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Abstract

Consider N x N Hermitian or symmetric random matrices H with independent entries, where the distri-
bution of the (i, j) matrix element is given by the probability measure v;; with zero expectation and with

variance al.zj. We assume that the variances satisfy the normalization condition ) ; ol%. =1 for all j and that

there is a positive constant ¢ such that c < N al.z. < ¢~ 1. We further assume that the probability distributions
v;; have a uniform subexponential decay. We prove that the Stieltjes transform of the empirical eigenvalue
distribution of H is given by the Wigner semicircle law uniformly up to the edges of the spectrum with an
error of order (N7)~! where 7 is the imaginary part of the spectral parameter in the Stieltjes transform.
There are three corollaries to this strong local semicircle law: (1) Rigidity of eigenvalues: If y; = y; n
denotes the classical location of the j-th eigenvalue under the semicircle law ordered in increasing order,
then the j-th eigenvalue 2 ; is close to y; in the sense that for some positive constants C, ¢

P(3j: 1) — yj1 = (log N)C 210N [min(j, N — j + 1)] 7P N~2/3) < Cexp[—(log N)¢1ogloe V]

for N large enough. (2) The proof of Dyson’s conjecture (Dyson, 1962 [15]) which states that the time scale
of the Dyson Brownian motion to reach local equilibrium is of order N -1 up to logarithmic corrections.
(3) The edge universality holds in the sense that the probability distributions of the largest (and the smallest)
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eigenvalues of two generalized Wigner ensembles are the same in the large N limit provided that the second
moments of the two ensembles are identical.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Random matrices were introduced by E. Wigner to model the excitation spectrum of large
nuclei. The central idea is based on the observation that the eigenvalue gap distribution for a
large complicated system is universal in the sense that it depends only on the symmetry class of
the physical system but not on other detailed structures. As a special case of this general belief,
the eigenvalue gap distribution of random matrices should be independent of the probability
distributions of the ensembles and thus is given by the classical Gaussian ensembles. Besides the
eigenvalue gap distribution, similar predictions hold also for short distance correlation functions
of the eigenvalues. Since the gap distribution can be expressed in terms of correlation functions,
mathematical analysis is usually performed on correlation functions. From now on, we refer to
universality for the fact that the short distance behavior of the eigenvalue correlation functions of
arandom matrix ensemble are the same as those of the Gaussian ensemble of the same symmetry
class (Gaussian unitary, orthogonal or symplectic ensemble, i.e., GUE, GOE, GSE).

The universality question can be roughly divided into the bulk universality in the interior of
the spectrum and the edge universality near the spectral edges. Over the past two decades, spec-
tacular progress on bulk and edge universality was made for invariant ensembles, see, e.g., [8,12,
13,30] and [2,10,11] for a review. For non-invariant ensembles with i.i.d. matrix elements (Stan-
dard Wigner ensembles) edge universality can be proved via the moment method and its various
generalizations, see, e.g., [34,37,36]. In a striking contrast, the only rigorous results for the bulk
universality of non-invariant Wigner ensembles were the work by Johansson [26] and subsequent
improvements [6,27] on Gaussian divisible Hermitian ensembles, i.e., Hermitian ensembles of
the form

Hy,=Hy+sV, (1.1

where Hp is a Wigner matrix, V is an independent standard GUE matrix and s is a fixed positive
constant independent of N. The Hermitian assumption is essential since the key formula used
in [26] and the earlier work [9] is valid only for Hermitian ensembles.

The bulk universality, however, was expected to hold for general classes of Wigner matrices,
see Mehta’s book [28, Conjectures 1.2.1 and 1.2.2 on page 7]. We will refer to these two con-
jectures as the Wigner—Dyson—Gaudin—Mehta conjecture due to their pioneering work. Until a
few years ago this conjecture remained unsolved, mainly due to the fact that all existing methods
on local eigenvalue statistics depended on explicit formulas which were not available for Wigner
matrices. In a series of papers [17-19,16,20,21,23,22], we developed a new approach to under-
stand local eigenvalue statistics. This approach, in particular, led to the first proof [16] of the
Wigner-Dyson—Gaudin—Mehta conjecture for Hermitian Wigner matrices with smooth distribu-
tions for the matrix elements. We now give a brief summary of this approach which motivates
the current paper.
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The first step was to derive a local semicircle law, a precise estimate of the local eigenvalue
density, down to energy scales containing around N¢ eigenvalues. In fact, we also obtain precise
bounds on the matrix elements of the Green function. The second step is a general approach for
the universality of Gaussian divisible ensembles by embedding the matrix (1.1) into a stochastic
flow of matrices and use that the eigenvalues evolve according to a distinguished coupled system
of stochastic differential equations, called the Dyson Brownian motion [15]. The central idea is
to estimate the time to local equilibrium for the Dyson Brownian motion with the introduction
of a new stochastic flow, the local relaxation flow, which locally behaves like a Dyson Brownian
motion but has a faster decay to global equilibrium. This approach [20,21] entirely eliminates the
usage of explicit formulas and it provides a unified proof for the universality of Gaussian divisible
ensembles for all symmetry classes. Furthermore, it also gives a conceptual interpretation that
the origin of the universality is due to the local ergodicity of Dyson Brownian motion.

More precisely, we will use a slightly different version of (1.1), namely

H =e'PHy+(1—e")"?

Vv, (1.2)
to ensure that the variance of H; remains independent of ¢. Denote by A; the j-th eigenvalue
of the random matrix H;, labelled in increasing order, A1 < A2 <--- < Ay, and y; the classical
location of the j-th eigenvalue, i.e., y; is defined by

Vj
N / Osc(x)dx=j, 1< j<N, (1.3)

—00

where Q4. (x) = %\/ (4 — x2), is the semicircle law. Our main result on the universality for the
Dyson Brownian motion states that, roughly speaking, the short distance correlation functions
for H; at the time t ~ N2 and H,—, are identical in weak sense provided that the following
main condition holds:

Assumption III. There exists an a > 0 such that

N
1
sup —E, Y (0 —y))> <CN~'72 (1.4)
t>N—2a N i—1

with a constant C uniformly in N. Here [E; is the expectation w.r.t. Dyson Brownian motion at
the time ¢. The condition (1.4) has been derived from a sufficiently strong version of the local
semicircle law.

Once the universality for the Gaussian divisible ensemble is established, the last step is to
approximate all matrix ensembles by Gaussian divisible ones. This step can be done via a re-
verse heat flow argument [16,21] for ensembles with smooth probability distributions or more
generally via the Green function comparison theorem [23] which compares the distributions of
eigenvalues of two ensembles around a fixed energy. The key input for the latter approach was
to prove a-priori estimates on the matrix elements of the Green function. These estimates have
been obtained together with the local semicircle law.
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To summarize, our approach to universality consists of the following three main steps:
Step 1. Local semicircle law. Step 2. Universality for Gaussian divisible ensembles. Step 3. Ap-
proximation by Gaussian divisible ensembles. Both Steps 2 and 3 rely on a strong local semicircle
law from Step 1.

Shortly after the preprint [16] appeared, another method for the universality was posted by
Tao and Vu [40]. This method contains similar three ingredients as in [16]; their key result,
prior to the Green function comparison theorem appeared in [23], states that the probability
distributions of the j-th eigenvalue of two ensembles for a fixed label j in the bulk are identical
as N — oo provided that the first four moments of the matrix elements of the two ensembles
are identical. This result also implies the universality of the correlation functions for Hermitian
Wigner ensembles [40] by combining it with the Gaussian divisible results of [26,6] for Step 2.
For symmetric ensembles, it requires the first four moments matching those of GOE. As in our
approach, a key analytic input for [40] is the local semicircle law established in [18]. The bulk
universality in the case of symmetric matrices in the generality as stated in Mehta’s book [28] (in
particular, without the assumption to match four moments) was proved in [20,22]. The key input
is to link universality to local ergodicity of Dyson Brownian motion, reviewed in the previous
paragraphs.

Due to the fundamental role of the local semicircle law, its error estimates were improved
many times since its first proof in [18]. Furthermore, it was extended to sample covariance en-
sembles [21] and generalized Wigner ensembles [23] whose matrix elements are allowed to have
different but comparable variances. The best existing error estimates for local semicircle law
of generalized Wigner ensembles, given in [22], are already almost optimal in the bulk of the
spectrum, but not near the edges. In this paper, we will prove a strong local semicircle law, The-
orem 2.1, which, up to log N factors, gives optimal error estimates everywhere in the spectrum.
There are four important consequences of this result:

1. It implies that Assumption III holds with the right hand side of (1.4) given by
N~%(log N)¢oglog N for some constant C, i.e., a can be chosen arbitrary close to 1/2. Thus
the Dyson Brownian motion reaches local equilibrium at  ~ N~ for arbitrary small §.
Up to the factor N?, this is optimal. Since the time to the global equilibrium for the Dyson
Brownian motion is order one, we have thus established Dyson’s conjecture [15] that the
Dyson Brownian motion reaches equilibrium in two well-separated stages with time scales
of order one and N L. As a historical note, we mention that Dyson had obtained the two time
scales via heuristic physical argument and commented that a rigorous proof of his prediction
is lacking. Furthermore, the notion of local equilibrium was used by Dyson in a very vague
sense, see [20] for a more detailed discussion.

2. It implies certain explicit error estimates for the universality of correlation functions in short
scales.

3. It implies the rigidity of eigenvalues in the sense that

P{3): 1A; — ¥l = (og )N [min(j, N — j + )] N3]
< Cexp[—(log N)<logloe V] (1.5)
for some positive constants C and c. In other words, the eigenvalue is near its classical

location with an error of at most N~ !(log N)¢1°2102N for generalized Wigner matrices in
the bulk and the estimate deteriorates by a factor (%)1/ 3 near the edge j < N.
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4. It implies the edge universality in the sense that the probability distributions of the largest
(and the smallest) eigenvalues of two generalized Wigner ensembles are equal in the large
N limit provided that the second moments of the two ensembles are identical. We recall the
standard assumption that the first moments of the matrix elements are always zero for all
generalized Wigner ensembles. The comparison between our edge universality theorem and
the previous results will be given at the end of Section 2 after the statement of Theorem 2.4.

It is well known that the gaps between extremal eigenvalues and their fluctuations are of
order N~2/3. Thus the edge deterioration factor in (1.5) is the natural interpolation between
N~ in the bulk and N ~2/3 on the edges. The surprising feature of the rigidity estimate is that
even if one eigenvalue is at a slightly wrong location, the probability is already extremely small.
We remark that, without the (log N)€1°¢19¢ N factor, the rigidity estimate (1.5) would be wrong
since, at least for the classical GUE or GOE ensembles, the eigenvalues are known to fluctuate
on ascale v/log N/N, see [25,29]. For these ensembles, the distribution of A ; — y; is Gaussian in
the bulk. However, the rigidity estimate (1.5) in this strong probabilistic form was not available
even for the classical Gaussian ensembles.

2. Main results

Let H = (h; j)zN i=1 be an N x N Hermitian or symmetric matrix where the matrix elements

hij = h ji»1 < j, are independent random variables given by a probability measure v;; with mean
zero and variance a[%. >0:

Ehij=0, o =Elh|>. 2.1)

2
ij
Denote by B := {al%.}fv =1 the matrix of variances. The following assumptions on B are made
throughout the paper:

The distribution v;; and its variance ¢ may depend on N, but we omit this fact in the notation.

(A) For any j fixed

o=t 2.2)

Thus B is symmetric and double stochastic and, in particular, it satisfies —1 < B < 1.
(B) We assume that there exist two positive constants, 6_ and §, independent of N, such that

1 is a simple eigenvalue of B and Spec(B) C[—1+46_,1 —§4]U{1}. (2.3)
(C) There is a constant Cy, independent of N, such that

Co

- (2.4)

max{oj}} <
ij
For the orientation of the reader, we mention two special cases that provided the main moti-
vation for our work.
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Example 1 (Generalized Wigner matrix). Define C;,r(N) and Cy,(N) by

Cinf(N) == iin/f{No,.?,.} <sup{Noj | =: Cop(N). (2.5)
g i,]

The ensemble is called generalized Wigner ensemble provided that

0<C_< Cmf(N) < Csup(N) < Ci <00, (2.6)

for some C+ independent of N. In this case, one can easily prove that 1 is a simple eigenvalue
of B and (2.3) holds with some

Sy >C_, 2.7)

i.e., apart from the trivial eigenvalue, the spectrum of B is separated away £1 by positive con-
stants that are independent of N. The special case Cj,r = Cyyyp = 1 reduces to the standard Wigner
matrices.

Example 2 (Certain band matrices with bandwidth of order N ). Band matrices are characterized
by the property that al%. is a function of |i — j| on scale W, which is called the bandwidth. More
precisely, the variances of a band matrix with bandwidth 1 < W < N/2 are given by

oh = W—lf(%), (2.8)

where f:R — Ry is a bounded nonnegative symmetric function with [ f =1 and we defined
[i — jln € Z by the property that [i — j]y =i — j mod N and —%N <[i—jln < %N. We often
consider the case when W = W(N), i.e. the bandwidth is a function of N. The condition (A)
holds only asymptotically as W(N) — oo but it can be remedied by an irrelevant rescaling. If
the bandwidth is comparable with N, then we also have to assume that f(x) is supported in
x| < N/2W).

It is easy to see that many band matrices satisfy the spectral assumption (2.3). The lower
spectral bound, —1 4 6_ < B with some §_ > 0 depending only on f, holds for any sufficiently
large W, see Appendix A of [21]. The parameter §- in the upper spectral bound typically behaves
as of order (W/N )2. Thus, for the condition (B) to hold, we need to assume that the bandwidth is
comparable with N, i.e., it satisfies W > ¢N with some positive constant c. The same assumption
also guarantees that condition (C) holds.

We remark that the special case W = N/2 and f(x) > ¢ > 0 for |x| < 1 was already cov-
ered by Example 1, but Example 2 allows more general band matrices that may have vanishing
variances. For example, with the choice of f(x) = % -1(|]x] < 1), the ensemble with variances

of; =(N/2)7"1(li — jln < N/4) 2.9)

is a band matrix with bandwidth W = N /4.
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Define the Green function of H by

) , z=E+in, E€R, n>0. (2.10)
ij

1
Gij(2) = (H

—Z

The Stieltjes transform of the empirical eigenvalue distribution of H is given by

() ) 126() Lt 2.11)
) = ) = — ii(Z)=—11 . .
m(z my(2 N - Jj Z N H —;
Define m.(z) as the unique solution of

mge(z) + ———— =0, 2.12

se(2) PR (2.12)
with positive imaginary part for all z with Jmz > 0, i.e.,
—z++z2 -4
myc(2) = — (2.13)

where the square root function is chosen with a branch cut in the segment [—2, 2] so that asymp-
totically +/z2 — 4 ~ z at infinity. This guarantees that the imaginary part of mg. is nonnegative
for n =Jmz > 0 and in the n — O limit it is the Wigner semicircle distribution

. 1 . 1
0sc(E) i= nglonw — T (E +in) = [(4-E2),. (2.14)

The Wigner semicircle law [45] states that m y (z) — ms.(z) for any fixed z, i.e., provided that
n=Jmz > 0 is independent of N. Let z = E + in (n > 0) and denote by « := ||E| — 2| the
distance of E to the spectral edges £2. We have proved [22] a local version of this result for
generalized Wigner matrices in the form of the following probability estimate:

N¢ C(e, K)
P(|MN(Z)—Vch(Z)| > ch> < NE (2.15)

that holds for any fixed positive constants ¢ and K and for any z = E 4+ in such that |E| < 10,
Nni®/? > N?. Note that this estimate deteriorates near the spectral edges as k < 1.

In this paper we prove the following local semicircle law that provides essentially the optimal
estimate uniformly in E = Rez. We will estimate not only the deviation of m(z) from my.(z),
but also the deviation of each diagonal matrix element of the resolvent, Gk (z), from my.(z).
Moreover, we show that the off-diagonal elements of the resolvent are small.

Let

N N
1 1
Vi i= G — mge, mi= E Gk, [v]:= N E Vg =m — M.
k=1 k=1
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Our goal is to estimate the following quantities
Aq :=mI?XIka=mIgXIGkk—msc|, A, :=r1£1£2<|Gu|, Ai=|m—mgl|,  (2.16)

where the subscripts refer to “diagonal” and “off-diagonal” matrix elements. All these quantities
depend on the spectral parameter z and on N but for simplicity we often omit this fact from the
notation.

Theorem 2.1 (Strong local semicircle law). Let H = (h;;) be a Hermitian or symmetric N x N
random matrix, N > 3, with Eh; i =0, 1<, j <N, and assume that the variances 0’5» satisfy
Assumptions (A), (B), (C), i.e. (2.2), (2.3) and (2.4). Suppose that the distributions of the matrix
elements have a uniformly subexponential decay in the sense that there exists a constant ¥ > 0,
independent of N, such that for any x > 1 and 1 <i, j < N we have

P(lhij| > xo1;) < 0 exp (—x7). (2.17)

Then there exist positive constants Ao > 1, C, ¢ and ¢ < 1 depending only on ¥, on §1 from
Assumption (B) and on Cy from Assumption (C), such that for all L with

log(10N)

AploglogN <L ————— 2.18
0108708 10loglog N ( )
the following estimates hold for any sufficiently large N > No(9, 5+, Cop):
(1) The Stieltjes transform of the empirical eigenvalue distribution of H satisfies
loe N 4L
IP’( U {A(z) > %}) < Cexp[—c(log N)*L], (2.19)
zeSL n
where

S:=S,={z=E+in: |[E|<5 N '(logN)'% <y <10}. (2.20)

(1) The individual matrix elements of the Green function satisfy that

4 |Immge(z)  (log N)*E
P( | {44(@ + A0(2) > (log N) +
Nn Nn
ZESL

< Cexp[—c(log N)?*]. 2.21)

(iii) The largest eigenvalue of H is bounded by 2 + N~>/3(log N)°L in the sense that

IP’( max (] >2+ N=23(log N)QL) < Cexp[—c(log N)?H]. (2.22)
j=L...,



L. Erdds et al. / Advances in Mathematics 229 (2012) 1435-1515 1443

The subexponential decay condition (2.17) can be weakened if we are not aiming at error
estimates faster than any power law of N. This can be easily carried out and we will not pursue
it in this paper. We also note that the upper bound on L originates from the natural requirement
that S # 0.

Prior to our results in [23] and [22], a central limit theorem for the semicircle law on macro-
scopic scale for band matrices was established by Guionnet [24] and Anderson and Zeitouni [3];
a semicircle law for Gaussian band matrices was proved by Disertori, Pinson and Spencer [14].
For a review on band matrices, see the recent article [39] by Spencer.

The local semicircle estimates imply that the empirical counting function of the eigenvalues
is close to the semicircle counting function and that the locations of the eigenvalues are close to
their classical location in mean square deviation sense. Recall that A| < Ay < --- < Ay are the
ordered eigenvalues of H. We define the normalized empirical counting function by

n(E):= i#{)\j < E}. (2.23)
N
Let
E
nge(E) = / Osc(x)dx (2.24)

be the distribution function of the semicircle law and recall that y; = y; y denote the classical
location of the j-th point under the semicircle law, see (1.3).

Theorem 2.2 (Rigidity of eigenvalues). Suppose that Assumptions (A), (B), (C) and the condi-
tion (2.17) hold. Then there exist positive constants Ag > 1, C, c and ¢ < 1 depending only on v,
on 84 from Assumption (B) and on Cy from Assumption (C) such that for any L with

log(10N
Aploglog N < L < L
10loglog N

we have
P{3j: 3 — vj| > Gog N)E [min(j, N — j + D] PN72/3)
< Cexp[—c(log N)?*] (2.25)
and
log N)-
IP’{ sup [n(E) — nye(E)| > (Ogi)} < Cexp[—clogN)*L] (2.26)
EI<5 N

for any sufficiently large N > No (¥, 8+, Co).

For standard Wigner matrices, (2.26) with the factor N~! replaced by N~2/3 (in a weaker
sense with some modifications in the statement) was established in [5] and a stronger N —172
control was proved for En(E) — ny.(E). If we replaced (log N)L factor by N® for arbitrary
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6 > 0, (2.26) was proved in [22, Theorem 6.3] with some deterioration near the spectral edges
and with a slightly weaker probability estimate. In Theorem 1.3 of a recent preprint [42], the
following estimate (in our scaling)

(E[1j — v;1])"* < [min(j, N — j + D]/ N-1/6=%0 (2.27)

with some small positive &g was proved under the assumption that the third moment of the ma-
trix element vanishes and all variances of the matrix elements are identical, i.e., for the standard
Wigner matrices with vanishing third moment. In the same paper, it was conjectured that the
factor N~1/6=0 on the right hand side of (2.27) should be replaced by N~2/3%¢_ Prior to the
work [42], the estimate (2.25) away from the edges with a slightly weaker probability estimate
and with the (log N)% factor replaced by N? for arbitrary § > 0 was proved in [22] (see the
equation before (7.8) in [22]). For Wigner matrices whose matrix element distributions match-
ing the standard Gaussian random variable up to the third moment, it was proved in [40] that
[Aj —vil<N ~1+¢ holds in the bulk in probability (Theorem 32). More detailed behavior can
be obtained if one assumes further that the fourth moment also matches the standard Gaussian
random variable, see Corollary 21 of [40] for more details. Near the edge, (2.25) with N —2/3
replaced by N~1/2 and the probability estimate on the right side replaced by a Gaussian type
estimate was proved in [1].

We remark that all results in this paper are stated for both the Hermitian or symmetric case,
but the statements hold for quaternion self-dual random matrices as well (see, e.g., Section 3.1
of [21]). The proofs will be presented for the Hermitian case for definiteness but with obvious
modifications they are valid for the other two cases as well.

