g|§RX|3/2} T — 400
- (.0l = garsprya (L + Ol /%) ¢ & ’ (3.20)
/2| X]| exp{—e|RX|'/?}, z — —o0
() if I(z,y) = SRc(z,y), then
0
I(z,y))? < I(z,z)] and I(z,z)dx < cc. 3.21
I < 1w 0)Iwp), and [ 1(z.2) (321)
—0o0
The proposition will be proved in the next section.
Introduce the double infinite matrix
* _1/3 n—li n—1l _ —2/3
R} 1, (2) =n'/’Re <WW> . z=a+nT (3.22)
and the semi infinite matrix
D = {d, 1,}°1,—0» D = (J™ — 2)R*(2) - I. (3.23)
Then we have
"(z) = R*(z) — R™D(z). (3.24)
We introduce also the (4M + 1) x (4M + 1) matrix D™) | assuming that n is big enough and setting
(M) _ (M) _ dnfj,nfk, |.7|7 |k| < 2M,
D {Dh l2}’ —jn—k { 0, otherwise. (3.25)

We will use the following lemmas, that will also be proved in the next section.



Lemma 3.4 Under conditions of Theorem 2.2 for any z = a+n—2/3¢ with |R¢| < C and |I¢| > e =
O(n=1), 0< ay <1/11, as > 0 we have

*4/32 SR, Ll |2<2n*4/32 S AR+ OM/MY? £ O, (3.26)

J=1|k|<M =1 |k|<2M

M
n B3N [(RMD)y k()P < C MDAV, (3.27)
J=1|k|<M

Lemma 3.5 If |3¢| > ¢ > 0, then the norm of the matriz DM admits the bound

IDM)|| < ¢ ((M/n)1/2 + 5_1M2/n4/3) . (3.28)
On the basis of (3.13) and (3.24), we get for (3.11)

FGLG) =m0 3 SR, (S, () + 06

v J:k=1 (3.29)
= TL74/3 Z ‘SRn jn— k( ) R:L—j,n—k(’z?) + 6n(<1: CQ) + O(n72/15)a
Jyk=1

where

M
10, (C1, G)| = |n /3 Z [ (R D) jn—r(21)S SR, _jn—r(22)+

Jk=1

S(R™D)jin1(22)SR;, ., 1 (21) + S(R™ D) 1(21)S(R™ D)k (22)

1/2 M 1/2
< [n4/3 Z |(R(n)D)n—j,n—k(zl)|2:| [n4/3 Z |Rn —j,n— k( )|2:|
jk=1 J’“ 1
. 1 1/2
+[n4/3 Z |(R(n)D)nj7nk(22)|2:| [ s Z B jn—k(21)] }
jk=1 k=1
M 1/2 M 1/2
+[n_4/3 Z |(R(n)D)n—j7n—k(Zl)|2:| [n_4/3 Z |(R(n)D)n—j,n—k(22)|Q]
jik=1 J:k=1

Since we have to prove the convergence of F), for (i o such that |¢1 2] < C and |S¢i 2| > g9 > 0, we
can take an n-independent € = ¢g in Lemmas 3.4, and 3.5. Then, by using the Euler-MacLaurin
summation formula [1], it can be shown that the sum in the Lh.s. of (3.26) is O(1) as n — oc. This
leads to the bound

10n(C1, ()| < C 2/,
The bound, Proposition 3.3, (3.29), and (3.22) imply that for any (i » such that |(12| < C < oo and
|1 2| > €9 > 0, we have

li}m Fn(Cl;CZ) :/ / %RCI (ﬂfl,xz)%Rcz(iEl,ﬂfz)dﬂ?ldﬂfz. (330)
n— oo 0 0

According to (3.16) the function (2/ka)'/?Ai(kz + 7€) is the generalized eigenfunction of the self-
adjoint operator (3.14), corresponding to the generalized eigenvalue £ € R. This fact and the spectral
theorem for the operator yield the integral representation

SR (z,y) /Az kx + vE)Ai(ky + v <. (3.31)

1
——d
£—¢

The formula and Proposition 3.3 allow us to rewrite the r.h.s. of (3.30) as

/ / Sa- <1 N cd&d&

X / / dz1dzs Ai(zq + v&)Al(z1 + &) Al(ze + v&)Al(ze + 7E2).
0 0

To finish the proof we need the following lemma, proved in the next section.



