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We consider an N by N real or complex generalized Wigner matrix Hy, whose entries are
independent centered random variables with uniformly bounded moments. We assume that the
variance profile, s;; := E|H;;|?, satisfies S 555 = 1, forall 1 < j < N and ¢ ™' < Ns;; < ¢

for all 1 < 4,5 < N with some constant 1c 12 1. We establish Gaussian fluctuations for the
linear eigenvalue statistics of Hx on global scales, as well as on all mesoscopic scales up to the
spectral edges, with the expectation and variance formulated in terms of the variance profile.
We subsequently obtain the universal mesoscopic central limit theorems for the linear eigenvalue
statistics inside the bulk and at the edges respectively.

Keywords: central limit theorem, linear eigenvalue statistics, generalized Wigner matrix.

1. Introduction

1.1. Linear eigenvalue statistics of Wigner matrices

A Wigner matrix Hy is an N X N matrix whose entries are independent real or com-
plex valued random variables up to the symmetry constraint Hy = Hy,. Wigner ma-
trices with real or complex Gaussian entries are known as the Gaussian Orthogonal
Ensemble (GOE) and the Gaussian Unitary Ensemble (GUE), respectively. The cele-
brated Wigner semicircle law [68] states that the empirical eigenvalue distribution of H
converges to the semicircle distribution with density ps.(z) = %\/4 — 221 _3 9. More
precisely, denoting by (\;), the eigenvalues of Hy, for any sufficiently regular test
function f, the linear statistics Zi\; f(Ni) = [g f(x)pse(z)da converges in probability
to zero as N — oo, which can be understood as a Law of Large Numbers.

It is then natural to derive the corresponding Central Limit Theorem (CLT), i.e., the
Gaussian fluctuations of the linear eigenvalue statistics

PINICORSDIFIOIE (1.1)

The linear statistics (1.1) need not be normalized by N =3 as in the classical CLT, which
can be explained by the strong correlations among eigenvalues. Khorunzhy, Khoruzhenko
1
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2 Y. Li and Y. Xu

and Pastur [50] proved a CLT for the trace of the resolvent of Wigner matrices. Johans-
son [49] derived Gaussian fluctuations for the linear eigenvalue statistics of invariant
ensembles, including the GUE and GOE. Bai and Yao [9] used a martingale method to
extend the CLTs to arbitrary Wigner matrices and analytic test functions. The regularity
conditions on the test functions were weakened by Lytova and Pastur [60], Shcherbina
[62] via the characteristic function of (1.1), and more recently by Sosoe and Wong [67]
who obtained the CLT for H'*€ test functions.
The fluctuations of the linear eigenvalue statistics on mesoscopic scales, i.e.,

5 () e[ (2 ), "

with fixed energy Ey € (—2,2) and scale parameter N ~! < 1y < 1, were first studied by
Boutet de Monvel and Khorunzhy [18] for the GOE given the test function f(x) = (x —
i)~1. They subsequently extended their results to real Wigner matrices [19] with N —F &
no < 1. A Mesoscopic CLT for the GUE was obtained by Fyodorov, Khoruzhenko and
Simm [39], and was extended by Lodhia and Simm [59] to complex Wigner matrices on
scales N~1/3 « 5y < 1. He and Knowles [42] improved these CLTs on optimal mesoscopic
scales N1 < ny < 1 for all Wigner matrices. They also studied the two point correlation
function of Wigner matrices on mesoscopic scales in [43]. More recently, Landon and Sosoe
[53] obtained similar CLTs by studying the characteristic function of (1.2).

Mesoscopic linear eigenvalue statistics can also be studied at the spectral edges, where
the mesoscopic scale ranges over N S 1o < 1. Basor and Widom [11] used asymptotics
of the Airy kernel to derive Gaussian fluctuations of the linear eigenvalue statistics of
the GUE at the edges. Min and Chen [61] subsequently extended this result to the GOE.
Adhikari and Huang [1] proved the mesoscopic CLT for the Dyson Brownian motion at
the edges down to the optimal scale g > N =3 in a short time. Recently, Schnelli and the
authors [58] obtained mesoscopic CLT for deformed Wigner matrices at regular edges,
where the spectral density has square-root behaviors.