We will frequently use the notation C and ¢ for generic positive constants and Ny for the
lower threshold for N in this paper. We adopt the convention that, unless stated otherwise, these
constants and also the implicit constants in the O (-) notation may depend on the basic parameters
of our model, namely on @, + and Cp. The values of these generic constants may change from
line to line.

2.1. Bulk universality

We now use Theorem 2.2 to establish the speed of convergence for local statistics of Dyson
Brownian motion. In fact, we will replace the Brownian motion in the definition of Dyson Brow-
nian motion by an Ornstein—Uhlenbeck process. We thus consider a flow of random matrices H;
satisfying the following matrix valued stochastic differential equation

1 1
dH; == ﬁ dﬂ[ - EH[ dt, (228)

where B; is a Hermitian matrix valued process whose diagonal matrix elements are standard real
Brownian motions and the off-diagonal elements are independent standard complex Brownian
motions; with all Brownian motions being independent. The initial condition Hy is the original
Hermitian Wigner matrix. For any fixed ¢ > 0, the distribution of H; coincides with that of

1/2

e PHy+ (1—e7") "7V, (2.29)
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where V is an independent GUE matrix whose matrix elements are centered Gaussian random
variables with variance 1/N. For the symmetric case, the matrix elements of B, in (2.28) are real
Brownian motions and V in (2.29) is a GOE matrix. It is well known that the eigenvalues of H;
follow a process that is also called the Dyson Brownian motion (in our case with a drift but we
will still call it Dyson Brownian motion).

More precisely, let

—H(x)

2
e Z dx, H(x)= |:,BZ— - = Zlogpc, Xi } (2.30)

z</

w=ppy(dx) =

be the probability measure of the eigenvalues of the general 8 ensemble, with 8 > 1 (8 = 2 for
GUE, B =1 for GOE). Here Zg is the normalization factor so that u is probability measure. In
this section, we often use the notation x; instead of A ; for the eigenvalues to follow the notations
of [21]. Denote the distribution of the eigenvalues at time ¢ by f;(x)u(dx). Then f; satisfies

Wfi=2f 2.31)

where

f—ziaz—i—i(—éxwLiZ : )a- 232)
e A 2N xi = x;j " ‘

For any n > 1 we define the n-point correlation functions (marginals) of the probability measure
frdp by

PtN(xl,xz,-. s Xn) = f fr®uE)dxyqq---dxy. (2.33)
RN-n

With a slight abuse of notations, we will sometimes also use @ to denote the density of the
measure © with respect to the Lebesgue measure. The correlation functions of the equilibrium
measure are denoted by

PGt ) = [ a0 dn - duy, (234)
RN-n

The main result in [21] concerning Dyson Brownian motion, Theorem 2.1, states that the
local ergodicity of Dyson Brownian motion holds for ¢ > N ~2%%% for any § > 0 provided that
Assumption II1, (1.4), holds. In fact, the estimate on the relaxation to the local equilibrium [21] is
not restricted to Dyson Brownian motion; it applies to all flows satisfying four general assump-
tions, labelled as Assumption I-IV in [21]. Instead of repeating these assumptions in their general
forms, we will give only simple sufficient conditions. Assumption I requires that the probability
density of the global equilibrium measure is given by a Hamiltonian of the form

H=Hyx) = |:ZU(X ) — —Zlogm —x;j |] (2.35)

i<j
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where 8 > 1 and the function U : R — R is smooth with U” > § for some positive 8. This is
clearly satisfied since the equilibrium measures are either GUE or GOE in the setting of this
paper. Assumption II requires a limiting continuous density for the eigenvalue distribution. In
our case, the density is given by the semicircle law. Assumption IV asserts that the local density
of eigenvalues is bounded down to scale 7 = N~'*° for any o > 0. This assumption follows
from the large deviation estimate (2.19) since a bound on A(z), z = E + in, can be easily used
to prove an upper bound on the local density of eigenvalues in a window of size n about E. As
usual, the additional condition in [21] on the entropy S,,(fz,) < CN™ for tg = N —2a holds due
to the regularization property of the Ornstein—Uhlenbeck process. Thus for a given 0 < ¢’ < 1,
choosing a =1/2 — ¢’/2, A = ¢’ in the second part of Theorem 2.1 in [21] and using (2.25), we
have the following theorem.

Theorem 2.3 (Strong local ergodicity of Dyson Brownian motion). Let H be a Hermitian or
symmetric N x N random matrix with Eh;; = 0 and suppose that Assumptions (A), (B), (C)
and (2.17) hold with parameters 8+, Co and ©. Then for any ¢ > 0, § > 0, ¢ > 0 positive num-
bers, for any integer n > 1 and for any compactly supported continuous test function O : R" — R
there exists a constant C depending on all these parameters and on O such that

E+b

/ //d da,, O( n)—l
oy -da, O(aq, ...,
2b ! ! o(E)"

Rn

sup
Z>N—l+6+e’

W _ m “ n
X (ptf'N_pM’fN)<E/+NQ(E),...,E/Jr NQ(E)>‘

< CNZs/[b—lN—l-‘rE/ +b—1/2N—S/2] (236)

holds for any fixed E € [2 — ¢,2 + c] and for any b = by € (0, c/2) that may depend on N.
Here pt("li, and p/(f)N (2.33)—(2.34), are the correlation functions of the eigenvalues of the Dyson

Brownian motion flow (2.29) and those of the equilibrium measure, respectively.

Besides a weaker version of Theorem 2.3 was proved in [22], a similar result, with no error
estimate, was obtained in [16] for the Hermitian case by using an explicit formula related to
Johansson’s formula [26]. Theorem 2.3, however, contains explicit estimates and is valid for a
time range much bigger than the previous results. In particular, we mention the following three
special cases:

e Ifwechoose§ =1—2¢"andthust =N _8/, then we can choose b ~ N~ ! and the universality
is valid with essentially no averaging in E.

e If we choose the energy window of size b ~ 1 and the time t = N —¢'_then the error estimate
is of order ~ N~1/2,

e If we choose b ~ 1, then the smallest time scale for which we can prove the universality is
t = N~1*¢'_ This scale, up to the arbitrary small exponent &', is optimal in accordance with
the time scale to local equilibrium conjectured by Dyson [15].
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For generalized Wigner matrices with a subexponential decay, i.e. assuming (2.6) in addition
to the conditions of Theorem 2.3, the universality result with no explicit error estimate holds for
any time ¢ > 0. More precisely, for any fixed b > 0 we have

E+b
I / dE’/d de, O ) 1
im su — - da, R
NZopsp| S 2p ) ST G o
E—b R»
(n) (n) / o] ’ Oy
_ E ..E —0. 237
< (P p*””(  No®) +NQ(E>>| 230

This result, with slightly stronger conditions on the distributions of the ensemble, was already
proved in [22]. Similarly to [22], the extension of the universality from a small positive time
to zero time requires a different method, the Green function comparison theorem [23] in our
approach. The reasons of universality for zero time and time bigger than 1/N are very different:
Theorem 2.3 shows that the local correlation functions have already reached their equilibrium
under the Dyson Brownian motion flow for any time larger than 1/N. For time smaller than
1/N, in particular the important case ¢ = 0, the universality is valid because we can compare the
local correlation functions at time ¢ = O with the ones generated by the flow at time r = N ¢ with
specially adjusted initial data (see, e.g., the Matching Lemma 3.4 of [22]). The same argument as
in Section 3 of [22] can be used to prove (2.37) from (2.36). In fact, since our new version of the
strong local ergodicity of Dyson Brownian motion, Theorem 2.3, holds for very short times, the
two ensembles to be compared are already very close to each other. Furthermore, effective error
estimates instead of a limiting statement (2.37) can also be obtained and the parameter » may also
be chosen N-dependent. For the case that b is N-independent, the time to local equilibrium as
remarked above is N~!7¢. Hence the condition (2.6) can be replaced by the following condition:
there are constants ¢, ¢ > 0 such that

[{G. j): Nojy <c}| < N*. (2.38)
Since these extensions require only minor modifications of the current method, we will not pursue
these directions in this paper.

2.2. Edge distribution

Recall that Ay is the largest eigenvalue of the random matrix. The probability distribution
functions of A for the classical Gaussian ensembles are identified by Tracy and Widom [43,44]
to be

Nlim P(N*P (v —2) <s5) = Fg(s), (2.39)
—00

where the function Fg(s) can be computed in terms of Painlevé equations and g =1, 2,4 cor-
responds to the standard classical ensembles. The distribution of A is believed to be universal
and independent of the Gaussian structure. The strong local semicircle law, Theorem 2.1, com-
bined with a modification of the Green function comparison theorem (Theorem 6.3) implies the
following version of universality of the extreme eigenvalues.
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Theorem 2.4 (Universality of extreme eigenvalues). Suppose that we have two N x N matrices,
H®Y and H™, with matrix elements hij given by the random variables N_l/zvij and N_l/2w,-j,
respectively, with v;; and w;; satisfying the uniform subexponential decay condition (2.17). Let
PY and P¥ denote the probability and EY and EV the expectation with respect to these collections
of random variables. Suppose that Assumptions (A), (B), (C) hold for both ensembles. If the first
two moments of v;; and w;; are the same, i.e.

=1 -1
E'o ol =BVl w’, 0<l+u<2, (2.40)
then there is an ¢ > 0 and § > 0 depending on ¥ in (2.17) such that for any real parameter s
(may depend on N) we have

PY(N*P(ay —2) <s = N7%) = N2 <PY(N oy —2) <)
SPY(NPOy—2)<s+NF)+ N2 (241

for N > Ny sufficiently large, where Ny is independent of s. Analogous result holds for the
smallest eigenvalue ).

Theorem 2.4 can be extended to finite correlation functions of extreme eigenvalues. For ex-
ample, we have the following extension to (2.41):

PY (N POy =2 <si =N, N POy =) <sppn =N °) =N7°
SPY(N*POy —2) <1, NP Oovk = 2) <seal)
SPY(NPON =) <si+ N5 N POnk =) <sept + N )+ N0 (242)

for all k£ fixed and N sufficiently large. The proof of (2.42) is similar to that of (2.41) and
we will not provide details except stating the general form of the Green function comparison
theorem (Theorem 6.4) needed in this case. We remark that edge universality is usually formu-
lated in terms of joint distributions of edge eigenvalues in the form (2.42) with fixed parameters
1,52, . ... Our result holds uniformly in these parameters, i.e., they may depend on N. However,
the interesting regime is |s;| < (log N yCloglogN " therwise the rigidity estimate (2.25) gives a
stronger control than (2.42).

The edge universality for Wigner matrices was first proved via the moment method by Sosh-
nikov [37] (see also the earlier work [34]) for Hermitian and orthogonal ensembles with sym-
metric distributions to ensure that all odd moments vanish. By combining the moment method
and Chebyshev polynomials, Sodin proved edge universality of band matrices and some special
class of sparse matrices [36,35].

The removal of the symmetry assumption was not straightforward. The approach of [36,35]
is restricted to ensembles with symmetric distributions. The symmetry assumption was partially
removed in [32,31] and significant progress was made in [41] which assumes only that the first
three moments of two Wigner ensembles are identical. In other words, the symmetry assumption
was replaced by the vanishing third moment condition for Wigner matrices. For a special class of
ensembles, the Gaussian divisible Hermitian ensembles, edge universality was proved [27] under
the sole condition that the fourth moment is finite, which in our scaling means that E|~/Nh; i 1* is
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a positive constant. Using this result [27], one can remove the vanishing third moment condition
in [41] for Hermitian Wigner ensembles.

In comparison with these results, Theorem 2.4 does not imply the edge universality of band
matrices or sparse matrices [36,35], but it implies in particular that, for the purpose to identify
the distribution of the top eigenvalue for a generalized Wigner matrix with the subexponential
decay condition, it suffices to consider generalized Wigner ensembles with Gaussian distribu-
tion. Since the distributions of the top eigenvalues of the Gaussian Wigner ensembles are given
by Fg (2.39), Theorem 2.4 implies the edge universality of the standard Wigner matrices un-
der the subexponential decay assumption alone. We remark that one can use Theorem 2.2 as an
input in the approach of [27] to prove that the distributions of the top eigenvalues of the gen-
eralized Hermitian Wigner ensembles with Gaussian distributions are given by F;. Therefore
the Tracy—Widom distribution also holds for any generalized Hermitian Wigner ensemble with
subexponential decay. But for ensembles in different symmetry classes (e.g., symmetric Wigner
ensembles), there is no corresponding result to identify the distribution of the top eigenvalue with
Fg if the variances are allowed to vary.

Finally, we comment that the subexponential decay assumption in our approach, though can
be weakened, is far from optimal, see [4,7,33,38] for discussions on optimal moment assump-
tions. Our approach based on the local semicircle law, however, gives both the bulk and edge
universality and the symmetry of the distribution of matrix elements plays no role.

3. A-priori bound for the strong local semicircle law

We first prove a weaker form of Theorem 2.1, and in Section 4 we will use this a-priori bound
to obtain the stronger form as claimed in Theorem 2.1.

Theorem 3.1. Let H = (h;j) be a Hermitian N x N random matrix, N > 3, with Eh;; =0,
1 <i,j <N, and assume that the variances ol.z. satisfy Assumptions (A), (B), (C) and assume
the uniform subexponential decay (2.17). Then there exist constants 0 < ¢ < 1, C > 1 and ¢ > 0,
depending only on ¥ from (2.17), 5+ from Assumption (B) and on Cy from Assumption (C) such
that for any £ with 4/¢ < £ < Clog N/loglog N and for any z = E +in € Sy we have

(log N)!
IP’{ ml;lx’Gi,-(z) —mye(2)] 2 W} < Cexp[—c(log N)W] 3.1
and
(log N)*
]P{ IP;.;(‘GU(Z)‘ > W} < Cexp[—c(log N)‘M] (3.2)

for any sufficiently large N > No(0, 5+, Cop).

We remark that the probabilistic estimates in Theorem 3.1 are stated for fix z € S, but it is
easy to deduce from them probabilistic statements that hold simultaneously for all z, e.g.

P(U

z€Sy

(log N)*

W}) < Cexp [—C(IOgN)qw]

{ max|Gi;(z) — mge(2)| >
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This holds true because in the set S, the Green function and m.(z) are Lipschitz continuous in
z with a Lipschitz constant bounded by 17_2 &« NZ; for example [9;G;;(z)] < |:fmz|_2 < N2
Consider an N ~'9-net in the compact set Sy, i.e., a set of points {zx} C S, such that ming |z —
zx] < N!0 for any z € Sy and such that the cardinality of {z;} is at most CN?°. Using that the
estimates (3.1)—(3.2) hold simultaneously for all points z; (since these estimates decay faster
than any polynomial in N by ¢£ > 1), we see that similar estimates, with a smaller ¢, hold
simultaneously for any z € Sy.

We will follow the self-consistent perturbation ideas initiated in [23,22]. We first introduce
some notations.

Definition 3.1. Let T = {k1, kp, ...,k } C {1,2,..., N} be an unordered set of |T| = ¢ elements
and let HD be the N — ¢ by N — ¢ minor of H after removing the k;-th (1 < i < ¢) rows
and columns. For T = @, we define H? = H. Similarly, we define alD o be Jj-th column
of H with the k;-th (1 <i < t) elements removed. Sometimes, we just use the short notation
a/ = a"'D. Note that the ¢-th entry of a/ is a) = hy; for £ ¢ T. For any T C {1,2,..., N} we
introduce the following notations:

T -1,. . .o

G =HD -G ). ij¢T.

T . i T (’Jl')
k,¢T

T
=hij — 28ij — Zi(j ). (3.3)

(M) .

KU

These quantities depend on z, but we mostly neglect this dependence in the notation.
The following formulas were proved in Lemma 4.2 of [23].

Lemma 3.2 (Self-consistent perturbation formulas). Let T C {1,2, ..., N}. For simplicity, we use
the notation (iT) for ({i} UT) and (ijT) for ({i, j} UT). Then we have the following identities:

1. Foranyi ¢ T

T iT)\—1
Gy = (K;;) . (34
2. Fori# jandi,j¢T
G(T) G(T)G(JT)K(UT) G(T)G(IT)K(UT) (35)
3. Fori# jandi,j¢T
(T) (GT) _ ~(T) ~(T) ¢ ~(T)y—1
G;; —Gi{ —Gij Gjl- (ij) . 3.6)

4. For any indices i, j and k that are different and i, j, k ¢ T

(T) (kT) (T) ~(T) ( ~(T)y—1
Gij _Gij =Gy ij (Gkk) : (3.7
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The following large deviation estimates concerning independent random variables were
proved in Appendix B of [23].

Lemma 3.3. Let a; (1 <i < N) be independent complex random variables with mean zero,
variance o> and having a uniform subexponential decay

P(lai| > xo) <9 'exp(—x"), Vx>1, (3.8)

with some ¥ > 0. Let A;, B;j € C (1 <i, j < N). Then there exists a constant 0 < ¢ < 1, de-
pending on ¥, such that for any ¢ > 1 we have

2

N
ZaiA,-
i=1

N N

ZaiBiiai - ZUzBii

i=1 i=1
y

for any sufficiently large N > Ny, where Nog = No(©9) depends on 9.

1/2
> (log N)*¢ o(Z |A,-|2) <exp[—(logN)?*], (3.9

i

N 1/2
><logN>foz<Z|Bﬁ|2> <exp[—(logM)*],  (3.10)

i=1

|

E a;iBjja;

i#j

1/2
>(1ogN)¢az<Z|B,-j|2) <exp[—(logM)?]  (3.11)
i#]

The following lemma (Lemma 4.2 from [22]) collects elementary properties of the Stieltjes
transform of the semicircle law. As a technical note, we use the notation f ~ g for two
positive functions in some domain D if there is a positive universal constant C such that
C' < f(z)/g(z) < C holds for all z € D.

Lemma 3.4. We have for all z with Jmz > 0 that

Imse(@)] = |mse(@) +2| 7' < 1. (3.12)

From now on, let z=E + in with |E| <5 and 0 < n < 10 and we set k = ||E| — 2|. Then we
have

Imse@|~1,  [1=mi@|~Vk+n (3.13)
and the following two bounds:

n

Jmmge(z) ~ K+
Kk+n ifk

<

znand |E| 22,
O (3.14)
<nor|E|<2.

WV

K
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3.1. Self-consistent perturbation equations

Following [23,22], we define the following quantities:

Gi;G;
A =0 G,,+Z 2 ”__” (3.15)
JF#
Zi:= Y [a,G)al ~EyaGal] =2 ~E, Z) (3.16)
ki
Y= A+ (KD =By K= A + by — 24, (3.17)

where E,; indicates the expectation with respect to the matrix elements in the i-th column. Us-
ing (3.4) from Lemma 3.2, we obtain the following system of self-consistent equations for the
deviation from m;,. of the diagonal matrix elements of the resolvent;

1
Vi=Gii — Mo = — M. (3.18)
i ii sc i —m, — (ZJ O'I%Uj 1) sc

For the off-diagonal terms, we will use Eq. (3.5). All the quantities defined so far depend on the
spectral parameter z = E + in, but we will mostly omit this fact from the notation.

The key quantities A, Ay and A, (2.16) appearing in Theorem 3.1 will be typically small and
we will prove in this section that their size is less than (N7)~!'/3, modulo logarithmic corrections.
We thus define the exceptional (bad) event

B=B(2) :={A4() + Ao(z) = (log N)"*}. (3.19)
We will always work in the complement set B¢, i.e., we will have
A4(@) + Ao(2) < (log N) 72, (3.20)
We collect some basic properties of the Green function in the following elementary lemma.

Lemma 3.5. Let T be a subset of {1, ..., N}. Then there exists a constant C = CT depending on
Co from (2.4) and on |T|, the cardinality of T, such that the following hold in B:

GS) - mSC| <Ay +CA2 forallk ¢T, (3.21)
<|GR|<C forallk¢T, (3.22)
max|G{,’ | < CA,, (3.23)
k£l
¢ 2
max||Ai| < 7+ C4, (3.24)
1

for any fixed \T| and for any sufficiently large N. We recall that all quantities depend on the
spectral parameter z and the estimates are uniforminz = E +inaslong as |E| <5,0 < n < 10.
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Proof. For T = @, the estimates (3.21) and (3.23) follow directly from the definitions (2.16). The
bound (3.22) follows from (3.20) and that |mg.(z)| ~ 1, see (3.12). Finally, (3.24) follows from
inserting (3.22), (3.23), (2.2) and (2.4) into (3.15). The general case can be proved by induction
on |T| and using the formulas (3.6) and (3.7) that guarantee that

G

(T") 2
-Gy, | <CA; (3.25)
holds for any T' = T U {m}, where C* depends on the constant Ct for the induction hypoth-
esis. In the set B¢ and for sufficiently large N, depending on |T|, the estimate (3.25) together
with |mg.(z)| ~ 1 guarantees that the lower bound in (3.22) continues to hold for T'. The other
estimates for T’ follow from (3.25) directly. O

3.2. Estimate of the exceptional events

The following lemma is a modification of Lemma 4.5 in [22]. It improves the estimate in
the sense that the control parameter depends only on A but not on A; and A, (see (2.16) for
definitions). Since A, being an average quantity, behaves better, this yields a stronger estimate.

For any ¢ > 0 we define the key control parameter ¥, which is random variable, by

A Immy,
W (2) := (log N)* \/ (@) +Immye @) (3.26)
Nn
‘We also define the events
N
e . /10y .. B £/10
2 _{IQT?éN|hl]|>(logN) |alj|]U{ ;hn 2(1OgN) }1
1
24(2) = {maxlzi(z)! > 5%)},
” 1
20(2) = {max|Z§-”<z>| > —w)}, (3.27)
i#]j J 2
and we let
2(2) = 2, U[(£24(2) U 2,(2)) NB(2)°] (3.28)

be the set of exceptional events. These definitions depend on the parameter £ that we omit from
the notation.