Lemma 3.6 Under conditions of Theorem 2.2 for any fixed Ly > —o0
n/ pn(N)d\ < C dt/ dzAi® (kz 4+ yt) + o(1), n — oo, (3.32)
R\J(n72/3L0) LU 0

where o(e€) for € > 0 is the e-neighborhood of o and for e < 0 o(e) denotes the part of o, whose
distance from the boundary of o exceeds |g|.

Since the Lh.s. of (3.30) is bounded from above for |S¢| > 0, we conclude that the sequence of
measures in R?, defined by the densities n=*/3K?2(a + n=2/3¢,a + n~2/3¢) (cf (2.29)), is weakly
compact. Besides, Proposition 3.6 and the inequality

Kn(A 1) < Kn(A ) Ky (1, 1) = 107 pp(X) o (12) (3.33)

imply that the contributions of neighborhoods of +oo with respect to the both variables in (3.8) is
negligible uniformly in n. Since the Poisson integral determines uniquely the corresponding measure,
we deduce from the above and formulas (2.32), (3.11), and (3.30) the tight convergence of n=%/3 K2 (a+
n23¢ a + n23E)dédEy to VAR (yér, y€a)dE dEs. Changing variables €19 to t1.2/7, we obtain
(2.23) - (2.24) for | = 2.

This finishes the proof of the first assertion of the theorem, i.e. the relations (2.23)-(2.26), for the
single interval support (2.2) of the Density of States of the ensemble. Let us prove now the second
assertion of the theorem, formula (2.28). We note first that if A, = a + A/yn?/3, then we have
according to (2.14)

l

/ dty ... dty(yn®/*)~ det {Kn(a +tj /%, 0+ tk/'7n2/3)} ,
A 7, k=1

(3.34)
Recall now the Hadamard inequality, according to which we have for any ! x [ matrix A = {Aj;, }3 ket

(=1’
Il

En(An) =1+
=1

1 n 1/2
|det A < H <Z|A,-k|2> .
j=1 \k=1

If the matrix is positive definite, the inequality can be modified as follows
!
det A < T 4j;- (3.35)
=1

The last inequality and Proposition 3.6 allow us to make the limit n — oo in the r.h.s. of (2.28),
hence to prove (2.28) for any set A C R, finite or bounded from the left.

This finishes the proof of Theorem 2.2 for the case (2.2) of a single interval support of the Density
of States of the ensemble and the right hand endpoint a of the support. The case of the left hand
endpoint —a can be treated analogously by setting z = —a — n~2/3¢ and by using

4f/n—=1l n—1U1
_n1/3(_1)l1+l2(A — ) 1( VR YEN >
as the matrix R*.

To prove the theorem for the case (2.1) of a two-interval support we note that now we have the
following asymptotic relation [2] (cf (3.1)):

T = §(b — (-Dka) + W =) (P(b) ~ Pla) > + 7, (3.36)

instead of (2.21), where r,gn) again satisfies (3.2). As a result, in the case the endpoint b we should
consider instead (3.14) the operator

b2—a2ﬁ 2

A®) — _
2b  dx? (0> —a?)P(b)

T
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with the resolvent R(®) (¢) = (A® — ¢(I)~! whose kernel is Réb) (z,y). Then we consider the matrix
R™Y(¢) of the form

R ©) = nl/BRéb)< J i (=1)Ja &k i (_1)ka>_ (3.37)

n—jn—k nl/3 Inl/3p° pl/3 2n1/3p

The respective operator for the endpoint a is

(a) b2 - 02 d2 2
Al = —-— + T
2a dz? (b2 —a?)P(a)
with the resolvent R(%)(¢) and
) . j k
(*,0) — 13\ [ ple) (T (=1)’b &k (=1)"b
R"Y () =nP (=) (=) R <n1/3 + 51y i T onifig (3.38)

where Réa) (z,y) be the kernel of R(@ ().
Theorem 2.2 is proved.