Besides Wigner matrices, mesoscopic CLTs were also obtained in many other random
matrices ensembles, e.g., random band matrices [27, 28], sparse Wigner matrices [41],
Dyson Brownian motion [26, 47, 54], invariant S-ensembles [12, 15, 51], orthogonal poly-
nomial ensembles [20], classical compact groups [66], circular 5 ensembles [52], and free
sum of matrices [10].

1.2. Generalized Wigner matrices

In this paper, we are interested in the linear eigenvalue statistics for generalized Wigner
matrices, which were introduced in [36]. Let Hy = (Hy;);—; be an N by N matrix
with independent but not identically distributed centered random variables up to the

symmetry constraint Hy = Hj;. Denote by S = Sy the matrix of variances, i.e. S :=
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(sij)7;=1, with s;; = E|Hy;|*. We assume that S is symmetric and doubly stochastic, i.e.,
N
D siy=1, forall1<j<N. (1.3)
i=1

We say Hy is a generalized Wigner matrix if the size of s;; is comparable with IV -1
that is, there exists ¢ > 1 independent of N such that

cl< Nsij <¢, foralll<i,j<N. (1.4)

Standard Wigner matrices are a special case of generalized Wigner matrices, with s;; =
N~tforall1 <i,j < N. The first condition in (1.3) guarantees that the limiting spectral
measure of Hy is given by the semicircle law; see [7, 40, 64]. Without the condition (1.3),
the limiting eigenvalue distribution is characterized by the Dyson equation and were
classified in [3]. Local laws of such general Wigner-type matrices were obtained in [4, 5]
and bulk universality was then established in [4], while the edge and cusp universality
were derived in [5, 6, 33].

The second assumption (1.4) is a sufficient condition for generalized Wigner matrices
to demonstrate the same local eigenvalue statistics as standard Wigner matrices. Uni-
versality for the local eigenvalue statistics of generalized Wigner matrices was obtained
in [15, 37, 38] for the bulk and in [14, 36, 56] for the edges. For random band matrices,
the condition (1.4) is not satisfied. We refer to [16, 17, 30] for results on local laws and
bulk universality, and to [65] for edge universality.

Consider now a special variance matrix S with s;; = %f(%, %), where f € C([0,1] x
[0,1]) is a non-negative, symmetric function such that fol f(z,y)dy = 1. A CLT for the
linear eigenvalue statistics of such matrices was obtained in [7] by studying its generating
function via combinatorial enumeration, with the variance formulated as an infinite series.
Global CLTs for random band matrices were obtained in [57, 48, 63], while the mesoscopic
linear statistics were studied in [27, 28]. Fluctuations of the linear eigenvalue statistics on
global scales for many familiar classes of random matrices were also studied in [21], where
a unified technique was formulated for deriving such CLTs using second order Poincaré
inequalities, without an explicit formula for the variance. Under this framework, CLTs
for linear eigenvalue statistics of Wigner matrices with general variance profiles were
obtained in [2]. Global fluctuations of block Gaussian matrices with variance profiles
were proved within the framework of second-order free probability theory, see [25] and
references therein. In addition, CLT's on global scales for large sample covariance matrices
given a general variance profile were discussed in [45].