The main reason that ¥ emerges as the key controlling parameter can be seen from the fol-
lowing consideration. In order to estimate the off-diagonal term G;;, we need to bound (3.5)
K;; and thus Z;;. By the large deviation estimate, (3.11), we have

(i) 3 W) |2 e3 | (i) 2
12 < ClogN)? | 3 |oikGy o1 |” < Clog N)/ 3 > |Gy (3.29)
k,I#i,j k#L,j

holds with high probability. Here we have used that crl.zl < Cp/N from (2.4).
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For any normal matrix A, we have

Yo 1AGIP = (A4%), = (1AP),, (3.30)
J

where |A|? := AA*.
Applying this identity to the Green function G = [H — z]~!, we obtain the following “Ward
identity™:

lug(K)>  Tm Gy
|Gul? = = , (3.31)
; 2 A —2I? U

o

where uy and X, are the eigenvectors and eigenvalues of H. The term “Ward identity” comes
from quantum field theory and it represents an identity derived from a conservation law or sym-
metry of a system. In our case, the symmetry is generated by the global phase multiplication '’
but this connection is not important for our purpose.

Applying (3.31) to estimate the last term in (3.29) and neglecting the superscript (ij), we can

@)
bound Z; i by

i N=1Y, ImG A Jm
|2{ ()] < Clog M), —21\1;77 % < Clog N)e/z\/ (2) +N;7 mse(2)

where we have used the definition of A in the last inequality. Notice that the control parameter ¥
appears naturally in this estimate. Furthermore, it is Jmm.(z) which appears in the numerator,
not my(z). This is the fundamental reason that we are able to obtain optimal estimate up to the
edges of the spectrum. Near the edges, Jmm(z) is small while |m . (z)| stays near 1.

Lemma 3.6. There exist a constant 0 < ¢ < 1, depending on ¥ (2.17), and universal constants
C > 1, ¢ > 0, such that for any £ with4/¢ < £ < Clog N /loglog N and for any z € Sy we have

P(£2(2)) < Cexp[—c(log N)?], (3.32)
and we also have the pointwise statement
(log N)/* Ao (2) + max|7i(2)| S¥(2) in 2(2)° NBQ)" (3.33)
for any sufficiently large N > No(¥).

Proof. There exists 0 < ¢ < 1, depending on ¥, such that the following two estimates hold for
any £ > 4/¢:

P{|hij| > (log N)"/"|o;;|} < Cexp[—(log N)?*], Vi, j,

by (2.17), and
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N

]P!
i=1

> hii

> (logN)[/lo} < Cexp [—(logN)‘M]

by (2.4) and the large deviation principle for the sum of independent random variables
(e.g., (3.9)). Thus

P(£2) < Cexp[—c(log N)?*], (3.34)
so we can work on the complement set §2;. Note that
R°NB =82, N2;N8R2; NB°. (3.35)
Fix z € S; and we will prove, possibly with a smaller ¢, that for £ > 4/¢ we have
P(£25 N 24(z) NB(2)) < Cexp[—c(log N)**] (3.36)
and
P(£2}; N £2,(z) NB(2)) < Cexp[—c(log N)?*], (3.37)
and this will prove (3.32).

To prove the diagonal estimate (3.36), we can choose a sufficiently small ¢ > 0 (depending
on ) and apply the large deviation bound (3.10) from Lemma 3.3 to obtain that for any fixed i

1Zi1 < (dog M) [ 3" |ou G| (3.38)
ki

holds with a probability larger than 1 — C exp [—c(log N)?*] for sufficiently large N. From the
Ward identity (3.31) and al.zl < Cp/N (by (2.4) and (3.21)), we have

J G(l)
> |oiGy) o’ < = Z % (3.39)
ki k;él U

Since we are in the set B¢, we have A; + A, < (log N)~2. Thus from (3.6) and (3.22) we have
that

0<IMGY) <TG +|GL) — G| <TGy + ClGu> <TmG +C A2, (3.40)

The last term of (3.39) is bounded by

Jm ijk) oAt A+ Tmmge
v Oy <

N in B¢ (3.41)

ki
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We have thus proved that for any z € S,

A(Z) + AZ(Z) + jmmsc(Z)

Nu in B°(z) (3.42)

1Zi(2)] < Cllog Ny /

holds with a probability larger than 1 — C exp [—c(log N)?*] for sufficiently large N.
Similarly, for the off-diagonal estimate (3.37), for any fixed i # j, we have from (3.11) that

12| < Clog ) | 3™ JouGi oy (343)
ki,

holds with a probability larger than 1 — C exp [—c(log N)?¢] for sufficiently large N. Similarly
to the proof of (3.42) for Z;, we have

A(2) + A3(2) + Tmmige(z)
Nn

128 (2)] < Cog MY/ 3\/ in B(2) (344)

holds for any z € S, with a probability larger than 1 — C exp[—c(log N)#*] for sufficiently
large N.

Using Lemma 3.5, we have |G;;| < C and |G§.'j)| < C in the set B€. From (3.5), we can thus
estimate the off-diagonal term G;; by

1Gij| =1Giil|GY)| | K7 | < C(1hijl + |2

), i#j, inBC. (3.45)

Hence we have that in the event B¢ N 27

C(log N)t/10 A+ A2 4T
CUoeN) T Criog Nyt [ AT Ao T Tmmse (3.46)

VN Nn

Ap =max |G| <
i#] '

holds with a probability larger than 1 — C exp [—c(log N)#*] for sufficiently large N.

Recall that Nn > (log N on the set Sy and since £ > 4/¢ > 4, we have (log N3 «
/N7, thus the A, term on the right hand side of (3.46) can be absorbed into the left side for
sufficiently large N. Furthermore, by (3.14), we have Jmm.(z) > cn with a universal positive
constant ¢ for any z € Sy. Thus the first term on the right hand side of (3.46) can be bounded by

/10
C(logN) < (log N)g/3 Immge(z)
VN N

for large enough N, and thus it can be absorbed into the second term. We conclude that
P{A, < ClogN) 2w, B N 25} > 1 — Cexp[—c(log N)?*]. (3.47)

Inserting this bound into (3.42) and (3.44), we have proved (3.36) and (3.37). Finally, the
estimate (3.33) for 7" and A, is a simple consequence of (3.47), the definition (3.17), the
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bound (3.24), the definition of £2; and that £2¢ N B¢ C QZ This completes the proof of
Lemma3.6. O

3.3. Analysis of the self-consistent equation

Now we start using the self-consistent equation (3.18). Since

20y
2 oivi =T
j

< Ag+173,

the bound (3.12) allows us to expand the denominator in (3.18) as long as Ay + |7;| < % In this
case, using (2.12), we obtain the following equation for v;

2 3
vi:m?c<205-vj—Ti)—l—mi?c(ZUl%vj—Ti> +0<Za§.vj—n>. (3.48)
j j j

Recall that B denotes the N x N matrix of covariances, B = (ol%.). Thus we can rewrite the last
equation as

[(1 - m?cB)V]i = _m?cTi +m§c((BV)i - Tl)z + 0((Bv)i - Tl)3

We will first use this equation to estimate v; — [v], i.e. the deviation of v; from its average
(Lemma 3.8). In the second step, we will add up (3.48) for all i and obtain an equation for [v]
(Lemma 3.9). Finally, we use a dichotomy argument to estimate A = |[v]| in Lemma 3.10.

By normalization assumption j Uiz/' =1, the vector e = (1, 1, ..., 1) is the (unique) eigen-
vector of B with eigenvalue 1. We introduce the notation

1 —Rem?.(2)

q =q(z) == max {3, ). (3.49)
and we recall the following elementary lemma that was proved in [22, Lemma 4.8].

Lemma 3.7. The matrix T — m2,(z) B is invertible on the subspace orthogonal to e. Let u be a
vector which is orthogonal to e and let

w=(I-m?2(z)B)u,
then

ClogN
IWlloo
q(z)

alleo <

for some constant C that only depends on §_ in (2.3). O

The following lemma estimates the deviation of v; from its average [v]:
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Lemma 3.8. Suppose that 4 < £ < Clog N/loglog N. Fix the spectral parameter 7 € Sy and we
will omit it from the notations. Suppose that in some set =Z it holds that

q

Ag < W, (3.50)

then in the set E N 2 N B¢ we have

Clog N
i<A2+W—|—
q

(log N)? w2> _ ClogN

ml_ax|vi — ]| < 2 <= (A2+w) (350

for some constant C depending only on §_ and for sufficiently large N.

Proof. For z € Sy, q(z) and Jmmy.(z) are bounded. Combining (3.50) with the definitions of
W (z), S¢ and with £ > 4, we obtain that Ay(z), A(z) are bounded by C(log N)~3/? and ¥ (z)
is bounded by C(log N)~2. Thus the expansion (3.48) holds true in the set Z N £2¢ N B¢, by
using (3.33). We can estimate the second and third order terms in (3.48) by C(¥ + Ag)? and we
obtain

vi=mi. Y ojvj+e, withe=0W)+0(A})in ENRNB (3.52)
j

Taking the average over i, we have
1
(1 =myolv] = 5 D e = 0(¥) +0(47),
14

and thus it follows from (3.52) that
vi — [v]=m2, Za&(vj —[]) + 0(¥) + 0(43).
J
Applying Lemma 3.7 for u; = v; — [v], we obtain

ClogN

max|v; — [v]] < (A5 +w), (3.53)
hence
ag<a+ SN 24
With (3.50), this inequality implies
Ag<ar SN g2y, (3.54)

Using (3.54) to bound A(ZJ in (3.53), we have proved the first inequality of (3.51), the second one
follows from ¥ < C(log N)~2. This completes the proof of Lemma 3.8. O
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In this paper we assumed that the positive constants 5+ are independent of N (see (2.3)), thus
q is bounded and the condition (3.50) is automatically satisfied in the set B¢, see (3.20), and
therefore (3.51) can be written as

miax|v,- — ]| < ClogN)(A* + W) in 2°NBC, (3.55)
in particular,
Ag <A+ C(logN)(A*+¥) in2°NB°, (3.56)
with some constant C depending only on 4.

Lemma 3.9. Suppose that 4 < £ < Clog N/loglog N. Fix the spectral parameter z € S¢ and we
will omit it from the notations. Then in the set 2° N B¢ we have

2

A
2 _ 3 2 2
(1 —my,)[v] =my.[v]* +m;.[Z] + 0<logN

) + O((log N)w?), (3.57)
where [Z]:= N~} ZlNzl Z;. The implicit constants in the error terms depend only on 51 and Cy.

Proof. From the choice £ > 4, and from A < (log N )’2 in the set B¢, we have
¥ < (log N)78. (3.58)

Moreover, for z € Sy, we have Jmm.(z) > c¢n with some universal positive constant ¢ (see
Lemma 3.4), we also have

(log N
VN

By the definition of 7; (3.17), by the estimates (3.24) and (3.33), we have

v >

) (3.59)

Ti=Ai+hi—Zi=hi—Zi+0(A2+N"")=hi — Z; + O(W?) inR°NB". (3.60)

The size of the last term of (3.48) is less than O(¥? + A3) which is bounded by O (¥? + A%)
using (3.56) and (3.58). Thus we have, from (3.33) and (3.48),

2
v; :mzc<20i?/vj +Zi — hii + 0(11/2)> +m30(205vj + O(LI’))
' J

J

+O0(¥*+ 4% inR°NB. (3.61)

Summing up i and dividing by N, we obtain
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2 2 2 3
vl =mj [v]+m;[Z]+ O(¥" + A°)

m? 2
+ﬁz<za§u,+0(q/)) in 2°NBC. (3.62)
N

1

Here we used that in the set £2¢ N B¢ C 2¢, we have N=!| 3", h;;| < (log N)Y/1ON—1T L g2
by (3.59). Writing v; = (v; — [v]) + [v], the last term in (3.62) can be estimated using (3.55)

3 2
% > :( ojvj + 0(4/)> =ml.[v]* + O((log N)¥ (A* + ¥)) + O(AW) + O(¥?).
I

1

Collecting the various error terms and using (3.58) and that A < (log N )~2 in B¢, we obtain
(3.57) from (3.62). This completes the proof of Lemma 3.9. O

3.4. Dichotomy estimate for A

Throughout this section we fix the parameter £ with 4 < £ < ClogN/loglogN. By
Lemma 3.9 we have that in 2¢ N B¢

(1 —m2)[w] —ml.[v]* = 0(¥) + 0(A%)/1og N, (3.63)

where we have used the simple bound ¥ < 1/log N and that in the set £2(z) N B(z)¢ all Z;,
hence [Z] can be bounded by ¥ (see (3.35) and the definition of £2;).
We introduce the following notations:

1 —mg, 5. (o2 N)*

(N3

with n = Jmz, (3.64)

o=
3
' Me

where o = a(z) and B = B(z) depend on the spectral parameter z. For any z € S, we have the
bound B(z) < (logN )4, by ¢ > 4. From Lemma 3.4 it also follows that there is a universal
constant K > 1 such that

1
E«/K+T)<(Z(Z) <Kk +n (3.65)

for any z € Sy.
By definition of ¥ = ¥ (z) (3.26), we have

A+7J
¥ = (log N)t, | 2 M Mse
Nn
A+ TJmm _
< (log N%Wm“ + (log N)E(N) ™2 < BA+ap + B2, (3.66)

where, in the last step, we have used that «(z) ~ /k + 7, see (3.65), and thus Im m . (z) < Ca(2)
(see Lemma 3.4). We conclude from (3.63) and |m .| ~ 1 that
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2
#[v] — | <C*(BA+aB+ B2+ 0(A?)/logN in 2°NB° (3.67)
m3,
with some constant C*.
Neglecting the error term and replacing [v] by A, we roughly have the equation

laA — A2 < C*(BA+ap + B?). (3.68)

This inequality provides certain estimates on A depending on whether & < § or not.

Since o and B are functions of z (8(z) depends only on n = Jmz), we will fix E =*Rez
and vary = Jmz from 7 = 10 down to n = (log N)'%/N. Thanks to (3.65), a(z) is essentially
monotone increasing in 7, up to universal constants. The function §(z) is monotonically decreas-
ing. Therefore there exists a threshold 77 such that for < 7 we have o < 8 and for n > 7 we
have o 2 B. To implement precisely the idea of dividing the estimate according to the relative
size of  and 8, we will need to choose a large but fixed constant U > 1 depending only on C*.
Let 7 = 7(U, E) be the solution to \/k + 7 = 2U?Kf(z) where k = ||E| — 2|. Note that up to a
constant factor, this equation is the same as «(z) = B(z). Since /k + 7 is increasing while 8(z)
is decreasing in 7, the solution is unique and one can easily prove that

F<NT (3.69)

for sufficiently large N, depending on U. The implementation of this idea and precise estimates
on A is given by the following lemma:

Lemma 3.10 (Dichotomy lemma). Suppose that 4 < £ < Clog N/loglog N. Then there is a con-
stant Uy = Uy (8+, Co) = 1 such that for any U > Uy, there exists a constant C1(U), depending
only on U, such that for any spectral parameter z € Sy the following estimates hold:

AQ) <UBG) or AR)> % if Tmz > F(U. Re ). (3.70)
AR <CLUBR) if Imz <F(U. Rez) (3.71)

in the set £2(z) NB(z2)¢ and for any sufficiently large N > Ny(84, Co).

Proof. We will set Uy =9(C*+ 1) and let U > Uy where C* is the constant appearing in (3.67).
Depending on the relative size of 8 and «, which is determined by z, we will either express [v] or
[v]2 from (3.67). This will correspond to the two cases in Lemma 3.10. Recalling that |[v]| = A,
the last error term in (3.67) can be easily absorbed for sufficiently large N and we will get a
quadratic inequality for A.

Case 1: n=Jmz > 7j(U, E). By the definition of 7, in this case /k + 1 > 2U2KB(2), ie.,

a(z) = 2U%B(2) (3.72)

by (3.65). From the choice of Uy and U > Uy we get that o > 8 and %a > C*B. Expressing [v]
from (3.67) and absorbing the C*B A term into the left hand side, we obtain

1
JaA< 2A% 4+ 2C*ap. (3.73)
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Thus either

1 2
—aA <2A7,
4

i.e. A > «/8 which is larger than «/ U, or

1
—aA <2C*ap,
4
i.e. A <8C*B < UB, which proves (3.70).

Case 2: 1 =Jmz < (U, E). In this case /k + 1 <2U*KB(2), i.e., a(z) <2U*K?B(z). We
express [v]* from (3.67) and we get

A <20A+2CH[BA+ Pa+ B2 < C'BA+C'B? (3.74)

with a constant C’ depending on U. This quadratic inequality immediately implies that A <
C1(U)B with some U -dependent constant C1(U). Hence we have proved Lemma 3.10. O

3.5. Initial estimates for large n

In this section we show that Theorem 3.1 holds for n = Jmz = 10, i.e. on the upper boundary
of S;. This will serve as an initial step for the continuity argument. The proof for 7 = 10 is similar
to the arguments in Sections 3.2 and 3.3 but much easier. In particular, no a-priori assumption
similar to (3.20) or no bad set B are necessary. We start with the analogue of Lemma 3.6 which
actually holds uniformly for any z with 0 < 7 = Jmz < 10 and not only for z € Sy. Note that
these estimates are very weak for small n, but we will use them only for n = 10.

Lemma 3.11. For any z € C with 0 < n =Jmz < 10, define the exceptional events

04(2) = {maxyz-(z)\ _ (log \)* }
. l 1 = Wn )
. i) (log N)*

Oy (z) == {Iln;ﬂZUj (Z)} = an},

O(2) =52, UOy(2) UB,(2), (3.73)

where we recall the definition of $2p, in (3.27). Then there exists constants 0 < ¢ < 1, C > 1,
¢ > 0, depending on ¥ (2.17), such that for any £ with4/¢ < £ < Clog N /loglog N and for any
z € Sy we have

P(0(z2)) < Cexp[—c(log N)?*], (3.76)
and the pointwise bound

max|7;(2)| SCN~'Pp™3 inO(2)" 3.77)
1

for sufficiently large N > No(9, Cy). Furthermore, for n > 3 we have the estimate
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Ag(2) + Ay(2) SCNTY3 ino(2)°, (3.78)
for sufficiently large N > No(, Cp).
Proof. Given the estimate (3.34), for the proof of (3.76) it is sufficient to estimate the probability

of ®4 and ©,. The estimate (3.39) still holds, but we can now bound the last term in (3.39) simply
by

3 G(’) 1
Z‘leGl(Cl)Ull < Z 2 e (Z) < N

5 (3.79)
n
k,l1#i k#t
for any z, using the trivial deterministic estimate
16| <n! (3.80)

that holds for any 7, j and for any T. Combining (3.79) with the large deviation bound (3.10) from
Lemma 3.3 as in (3.38), we obtain P(®;) < C exp[—c(log N)?Y]. The same argument holds for
the exceptional set ®, involving the off-diagonal elements and this proves (3.76).

From (3.5) and the trivial estimate (3.80), we can estimate the off-diagonal term G;; in the set
O(z2) by

Gl = 1Gull G IR <21kl + |22))
1 n 1
VNn? Ny}

for sufficiently large N. Moreover, the same argument gives

<G%N%[ ]<N”%3,i¢ﬁ (3.81)

1Gijl _ 150 K| <N1Py2, it
|Giil ‘ H } e

which can be inserted in the definition of A, (3.15), and with N > 1, we get

C() 1 < 2
14il < + N S NS

for sufficiently large N. In the set @ a similar bound holds for #;; and Z; using n < 10. Recalling
that 1; = A; 4+ hij; — Z;, and this proves (3.77).

For the proof of (3.78) it is sufficient to bound only A, the necessary estimate for A, is given
in (3.81). We define ¥ = max; |7;| and note that for n > 3 we have T < CN~!/3 in the set O¢
by (3.77). From the self-consistent equation (3.18) and the defining equation (2.12) of m ., we
have

Y am v, +0()
@+mn+ZMﬁw+OWD@+%J’

1<n<N. (3.82)
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Using |Gji| < n‘l from (3.80) and |my.(2)| = |stc(x)/(x —z2)dx| < n_l, we obtain for n > 3
that

Ag =max|v;| <2/n<2/3. (3.83)
1

By (3.12), we have |z + myc(z)| = |mys.(z)|~' > 3. Together with (3.83), we obtain from (3.82)
that

va] < max; [vi| + o). (3.84)
|z + myc(z)| — max; |v;]

Maximizing over n, we have

Ag

— 4+ 0(7). (3.85)
|z + mse| — Ag

Ag =max |v,| <
n

Since the denominator satisfies |z + mg.(z)| — Ag =3 —2/3 =7/3 by Az < 2/3, the esti-
mate (3.78) follows from (3.85) and (3.77). This completes the proof of Lemma 3.11. O

3.6. Continuity argument: conclusion of the proof of Theorem 3.1

Fix an energy E with |E| < 5 and choose a decreasing finite sequence n; € Sy, k =
1,2, ..., ko, with ko < CN® such that |ng — mxs1] < N8 and n; = 10, ng, = N~ (log N)'°¢.
Denote by z; = E + ing. We will first show that Theorem 3.1 holds for any z = z.