4 Auxiliary results

Proof of Lemma 3.1 We prove first (3.4). For @ = (u1,. - ., ) we set:

k k
W@ = [ Gu—p)* [Te™ ™), MO =e V2 TT0 - m)

1<i<j<k i=1 i=1

(m) _ / (), QU = / AT (7).
[7L7L}k

In particular, Q" is Q, of (2.10). Then, according to [21] (see formulas (2.2.10) - (2.2.11)), we have

(n) (Lym)
n ’Y * — — s ’Y * — —
o0 = 15 [momm@ds, o0 o) = 2 WO AT, (4.1)
Qy Q" =Lk

where yl(cn) and WIEL’") are the coefficients in front of A\ in pén) (A\) and pSCL’n)()\). They have the form

[21]
(my2 _ QL (k+1) (/)2 Q" (k+1)

(’Yk ; k I (4.2)
Qi Qi
We prove first that for some L, L; uniformly in k < (1 + €/4)n we have
(n) (n)
‘% - 1‘ < Ce mln, ‘ Tk _ 1‘ < Ce mln, (4.3)
n) (L.n)
Qk Vi

The first relation here follows from the result of [7], Lemma 1, which states that for any function V',
satisfying conditions (1.3) with some € > 0 and (1.4) there exist absolute constants L > 1, Ly such
that for any &k <n

5(n) ]
NQL -1 < Cemin,
(L)
@ ) i (4.4)
(1 =xr(w))p (m) < Cexp{=nlilog|ml},
(=2 ()" (o) < C exp{=nLyloglml},

where x 1, is the characteristic function of the interval [-L, L] and

P;cn)(,ul) = (Qi"))’l/Hk(ﬂ)duz,---duk, Pén)(/llam) = (Qén)fl/Hk(ﬁ)d,usa---d,uk, (4.5)
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are the first and the second marginals of the probability density IIj(m) /Q;cn) of k variables 1 =
(1, - - -, px), corresponding to the potential V = nk='V (cf (2.10), (2.11)).

Thus, if we chose constants L, Ly for V(A) = (1 +¢/4)V(\), é = €/4(1 4 €/4), we obtain the first
bound of (4.3). The second bound follows from the first in view of the relations (4.2).

Now if we denote by Ag(A) the r.h.s. of (3.4), then, using (4.2), (4.3), and the second line of (4.4),

we get
n

. (n)
My < Cerbp | B (fap- [ ) moum ) m
Qk71 [—L,L]"

Denoting A} (\) the second term in the r.h.s. of (4.6), we obtain

AL < nths [ = ()T O, )T () d

1/2
< aVETT@) ! fdull - xuu) (i -
1/2 :
@y [ am - m(m))(rlzu,m)mk(mdn]
1/2 1/2
< nL'2VE+ 1‘ /(1 — X2 ()" (1 ) dpn /(1 — xp ()P O\, w1 )dp

Here we have used (4.2) and (4.5). According to (4.4) the integrals in the r.h.s. of (4.7) are
O(n~te nlallog L) Thus, taking L, = L log L/2, we get (3.4) if n is large enough.
It follows from (2.19) that
LY =" i
This and (4.3) imply (3.5). Another way to prove (3.5) is to apply (3.4) and the second line of (4.4)

to formula (3.3).
The proof of (3.6) follows from (2.15) and (3.4)

Proof of Proposition 3.3. By general principles (see e.g.[4]) the kernel R¢(z,y) of the resolvent of
differential operator (3.14) has the form

1 (@) z<y,
R<<$’y)‘w{ b (er(z) o>y

where fi(x,() are solutions of the differential equations

Y

a

S0 (@) = (2ew + Qila) =0,

that are square integrable at +oo, and W is fixed be the condition

0 0
%Rz(x + va) - %Rz(x - va) -

According to formulas (4.8), we can choose 91 (x) = Ai(kz + v¢) and _(z) = Ci(kz + () =
iAi(kz + () + Bi(kz + v¢). This and the identity (see [1]),