In the present paper, we consider generalized Wigner matrices with matrix of variances
S satisfying (1.3) and (1.4). We derive Gaussian fluctuations for the linear eigenvalue
statistics (1.2), with explicit integral formulas for the variance and expectation in terms
of the matrix of variances S, at fixed energy Eq € [—2,2] on scales 19 such that N=! <
Nov/No + ko < 1, where kg = ko(Ep) denotes the distance from Ej to the closest edge
of the semicircle law; see Theorem 2.2. This range of 1y covers the global scales as well
as all mesoscopic scales up to the spectral edges. Furthermore, we obtain the universal
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4 Y. Li and Y. Xu

CLT's on all mesoscopic scales, for energies Fy in the bulk and at the edges respectively,
by computing the variances and expectations explicitly considering mesoscopic-scaled
test functions; see Theorem 2.4. The limiting law is universal, only depending on the
symmetry class, and is independent of the scaling 79 and the energy FEj.

The proof of our main technical result Proposition 4.1 is provided in Section 4. We
follow the idea of [60, 53] to study the characteristic function of the linear eigenvalue
statistics (1.2). Via the Helffer-Sjostrand functional calculus, we write the derivative
of the characteristic function in terms of the resolvent of Hpy, and then cut off the
ultra-mesoscopic scales of the spectral domain, see (4.4), since the very local scales do
not contribute to the mesoscopic linear statistics. The benefit is that on the restricted
spectral domain, the resolvent of Hy is controlled effectively by the local laws [31, 36].
We subsequently apply the cumulant expansions (see Lemma 4.2) to solve the right side
of (4.4). This technique was first used in random matrix theory by [50] and in recent
papers, e.g., [32, 42, 55, 60]. The key tools to estimate the error in Proposition 4.1 are
the (isotropic) local laws for the resolvent [13, 6, 32, 44] and the fluctuation averaging
estimates [29, 30, 46, 69]. One of the main technical achivements is to find a weak local
law for the two point function Typ(z,2") = Zjild#b $4jGjp(2)Gp(2"), with different
spectral parameters z,z’; see Lemma 4.3 with proof in Section 5. Compared with the
standard Wigner matrices [42, 53], the two point function T,;(z, 2’) cannot be written
as a matrix product and hence the resolvent identity (5.15) or cyclicity of trace no
longer help. Similar two point functions of the resolvents appeared in [34, 22, 24, 10] to
derive Gaussian fluctuations of the linear eigenvalue statistics for different random matrix
ensembles. The proof of Lemma 4.3 is inspired by the fluctuation averaging mechanism
[29], combined with recursive moment estimates based on cumulant expansions. A special
case z = z was studied previously in [29, 46, 69], and our statements are for arbitrary
parameters z, 2z’ € C\ R. In addition, we end Section 4 by estimating the expectation of
the linear eigenvalue statistics and then complete the proof of Theorem 2.2.

Notation: We will use the following definition on high-probability estimates from [29)].

Definition 1.1. Let X = XN) and Y = YV) be two sequences of nonnegative random
variables. We say Y stochastically dominates X if, for all (small) € > 0 and (large) D > 0,

P(X™N) > NyWM) < NP, (1.5)
for sufficiently large N > Ny(e, D), and we write X <Y or X = 0<()).

For any vector v € CV| let ||v|sup := maxY, |v;| be the sup norm. For any matrix
A € CNXN | the matrix norm induced by the sup vector norm are given by ||A| s =
MaX1<;<N Z;\;l |A;;]. We also write || Allsup := max; ; |Aij].

Throughout the paper, we use ¢ and C to denote strictly positive constants that are
independent of N. Their values may change from line to line. We use standard Big-O and
little-o notations. Moreover, we write X ~ Y if there exist constants ¢, C' > 0 such that
c|Y| <|X| < C|Y]. Finally, we denote the upper half-plane by C* := {2 € C : Im 2z > 0}.
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Linear statistics of generalized Wigner matrices 5
2. Main results

Let H = Hy be an N x N real or complex generalized Wigner matrix satisfying the
following assumption.