Throughout this section fix any U > Uy from Lemma 3.10 and recall the definition of (U, E)
from before this lemma. Consider first the case of z;. Since n; > (U, E), see (3.69), we are in
the first case (3.70) in Lemma 3.10. By Lemma 3.11, we have A;(z1) + Ay(z1) < CN~'3in
the set @ (z1)¢, in particular, © (z1)¢ C B(z1)¢. Moreover, by A(z1) < CN~!/3 in the set @ (z1)¢,
and (3.65), the second alternative of (3.70) cannot hold and therefore A(z1) < UB(z1) in the set
O(z1)°NR2(z1) NB(z1) = O(z1)° N §2(z1)¢. Using the probability estimates (3.32) and (3.76),
we have proved that

P[A(z1) > UB(z1)] + P(B(z1)) < Cexp[—c(log N)?*]. (3.86)
For a general k we have the following:

Lemma 3.12. There exist constants 0 < ¢ < 1, C' > 1, ¢ > 0, depending on ¥, such that if ¢
satisfies 4/¢ < £ < C'log N/loglog N and U is chosen U > Uy(3+, Co) (see Lemma 3.10) then
the following hold for any k < ko and for any sufficiently large N > No (¥, 6+, Co, U):

Case 1. If n > 4(U, E), then

P[A(z) > UB(z)] < C'kexp [—c(log N)?*]  and
P(B(zx)) < C'kexp [—c(log N)?*]. (3.87)
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Case 2. If n <n(U, E), then

P[AGz) > CL(U)B0)] < C'kexp[—clog N)*]  and
P(B(zx)) < C'kexp[—c(log N)?*], (3.88)

where C1(U) is given from Lemma 3.10.

Proof. We proceed by induction on k, the case k = 1 has been checked in (3.86). First consider
Case 1, when k < ko is such that n; > %(U, E), i.e. (3.87) holds by the induction hypothesis. By
the definition of the sequence zx, we have

3G (2)

. <N 8sup <N%  (3.89
Z

~ X
ZES[ |sz|2

|Gij(z) — Gij(zk1)| < |zk — zit1] sup
ZES[

for any i, j. Hence | A(zk) — A(zk+D)| < N7 < 3UB(zk+1) and thus

P[A(ml) > %Umzm)} < C'kexp [—c(log N)?*]. (3.90)

In other words, the estimate on A(zx41) is deteriorated by a factor 3/2, but it will be gained back
by the dichotomy estimate in Lemma 3.10.
Using (3.89) we also have, in £2(zx)° N B(zx)¢,

Ad(Zit1) + Ap(zi+1) < Ag(zp) + Ap(zi) +2N7°
< (log N)! (A(ze)? + W (z1)) + Alzx) +2N~°

< (log N)Zf\/ Up &) tvf?mm“(“) F2UBG) +2NE. (391)
k

Here in the second line we used the bounds (3.33) and (3.56) that hold on the set £2 (zx)° NB(zx)¢,
in the last line we used A(zx) < UB(zx) < (log N)~¢. All these estimates hold on an event with
probability at least 1 — C’(k + %) exp [—c(log N)?*] using (3.32) and the estimate on P(B(zx))
from (3.87). Here we assumed that the constant C’ is larger than twice the constant C in (3.32).

By the choice of £ > 4 and the definition of 8 from (3.64), the last line of (3.91) is bounded
by (log N)~2 and thus we have

1
P(B(zx+1)) < C’ (k + 5) exp [—c(log N)?*]. (3.92)
Suppose now that k + 1 falls into the first case, nx+1 = 7(U, E), then, from (3.72),

3

Bk < T,

so by the dichotomy estimate (3.70), A(zk+1) < %Uﬁ(ZkJ,_]) from (3.90) implies A(zk+1) <
UB(zx+1) on the set 2 (zx+1) N B(zk+1)¢. Thus (3.32), (3.90) and (3.92) imply that
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P[AGzk+1) 2 UB(zi+1)] < C'(k + 1) exp [—c(log N)?] (3.93)

by using C’ > 2C where C is the constant from (3.32). This proves (3.87), i.e. the induction step
if ngyq is in the first case. If 5o falls into the second case, i.e., Nyt < 7(U, E), then (3.90)
gives directly the induction step, i.e. (3.88) for k 4 1.

So far we considered Case 1, i.e., we assumed that n; > 7(U, E). Now consider Case 2, when
nx < (U, E) and therefore the induction hypothesis is (3.88). The argument is very similar to the
previous case but UB(zx) is replaced with C1(U)B(zx) everywhere in (3.90), (3.91) and we still
obtain (3.92). Since nx+1 < nx < 17(U, E), we can directly refer to (3.71) to obtain the induction
step, i.e. (3.88) for k + 1. This completes the proof of Lemma 3.12. O

Choosing a sufficiently large but fixed U, e.g. U = Uy(8+, Co), we have thus proved that
A(zx) < CB(zy) for all k < ko with a constant depending on 61 and Co, in particular ¥ (zz) <
CPB(zx) by the definition of ¥ (3.26). Using (3.33) and (3.56) we have proved Theorem 3.1
for all zx, k < ko and any fixed energy E with |[E| < 5. For any z = E 4 in € S, there is a
2= E +ing with |z — zx| < N78. Using the Lipschitz continuity of G;;(z) and mg.(z) with
Lipschitz constant at most N2, we easily conclude the proof of Theorem 3.1 for any z € S;.
Note that in order to accommodate the higher (log N)-power in 8 and the additional logarithmic
factors in (3.33) and (3.56) with the final formulation of the result in Theorem 3.1, we needed to
redefine £ — €/3 which results in a decreased ¢ in the final statement. O

4. Optimal error bound in the strong local semicircle law

We have proved Theorem 3.1 which is weaker than the main result Theorem 2.1 but it will
be used as an a-priori bound for the improvement. The key ingredient for the stronger result is
the following lemma which shows that [Z], the average of Z;’s, is much smaller than the size
of typical Z;. (Notice that in the proof of Theorem 3.1, [Z] was estimated in (3.63) by the same
quantity, ¥, as each individual Z;.)

For z € Sy define

I'=T(2):=2;,UB(2), A =A(z):=82(z) UB(2), .1
where £2,, £2 were defined in (3.27)—(3.28) and B was given in (3.19). Recall that £2; and 2
depend on ¢ and thus I" and A also depend on £ but we omit this fact from the notation. We

remark that Theorem 3.1 shows that there exists a positive constant ¢ > 0 such that for any
4/¢ <€ <logN/loglog N we have

P(B(2)) =P(Aa(2) + Ao(z) = (log N)2) < Cexp[—c(log N)?*], zeS,,  (4.2)

since the error bar (log N)‘Z/(Nn)l/3 in Theorem 3.1 is much smaller than (log N)~2. Combin-
ing (4.2) with (3.32) and I" C A, we get that

P(I'(2)) <P(A(2)) < Cexp[—c(log N)?*], z €Sy, (4.3)

with positive constants C, ¢ depending only on ¢ in (2.17), §+ from Assumption (B) and Cy
from Assumption (C).
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With this notation, and recalling that A,(z) = max;+; |G;;(z)|, we then have the following
lemma whose proof will be given separately in Section 7.

Lemma 4.1. There exist positive constants D > 1, Ag > 1, and ¥ < min{l1/10, ¢}, depending
on ¥, such that for any £ with

log N
Aploglog N << 08 (4.4)
log logN’

for any p < (log N)V¢~ 2 positive even number and for any fixed z € Sy we have

1 & P
E[I(F”(z))‘ﬁ > Ziz)
i=1

Sfor any sufficiently large N > No(Ao, V).

} < (Dp)PPE[1(I“(0)[40(2)* + N7 ']7] (4.5)

The first version of this lemma was presented in Lemma 5.2 of [22] where the p-dependence
of the constant in (4.5) was not carefully tracked and the effect of the exceptional event I was
estimated less precisely. This was sufficient since in [22] we applied the result for an exponent p
independent of N; as a consequence, in particular, the probability estimates for the local semicir-
cle law were only power law and not subexponential in N as here. In the current paper we allow
p to depend on N which requires the more precise form as stated in Lemma 4.1. Furthermore,
here we give a new proof that relies on a different organization of partially independent terms.
The main difference is that here we separate dependences on individual matrix elements, while
in [22] we separated entire rows and columns. The new method is therefore more robust, but
combinatorially more demanding.

Recalling the notation

[Z]1=1Z]() = Zzw

we will apply Lemma 4.1 in the following form:
Corollary 4.2. There exist positive constants D > 1, Ag > 1, and ¢ < min{1/10, ¢, 1/D}, de-

pending on ¥, such that for any € satisfying (4.4), for any p < (log N)V*=2 positive even number
and for any fixed 7 € Sy (2.20) we have for any set 5 in the probability space

E[1(I)|[21) "] < E[1(r N E) ()*" ]+ (Dp) P [P(2() + P(E)]  (4.6)
where $2(2) is defined in Lemma 3.6.
Proof. On the right hand side of (4.5) we can split the set I"® as
=2;NB =[2°NB°NEJU[R°NB NE]U[(£2;\ 2 NB].

On the set [2°NB N E]U[(£2; \ £2°) NB°] C B¢, we estimate A, trivially by
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A, < (logN)2 < 1. 4.7
Since £2; \ £2¢ C £2, we have
E[1(I°)|(21(2)|"] < (Dp)PPE[1(2° N B) [A(2)* + N7']7]
+(Dp)PP[P(E) + P(£2)]. 4.8)

Choosing ¥ < 1/D we see that (Dp)? < (log N)¢. Thus we can use (log N)!N~! < C¥?(2)
for z € S¢ (by Jmmy.(z) > cn) and that (log N)ZAg < w2 on 2°NB, see (3.33), to absorb the
(Dp)PP prefactor in the first term in (4.8). This concludes the proof of Corollary 4.2. O

Lemma 4.3. Fix two numbers € and L that satisfy 4 < £ < L < %,

and let 0 < t < 1 be an arbitrary constant. For any z = E + in define

in particular S, C Sy,

los N 3042
y=y(2) = % “9)

Suppose that for all z € S| we have

A(R) <y (@) (4.10)
and
J
1Z12)] < (logN)%(y(Z) s mm”(Z)>. @.11)
Nn
Suppose that A(z) = o(1) for n =10, |E| < 5. Then in the set 2 N B¢ we have
A@) < (log NY* P2 (N~ (HD/2 (4.12)
for any z € Sp. Furthermore, if A(z) < a(z)/2 and (4.11) hold for some z € Sy, then
J
A(z) < C(log N)3¢+! <’/(Z) + mm”(Z)), (4.13)
a(z)Nn

in the set £2° N B¢, where a was defined in (3.64).

Proof. In the first part of the proof z € Sy is fixed so we drop the z-dependence of various
quantities. Recall (3.64), (3.65) and Lemma 3.4 for m,. and o« ~ /k + n. From Lemma 3.9 and
using (4.11), in the set £2° N B¢ we have, with w := [v], the estimate

1 — 2 2 5 )
U=y 2= o 1) 4 of gog vyt (LM s (4.14)
m log N Nn

sc

where we have used (4.10), the definition of ¥ (3.26) and that |w| = A. We can complete the
square of the left side and obtain the inequality
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1/2
A<2a+C(1ogN)“z“<7’+“> : (4.15)
where we have used that Jmm,. < Ca. We claim that in fact
sea (y \V?
A< 2a+ C(logN) 2 N (4.16)
n

also holds; indeed this is trivial if A < 2¢, and if A > 2« then by assumption (4.10) y > A 2 2,
so « can be absorbed into y in (4.15).
Define

172 .
a0 = a(z) 1= T(log N) "7+ (Nln> = T (log N> 32 (N~ 5 4.17)

with a large parameter 7 (independent of N) to be specified later, and note that og < y for
sufficiently large N.

Suppose that A < /2. In this case the w? terms are smaller than the leading term aw in the
left hand side of (4.14), therefore we can express |w| = A and estimate it by

3 1
A< Clog NYH (Y EIMMse )  oog Ny3e (Y 4 1) (4.18)
aNn aNn Nn

In the second step also used Jmmg. < Ca. In particular, the first inequality proves (4.13).
Assume now that A < «/2 and o > «. Plugging the lower bound (4.17) on « into (4.18) and
using the definition of y we obtain

12
A <CT—1(1ogN)”T“(NL> = CT 2. (4.19)
n

Choosing T as a sufficiently large constant we obtain that

A< ) (4.20)
under the condition that A < «/2 and o > «g. Therefore, as long as o > «g, we have a di-
chotomy: either A > /2 or A < a/4.

We now fix E and we continuously decrease 7 from 7 =10 to n = N ! (log N)~, the lower
point in Sy . Since A(z) < 1 and «(z) is bounded away from zero for n = 10, |E| < 5, we know
that A < /2 holds for n = 10. Since A(z) is continuous function, by the dichotomy we have that
A < a/4 for all n as long as @ > «p. In particular, A < CT’zao from (4.19) which proves (4.12)
in the case o > .

Finally, for o < «, we can estimate A directly via (4.16) and this proves that

st [y 1/2
A< C(logN) 2 | = 4.21)
Nn

from which (4.12) follows and we have thus completed the proof. O
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Proof of Theorem 2.1. First we explain the idea. We will prove, by an induction on the expo-
nent 7, that A < (Nn)~" holds modulo logarithmic factors with a high probability. Notice that
we proved this statement for 7 = 1/3 in Theorem 3.1. Lemma 4.3 asserts that if this statement
is true for some t, then it also holds for 1% assuming a bound on [Z]. This bound can be ob-
tained from Corollary 4.2 with a high probability. Repeating the induction step for O (loglog N)
times, we will obtain that 7 is essentially one, i.e. we get Theorem 2.1. However, we have to
keep track of the increasing logarithmic factors and the deteriorating probability estimates of the
exceptional sets.

Throughout the proof we fix L satisfying (2.18) with the constant Ay obtained from Corol-
lary 4.2 and we also fix ¥ from the same Corollary. We will also use a moving exponent £ whose
value will always satisfy L/2 < £ < L, in particular S; C Sy.

We recall the definition

loe N 3042
y =y 1,0 = % (4.22)

where we now emphasize the dependence on t and £. Define the events

Reg=|J Ree@, R :={AG) >r( 7.0} (4.23)

ZESL

Then (3.1) in Theorem 3.1 states that there is a ¥ with 0 < ¢ < 1/10 such that for any £y := L
we have

P(Rz,¢,) < exp[—(log N)V 0], (4.24)

with T = 1/3 and for any N > Ny(, 5+, Co). Notice that we have used a weaker form of The-
orem 3.1 by making the threshold y larger, the restrictions for ¢ stronger and reducing the
exponent ¢ to i since this weaker form will be preserved in the iterative procedure. By setting
a sufficiently large lower threshold on N, we could remove the constants C, ¢ from (3.1). The
general iteration step is included in the following lemma.

Lemma 4.4. There exists a sufficiently large Ny = No(9, 6+, Co) such that for any N > Ny the
following implication holds. If for some 0 < t < 1 and for some £ with L/2 <{ < L

P(R..¢) < exp[—(log N)"*], (4.25)
then
P(R:¢) < exp[—(log N)*], (4.26)
where
sl g3 4.27)
2 (4
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Proof. Define

LIRS E j
®=d(z,7,0) = (1og1v)4\/’/(Z %6 +Immse(@) (4.28)
Nn
Fix z € St then from Corollary 4.2 with the choice of & = R; ; we have
E[1(r)|(Z1|"] < E[1(RE,)¥*P] + (Dp)PP exp[—c(log N)V] (4.29)
< @ + (Dp)P exp[—c(log )], (4.30)

where we have used (4.25) and (3.32) to bound the probability of = and £2 and we used that
A<y on Ry, toestimate ¥ < @. We will choose p = (log N)* with

a=ye—3. (431

From Markov’s inequality and (4.3) we obtain that

1 2
IP><|[Z]| > 5 (log N)@ )

<27(log N) @ 2P[®* + (Dp)PP exp[—(log N)V*]] + C exp[—c(log N)?*]
27 (log N)~” + exp[ Dplog(2Dp) + p(log N) — (log N)**?] + C exp[—c(log N)?*]
exp[—3(log N)?]. (4.32)

NN

Here in the second line we used @ > N~1/2 from Jmm.(z) > cn to estimate & ~27. In the final
estimate we used that log p = aloglog N < ¥ ¢loglog N < ¢ log N and that ¥ < ¢. This esti-
mate was for any fixed z € Sy . By choosing a grid of z-values in S; with spacing of order N ¢,
with some large ¢, we can use the Lipschitz continuity of [Z](z) and @ (z) to conclude that
essentially the same estimate holds simultaneously for all z € Sy

Combining this with (4.25), we have

Y+ Imme

|[Z]] < (log N)®* < (1og1v)%( .
n

) and A<y, 4.33)

for all z € Sy with a probability at least 1 — exp[—2(log N)¢]. We can now apply Lemma 4.3 so
that

A(z) < (log N3 2 (Np)=(FFD/2 (4.34)

holds for any z € Sy with a probability bigger than 1 — exp[—(log N)“]. Here we have used that
P(£2 UB) < exp[—2(log N)?] from (4.3). We have thus proved (4.26) and Lemma 4.4. O

Returning to the proof of Theorem 2.1, we choose 79 = 1/3 and £¢ = L as the initial values
of the iteration. The input condition (4.25) in Lemma 4.4 for the initial step has been checked
in (4.24). Iterating Lemma 4.4 yields a sequence of (t,, £,) so that 1,41 = 1, and £,4 = £,
via (4.27), more precisely
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—n 2 —n
m=1-27"2>1-27" L=L=3n/y,
such that
loe N 30,42
]P’( U {A(z) > %}) <exp[—(og N)V*]. (4.35)

z€SL
We run the iteration until » = 2loglog N so that
(N> " <N <e.

If Ag =20/v,1i.e. L > (20/y)loglog N, then ¢,, > 2L /3 and thus

3L+2
IE”( U {A(z) > e(logNL}) < exp[—(og N)2VLA]. (4.36)
n

zeSL

This proves (2.19) after renaming 2v/3 to a new ¢. The proof of (2.21) follows from the estimate
on A, from (3.33), (3.56) and (4.3).
Finally, to prove (2.22), we need the following lemma.

Lemma 4.5. Let L > 4 satisfy (2.18) and define the set
Up:i={z=E+in 5> |E| 22+ N logN)¥ T8, n=N"2P1ogN)* T} (4.37)
Then for Ag large enough in (2.18), we have
P( U {a@ < dogm)~ (Np) ™! }) >1— Cexp[—c(logN)V*/?]. (4.38)
zeU

Proof. For z € Uy we have x = N~2/3 (log N)BLA8 > n and thus we have (see (3.65))
a(z) = ek + 11 =N~V log NYHH4,

3L+2
Therefore A < «/2 holds on the event A(z) < % for any z € Ur. Since Uy C Sg, the

probability of this event is bigger than 1 — exp [—(log N)?¥£/3] by (4.36). Combining this bound
on A with the estimate (3.32) for £ = L, we know that

2L v(2) + Immge(2)
Nn

[Z]1(2)| < (log N)

holds with a probability bigger than 1 — 2exp[—(log N)?¥L/3]. Here we used y(z) =
(log N)3+2(Nn)~! with the choice of T = 1 and £ = L, see (4.22).
We can now use (4.13) from Lemma 4.3 with £ = L and t =1 to have

(4.39)

(log N)*LH2(Nm) ™! + %>

A < C(log N)3EH! ( e



L. Erdds et al. / Advances in Mathematics 229 (2012) 1435-1515 1473

with probability larger than 1 — 3exp[—(log N)*Y£/3]. Here we used the probability esti-
mate (4.3) on P(£2 U B) and the first bound in (3.14). Then using the values of « and 7 in
the set (4.37), we obtain

A< (logN)~'(Np)~!
from (4.39) and this proves Lemma 4.5. O

We now prove (2.22). On the set Uy, we have

_of P
3mmsc—0( ﬁ><(logN) (N~ (4.40)

Combining it with (4.38), we obtain that

IP’( L {Imm(z) < 2(log N)—l(Nn)—‘}) >1—Cexp[—c(logN)VE72].  (4.41)

zeUyp,

Fix z = E 4+ in € U and define the event
W(z):={3,: I»; — E| <n}.
Recalling the definition of m,

N

! n
mm@)=— ) ——5—, 4.42
@) N;(E—kj)z—i—nz (4.42)

it is clear that Jmm(z) > %(Nn)’] on the set W (z). Using (4.41) we obtain that

P(3j: 24+ N2 1og N)BEH < |4 j1 < 5) < Cexp[—c(log N)VE/2]. (4.43)
Finally, we need to control the probability of a very large eigenvalue. For example, the following
(not optimal) estimate was proved in, e.g., Lemma 7.2 of [23]. We formulate the results for the

largest eigenvalue Ay, but analogous results hold for the smallest eigenvalue A as well.

Lemma 4.6. Let H satisfy Assumptions (A), (B), (C) and the subexponential decay condi-
tion (2.17). Then for some ¢ > 0, depending on ¥, we have

Py > K) <e NloeK (4.44)
forany K > 3.

Combining this lemma with (4.43) we completed the proof of (2.22). O
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5. Estimates on the location of eigenvalues

Proof of Theorem 2.2. We now translate the information on the Stieltjes transform obtained in
Theorem 2.1 to prove Theorem 2.2 on the location of the eigenvalues. We will need the following
Lemma 5.1 which is a special case of Lemma 6.1 proved in [22] with the choice A = 0. The
conditions (6.1) and (6.2) stated in Lemma 6.1 of [22] are not sufficient. Instead, the following
slightly stronger assumption is necessary:

cU

m, f0r12y>0, |x|§K—|—l, (51)
X

‘mA(x—i-iy)‘ <

i.e., it is not sufficient to control only the imaginary part of m®. This stronger condition is needed
in (6.7) of [22], where the imaginary part of m is changed to its real part after an integration by
parts. With the condition (5.1), the proof of Lemma 6.1 in [22] remains otherwise unchanged.
This immediately proves the following lemma as a special case:

Lemma 5.1. Let 0® be a signed measure on the real line with suppo® C [—K, K] for some
fixed constant K. For any E1, E> € [—3,3] and n > 0 we define f(A) = fE, E,n(A) to be a
characteristic function of [E1, E2] smoothed on scale n, i.e., f =1 on [E1, Ez], f=00n R\
[Ey —n, Ex +nl and |f| < Cn~', | f”| < Cn~2. Let m™ be the Stieltjes transform of 0.
Suppose for some positive number U (may depend on N) we have

A , cuU
mP G+ in| < 5= for12y>0, x4y <K (5.2)
y
Then
CU|logn|
'ffEl,Ez,n(k)QA(k) dr| < Tg (5.3)
R

with some constant C depending on K. 0O

We will apply this lemma with the choice that the signed measure is the difference of the
empirical density and the semicircle law,

1
0% (dh) =0(dh) — 0se (M) dr, o) =) (i — 4.