QN

(A1) (2)Ci(2) — Ai(2)(Ci)' (2) = 7.

lead to (3.16) - (3.18).
Relations (3.19), (3.20) follow from the asymptotic representations (see [1])

Ai(z) = r1/2, 1 =550 <1 + 0(23/2)>, largz| <,
Ai(—z) = 7 Y2z Y4sin 223/2 + ) (1+ 0(z"3?)), largz| < gﬂ,
N Ty
i) = a2 ed (14 0l ), jarge] < T,
Ci(—z) = = Y2z Vexp {z <§ZS/2 + g) } <1 + 0(23/2)> , largz| < §7r.
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The leading terms of the asymptotic formulas for the derivatives of Ai and Ci can be obtained as the
leading terms of the formal derivatives at the above formulas. This and (3.16) lead to assertion (7i7)
of the proposition.

Assertion (iv) follows from (ii) - (iii) and (4.8).

Proof of Lemma 3.2 It is easy to see, that the Lh.s. of (3.13) is bounded above by the expression

n—M oo n—M (n)
n n n) (= Py (A)dA
ROLE = 3 (RO@RD @)y = m-n) [ B2 )
k=0 m=0 k=1
where pgln_) ar(A) is the first marginal density of the probability density (cf (2.10))
) m ) 2 T
Zar(Ats e Apmnr) = ( M—n) H (Aj = Ak)” exp{—(n— M) Z W-V(Aj)} (4.10)
1<j<k<n—M =1
This suggest the introduction of the functional
Esm] = 1% /V m(dX) — //10g|)\—/,t|m(d/\)m(d,u) (4.11)

with § € (0,1) (the functional (1.6)) corresponds to the case § = 0 of the above functional. According
to the results of [7] (see also [15]), if V satisfies (1.3), and V' is a locally Hélder function, then the
unique minimizer of the functional (4.11) is equal to the limit p(®) of the first marginal density pfﬁ) M
of the distribution (4.10) as n — oo, M — oo, M/n — §, the limit is in a certain ”energy” norm,
determined by the second term of (4.11). It is easy to find (see also [22, 16]), that the support o5 of
the density p(®) lies strictly inside of the support o of the DOS (i.e., the density of the limit of the first
marginal density of the distribution (2.10), corresponding to § = 0 in (4.11)). Moreover, the endpoint
as of o5 and the endpoint a of o are related as follows

lim(a — as)0~" = K >0, (4.12)

d—0

where K can be written via derivatives of the function u(z), defined in (2.3) (this relation can also be
deduced from (4.18) in [2]).

Now we need the following proposition, proven in [2] (see the last inequality in the proof of
Proposition 2 and the text before the inequality).

Proposition 4.1 Consider a unitary invariant ensemble of the form (1.1)-(1.2) and assume that
V(X) possesses two bounded derivatives in some neighborhood of the support o of the Density of States
p, that satisfies condition C2. Denote by o(e) the e-neighborhood of the spectrum o. Then there exist
Cl; CQ

/ pr(N)d\ < e=Can'/*logn, (4.13)
R\o(Cin—1/2logn)

According to Proposition 4.1, we have uniformly in 0 < M/n < édy < 1

/ P (WA < exp{~Can'/? logn}, (4.14)
as+Cin—1/2logn

where (7 and Cs may depend on dg.
Set e(n) = KM/2n. Then £(n) >> Cin~'/?logn, and so a — e(n) > a; + Cin~/?logn for
sufficiently big n and M >> n'/?logn. Thus, we can write:

P NdA [/ +/ ] P (V)dA
|a + ’I7,_2/3< - )‘|2 A>a—e(n) A<a—e(n) ((l + ’I7,_2/3< - )‘)2

nd/3 () (A)dA
Cont/?1 / Pn_m 4.15
S e PG Tlognd + || e = n 2R + PR 19
v p&”)M(A>dA oy 4 Ol (o
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where g;"_) u(2) is the Stieltjes transform of the measure pil w(N)dX (see (2.7)). According to the

results of [20], Egs.(2.5) - (2.6), if z € D, then g( n) w (2) verifies the relation

(G732 — 157 V(@9 () + QM () = O(W;zrﬁ’ n—oo,  (416)
where (cf (2.9))
QMM (z) = 1-— ;/I/n / : (2 = ;/ o P pr(N)dA. (4.17)

On the other hand, if we consider g(®(z), the Stieltjes transform of the measure p(®) (\)d\, minimizing
(4.11), then for z € D ¢(¥(2) is a solution of the quadratic equation (see (2.8)—(2.9)

(9 ())” ~ 125V (2)g () + Q¥ (z) = 0 (418)

in the class of analytic functions, such that Iz - g > 0, and Q(%)(2) is defined by the formula (4.17)
with p(®) instead of pfﬁ)M and 0 instead of M /n. Now (4.16)—(4.18) and the fact that the analytic
function (V'(z)(1 —6)~")? —4Q0)(2) is zero at z = as imply

19950 (2)] < C(S2] + |2 — as] /2 + |QM/™) (2) — QUM/™) (2)[V/2 4 11 S2| 72).

Besides, since (V'(z) — V'(\))/(z — A) has bounded derivative with respect to A (recall that V is
analytic in a certain neighborhood of the support ) we can use results of paper [7], according to which

QM () — QUI/M ()] < €+ 12 log! 2
The last two inequalities and (4.12) yield
1S9y (a+iM/n)| < C - (M/n)? + 04 10g"* n + n/M?). (4.19)

Now, using (4.15) and (4.19), we obtain from (4.15)

(W) (\)dA
/ Pn=rs(N) < C-((n/M)? +n?M? +n®*log"* n/M).

la; +n 273 — A2
Combining this bound with (4.9), we obtain (3.13). Lemma 3.2 is proved.
Proof of Lemma 3.4 Take v € N to provide the bound (see Lemma 3.5)
|IDMD) < Cn~2. (4.20)
By (3.24) we have
=R+ Z Y R*D' + (-1)*R™ D", (4.21)

We write for both R = R™ and R=R* andl=1,...,p

2M

(RDl)n*j,n*k? = Z Rnfj,nfmanfmhnfml e Dy my,n—k dgz) Gn—k (422)
ml,...,mg:—QM
with .
'
|d( ) —j,n— k| = |E Rn—j,n—man—ml,n—ml ce Dn—ml,n—k|
l
<> > (RIDI™)njn-m (D)o i
p=1|m|>2M

where 3" is the sum of the terms which contain at least one |m;| > 2M and |R|;; = |Rir|, | D]y =
| D]

14



We observe that for m # m' we have

Dl < max I (1Bt e ()] + Bt e (D)) + 201 By e (2))), (4.23)

where we also took into account that since the matrix J(™) corresponds now to the polynomials p(Z-™),
orthogonal on a finite interval [—L, L] (see Lemma 3.1), the coefficients J;(n) are bounded uniformly
in 4 and n. Hence, according to (3.19) and (3.20), for any p=1,...,v, |k| < m, |m| > 2M we obtain
for some positive a and

(1DP)uomnt < Cn®exp{—Ce(Mn=%)1/2 — Ce((jm| — 2M)n=1/%)1/2) )
< Ce O exp{—Ce((|m| — 2M)n="/3)1/2}, -
and
|(|D|p(|D|T)p)n—m,n—m| < Cn®mf, Im| > 2M. (4.25)
We will also use the trivial bounds: [|R(™]|| < n?/3¢~1,
[IR™DIP)njn—ml < IR -1(IDIPUDI)P)n—mon—ml"?,
(R DP)njmml < (RR[),,, ;- 1(IDIP(D])P) K&
n—j,n—m > n—j,n—j n—m,n—m .
The above bounds yield
_Ce(Mn=—1/3)1/2
|dn Jn— k|<CeC(M ) ’
and we have from (4.21) and (4.22)
(n) _ * M
.- —jn—k — R jn- k+z R D( )) In—jin—k (4.26)
+(_1)I/(R(n)(D(M)) )nfj,nfk+O(6706(Mn_1/3)1/2)_
Thus, we get for sufficiently large n
M
DD DI IRV Sl ST IS LR N T
J=1 [k|<M j=1 |kl <2M
where
M
(=)l < CnH PRIy (RIDUO (DO R,
=1
u J
+C Z(R(n) (D(M))”(D(M)T)”R(")T)n,j’n,j +o(n™)
M M
< 20|DUDIPR=A BN TN Ryl CIDMO|P Y (RO RO +o(n™h)
Jj=1|k|<2M j=1
M
< 20| DUD|PRTHEN TN | Ry il CeTEIDMD )P MY 4 o(n )