First we prove (2.26). Choose L := Agloglog N, where Ay is given in Theorem 2.1, and we
define

Ty := (log N)t = (log N)Aologlog N
for simplicity. By Theorem 2.1, the assumptions of Lemma 5.1 hold for the difference m* =
m —mge with K = 10and U = Tlf', ify>yy:= T]\I,O/N.Fory <y, setz=x-+1iy,zo=x+1iyo
and estimate
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)
[m(z) = mse(2)| < |m(z0) — mse(z0)| + /|3n (mOx +in) —mse(x +im)|dn.  (5.4)
Y

Note that

) 1 .
|8,7m(x+ln)’=’N28,7ij(x+ln)' (5.5)
j
<12|G- (x+i )|2=i23mc~(x+i = Lomma +in, (.6
Sy - Jjk n Nn j Jjij n 7 n), .

and similarly

Qsc(s)
|s —x —inl?

. _ 0sc($)
‘anmxc(x“‘”?)‘ = ’/ (s

1
— ds = — Jmmy.(x +1in).
—x—in) n

<
Now we use the fact that the functions y — yJmm(x +iy) and y — y Immg.(x + iy) are
monotone increasing for any y > 0 since both are Stieltjes transforms of a positive measure.
Therefore the integral in (5.4) can be bounded by

Yo
d

/ %[Jmm(x +in) + Immge(x +in)]

y

dn

7 (5.7)

Yo
< yo[Imm(x +iyo) + Immse(x +iyo)] /
y

By definition, Jmm.(x + iyg) < |msc(x + iyo)| < C. By the choice of yg and Theorem 2.1,
we have

T4
Jmm(x + iyo) < Immye(x +ivo) + N—N <C (5.8)
Yo

with very high probability. Together with (5.7) and (5.4), this proves that (5.2) holds for y < yp
as well if U is increased to U = TAI,O.
The application of Lemma 5.1 shows that for any n > 1/N

Cog N)T,?

N (5.9)

’ffEl,Ez,n()»)Q(/\)d)»—/fEl,Ez,n(k)Qsc(k)dk <
R R

With the fact: y — y Jmm(x 4 iy) is monotone increasing for any y > 0, (5.8) implies a crude
upper bound on the empirical density. Indeed, for any interval / :=[x —n, x + 7], withn =1/N,
we have

10

nx+n) —nx —n) <CnJmm(x +in) < CyoImm(x +iyp) < (5.10)
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This bound can be used to estimate the difference between the characteristic function of the
interval [E1, E>] and the smoothed function fg, g, .

Since the probability to have eigenvalues outside the interval [—3, 3] are extremely small,
we consider only the case that all eigenvalues are inside [—3,3]. Let E1 = —4 and E; ;= F €
[—3, 3]. Then from (5.9) and (5.10) we have that

Cog N)T,?

N (5.11)

In(E) = nye(E)| <

holds for any fixed E € [—3, 3] with an overwhelming probability. The supremum over E is
a standard argument for extremely small events and we omit the details. This completes the
proof of (2.26) after possibly increasing L (hence Ag) and decreasing ¢ in order to replace the
(log N)T° with (log N)E.

Now we turn to the proof of (2.25). Let L be as before. Fix any 1 < j < N/2 and let E = y;,
E’ = Aj. Setting 1y = (log N)TA],0 = (log NHOLAL for simplicity, from (5.11) we have

nse(E) =n(E') = ng(E') + Otn/N). (5.12)

Clearly E < 1, and using (5.11) E’ < 1 also holds with an overwhelming probability. First,
using (2.22) and

Ne(X) ~ (x +2)3%, for—2<x <1, (5.13)
ie.
nye(E) =nsely)) = 3 ~ (E+2)",
we know that (2.25) holds (with a possibly increased power of log N in the left hand side) if
E,E' <—2+1tyN~2/3. (5.14)
The correct power (log N)% can be restored by increasing L (hence Ag) and decreasing ¢, as
before.
Hence, we can assume that one of E and E’ is in the interval [—2 + tNN’2/3, 1]. With (5.13),

this assumption implies that at least one of ny.(E) and ns.(E’) is larger than ti/ 2 /N. Inserting
this information into (5.12), we obtain that both ny.(E) and ns.(E’) are positive and

~1/2
nee(B) = nee(E)[1+0(1y' )]
in particular, E 4+ 2 ~ E’ + 2. Using that n.(x) ~ (x 4+ 2)!/? for —2 < x < 1, we obtain that
ni.(E) ~n.(E’), and in fact n,.(E) is comparable with n/,.(E") for any E” between E and E’.
Then with Taylor’s expansion, we have

[nse(E') — nye(E)| < C|n(E)||E' — E|. (5.15)

Since n} (E) = psc(E) ~ «/k and ng.(E) ~ «3/2, moreover, by E = y; we also have ny(E) =
j/N, we obtain from (5.12) and (5.15) that
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C|nsc(E/) - nsc(E)| < Cty < Cty < CtN
n, (E) T Nn(E) T N(ng(E)'/3 = N23j1/3°

' E|<
which proves (2.25), again, after increasing L and decreasing ¢ to achieve the claimed (log N)*
prefactor. This concludes the proof of Theorem 2.2. 0O
6. Edge universality

In this section, we prove the edge universality, i.e., Theorem 2.4. At the end of Section 6.1 we
will give a heuristic explanation why matching the second moments is sufficient but we first need
some preparation and to introduce various notations. We will consider the largest eigenvalue Ay,
but the same argument applies to the lowest eigenvalue A as well.

For any E| < E» let

N(E, Ey) =#HE| <X < Ep)
denote the number of eigenvalues in [E{, E2]. By Theorem 2.2 (rigidity of eigenvalues), there
exist positive constants Ag, ¢, C and ¢ > 0, depending only on ¥, 6+ and C¢ such that with
setting
L:=Agloglog N (6.1)

we have

P{|N*3(an —2)| = (log )Y} < Cexp[—c(log N)PF] (6.2)

and

L L
IE”{N(Z—Z(IOgN) 5 2(log N)

N3 N3 ) > (log N)L} < Cexp[—clogN)?t]  (6.3)

for sufficiently large N > No(9, 5+, Co). These estimates hold for both the v and w ensembles.
Using these estimates, we can assume that s in (2.41) satisfies

—(log N)E <5 < (log N)E. (6.4)
With L from (6.1), we set
Er :=2+2(logN)EN~2/3. (6.5)
Forany £ < Ej let
XE =1{E,E;]

be the characteristic function of the interval [E, Er ]. For any n > 0 we define

n 1 1
6, (x) = — =3
n(¥) 7(x24+n?) =« e —in

(6.6)
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to be an approximate delta function on scale 7. In the following elementary lemma we compare
the sharp counting function N(E, Er) = Tr xg (H) by its approximation smoothed on scale 7.

Lemma 6.1. Suppose that the assumptions of Theorem 2.4 hold and L, ¢ satisfy (6.2) and (6.3).

For any ¢ > 0, set {1 := N—2/3-3¢ gnd n:i= N—2/3=%_ Then there exist constants C, ¢ such that
for any E satisfying

3
|E —2|N?/? < 5 (log N)E 6.7)
we have

P{|Tr xg (H) — Tr x % 6,(H)| < C(N"% + N(E — €, E + 1))}
> 1 — Cexp[—c(log N)?"] (6.8)

for sufficiently large N. This estimate holds for both the v and w ensembles.
Proof. By (6.5) and (6.7) we have

n<l < E—E<CN ?3ogN)t. (6.9)
Since x g is the characteristic function of [E, E ], for any x € R, we have

EL—X

|XE(X)—XE*977(X)|=‘</XE(X)_ / >9n(y)dy

R E—x

Let d =d(x) :=|x — E| +n and d, = dp(x) :=|x — Er| 4+ n. Using that (6, =1 and the
estimate

o0 oo

1 n Cn
0 dy=— | ———dy < , 0,
f n()dy n/y2+n2 YSavn Y7

o o

an elementary calculation shows that

(6.10)

E; - E
\XE(X)—XE*G,,(x)\gcn[ L xe () :|

dp(x)d(x) — dp(x)+d(x)
for some constant C > 0. It is easy to check that if min{d, d; } < £1, then the right side of (6.10)

is bounded by a constant and if min{d, dr} > ¢, then it is less than O (/¢;) = O (N~%). Hence
we have

|Tr x£ (H) — Tr x£ * 0, (H)|

< C(Trf(H) + EEN(E, EL)+N(E =€, E+£)+N(EL — ¢y, oo)), 6.11)
1



L. Erdds et al. / Advances in Mathematics 229 (2012) 1435-1515 1479

where

_n(EL—E) B
fx):= 7d1‘(x)d(x) 1x < E—£4y). (6.12)

With the assumption (6.7), N(E, E;) and N(E; — £1,00) can be bounded by using (6.3)
and (6.2). Hence it follows from (6.11) that

| Tt xp (H) — Tr g % 0, (H)| < C(Tr f(H) + N(E — €1, E+£1) + N ) (6.13)

holds with a probability larger than 1 — C exp[—c(log N)?L], for some constants C and ¢ and for
sufficiently large N, uniformly in E with (6.7). Set

=—, 6.14
g(y) Ve (6.14)
and notice that
1 .
— < C(g*0¢)(a) iflal >4, (6.15)
a
which implies
1x<E—¢ C-1x<E-—-¢
ACON G D CAOSER) CcguayE-n.  (616)
n(EL — E) dr(x)d(x) |E — x|
Recalling from (2.11) and (6.6) that
1Te (H—-E) ! JmT ! 13m (E+ity)
—ir ju— [ — r————m— = —
Nl N H—FE—it, n nmeTn
we obtain
1 .
Te f(H) < CNy(E, —E)/ dmm(E — y+i)dy
2+
R
. (log N)“L
< CN'Y3p0 NL/ Jmmye(E — )+ ————|dy, (617
n(log )Ry2+€% mmge(E —y+il1) + NG, y, (6.17)

where, by (2.19), the second inequality holds with a probability larger than 1 —
Cexp[—c(log N )$L] and we also used (6.9). The integral of the second term in the r.h.s. is
bounded by

1 (logN)Ct
2403 N

CN1/3,7(10gN)L/ dy <N Pplog L2 <N, (6.18)
y
R

by using the definitions of £; and 7.
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For the first term in the r.h.s. of (6.17) we use the elementary estimate

Jmmg(E —y+il)) <C\/Zl + |IE —y| —2|.

The integral in the region

={[IE—yI-2|> 0}

can be bounded by
/Jmmst y ity /IIE =2 <C/ "2 +IE =212
2+ 0 2+ 0 h y2+0
co( 4222
S\ 4] '
On the complementary region we have
v/;jmmm(E—y+i£1)dy<C\/E/ ! <ce '
e 246 Jé Y2403

Combining these estimates and using (6.7) together with the definitions of £ and n we get

1
CNI/Sn(logN)L/y2+£2 Jmmge(E —y+il;)dy < N~%,
1

R

and therefore, together with (6.18), we have Tr f (H) < 2N —2, Considering (6.13), we have thus
proved Lemma 6.1. O
Let g : R — R be a smooth cutoff function such that
gx)=1 if|x|<1/9, q(x)=0 if|x|>2/9,
and we assume that ¢ (x) is decreasing for x > 0.
Corollary 6.2. Suppose the assumptions of Lemma 6.1 hold and E satisfies
|E —2|N?? < (log N)E. (6.19)

Let £ := %Zlst = %N’Zﬂ’e. Then the inequality

Trxg+e 0y (H) — N~° <N(E,00) < Trxg—¢ %6, (H) + N~°¢ (6.20)

holds with a probability bigger than 1 — C exp[—c(log N)?L]. Furthermore, we have
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Eq(Tr xg—¢ * 6,(H)) <P(N(E, 00) =0)
<Eq(Tr xg4¢ % 0, (H)) + Cexp[—c(log N)?*] (6.21)

for sufficiently large N independent of E as long as (6.19) holds. Notice that the directions in
the inequalities (6.20) and (6.21) are opposite since q is decreasing for positive arguments.

Proof. For any E satisfying (6.19) we have E; — E > ¢ thus |E — 2 — ¢|N*3 < 3(log N)E
(see (6.7)), therefore (6.8) holds for E replaced with y € [E — £, E] as well. We thus obtain

E
Trxp(H) <! / dy Tr x, (H)
E—¢

E
<! dy Tr xy * 0,(H) + ce! / dy[N_zg + NGy -4,y +El)]
E—¢ E—¢

¢
<Tryp_¢#0,(H)+ CN™% 4+ CYIN(E 20, E+20)

with a probability larger than 1 — C exp[—c(log N)?L]. From (2.26), (6.19), £, /L= 2N~2 and
¢ < N~2/3, we can bound

E+¢
¢ 1
YIN(E —20,E+ £ <N'7% f 0sc(x)dx + N~ ¥ (log N)I1 < EN_E
E-2¢

with a very high probability, where we estimated the explicit integral using that the integration
domain is in a CN~2/3(log N)L-vicinity of the edge at 2. We have thus proved

N(E,EL) =Trxg(H) <Trxp—¢ 0y (H) + N°.

By (6.2), we can replace N(E, E;) by N(E,c0) with a change of probability of at most
C exp[—c(log N)?L]. This proves the upper bound of (6.20) and the lower bound can be proved
similarly.

On the event that (6.20) holds, the condition N(E, co) = 0 implies that Tr x ¢ * 6,(H) <
1/9. Thus we have

P(N(E, 00) = 0) < P(Tr xpe % 0y (H) < 1/9) + C exp[—c(log N)?*]. (6.22)

Together with the Markov inequality, this proves the upper bound in (6.21). For the lower bound,
we use

Eq (Tt xg—¢ % 6y (H)) <P(Tr xg—¢ % 6, (H) < 2/9) <P(N(E, 00) <2/9+ N~°)
=P(N(E, 00) =0),
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where we used the upper bound from (6.20) and that N is an integer. This completes the proof of
the corollary. O

6.1. Green function comparison theorem

Recalling that 0, (H) = % Jm G (in), Corollary 6.2 bounds the probability of N(E, co) =0 in
terms of the expectations of two functionals of Green functions. In this subsection, we show that
the difference between the expectations of these functionals w.r.t. two probability distributions v
and w is negligible assuming their second moments match. The precise statement is the following
Green function comparison theorem on the edges. All statements are formulated for the upper
spectral edge 2, but with the same proof they hold for the lower spectral edge —2 as well.

Theorem 6.3 (Green function comparison theorem on the edge). Suppose that the assumptions
of Theorem 2.4, including (2.40), hold. Let F : R — R be a function whose derivatives satisfy

max| FO )| (x| +1)7 <C1, a=1,2,3,4, (6.23)
X

with some constant C1 > 0. Then there exists &9 > 0 depending only on Cy such that for any
& < &g and for any real numbers E, E1 and E» satisfying

|E — 2| < N72/3+e, |Ey —2| < N~2/3Fe, \Ey —2| < N“2/3+e,

—2/3—¢

and setting n =N , we have

|EYF(NnImm(z)) —EYF(NnImm(2))| < CN™V/OHC - z=FE +in,  (6.24)
and

Ey Ey

EVF(N/dyjmm(y—l-in)) —IEWF<Nfdy3mm(y+in)>

Ey E,

< CN~V6FCe  (6.25)

for some constant C and large enough N depending only on C1, ¥, 5+ and Cy (in (2.4)).

Theorem 6.3 holds in a much greater generality. We state the following extension which can be
used to prove (2.42), the generalization of Theorem 2.4. The class of functions F in the following
theorem can be enlarged to allow some polynomially increasing functions similar to (6.23). But
for the application to prove (2.42), the following form is sufficient. The proof of Theorem 6.4 is
similar to that of Theorem 6.3 and will be omitted.

Theorem 6.4. Suppose that the assumptions of Theorem 2.4, including (2.40), hold. Fix any
k € Ny and let F : R¥ — R be a bounded smooth function with bounded derivatives. Then
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for any sufficiently small ¢ there exists a 6 > 0 such that for any sequence of real numbers
Eix<---<Ej < Egwith |Ej — 2| SN72B3+e j=0,1,...,k we have

Ey Eo
(IEV—IEW)F<N/dy3mm(y+in),...,N/dyjmm(y—i—in)) <N (6.26)
E Ex

Assuming that Theorem 6.3 holds, we now prove Theorem 2.4.

Proof of Theorem 2.4. As we discussed in (6.2) and (6.3), we can assume that (6.4) holds for the
parameter s. We define E :=2+ sN~2/3 that satisfies (6.19). We define E; as in (6.5) with the L
such that (6.2) and (6.3) hold. For simplicity, we set £ = ¢ L and note that & > 2 for sufficiently
large N. With the left side of (6.21), for any sufficiently small ¢ > 0, we have

EYq(Tr xg—¢ * 0,(H)) <PY(N(E, 00) =0) (6.27)
with the choice
0= %N—2/3—87 n = N—2/3-9%

The bound (6.25) applying to the case E; = E — ¢ and E> = E shows that there exist § > 0, for
sufficiently small & > 0, such that

EYq(Tt xp—e % 0, (H)) <EYq(Tr xp_¢ % 6y (H)) + N~° (6.28)

(note that 9¢ plays the role of the ¢ in the Green function comparison theorem). Then applying
the right side of (6.21) in Lemma 6.2, with £ = ¢ L > 2, to the Lh.s. of (6.28), we have

PY(N(E —2¢,00) = 0) <Eq(Tr xg—¢ *6,(H)) + Cexp [—c(log N)?]. (6.29)
Combining these inequalities, we have

PY(N(E — 2¢,00) = 0) < P (N(E, 00) = 0) + 2N (6.30)

for sufficiently small & > 0 and sufficiently large N. Recalling that E =2 4 s N~%/3, this proves
the first inequality of (2.41) and, by switching the role of v, w, the second inequality of (2.41) as

well. This completes the proof of Theorem 2.4. 0O

Proof of Theorem 6.3. Notice that

E, E;
N/dyﬁmm(y—i—in):n/dyTrG(z)@(z), z=y+in. (6.31)
Eq E;

‘We now set up notations to replace the matrix elements one by one. This step is identical for the
proof of both (6.24) and (6.25), and we will use the notations of the case (6.24) which are less
involved.
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Fix a bijective ordering map on the index set of the independent matrix elements,

¢ {G. ) 1<i<j<N}—=>{L....y(\)}, y(N):= w (6.32)
and denote by H, the generalized Wigner matrix whose matrix elements 4;; follow the v-
distribution if ¢ (i, j) < y and they follow the w-distribution otherwise; in particular Hy = H
and H,(nvy =H () The specific choice of the ordering map (6.32) is irrelevant; in the following
argument, ¢ could be any bijective ordering map. With n = N~%/37¢_ it was proved in (2.21) that
for any constant £ > 0,

]P’( max max max

1
(7> — Sumse(E + in)‘ < N””zg)
0y <y (V) ISKISN E ,d

H, —E—in
> 1 — Cexp[—c(logN)*] (6.33)

with some constants C, ¢ and large enough N > Ny (may depend on &). The last maximum in
the formula (6.33) runs over all E satisfying |E — 2| < N~2/3*¢_ When applying (2.21), we have
used (log N)*L(Nn)~! < N~1/3+2¢ and that

Jmme(E +in) <|E —2| +n < CN~V/3+e/2 (6.34)

for |[E —2| < CN 23+,
We set z = E +in where |E —2| < CN~2/3+¢ and n = N=2/37¢_ From (6.33), (6.34) and the
identity

1

J =—TJmTrG =
mm(z) N mTr

z|=

> GijGij,
ij
we have that

= [NnJImm(z)| < CN* (6.35)

) GiiGij
ij

and

<N (Imgel + CN7V3+2) < oNT13-2 (6.36)

) GijGij

i=j

hold with a probability larger than 1 — C exp[—c(log N )]. Since the derivative of F is bounded
as in (6.23), there exists C depending on F, ¥, 6+ and Cq such that

‘EF(nZZGijG_ij) —EF(nZZGi,»G_i,>’ < CNTI/3CE (6.37)
ij i#]

This holds for both the v and the w ensembles.
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To show (6.24), we only need to prove that for small enough ¢, there exists C depending on
F, ¥, 6+ and Cg such that

E"F(n2 > G§;’G§.‘;)> —EYF(GY — G™)| < cNTV/OHCe, (6.38)
i#]

where G™ and G™ denote the Green functions of the H™ and H™, respectively. Here the
shorthand notation F (G — G ™)) means that we consider the same argument of F as in the
first term in (6.38), but all G™ terms are replaced with G™). In fact, the upper index notation is
slightly superfluous since the Green function is the same, only the underlying ensemble measure
changes, but we wish to emphasize the difference between the two ensembles in this way as well.

Similarly, for (6.25), we only need to prove that for small enough ¢, there exists C depending
on F, ¥, 4+ and Cy such that

< CN7V/6+Ce  (6.39)

Ey
]EVF<N/dy (nZGg}))G?ﬁ)(y + in))) —EYF(GV — G™)
E)

i#j

Consider the telescopic sum of differences of expectations

1 1
22 _ W _, gw)
]EF(n <H(U)_Z>ij<H(U)_Z>ji> EF(H H™)

i)
()
=Y [EF(H" - H)) -EF(H™ — H,_)]. (6.40)

=
=2

Y
I
—

Let EU) denote the matrix whose matrix elements are zero everywhere except at the (i, j) posi-
tion, where it is 1, i.e., E,(C'Z) =8;x8j¢. Fixay > 1 and let (a, b) be determined by ¢ (a,b) = y.
For simplicity to introduce the notation, we assume that a # b. The a = b case can be treated
similarly. We note the total number of the diagonal terms is N and the one of the off-diagonal
terms is O(N?). We will compare H,_1 with H, for each y and then sum up the differences
according to (6.40).

Note that these two matrices differ only in the (a, ) and (b, a) matrix elements and they can
be written as

1
Hyo1 =0+ —=V, Vi=vpE +vp E",

JN

1
Hy=0+—=W, W:i=wupE“ +w,,E®Y, (6.41)

VN

with a matrix Q that has zero matrix element at the (a, b) and (b, a) positions and where we set
vji :=;; fori < j and similarly for w. Define the Green functions

1 . 1 1

R := , = : .
00—z H, -z H, -z

(6.42)
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We first claim that the estimate (6.33) holds for the Green function R as well. More precisely,
the probability of the event

Qr:= max max|Ry(E +in) — Sumsc(E +in)| > N~1/3% (6.43)
1<kJI<N E

(where max g is the maximum over all E with |E — 2| < N~%/3¢) satisfies
P(£2g) < Cexp[—c(log N)¥] (6.44)
for any fixed & > 0. To see this, we use the resolvent expansion
R=S+N"2SVS+ N ' (SV)’ S+ + NP (SV)’S+ N (SV)'R.  (6.49)

Since V has only at most two nonzero elements, when computing the (k, £) matrix element of
this matrix identity, each term is a sum of finitely many terms (i.e. the number of summands
is N-independent) that involve matrix elements of S or R and v;;, e.g. (SV S)ke = SivijSje +
SkjvjiSie. Using the bound (6.33) for the § matrix elements, the subexponential decay for v;;
and the trivial bound |R;;| < n~! < N, we obtain that the estimate (6.33) holds for R as well.

After having introduced these notations, we are in a position to give a heuristic power counting
argument that is the core of the proof. In particular, we can explain the origin of the second
moment matching condition. Take F(x) = x for simplicity. A resolvent expansion analogous
to (6.45) gives

En) JmS;=nEIm Y [Ri— N"Y2(RVR);; + N"'((RV)*R),, +---]  (6.46)
i i

which is an expansion in the order of N~!/? since the matrix V contains only a few nonzero

elements of size N ~!/2. Notice that n Yy ; JmS;; estimates the number of eigenvalues near E in
a window of size 5. For the two ensembles to have the same local eigenvalue distribution on
scale 1, we need the error term to be less than order one even after performing the telescopic
sum. In the bulk, 1 has to be chosen as n ~ N~ and we can view 7 > ; as order one in the
power counting. Since in the telescopic expansion we will have N2 terms to sum up, we need
that the error term of the expansion is o(N _2) for each replacement step, i.e., for each fixed label
(a, b). This explains the usual condition of four moments to be identical for the Green function
comparison theorem in the bulk [23] since the first four terms in (6.46) have to be equal. Near
the edges, i.e., at energies E with |[E —2| < N ~2/3 the correct local scale is n~N ~2/3 and
the strong local semicircle law (2.21) implies that the off-diagonal Green functions are of order
N~173 and the diagonal Green functions are bounded. Hence the size of the third order term
nEY"; N73/2((RV)?R);; is of order

PNN—32N=23 = N—2+1/6

where we used that, for a generic label (a, b), there are at least two off-diagonal resolvent terms
in ((RV)3R);;. Notice that the error term is still larger than N -2, required for summing over a, b
(this argument would be sufficient if we had a matching of three moments and only the fourth
order term in (6.46) needed to be estimated). The key observation is that the leading term, which
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gives this order N~2*1/¢, has actually almost zero expectation which improves the error to be
less than o(N~2). This is due to the fact that with the help of (6.33) we are able to follow the
main term in the diagonal elements of the Green functions and thus compute the expectation
fairly precisely. Notice that similar reasons apply to the proof of Lemma 4.1 in Section 7.

6.2. Main lemma
The key step to the proof of Theorem 6.3 is the following lemma:

Lemma 6.5. Fix an index y, recall the definitions of Q, R and S from (6.42) and suppose first
that y = ¢ (a, b) with a # b. For any small ¢ > 0 and under the assumptions in Theorem 6.3 on
F, E, E1 and E3, there exists C depending on F, ¥, §+ and Cy (but independent of y) and there
exist constants Ay and By, depending on the distribution of the Green function Q, denoted by
dist(Q), and on the second moments of vap, denoted by mo(vap), such that

’EF(nz Z Sij gji(@) - EF(’?2 Z R;j Fji@)) — Ay (m2(vap), diSt(Q)))
i#j i#j

< CN_13/6+C8, (6.47)

withz=E +in, n=N"%3"% and

Ey Ep
EF(’?/dYZSijEji(y +i77)> _EF<nfdyzRij§ji(y +iﬂ))
E i#] E, i#]
— By (m2(vap), dist(Q)) | < CN~13/0+C (6.48)

for large enough N (independent of y). The constants An and By may also depend on F and on
the parameters ¥, 5+ and Cy, but they depend on the centered random variable v, only through
its second moments.

Finally, ifa =b, i.e. y = ¢(a, a), then the bounds (6.47) and (6.48) hold with C N—11/6+C¢
standing on their right hand side.

The same estimates hold if S is replaced by T everywhere and note that Q is independent
of vgp and wyp. Since mo(vgp) = ma(wyp), We obviously have that Ay (ma(vyp), dist(Q)) =
AN (ma(wgp), dist(Q)). Thus we get from Lemma 6.5 that in case of a # b

‘IEF(nZ s j§.,',~(z)) — EF<n2 > TT (z)) ‘ < CNT13/6+Ce (6.49)
i#] i#]

and a similar bound for the quantity (6.48). In case of a = b, the estimate is only C N ~11/6+C¢,
Recalling the definitions of S and T from (6.42), the bound (6.49) compares the expectation of a
function of the resolvent of H,, and that of H, _;. The telescopic summation then implies (6.38)
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and (6.39) since the number of summands with a # b is of order N 2 but the number of summands
with a = b is only N. This completes the proof of Theorem 6.3. O

Proof of Lemma 6.5. We will only prove the more complicated case (6.48); the proof can be
adapted easily for (6.47) which will be omitted. Similarly to 2 from (6.43), define

Q¢ := max max|Sk1(E +in) — Symysc(E + in)| > N~1/3+2¢
1<k IKN E

where maxg is the maximum over all E with |E — 2| < N~2/3%%_Since § is the Green function
of H,_1, we obtain from (6.33) directly that

P(25) < Cexp[—c(log N)¥] (6.50)
for any fixed £ > 0. Finally, set
2y :={lvap| = N°0up}, and £2:=02zU Q25U 2. (6.51)
Using (6.44), (6.50) and the subexponential decay of v, we obtain
P(£2) < Cexp[—c(logN)¥], (6.52)
for any fixed & > 0 and large enough N. Since the arguments of F in (6.48) are bounded by
CN?*% and F(x) increases at most polynomially, it is easy to see that the contribution of the

set §2 to the expectations in (6.48) is negligible. We can thus concentrate on the set £2¢.
Define x5 and x® by

1) Ey

xS ZZﬂ/dyZSiiji(y‘i‘i’l)v xR :=n/dyZRijEji(y+in), (6.53)

B i B i

and decompose x* into three parts

Ey
x5 =x3 +x7 + x5, xp = n/dy Z SijSji(y +in), (6.54)
E i#j,I{i,j}N{a,b}|=k

and x,f are defined similarly. Here k = |{7, j} N {a, b}| is the number of times a and b appears
among the summation indices 7, j (if @ = b then we count it only once); clearly k =0, 1 or 2.
The number of the terms in the summation of x,f is O(N27%) since a and b are fixed. From the
resolvent expansion, we have

S=R—-N"Y2RVR+N Y RV)’R—-N*RV)’R+ N2(RV)*S. (6.55)

In the following formulas we will omit the spectral parameter from the notation of the resolvents.
The spectral parameter is always y 4+ in with y € [E{, E»], in particular |y — 2| < N~2/3+¢,
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If |{i, j} N {a, b}| =k, using (6.55) and (6.33), we have in £2¢
[NT"R[(RVY"R],| S CuN~"AHMEN=COB e Ny k=0,1,2,  (6.56)
for some constants C,,. Furthermore, we can replace the last R by S, i.e., we also have
INT2[(RV)ES];| < CNT2-@TRce, (6.57)
Therefore, in £2¢ we have
|xp —xR| < CNT/OTRBHCe k=0, 1,2. (6.58)

Inserting these bounds into the Taylor expansion of F and keeping only the terms larger than
o(N~2), we obtain

B[P = P =P ) o =)+ 57 ) 5+ P ) af D))
< CN~13/6+Ce (6.59)

where we used the remark after (6.52) to treat the contribution on the event §2. Since there is no
X7 appearing in (6.59), we can focus on the case k =0 or 1.

For k =0 or 1, we define Q(k) for £ =1, 2 or 3, as the sum of the terms in x,f — x,f in which
the total number of v, or v, is £, ie.,

Ey
0\ :=-N""n [dy Y (R;(RVR)ji+ (RVR),R;), (6.60)
£, Mijintab)=k
Ey
Q(k) = n/dy Z (Rij ((Rv)zR)ji + ((RV)2R)in_j,
B Mijin{abli=k
+(RVR);j(RVR);i). (6.61)
Ep
o :=-N" [dy Y (R;((RV)R), +Rji((RVI’R),
By lijin(abli=k
+((RV)?R);(RVR)ji + (RVR);j((RV)?R) ;). (6.62)

By these definitions and (6.56), we have
Qék) < N—€/2—1/3—2k/3+C8 in £°€. (663)

Furthermore, with (6.56) and (6.57), we decompose x,f — x,f as

;5 xk — Q(k) Q(k) Q(k) (N_7/3+C8). (664)
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The last two terms in (6.62) can also be bounded by using (6.56), i.e.,

Q(k) ( -13 /6+Cs)

E>

_ N2y [ dy Z (”((RV)3R) +R;i((RV)*R )) in ¢  (6.65)
B ljn(abli=k

Inserting (6.63) and (6.64) into the second term of the Lh.s. of (6.59), with the bounds on the
derivatives of F', we have

B(F6)55 —of) 4 P () o =) 576 5 = o))
:B+EF/( )Q(O) ( 13/6+C8)’ (666)

where

B::]E(Z )0l + 031+ 3 ”(xR)[Qﬁm]z)

k=0, 1

—5( ¥ B[ + o)+ 3P 0N EL[00T) @6

k=0,1

depends on v, only through its expectation (which is zero) and on its second moments.

First we give a trivial estimate on Q;O). In case 7, j are distinct from a and b, it is easy to see
by writing out terms in (6.65) that they contain at least three off-diagonal elements of resolvent;
for example in the term R;; R j4Vap RpaVab Rbavab Rpi, appearing in R;; (R V)3R)ji, the resolvent
matrix elements R;; R, Rp; are off-diagonal. Each off-diagonal matrix element of R is bounded
by N~1/3+2¢ in Q¢ while the diagonal terms can be estimated by ||, hence by a constant,
at a negligible error in the set £2¢ C £2. This shows that each term in the integrand in (6.65) is
bounded by C[N~1/3%2¢13_ Note that every estimate is uniform in y, the real part of the spectral
parameter, as long as |y — 2| < N~2/3%¢_ Estimating F’ trivially, we thus obtain

|E[F(x5) — F(x®)] - B]| < CNT1/6FCe,

This bound proves Lemma 6.5 for the case a = b.

For a # b this estimate would not be sufficient since the number of pairs a # b to sum up in
the telescopic summation is of order N2. However, we will show that in this case the expectation
of the ng) term is of smaller order than the trivial estimate gives.

From now on we assume that a # b. By (6.65) we have, in £2¢ that

Q(O) O(N~13/6+Ce) _ y=3/2 /dyz Z

E, j#a,bi#j,a,b

[(Rij Rja Vab RppVba RaaVab Rbi + RiaVab RpbVba RaavabijR—ji) +(a < b)]
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E;
:0(N713/6+Ce)_N73/2n/dy >3

E j#a,bi#j,a,b
[(m2.Ri; RjaRpi +m% Ria Ry Rji) [vap*vap + (a < b)]. (6.68)

Note that we explicitly collected those terms that contain the most diagonal elements

(0)
3

of R; these are the main terms of Q, . There are several other terms, for example

RijRjqVab RpaVap Rpavab Rpi, that appear in the expansion of R;;[(R V)3 R];;, but these are lower
order terms and can be directly included in the error term. In the second step in (6.68) we esti-
mated the diagonal terms by m. at a negligible error in the set £2¢ C £25.

We note that vy, is independent of R and [y, |vgp |2vab = O (1). Combining (6.68) with (6.66)
and (6.59), we obtain

[B[F (") = F(")] - B]
< CN—13/6+C8 4 i]EF/(xR) ng)
< CN~13/6+Ce | o N—5/6+Ce
xmax {i’r;l_}%)?a’b}z(aHEF’(xR)Rij RjaRyi| + |EF' (x®)Ria Ry Rji| + (a < b)],
(6.69)

where we used the trivial bounds on F’ and m,. and we again used that every estimate is uniform
in y, the real part of the spectral parameter, as long as |y — 2| < N~2/3+¢_ As before, max, in
the last line of (6.69) indicates maximum over all y with |y — 2| < N~2/3+¢ and the spectral
parameter of all resolvents is y + in.

The following lemma shows that the expectation of the product of the off-diagonal terms
in (6.69) is of smaller order than the trivial estimate gives.

Lemma 6.6. Under the assumption of Lemma 6.5 and assuming that a, b, i, j are all different,
we have

[EF'(x®)Rij RjaRoi (y +in)| < N™43+C¢ (6.70)

for any y with |y — 2| < N7?3*¢ and the same estimate holds for the other three terms in the
r.h.s. of (6.69).

If this lemma holds, then we have thus proved in the case a # b that
|E[F(x5) — F(x®)] - B| < N713/6+Ce 6.71)

where B is defined in (6.67). With the definitions of x’s in (6.53), this completes the proof of
Lemma 6.5 for the remaining a # b case. 0O

Proof of Lemma 6.6. With the relation between R and S in (6.45) and (6.56), one can see
that (6.70) is implied by
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|EF'(x5)S:jS;aShi| < N743T€¢, (6.72)

under the assumption that a, b, i, j are all different. This replacement is only a technical con-
venience when we apply the large deviation estimate (Lemma 3.3) below. Lemma 3.3 was
formulated with random variables of equal variance, while the matrix elements of Q cannot
all be normalized to have the same variance since two matrix elements are zero. The contribution
of these two elements is negligible anyway, but the presentation of the argument is simpler if we
do not have to carry them separately in the notation. Since S is the Green function of a usual gen-
eralized Wigner matrix with all variances being positive, it is easier to deal with (6.72) instead
of (6.70).
From the identity (3.7) applied to the Green function S, we have for any different i, j and a

1Sij = S| = |SiaSaj(Saa) | < C(NR) 2 < CNTATEEin ¢, (6.73)

From (6.33) we have
1S;;| < NTU3FCE o4 jin €. (6.74)
Combining (6.73) and (6.74), we have
|xs _ ;S| < N1/3+Ce, (6.75)

N

where X5 is defined using the resolvent of the matrix H;ajl exactly as x° was defined using the

resolvent S of matrix H, . As usual, H)Ea_)l denotes the matrix H, _; with a-th row and column
removed. Similarly, we have

$ijSjaSoi = i SjaSy | < NTHIEin 2, (6.76)

Hence by these inequalities and the bounds on the derivatives of F, we have
[EF(x5)8;;SjaShi| < |E[F/(%5)]S(Sja S| + O(N~H34C). (6.77)
Applying the identity (3.5) to S ja» WE have
Sia =S58 2% with 23 = 3" hjs ST hia — hija, (6.78)
st¢fa,j}

where hyg = (Hy,_1)qp. With the bound on the matrix elements of S in (6.33) and the iden-
tity (3.7), in the set £2¢ we have

Sjj=mgse+ O(N_l/3+cg), Sc(t{l) = my + O(N_1/3+C£),

SUY = mge + O(N71/34Ce), (6.79)

Setting



L. Erdds et al. / Advances in Mathematics 229 (2012) 1435-1515 1493
2 {|Z(S)| > N—1/3+C8}
with a sufficiently large constant C, Lemma 3.3 implies that
P(£2 U 27) < Cexp[—c(log N)¥],
for any fixed & > 0 since on the set £2¢ we have

c? ; _
Z U/v ta (J!l) = NZO Z jmsx(k{a) < N72/3+Ce
s,t¢{a,j} s#a,j

using the last formula in (6.79). Therefore, with (6.78), in £2¢ N .Q% we have

Sja =m2Z\Y + O(N~23+C¢), (6.80)

sc ja

Combining (6.80) with (6.77), we see that

[EF (x%)SijSjaShi] < |m.[[E[F'(7)] S,(,”)S(a)< > h/vS({”)hm—hja)
st¢fa,j}

+ O (N3¢, (6.81)

Since X5 S(“)S,(ﬂa), hjs and Sff @ are all independent of the a-th row and column of H, _1, and
the expectatlons of hie and hj, are zero, the first term in r.h.s. of (6.81) equals to zero. This
implies (6.72) and completes the proof of (6.70). The other terms in (6.69) can be bounded
similarly. This completes the proof of Lemma 6.6. 0O

7. Proof of Lemma 4.1
7.1. Setup and notations
The p-th moment of 3" | Z; is given by

p
—El Fc

ZZ Z er°z#-- . (7.1)

# =1  gu=1 ¢p=1

2| -

where the various #’s can be either 0 or the complex conjugate. The precise choice of # will be
irrelevant for our argument and the summation over them yields an irrelevant overall factor 27.
We write up the definition of Z,, from (3.16) as follows:

(Qa) 2
Z G 2a3Pawa2"a ae ~ %43.42%42 44 Il (7.2)

%t qa
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where the summation is over all qozl # g and qg # qo. To bookkeep the indices in a uniform
way, we denote g, by qoll and we organize the three indices (qolt, qé, qi) into a vector ¢, for each
a=1,2,....p

Furthermore, we organize these p vectors into a 3 x p matrix q = (¢2), fora =1,...,p
and j = 1,2, 3, with entries taking values in Ny := {1, 2, ..., N}. The slots of the matrix ¢,
parametrized by (j,«), « =1,2,...,p, j =1,2,3, are called vertices, since we will build a
graph upon them. The element ¢ will be called the index assigned to the vertex (j, o). The first
entry qolt in g4 will play a special role, it will be called location index, the other two indices, qg,
qg will be called nonlocation indices. Similarly, (1, o) will be called location vertex and (2, ),
(3, o) will be called nonlocation vertices. A pair of indices is called label. We also define the set
of labels in g, that contain qoll:

O = {(4-42): (da-92)+ (42 40)- (43 90) ). @=1.2.....p,

and sometimes we will use a single letter v or u for labels, i.e. for elements of Ug:l Q.. Note
that Q, contains any label v together with its transpose v', where v' := (p, q) if v = (g, p).
Carrying v together with its transpose is necessary since h, = /¢, i.e. matrix elements with
labels v and v’ are not independent.

With these notations, we have

—El

1
=— Z Dy, (7.3)
q

where we defined

<

H (69 6@ ), 6@ =hyhag —Sgpon, 04

The summation in (7.3) runs over all 3 x p matrices q with elements from Ny and with the
restriction that

s #4s. and g, #4q,. (1.5)
Let
p
0q=0:=J 0. (7.6)
a=1

denote the set of all possible labels of /-variables appearing in the £(q,) factors and notice that
its cardinality is bounded by | Q| < 4p.

We would like to compute the expectation in (7.4) by first taking the expectation with respect
to the h,-variables explicitly appearing in the &’s. Recall G = (H? — z)~! is the Green
function of H@ whichisan (N — 1) x (N — 1) matrix after removing the g-th row and column
from H. Thus G(‘f«i) is independent of the random variables %,, v € Qy, i.e. those h-variables
that explicitly appear in £(q,,). There are, however, three complications. First, while each Green



L. Erdds et al. / Advances in Mathematics 229 (2012) 1435-1515 1495

function G(qti), a=1,2,..., p,is independent of h,, v € Qq, by definition, it still depends on
the other /,-variables, 1 € Qg, B # a. Second, we have to deal with coincidences; the same
h-variable may appear in £(q,) and &(qg) with a # B; in fact these terms give the nonzero
contributions. We will develop a graphical scheme to bookkeep the structure of coincidences and
estimate the number of the off-diagonal resolvent elements. Finally, there is a small technical
problem related to the factor 1(I°¢) that depends on all A-variables, but this factor equals one
with a very high probability so a fairly easy argument can remove it.

To resolve the first problem, we use the resolvent expansion to express explicitly the depen-
dence of G on the random variables h, with label v € Qg, B # a. For q fixed, let U o) = Ué‘”
be the matrix

I .
U), =(HW),,, forGheoy=0"= |J 0 1.7)
Bell....p).Ba

and (U'); .k := 0 otherwise. Note that the number of nonzero matrix elements of U @) jg
bounded by |Q| < 4p. Define

H = gl = H) @ Gl =Gl .= (H(qb —u@ )7

Notice that ng] is independent of all the h-factors that explicitly appear in [ [, £(q«). From the
resolvent expansion, we have

Gla) — i (=Glly @)« glel, (7.8)

nyg=0

To estimate the size of these Green functions, we first note that there is a positive universal
constant ¢ such that on the set I'¢ we have

1 1

<3 <Giil € 1+ ——. 7.9

max |G;;| =
i#j

This follows from the fact that ¢’ < |mg.(z)|] < 1 with some positive universal ¢’ > 0 and
for any z € S¢, see (3.13). By the perturbation formulas (3.6) and (3.7) we have fo) =
Gij — GixGyj/ Gy for i, j # k, thus we also have

C C
max|G{} | <24, < ——., <|GP|<1+ —, (7.10)
i#] (log N)? (log N)?
where i, j # k. In the good set ', the matrix elements of U (e satisfy
loe N L/10
U] < (og N)"T7  py-1/4 (7.11)

VN

(here we used that L <log N/loglog N), and G!* is bounded as
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c
GN<14+4——inre. 7.12
’ 123 + (10gN)2 mn ( )

To see (7.12), we expand
o
Gl = Z G U@)" G in €,

and use (7.11) and the bounds (7.10) on the matrix elements of G?, g € Ny.