J=1 |k|<2M
Then, in view of (4.20), we obtain (3.26). Inequality (3.27) can be proved similarly.

Proof of Lemma 8.5. By the direct calculation we find from (3.1) for j # k:

(T = 2D R*(2))n—jn—t = aR;; —im—k(2) + Rn jnk(2) + Rn j-1,n-5(2)
— .] -1 *
2/3CRn Jyn— k( ) c— Rn j+1l,n— k( ) c n nfjfl,nfk(z)

+T§n) n7j+1,n7k( ) (n) Rn j—1l,n— k( )+T§n) :zfj,nfk(z)‘
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By using the Taylor formula of the forth order for the second and the third terms and the same formula
of the second order for the fifth and the sixth terms, we rewrite the r.h.s of the last formula as

2

a 0
n1/3 < —(R¢(z,y) + E@Rg(m, y) — 2cxR¢(z, y)) +dn_jn—i(2). (4.29)

—_J —_k
r=—1— y=
w173°Y=a73

The expression in the brackets of the last equality is equal to zero because of equation (3.15) for z # y.
The remainder dp—; ,—(2) is a linear combination of

(z,k/n'?), a=0,2,4,

oxo

with 2 = (j + 6)/n*/3, where || < 1 can be different for different terms. The derivatives can be
excluded by using equation (3.15) with corresponding 6. This leads to the bound for the remainder
dn,j’n,k(z) in (429)

/32 41012 4+ 1 .
U SEA L sy e (4 6) k)

n 5 161<1 (4.30)
™ i | R+ 0/, k)

1o1<
a a
((J(n) —2D)R*)n—ppn—k = _G’R')rklfk,nfk(z) + _Rq*sz+1,n7k(z) + §R:Lfk71,n7k(z)

k %1
—n~?3(Ry_ -k (2) —C—Rp_pq g (2) —c Ry join-k(2)

drosnal)] < €

Similarly

n) px n * —(n) px (431)
+rl(c )Rnle»l,nfk( ) - T](cfanfkfl,nfk(Z) + r;: )Rnfk,nfk(z)
a 0 a 0
= - ——nR. -0V, — 1t s dnf n— .
(- §7pReo— 0+ G Rulo+0.0) R S rete

The expression in the square brackets is 1 because of equation (3.15), and the remainders d j(2)
admits the bound

(o on 1(Q)] < 0n1/3{<|k/n1/3| 101+ D ma Rk + 0)/n1/3,k/n1/3>|}. (4.32)
We will use the bound
1/2
ID()]| < 1I1D(2)|h = m?XZ Idnfj,nfklmgxz |dn—jm—rl ] - (4.33)
k J
First, by using Proposition 3.3, it is easy to show that
e |dn—pn-i| C -n” /2 ‘g@|w||1/)+(w,C)II1/)—(w,C)I,
where
= Mn='3 (4.34)
By using asymptotics (3.19) and (3.20), we find that
max |dp—gn—k| = O(p 2p=1/3) = O((M/n)1/2). (4.35)

k| <2 M

Now we have to estimate maxj; < Z |d~n_jn_7k|, and max| <2 Z |d~n_j7n_k|. A standard, but
k#j J#k

tedious analysis, based on (4.30) and Proposition 3.3, shows that the leading contribution to these

quantities is due to the expression

™! max (jn=!*) |y (jn”1/?, |Z|w (kn='72,0)|

lil<2M
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which is asymptotically equivalent to
n- max:z:2|1/) :c§|/ [0y (y,C)|dy < Cn~ 2/3 2.-1 _ o= 1,43 2.