Using (7.11) and (7.12) and recalling that only finitely many matrix elements of U are
nonzero, we easily see that the expansion (7.8) is convergent and it can be truncated at finite
ny so that the error term can be estimated. Thus there will be no convergence problem and we
will focus on getting estimates.

We set

P
ni=(n..np) =) ng.

With this expansion, we can write (7.4) as

o
Pq=3 ) Py

n=0 |n|=n
p
=E1(r° ]_[ [M"g (g)]" (7.13)
(ne) — ) .— [o] Na ~[a]
MO =My = [(-GWu @) cl loz.a (7.14)
— > Vg (®, ™, n®) (7.15)
v g, u;faeQW)
with v* := (v, v, ..., vy, ) and we have expanded U'“ appearing in [(— G U@y« G[“]]q{%’qg
and used the notation
a o ey —pyegledy Gl ohe Gl
V‘l(/i ,v%n )._( 1) Gu‘fh"l Gug‘h"z h”"@tGﬂnaH (7.16)

The summation in (7.15) is over all possible v-labels of the & factors in (7.16). The appearance
of the u%-labels in (7.16) is just notational simplification, they are explicit functions of v* and
o as follows:

/‘?:(‘15’[”?]1)’ /‘gz([”ﬂz’[”g]l)’ M%Z([Ug]?[vgt]l)’ s
o1 = (Vi 15 4a). (7.17)

where [v¥]; and [v;?‘]z denotes the first and second element of the label v¥. Notice that G is
independent of all matrix elements 4 j explicitly appearing in the &-factors in (7.13).
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Hence
z #
=E1(r) Y T [[Va(e*. v*. n*)&@a)]". (7.18)
v a=l
where the summation is over all p-tuple of label sequences v = (v!,v%,...,v?) € A(q,n) :=

]_[Z=1 [Q@ )% The number of different v’s is bounded by |A(q, n)| < (4p)".
7.2. Strategy of the proof presented in the simplest example

In order to motivate the reader before we start the detailed estimates, we show our strategy
via the simplest case p =2,

N
1(re) Z iZ;
‘We write out

Z; = Z G]((’l)[hikhli _8]‘10-1‘21(]’ Z = Z Gmn im n 5mn0'j2m],
LI m,n#j

thus we have
N 2

royz
i=1

= HEL(I) 3 Gy [hixhii — 8107 )G [h jmhnj — Smn0?,]. (7.19)
ijklmn

With the general notation & = 1, 2 and the six indices in the summation are organized into a 3 x 2
matrix with columns q; = (qll, qlz, q?) and qo = (q21 , q22, qg), ie.

a; a, i
q:qlzqzzkm.

q13 q2 l n

LN

The only restriction for these indices is that the top element of each column is distinct from the
other two below. The sets Q1 ={(i, k), (k, i), (i, 1), (I, 1)} and Q2 ={(j, m), (m, j), (j, n), (n, j)}
contain the labels of the h factors that explicitly appear in Z; and Z;, respectively.

Now we expand G® = G 1) in the variables h, labelled by v € Q. We thus decompose the
minor H (@) = HW 4+ U where the matrix U contains only four nonzero entries i jp, hyj,
hjn and h,; with labels from Q», and H U1 contains all other entries of H (qll). The resolvent
G = (HM — )= is now independent of all expansion variables &, with v € Q = Q1 U Q>.
Note, however, that this decomposition depends on q, i.e. it will be different for each summand
in (7.19). Since U*! is small, we can expand
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G(i) — G(ql]) — G[I] _ G[I]U<1)G[1] + G[I]U<1)G[1]U(1)G[1] .

and a similar expansion holds for G\/) = G,

We insert these expansions into (7.19) and organize the terms according to their number of the
explicit 4 factors. Effectively, each & factor has a size N~!/2 (neglecting logarithmic corrections).
The centered random variable §(q) = hg1 ,2h,3 ;1 — 8,2 3 oqzl e has size N~! and the subtracted

expectation 8,2 .3 U;lyqz is treated on the same footing as ik for the purpose of power counting.

Typically we need to show that terms with less than eight & factors have zero expectation to
compensate for the sixfold summation of order N® with the prefactor N2 in (7.19). Depending
on certain coincidences among the summation indices, sometimes terms with less than eight i
factors already give nonzero contribution, but then the combinatorial factor from the summation
is smaller. Furthermore, we want to bookkeep the number of the off-diagonal matrix elements
since the final estimate is in terms of a power of A,.

The leading term in (7.19),

Gl [hikhii = 803 | Ghan [ jmhnj — 80, ], (7.20)

has four & factors but its expectation vanishes unless at least two summation indices in (7.19)
coincide, so the sixfold summation is effectively only fourfold. Here the key observation is that
if at least one % factor appears linearly in the expansion, then the expectation is zero. However,
since the quadratic factor £(qq) = [hixhii — 51(101.2,{] has zero expectation, it is not sufficient to set
k =1 and m = n to get a nonzero contribution; there must be coincidences between the / factors
in [hihy — 81(101.2,(] andin [hjnh,j — (Sm,,ajzm]. For example the case i = j, k =m, [ =n yields a
nonzero contribution, i.e. the summation is only threefold. Moreover, if both resolvent elements
in (7.20) are off-diagonal, then we get an estimate of order N72N3 (N_1/2)4A% = A%N‘l. If one
of the resolvent elements is diagonal, say k =/, then the other one has to be diagonal as well,
m = n, otherwise the expectation is zero. This forces one more coincidence, i.e. either i = j and
k=Il=m=nori=m=n, j =k=1.Inboth cases the summation in (7.19) gives only N? and
the total estimate is of order N 2.
The next order terms in the expansion are of the form

(GMUN G [hikhii — 80k )Glan[hjmhaj — Smnc?,,]

1,,(1) ~[1 2
= > GWul) Gy [hikhi — 810l |Gln [ jmhaj =8}, ]
a,beQy

with five & factors. Notice that two new summation indices, a, b, have appeared, but their com-
binatorics is of order one and not of order N2. In fact, U Lg,lj is just one of £, hyj or their
transposes. Again, there should be at least three coincidences among the indices i, j, k,I,m,n
to avoid that at least one % variable appears linearly or that at least one of the quadratic factors
&(q1), £(q2) remains isolated leading to zero expectation. It is again easy to see that we collect
at least Ag (in fact, typically Az) unless at least one additional index coincides.

The terms with six & factors are either of the form

(GMu G, [hichis — 8o [ (GRUDGR) | [hjmhaj — Suno3,]
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or of the form

(MU GMuNGM), [hichi — 8o )G [l jmbnj — Smn02,,].

In both cases at least two & factors appear linearly, yielding zero expectation, unless there are two
coincidences among i, j, k, [, m, n. Thus the summation in (7.19) is effectively reduced from N 6
to N*. Since h® ~ (N~1/2)6 = N3 we obtain that (7.19) is of order N ~!. Moreover, in all cases
there are at least two off-diagonal resolvent elements, unless an additional coincidence occurs.
Thus the estimate is N ! (A% + N~1). The seventh order terms can be dealt with similarly.

The lowest order nonzero terms with distinct i, j, k, [, m, n indices have eight & factors and
they are of the form

(¢Mu6Mu Gy, [hichi — suoi ](GRIURGRIUAGRY) | Thjmhyj = Smn0?, ]

We now have four U-factors, so they can ensure that all variables h;i, hji, hjm, hyj appear
quadratically to prevent zero expectation. For example, the term

1 1 1 2 2 2
Giamhim Gl in G [hikhii — 8403 ]G pihii Gi his G [l jmhnj = 8mn0' 7, ]

has nonzero expectation. Moreover, there are four resolvents in off-diagonal form, unless there
is an index coincidence, so the size of this term is N"2NS(N~1/2)8 A% = A%,

The mechanism to estimate the term (7.18) for general p is the same, but the bookkeeping
is more tedious. We will have to estimate the size of each non-vanishing term as powers of N
and A2,

The power counting in N is relatively straightforward. It is easy to see that if all indices in
the matrix q are distinct, then at least 2p new h factors must come from the Vy factors to ensure
that none of the & factors in [ [, £(q) appears linearly (otherwise the expectation would be zero).
Thus the total number of £ factors is at least 4 p and their size is estimated by (N —1/2y4p — N2,
Together with the N ~7 prefactor in (7.3), this will compensate for the N3? combinatorial factor
coming from the summation over all 3 x g matrices. If some indices in q coincided, then the
corresponding / factors could appear with a higher multiplicity in [, £(qq), so their expectation
would not necessarily vanish even without an additional 4 factor from V. Each coincidence in
q reduces the number of necessary & factors from Vg at most by two, hence keeping the overall
balance of N-powers.

The power counting in A, is more complicated and it is related to the fact that the expectation
of each & is zero. This means that an index coincidence of the form qozl = qé does not imply non-
vanishing expectation yet. The requirement of nonzero expectation either forces coincidences of
indices among & factors in different & terms, but then typically two indices have to match, so
we gain an additional N~!; or it forces matching 4 factors in the £-terms with U-factors in the
expansion (7.8). The latter implies, however, that instead of a single resolvent G!*! we consider
a longer expansion of the form G*1U @ G!@l... which typically has at least two off-diagonal
resolvents instead of only one. These two scenarios yield an additional factor (A(z) + N1 for
each &-factor. This gives (A% + N~1P as a final estimate.

In the next section we give the precise details of this strategy.
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7.3. Detailed proof of Lemma 4.1

The proof will be divided into three parts. The first part is a technical preparation to deal
with the very small probability event represented by the set I", where either /4 or a resolvent is
too large. It can be skipped at the first reading. In the second part we organize the expansion
by encoding the coincidence structure of various terms by a graph. Finally, in the third part we
estimate the size of each term with the help of the graphical representation.

7.3.1. Cutoff of small probability events
Since |h;;| < (log N)L/MON=1/2 i the set I'¢ and (7.12) also holds in I'¢, we clearly have

loc N L/10 71« loec N L/10
C(logN) } (log N)™/" (721)

et Vol )] < €| SR it

Hence we have

(logN)L/IO]”((log N)L/lO)P
VN N ’

where (Cp)™ is the combinatorics of the summation over v in (7.18). Thus we have

HES (Cp)”[ (7.22)

1 1 >
miq:qjﬁmzz > %

q n=0|n|=n

o0 L/10n
< (log N)PEIONP S cpy 3 [%] , (7.23)

n=0 n|=n

where we used that the summation over all q yields a factor N”. Since the number of n =
(n1,n2,...,np) with [n| = n is bounded by 27FP  the last term is bounded by

[ Cp(log N)-/107"
CN (log N)L/10)? [—} 7.24
(CN(log N) )g I (7.24)

Since p < (logN)E/19 and L < log N/loglog N, the sum of the tail terms with n > 6p is
bounded by CN—P/2, for sufficiently large N, hence for the bound (4.5) we only have to es-
timate terms with n < 6p.

We denote all independent random variables by h = (%)) and split them according to the set Q
(see (7.6)), i.e., we will write h = (hy, hy) withh, = (h,: v e Q) and h; = (h,: v ¢ Q). Denote
the corresponding projection by 7;, j =1,2,1i.e. wjh=h;. Define

(FC)1 = (FC), Y€ = l_[{h": lhy| < (logN)L/IOIUUI} cce,
veQ

Y:=C2\Y". (7.25)
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By definition, Gl depends only on variables h;. Furthermore, for any h; € (17¢); there exists
h; such that h = (hy, hy) € I'¢, in particular, the estimates (7.12) hold for any hy € (I");. By
definition of "¢, we have

rec(re), xye (7.26)

and (7.21) holds in the set (I"“)| x Y. From the resolvent expansion, we have for i # j, and for
hy € (I,

e¢]

Gy =G ) = (H® — U™ - Z)i;‘ =3 [(GDUeN)™“6], 2]
ng=0
zGlfOl) + Z G(Dl)U "“G(O‘)] (7.28)
nyg=1
Using
1(P?) =1((7),) = 1((1), x ¥\ 1) = 1((5) )19, (7.29)
we can rewrite 95("‘ as
®f = dg + Xo |+ X0, (7.30)
= > % o
veA(q,n)
- 14
@g, :=E1((r),) [ ] Va(e*, v*. n*)&(@a). (7.31)
a=1
X%, = —E1((r),)1y) Z ]_[ V(1% v™, n®)&(qa), (7.32)
v a=lI
P
o0y i=—E1((r°), x Y\NT) Y T Valre®. v*. n®)&(q0). (7.33)

v a=l1

Analogously to (7.21)—(7.23), we can bound X3,2 as follows

6p
Lp DN xR < (@p)® (NUog NYH1O)PP(I) < Cexp[—c(log N)?E],  (7.34)

q n=0|n|=n

using the fact that the estimate (7.21) holds even on (I"¢) x Y since all G!*} appearing in Vq de-
pend only on {A,: v ¢ Q}. In the last step we used (4.3), n < 6p < 6(log N)?L=2 < 6(log N)L/10,
For the other error term we have
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6p
LS Y 3 [ < ()P (Nog NYH )P exp[—cog M) ]

q n=0n|=n

< Cexp[—c(log N)‘”L]. (7.35)

Here we have used that for a sufficiently large L, the integration of h over the set Y, i.e. an
O (p)-moment of the random variables h,, v € Q, in the regime where |k, | > (log N)1/10q,
is bounded by C exp[—c(log N)¥*] with some positive 1/, depending on ¥ due to the subex-
ponential decay (2.17) and due to the fact that p < (log N)¥£~2. In the estimate (7.35) we also
used that (7.12) holds on (I"¢); to estimate the G®! factors remaining from the Vg terms after
integrating out the random variables &, v € Q.

Collecting the estimates from (7.30), (7.34) and (7.35), we have

N,,Z q\NPZZ(:”;@ 2| 4 Cexp[—c(log N)VH]. (7.36)
q n n|=n

The last error term can be absorbed into the N~7 term in (4.5) using that p < (log N yWL=2,
Hence we only have to estimate the contribution of q)a‘. The key observation is that

En,1((r¢),)&(0a) =0 (7.37)
forany @ = 1,2, ..., p and for any v € Q. Furthermore, any resolvent G'* appearing explicitly
in

£ £ [«] [«] [«]
o o A\ __ ny ~la o o
[]Va(e v*.n*)=T]D Giahg Gidhg - g Gy (7.38)
a=1 a=1

is independent of any 4,,, v € Q. Therefore the expectation in (7.31) is nonzero only if for each
v € Q, either h, (or its transpose h,:) appears explicitly in (7.38) or &, (or its transpose /)
appears in two different £(q,) factors in (7.31). The first scenario imposes restrictions on the
indices of the two resolvents G'*! neighboring /., in (7.38) and we will infer that some of these
resolvents must be off-diagonal that can be estimated by A,. The second scenario restricts the
total combinatorics of the summation over the q indices in (7.36), which gain can also be ex-
pressed as a power of N ~!/2, In the next step we set up a graphical representation to effectively
bookkeep all possible situations.

7.3.2. Combinatorics ~
Recall that q is a 3 x p matrix with 3p slots. The estimate of dﬁ(']‘ defined in the previous

section depends on the structure of the indices q = (qg,), more precisely, it depends on which of
the indices ¢ coincide. The relevant structure of these coincidences will be encoded by a graph,
S(q), to be defined below. Roughly speaking (with some modifications specified below), the
vertex set of G(q) will be the set of possible slots of the matrix q; two vertices (j, «) and (i, B)
are connected by an edge if the corresponding indices coincide, g4 = ¢’. Then the summation
over q in the right side of (7.36) will be performed in two steps: first we sum over all possible
graphs, then we sum over all possible q’s compatible with this graph, i.e. we write
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Yo=Y > . (7.39)

q G q: S5(9=G

where the first summation is over all graphs with at most 3 p vertices. In fact, only certain special
graphs G will be compatible with a choice of indices q that occur in our expansion and their
number will be bounded by p©P.

The reason for this resummation is that the size of 5{1‘ is essentially given by the number of the
off-diagonal resolvents in the expansion (7.31), but considering only those terms which are not
zero due to the expectation (see (7.51) below). This number can be estimated via the coincidence
graph.

We now define the graph §(q), describing the relevant coincidence structure of q, by perform-
ing the following four-step procedure. Strictly speaking, the graph is defined on a subset of the
3 p vertices (or slots in the matrix) labelled by coordinates (j, o) with 1 < j <3 and I <o < p.
We will say that a vertex (j, o) has the value r if g = r, in other words, the index ¢ assigned
to the vertex (j, o) will be sometimes also referred to as the value of that vertex. If it does not
lead to confusion, we will often simply refer to g instead of the vertex (j, «), e.g. we will say
that two indices, qé and qé are connected by an edge, meaning that the vertices (j, «) and (i, 8)
are connected.

Let £(q) denote the number of different location indices, i.e.,

t=0@ = |{ga: 1 <a<p)

, (7.40)

where | - | denotes the cardinality of the set, disregarding multiplicity. We group together all
columns with the same location indices; the union of these columns will be called group. Let
mi,mo, ..., my denote the multiplicity of the groups, i.e., the number of columns with the same
location indices. We clearly have

st =p. (7.41)

We start with the matrix q and perform the following operations to obtain §(q). In Steps 1 and 2
we specify the vertex-set of §(q) by removing some of the original 3p vertices. Steps 3 and 4
specify the edges of G(q). After each step we give an intuitive explanation.

Step 1. If qg = qg, we replace qg by * and the vertex (3, o) will not be part of the graph G(q).

In the matrix, we put a * in its location. We now call q§ a duplex and put a subscript d
to indicate it.
Explanation: If qé = qg then the two & factors in £(q,) are the same. This coincidence
has to be treated separately, since it does not automatically lead to nonzero expectation
due to E£(q,) = 0. It will thus be easier to merge the vertices (2, «) and (3, «) into one
vertex.

Step 2. For « # B and any i, j € {2, 3} we call the vertices (j, o) and (i, 8) (and the corre-
sponding indices ¢/ and q/’;}) twin if g = qé and q;} = gq). We now replace ¢J and q/’;}
by ¢ to indicate a twin but we do not make any change on location index. Vertices with
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Step 3.

Step 4.
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¢ will not be part of the graph G(q). Notice that by the restriction (7.5), g # qolt and
thus qD]t * qé, i.e., twins can only be formed in different groups, i.e. in columns with
different location indices.

Explanation: This is the situation where there is a coincidence among the % factors in
two different

_ _ 2
§(a) = hgt g2hg3 g 8q3,qéaq§,q,§ and

§(qp) thé,qéhqg a} 5q; 3%, q};, o # B,
e.g. qi =q é and qé = qo]t Such coincidence results in nonzero expectation with respect
to hgi 1q2 without forcing h 4k to also appear somewhere in the resolvent expansions,
ie. 1n one of the Vg factors in (7.38). This means that A 1,42 May not generate an ad-
ditional off-diagonal resolvent element. We will remove such vertices from the graph
to allow a more uniform treatment for the rest and we will account for the twins sepa-
rately.

Two vertices are connected by an edge in §(q) if the indices assigned to them are the
same, except if both vertices are in the first row of the matrix. L.e., edges connect vertices
with identical indices, except that there is no edge between any two location indices.
Explanation: Since the location index plays a different role than the two nonlocation in-
dices, their possible coincidence have separately been taken into account by the concept
of groups.

We add an edge between a duplex (qa)d and its location index qa if the multiplicity of
the group that the duplex belongs to is one, i.e. if the duplex is isolated.

Explanation: This is a purely technical convenience. Later we will consider connected
components of G(q). Isolated duplex will be treated separately (see Case 1 below in the
proof of Proposition 7.1), but artificially making the two vertices of a duplex into one
connected component will allow us to simplify the argument of Lemma 7.2.

We remark that the number of different graphs arising in via this procedure is bounded by p?
This is because G(q) has the following special structure. Its vertices are partitioned into equiv-
alence classes (according to the common value of their indices) and any two vertices within an
equivalence class are connected by an edge, unless they are both location vertices. The number
of partitions of the vertices is at most p©?. Furthermore, there are additional edges between du-
plexes and their location vertices if the corresponding location index appears only once in ¢, but
the possible combinatorics of these additional edges is at most a factor of 27.

Having defined G(q), the next step is to assign a weight to all vertices as follows.

Definition 7.1 (Weight of vertices and groups in 5(q)).

(1) In a group with multiplicity m; = 1 each vertex has weight zero.
(i1) In a group with multiplicity m; > 1 we assign a weight 1 to each duplex in the group; all
other nonlocation vertices in the group will have a weight 1/2.
(iii) The total weight of a group is the sum of weights of its vertices.
(iv) The total weight W = W(q) of the graph is the sum of the weights of all vertices.
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Clearly, the total weight of each group is at most my < 2(my — 1). Thus the total weight of
the graph satisfies, by (7.41),

V4
W< 20mg—1)=2(p—0). (7.42)
s=1

If all location indices are distinct, then all weights are zero. In this case, each nonlocation
index in §(q) forces a new h term in Vg, see (7.38); note that this statement used that twins are
taken out of the graph. If some location indices coincide, i.e. we have a group with multiplicity
larger than one, then the possible coincidences of nonlocation indices within the group may yield
nonzero expectation without forcing a corresponding / factor in V. This may shorten the expan-
sion (7.38), hence reduce the total number of the off-diagonal elements. The weight measures the
maximal reduction of the off-diagonal elements in (7.38) due to the larger multiplicity, compared
with the multiplicity one case.