Lemma is proved.

Proof of Lemma 3.6. Let us chose

71/21
M; = [n?log®n], e =n" Y 2log 'n, L= [Cl %} , (4.36)
n €
where C is defined in Proposition 4.1. Then, by Proposition 4.1, we have
[e%) a+n_2/3sL
n/ prn(A)dA = n/ pn(A)dX + o(1).
a+n—2/3Lg a+n—2/3Lg
Besides, similarly to the proof of Lemma 3.2, if we consider
—-M
Pizn)Ml (A) =(n— M)~ Z
(we omitted the superscript (n) in 1’s) then we obtain in view of the same proposition
a+n~2/3¢L
(n-) [ P, (VA < €OV,
a+n—2/3Lg
So
[e%) a+n_2/35L M,
nf pr(N)dA = S 2L (NdA+o(1)
a+n—2/3Lg a+n—2/3Lg k=1
L—1 atn~/3e(p41) M (4.37)
- Z/ Z%k )dX + o(1 ZI+0
- a+n—2/3¢p
p=[Lo/e] p=[Lo/e]
The term I, of the sum in the r.h.s. admits the bound:
My a+n’2/35(p+1) 2 Ad)
I, < 2°n —4/3 / 1/)717162( 3)2 4/322
= Jayn-2/3cp A —a — pen=2/3|2 + n=4/3¢
My
< 2en 2PN ISR, (a0
k=1
1
—2/3 * —2/3
< 2m ,; ISR n-rla+ 072G (4.38)
My 2My
+2en™ Y0 S AR (@t n TG P k(@ n TG
Ic 1]7—2M1
+2en~?/? Z > IR @t PG D ei(a 0G|
k=1|j]>2M,;
= Epl + Z102 + Ep37
where we denote (, = e(p + i) and D™1) is defined by (3.25) with M, instead of M of (3.12).
By (3.22) and (3.16),
n—1/3 k
Yo = Z REME —75 Tt 'YC;D)Cl( 3t Yl
k k (4.39)
< o Z (mAl 1G]+ (Bl + 16 Bile— +96)] )
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Furthermore, by the Schwartz inequality 3.4, we get

My 2M;
EPQ < Csn’Q/SZ Z D, _ jin— k|
k=1 j=—2M
2M‘71 2M11 M1 2M1 2 (4'40)
< oefimry Y |R£;1>j,n_k|2} [z S 1Dum m} .
k=1 j=—2M; k=1j=—2M;

For the first factor we use Lemma 3.4 in which M of (3.12) is replaced by 2M; of (4.36) and ¢ is also
given by (4.36). Since in this case we have by (3.28) [|[D@MV)|| = O(n="/*log'’ n), the conditions of
the lemma are satisfied and we obtain in view of (3.22)

2

2M1 2M1 J
n—4/3 2 —2/3 —1
E3ID SRTTINEIP TS Syl P (L |

k=1 ]j|<2M, k=1 [j]<4M:
Besides, we have in view of (4.30):
M 2 My 4 My 2M4 . 2 2 My . 2

2 J M; k J
Z Z N L n10/3 Z Z p <n1/3’ 1/3) +C—73 ni/3 R, <n1/3’ n1/3>
k=1j=—2M; k=1 j=—2M; k=1
2 M- 2M4 k‘ . 2
J
5> Y |re (mts)
k=1 j=—2M;

Furthermore, by using representations (3.22) and (3.20), we obtain for any 0 < k < My, |j| > 2M;
and sufficiently large n

g 1/2
(M) —2/3 1/3 —Ce(Myn=1/3)1/2 ANl = 20|
|D,,_ ;n la+n ()| <n'fe 1 exp { Cinl/“ Tog . (4.41)

Here we took into account that |R(,| < Le << Mj. Thus, ¥,3 = o(n™1).

The above bounds and a bit tedious but routine calculations, based on Proposition 3.3 and the
Euler-Mclaurin summation formula [1] yield the r.h.s. of (3.32)

The same arguments can be applied also to the other endpoints of the spectrum. Thus, Lemma
3.6 is proved.
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