Definition 7.2 (Independent nonlocation indices). Denote by Nj,q the number of different non-
location indices that do not coincide with any location index i.e.,

Nina = Nina(@) 1= [{gf: 2<j <3, 1<a < p}\{gs: 1 <a < p}l, (7.43)

where again | - | denotes the cardinality of the set, disregarding multiplicity. The elements of this
set will be called independent nonlocation indices.

Note that N;,4 gives the actual number of different qg and qé in the second sum in the right
hand side of (7.39). Together with the number of groups ¢, i.e. the number of different location
indices, the number of terms in the Zq summation will be bounded by N Nina+€

We show an example to illustrate this procedure and definitions. Let p = 13 and

1 2 33 4 4 55 5 5 6 7 8
q= (10 1 29 7 15 9 9 9 9 2 4 14) . (7.44)
56 7 12 9 9

1 2 33 4 4 5 5 5 5 6 17 8
((10),1 1 2 9 754 15 94 99 9 9 2; 4 14d> . (7.45)
* 11 5 6 % 12 % x 13 13 x 12 =%
After the second step we have
1 2 33 4 4 5 5 5 5 6 1 8
( 10 1 2 9 ¢ 15 9 94 9 9 2, t 144 ) . (7.46)
* 11 5 6 x 12 % x 13 13 x 12 %

In this example, the graph G(q) will have 31 vertices, identified with the slots of the ma-
trix in (7.46) that contain numbers. The slots with stars and ¢’s do not count as vertex of §(q).
The different location indices are 1,2, 3,4, 5,6, 7,8 and the different nonlocation indices are
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9,10, 11,12, 13, 14, 15, thus £ = 8, N;»q = 7. The multiplicity of the groups with different loca-
tion indices are m; = my = me = m7 = mg = 1, m3 = my = 2, ms = 4. For simplicity, in this
example, we chose 1,2,3,4,5, 6,7, 8 to be the eight different location indices and we used them
to label the groups as well. We also used the consecutive seven numbers for nonlocation indices.
In general, both the location and nonlocation indices can be arbitrary numbers between 1 and N.

For brevity, we will often use the index associated to a vertex to refer to a vertex, e.g., when we
refer to the index 2, in (7.46), we really mean the vertex (2, 11) since C]121 = 24. This sometimes
creates confusion (e.g., there are two vertices 9) and in that case, we will be specific.

All vertices with identical indices are connected by an edge, except that there is never an edge
between any two vertices in the first row. Furthermore, there is an edge between 2; and 6 (more
precisely, between the vertices (2, 11) and (1, 11)); similarly for 14; and 8, but there is no edge
between the nonlocation indices 9, and their location indices 5 since they belong to a group with
multiplicity bigger than one (four) due to the four location indices 5. The vertices with 2, 5,9, 6
(with common location index 3) the vertices with 12, 15 (with location index 4) and the two 9’s
and 13’s (with common location index 5) all receive a weight 1/2. The weight of both 9;’s is 1
and all other vertices have weight zero. Notice that the index pair (5, 9) appears twice but they
are not twins (there are no twins inside a group), similarly the two (5, 9;) are not twin indices.

We will consider connected components of this graph. Due to the special rule involving du-
plexes, a connected component may contain different indices, for example

Cc={(1,2),(2,3),2,11),(3,4), (1,11} (7.47)

is a connected component in (7.46), since q21 = q32 = ‘1121 =2, qi = qll1 =6 and qlll =61is
connected to qlz1 = 2,4. With as slight abuse of notation, encoding the elements of C only with
the indices g/, instead of the vertices (i, @) we can write C = {2(loc.), 2,24, 6, 6(loc.)}, where
(loc.) refers to location index. The list of all connected components in (7.46) is

{1,104,1}, {11}, {2doc.),2,24,6,6(0c)}, {3}, {3}, {4}, {4}, {7}
{5.500c.), 5(loc.), 5(loc.), 5(loc.) }, {15}, {12,12}, {94,94.9.9,9},
{13,13}, {8,144}, (7.48)

using the shorter and somewhat ambiguous index-notation.

7.3.3. Estimates on the integrals
We now estimate 453,‘, from (7.31). Let O = O(q, n, v) be the number of the off-diagonal
Green functions appearing in the expansion of the right hand side of (7.31), i.e., in

P P
[T Va(p v n®)e@a) = [ [ (D" G ilne g - hg Gl () (7.49)

no
a=1 a=1

(see (7.16) and (7.17)). Define

Ap= max |G (7.50)
a=l1,..,p;i#]j J
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to be the maximum of the off-diagonal elements of the Green functions G!*!. Note that A, is
independent of the random variables &, v € Q. In particular, the bound /T,, < C/(logN )2 <1
from (7.12) holds not only on I"“ but on (") as well. Then, with O = O(q, n, v), and using
n < 6p, we have

EHE ZH )& (4a)

v o=l

SNTEP(ECp)P Y E[1((1€),) (A0, (1.51)

where for the expectation of the random variables 4, v € Q, we have used estimate of the form

Bl [ - |hg|% < (CmE N2, m—Za], (7.52)

for any a; nonnegative integers, where the constant C depends only on . The total number
of h factors appearing in (7.49) is ny +np +--- +n, +2p =n + 2p, and (7.52) shows that
their expectation can be bounded in terms of their total number jaj irrespective of the precise

distribution of the individual exponents ay, @z, . .., ax. Thus N ~'/% appears to the power n + 2p
in (7.51).

We also recall that the number of terms in the summation over v € A(q, n) in (7.51) is bounded
by (4p)", see remark below (7.18).

Since we have /L, < 1 on the set (I°)1, we also have the trivial estimate

A0 < NLP=0/2]+ [Z{Z) + N—I]P

o

where [ ]+ denotes the positive part. Thus the main term in (7.36) is estimated as

Yy Y

q n=0n|=n

< (Cp)TE[1((re),) A5+ N7

6p
xZ Z ZZ Z N72p*n/2+[p70/2]+1(53’v750)‘ (7.5

G q: 5(@=G n=0|n|=nveA(q,n)
From (7.29) we have the decomposition
1((r€),) =1r) +1((re), x Yxre)+1((re),)1). (7.54)
Since /T(, < 1 on the set (I")1, the contributions from the sets (I"“); x Y\ I'“ and (") x Y

can be estimated in the same way as in (7.34), (7.35) by C exp[—c(log N)VL]. Finally, we can
use

A9 <249
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on the set I'“ C (I"°); x Y (see (7.12)) and thus we can replace ]E[l((FC)l)/Tg + N1 in
(7.53) by 2PE[1(I"°) A2 + N =117 with a negligible error C exp[—c(log N)VL].

By (7.40) and Definition 7.2, the total number of different summation indices q in (7.53) is
Ning + €. We will prove that

2p+n+ 0 >2Nig+20 (7.55)

and

4p+n > 2Ny + 20 (7.56)

hold for any q, n and v for which 53’,, # 0. Since the summations over G, n, n and v give a
factor at most p©P, these two inequalities imply that (7.53) is bounded by the right hand side
of (4.5). This proves Lemma 4.1 assuming (7.55) and (7.56).

We now prove (7.55) and (7.56). Recalling the total weight of the graph W satisfies W <
2(p — £) by (7.42), the inequality (7.55) is a consequence of the following

Proposition 7.1. For any q, n and v such that 5{1‘,‘, # 0, we have

W(q) + In|+ O(q,n, v) = 2Nina(q). (7.57)

Proof. We consider connected components C of the graph G(q). If a connected component
consists of only one location index, we call it trivial, and we will consider only nontrivial com-
ponents. Nontrivial components always contain at least one nonlocation vertex since location
indices are never connected directly by an edge. We will prove that (7.57) holds for each non-
trivial connected components and then we will sum these inequalities.

To formulate the statement precisely, we need a few notations. We will fix q, n and v €
A(q, n); all quantities in the following notations will depend on these parameters.

For each nontrivial connected component C of §(q), let I¢ denote the set of all nonlocation
indices appearing in C, i.e.,

Ic:={q}: G,a)eC, i=23}, (7.58)
and for the purpose of /¢ we do not distinguish between indices with or without a possible d

(duplex) subscript. Let Lc denote the set of all labels associated with C together with their
transposes v’, where v/ = (¢, p) if v=(p, ¢), i.e.,

Lc:={(q4.95): .oy e CYU{(q}. q2): (o) eCl. (7.59)
For example, L¢ = {(2, 3), (3, 2), (6, 2), (2,6), (3,6), (6,3)} for the connected component C
from (7.47). Let

P Ny
n(C)=n(Ciq.n,v):=Y > 1(v € Lc)

a=1m=l1
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be the total number of &, -factors with v € L¢ appearing in the expansion (7.49) without the h
factors from [ [, £(qe). Finally, we define W (C) = W(C; q) as the total weight of the compo-
nent C, i.e. the sum of the weights of vertices in C.

The following key quantity will be used to count the number of the off-diagonal resolvent
matrix elements appearing in the expansion.

Definition 7.3. For o € I, let

p ng+l

2000) =Y Y [1([us], =0 [us], #0) + 1([us], = 0. 1], #0)],

a=1 m=1

i.e., 20 (o) is the number of times that o appears as one of the two indices of an off-diagonal
Green function in the expansion (7.49). Let

oC)=0(;q,n,v):= Z O(o) (7.60)
oelc

i.e., 20(C) is the number of times that an index associated with C appears in an off-diagonal
Green function in (7.49).

Note that we do not directly count the total number O of the off-diagonal resolvent matrix el-
ements, we rather count how often a fixed nonlocation index contributes to an off-diagonal Green
function factor. In this way we can determine how much each nonlocation index contributes to
off-diagonal matrix elements and we can perform our estimates for each component separately.

By definition of the edges in the graph, two different nontrivial components Cp, C, have
disjoint sets of nonlocation indices; Ic, N Ic, = ¥. As a corollary, the sets L¢ for different
components are also disjoint since the twins are eliminated and for any fixed q, n and v we have

Y n(C;qmw)<inl, > 0(C;q,n,v)<O0(g,n,v), (7.61)
C C

where the summations are over all nontrivial connected components. Strict inequality can happen
as there are indices left out in twins. Moreover, we define

Nina(C) = Nina(C; @) :={qd: 2<j <3, 1<a<p, (o) eC)\ {qa: 1 <a < pl]

to be the number of independent nonlocation indices in the component C. This is the same
concept as Nj,4(q) defined in (7.43) but restricted to a fixed component C. We clearly have

D WEO =W, > Nina(C: q) = Nina(q). (7.62)
C C

We will prove below that (7.57) holds in each nontrivial component C, i.e. for 53’,, # 0, we have

W(C;q) +n(C;q,n,v)+ O(C; q,n,v) >2Ninq(C; q), (7.63)

then (7.57) will follow from (7.61) and (7.62).
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Lemma 7.2. Let C be a nontrivial connected component of §(q). Then Nipq(C) < 1

Proof. Suppose that C contains at least two different independent nonlocation indices g # q/"g
and consider a path in §(q) connecting their vertices W; = (j, ) and W = (i, 8). Along this
path there must be two subsequent vertices whose indices are different. Considering the con-
struction of §(q), this can happen only along an edge created by the special rule in Step 4 in the
definition of §(q), i.e. there is a duplex connected to its location vertex (any other edge connects
identical indices). For definiteness, we may choose the notation W; and W, in such a way that
along the path from W to W, the first special edge created by Step 4 with different indices is
reached at its nonlocation vertex (duplex vertex), call it U;. Clearly U; and W; have the same
index. Let now E be the edge connecting U to its location vertex V7 € C, then by the choice of
U the index of V; differs from that of U;. Let D be the set of all vertices with the same value
as Up and let D be the set of all vertices with the same value as V1, then D and D; are disjoint
subsets of C.

We claim that apart from V|, D; consists of nonlocation vertices only. Suppose this is not
the case. Then there is another location vertex V| taking the same value as V. But this implies
that V| and V| belong to a group with multiplicity at least two. In this case, however, we did not
connect the duplex V to its location vertex and this leads to contradiction.

The number of independent nonlocation indices in D is exactly one, namely the index of Wj.
The number of independent nonlocation indices in D is zero since they take the same value as
a location index.

Suppose that D U D did not exhaust C. In order that Dy U D is connected to another vertex
with a different value, once again, there must be an edge E’ connecting a duplex vertex to its
location vertex; one of these two vertices must be D1 U D, the other one must be in the comple-
ment. We claim that the duplex is in D U D. Indeed, the location vertex cannot be in D; U D,
since D has no location vertex at all (otherwise the index of U; would not be independent) and
D1 has only one location index, V7, that is already connected within D U D to its duplex.

Let U, denote the duplex in D U D that is connected to its location index V, ¢ D U D and
let D, denote the set of vertices with the same value as V,. As before, we can establish that D,
contains only nonlocation indices, apart from V5, and there is no independent nonlocation index
in D;.

If DU Dy U D, did not exhaust C, we continue the process by defining new sets D3, Dy, etc.
until C is exhausted, but we never get a new independent nonlocation index. This proves that
Nina(C)<1. O

We can start proving (7.63). We fix the parameters q, n and v and omit them from the notation.
We will distinguish the following cases that clearly cover all possibilities.

Case 1. C consists of a duplex (qa)d and its location index qa

Setting v := (%u a), we know, in particular, that &, or &,r do not appear in any other £(qg),
B # a since C is an isolated component, not connected to any other vertices. Then, by the obser-
vation made in (7.37), h, (or h,:) must explicitly appear in (7.38) and it clearly must appear in
one of the following ways, with some 8 # «,

m: Gyl hqaqéG[ or hqzq;G[ﬁ] fi # 4. (7.64)

2): h ) (%G 2 2h or h 42q lG h g2+ (7.65)

1
q2.q3" 9ada’
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The main reason why only one of these possibilities occurs is because the indices qé, i=12,
appear only in C. So either (1) both Green functions neighboring 4, (or 4, ) are off-diagonal, or
(2) either of the neighboring Green function is diagonal. In the latter case, however, the expan-
sion must continue on the other side of this diagonal Green function with another factor A, g2
(orh 24 ). The reason for this last statement is that the expansion cannot start or terminate with
a diagonal Green function of the form G[’?] G[ﬂ ]

1orGo, since that would entail that qa (or qa)

equals to q% or qg, which would mean that C contained other elements as well.

In the first case, n(C) > 1 and we have identified two indices of the off-diagonal Green
functions associated with qé, i.e. O(C) > 1. In the second case, we find that h, or h,: appear
altogether twice and hence n(C) > 2. Since N;;,q(C) =1 in this case, we have thus proved that
in both cases

W(C)+n(C)+ O(C) =22=2N;q(C). (7.66)
Notice that we did not use weight W (C) here.

Case 2. C is an isolated non-duplex vertex.

Since C is nontrivial, we can assume that C consists of a single vertex (2, ) (the case of
(3, ) is identical). Let v := (qoll, qg). Consider the expansion of G!%!, see (7.16). The first and
the last Green functions in this expansion will be called extreme Green functions; if ny = 0, then

the single Green function G;qc;x will be called extreme. Since this expansion contains &, factors

only with € Q@ and q #* qﬂ for any B # « (since C is an isolated vertex), thus qa cannot

appear as an index of any %,,. Then the first Green function in (7 16) must be of the form G[ 2 f

with some f # qa, i.e. it must be off-diagonal, thus O(C) > 7. Furthermore, h, or A, must
appear as

(1: hqlqéc“"]f or Gflthqu, f;éqg, (7.67)
2): h . 2G 2 th gl or h a2q 1G hq a2 (7.68)

In the first case (1), we have identified another index of the off-diagonal Green function associ-
ated with qg, so O(C) = 1 and n(C) > 1. In the second case (2), we find that &, and h, appear
altogether twice and thus n(C) > 2. In both cases we have proved (7.63) since N;,q(C) = 1.
Again, the weight W(C) was not used.

Case 3. C has only one nonlocation vertex, (i, &), i =2, 3, and at least one location vertex (1, 8)
with 8 # «.

In this case the nonlocation index qé is equal to a location index, hence N;,;(C) = 0 and (7.63)
is obvious.

Case 4. C has more than one nonlocation vertex.

Suppose the weight of a nonlocation vertex (2, @) in C is zero. Then h 1q2 (or h 1) must
appear in (7.49) (apart from the & factors) and thus it contributes to n(C) by one. Here we are
using the following reason:
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) If h 1q2 and h 4q2q) appear in ]_[ﬁ &(qp) at least twice, then either (2, ) is a twin vertex or
the multlphclty of the group containing (2, ) is more than one.

Both cases contradict our definitions; twins are not part of §(q), and nonlocation vertices in
groups with higher multiplicity have nonzero weight. Butif 142 and h 42q) appear only once in
I1 8 £(qp) (namely, only in the factor £(q,)), then at least one of them need to appear at least one
more times in (7.49) to make the expectation nonzero.

Hence if we have at least two weight zero nonlocation vertices in C, then n(C) > 2 and (7.63)
holds. Note that each of these two vertices contribute to n(C) by one, since together with their
own location vertex they must form two different labels, otherwise they would be part of a twin
or a group with multiplicity at least 1 and their weight would not be zero. We can also assume
that the total weight W (C) is less than 2 or, if there is a weight zero nonlocation vertex, hence
n(C) = 1, then the total weight is at most W (C) < 1/2. In all other cases (7.63) follows trivially
from Nj,q(C) <1

So we only have to consider the following remaining cases:

1. The nonlocation vertices of C consist of exactly two weight 1/2 vertices vy, v3.
First notice that these two vertices must have the same index. Otherwise they could be in the
same connected component only if one of them, say v2, would be equal to a duplex (qg)d

with some B # o where v = g (j € {2, 3}), and this duplex would belong to a group with
multiplicity one (a connecting edge between vertices with different indices can be provided
only via a special edge from Step 4 between a duplex and its location vertex and only if the
corresponding group has multiplicity one). But in this case the weight of the nonlocation
vertex (2, B) in C would be zero by (i) of Definition 7.1.

Thus the two vertices vy, v2 cannot be in the same column of the matrix (otherwise they
formed a duplex), so without loss of generality we can assume that they are of the form
(2, ) and (2, B) with o« £ 8 and we know that qé = qé.

Consider first the case qolt # qé By the fact that the common value qg = qé appears only

twice in C, both factors hql a2 and h é é (or their transposes) have to appear in (7.49). Thus

n(C) > 2 and (7.63) holds.
Finally, consider the case qa =q é Since qé and qé have weight 1/2, they are not duplex.

By construction, we have to expand the Green function G(q"‘ . Since % #* qa, in the ex-

pansion (7.49), the first Green function G a] is off—dlagonal (otherw1se the beginning of the
(g

’ Et

expansion were G([:;]qthz gl * - but hqz | cannot appear in the expansion of G ;). Hence
Yo oala

qé appears as an index of an extreme off-diagonal Green function. Similar statement holds
for qé. Hence we have identified two indices of the off-diagonal Green functions associated
with C so that O(C) > 1 and together with W(C) > 1 we obtain that (7.63) holds.

2. The nonlocation vertices of C consist of exactly one weight 1/2 vertex, and one weight 1
vertex.
Since the weight 1 vertex is a duplex, these two vertices cannot be in the same column of q.
Without loss of generality, let (2, @) be the weight 1/2 vertex and let (2, 8)4 be the weight 1
vertex, o # B. We can consider two cases: qoll #q ;j and qoll =q /; As before, for the first case,

n(C) = 1. For the second case, qozl cannot appear as an index of any £, in any other £(q,,) for
y # a, B since C consist of exactly two columns, namely the columns « and . Thus hqolt e
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or its transpose must appear in the expansion of G'*! and therefore we can find qg as one of
the indices of an extreme off-diagonal Green function. Hence we have O(C) > 1/2 in the
second case. Since W(C) > 3/2, we obtain in both cases that (7.63) holds.

3. The nonlocation vertices of C consist of exactly one weight 1/2 vertex one weight zero vertex.
Since the two vertices have different weights, they are in different columns of the matrix.
Without loss of generality, we can assume that the weight 1/2 vertex is (2, «) and the weight
zero vertex is (2, ) with a 7 B. In this case, both &, 142 and h 10 (or their transposes) have

to appear in the expansion, thus n(C) > 2 and (7. 63) holds

4. The nonlocation vertices of C consist of exactly three weight 1/2 vertices.
Similar arguments as in the first case, we can show that these three vertices are in different
columns and we can thus assume that they are of the form (2, «), (2, 8) and (2, y) with
different «, B, y. If q; =q é = qll,, then qozt appears as an index of an extreme off-diagonal
Green function in the expansion of G(q"‘q3 and O(C) > 1/2. On the other hand, if one of

the three location indices, say qa, differed from the other two, then £, 14 > (or its transpose)
have to appear in the expansion and n(C) > 1. In either case, together W1th W(C) >3/2, we

obtain (7.63).

The main reason of the previous proof is that any weight 1/2 vertex either associated with an
index of an extreme off-diagonal Green function or there is an & factor associated with it. We
have thus proved Proposition 7.1. 0O

Finally, we have to prove the inequality (7.56). Let d denote the number of duplexes. Let a;
be the number of nontrivial components C that contain only one nonlocation vertex and let a; be
the number of nontrivial components C that contain at least two nonlocation vertices. Since by
Lemma 7.2 we have Nj,q = ZC Nina(C) < a1 + az and obviously ¢ < p, it is sufficient to show
that

2p+n>2(a + a2).

Since there are 2p — d nonlocation vertices, we have 2p — d > a; + 2a;, thus it is sufficient to
show that n + d > a;. But each component with a single nonlocation vertex, say (2, «), is either
a duplex or it gives rise to a factor hq1qz (or its transpose) that must appear in the expansion,
hence it contributes to n. This shows (7.56) and this completes the proof of Lemma 4.1. O
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