Assumption 2.1. For real (8 = 1) generalized Wigner matrixz, we assume that

1. {H;;|i < j} are independent real-valued centered random variables with H;; = Hj;.
2. Let S = Sy denote the matriz of variances, i.e., S := (si;);—1 with sij = E|Hy;|?.
There exist constants 0 < Cips < Csyp < 00 such that

N
Z Sij = 1, Cinf S inf_Nsij S sup NSij S Csup- (21)
Pt N,i,j N,i,j

3. All moments of the entries of V NHy are uniformly bounded, i.e., for any k € N,
there exists Cy, independent of N such that for all 1 <1i,j < N,

E|VNH;; ¥ < C. (2.2)

For complex (8 = 2) generalized Wigner matriz, we assume that

(a) {Re H;;,Im H;;|i < j} are independent real-valued centered random variables with
(b) The same moment conditions 2 and 8 hold and E[HZQJ] =0 fori#j.

For a probability measure v on R, denote by m,, its Stieltjes transform, i.e.,

m,(z) 1= /Rdu(w) , z€CT. (2.3)

r—z

Note that m, : Ct — C7 is analytic and can be analytically continued to the real line
outside the support of v. Moreover, m,, satisfies lim, ~o inm, (in) = —1. The Stieltjes
transform of the semicircle law g := pge(x)dz = i\/él — 2213 gjdx, denoted by m,
is defined as the unique analytic solution CT — C™T satisfying

m?,(2) + zmge(2) +1 = 0. (2.4)

Sc

Fix the energy Ey € [—2,2] and set N~! < 79 < 1. Consider a scaled test function

QT—E())

™ g € C2(R). (2.5)

1=t =g
Define the distance between the support of f and the nearest edge of the semicircle law,

ko = dist(supp(f), {—2,2}). (2.6)

Then we have the following CLT for the linear eigenvalue statistics of Hy.
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6 Y. Liand Y. Xu

Theorem 2.2. Let Hy be a generalized Wigner matrixz satisfying Assumption 2.1 and
assume that noy/ko + 1o > N 71T for some constant ¢y > 0. Then there exists a small
constant 0 < 7 < {% such that the following statements hold. For f as in (2.5), define

V()= /F 1 /F f)f <z’>{%Tf( = m(()?m(<)§5>2)

I !/ ! !/ 2 ! I ! !
+ 2kymse(2)m.(2)mse (2 )m (2") + TrS(l — B)msc(z)msc(z )}dzdz , (2.7)

where

o k4 is the summation of the forth cumulants (see (4.6) and (4.21)) of both real and
imaginary parts of all entries {H;;};
e f is an almost-analytic extension of f, i.e.

flx+iy) = (f(2) +iyf (2)x(v), (2.8)

where x : R — [0,1] is a smooth cutoff function with support in [—2,2] and with
x(y) =1, for [yl < 1;

e the contours Ty (k = 1,2) are given by {z € C : |Imz| = +N""no} with counter-
clockwise orientation.

If there exist constants ¢,C > 0 such that ¢ < V(f) < C, then
TI'f(HN) — ETI‘f(HN) d

— N(0,1).
V(f)
Moreover, the so-called bias is given by
_ 1 3 2 mgc(z)mgc(z)s2
IETrf(HN)—N/Rf(x)psc(x)da: = i Jr, f(Z){(B - 1)TT(W)
N2'r
kil (m(2) fz 4 O« i) H 0N (29)

Remark 2.3. We remark that Theorem 2.2 applies to the global scales as well as op-
timal mesoscopic scales up to the spectral edges. The formulas for the variance (2.7)
and the bias (2.9) coincide with the corresponding results for standard Wigner matrices
[58, 58] where s;j = N~* for all1 <i,j < N.

Finally, we obtain the following mesoscopic CLTs for the linear eigenvalue statistics
in the bulk and at the edges respectively.

Theorem 2.4 (Universal mesoscopic CLTs). Let Hy be a generalized Wigner matriz
satisfying Assumption 2.1. Fiz any Ey € (—2,2) and ¢; € (0,1), and set ng = N~—°. For
any function g € C2(R), the mesoscopic linear statistics in the bulk

(2 )N [ a(T ) ot S N (0.5 [ illace)ag).

i=1 "o
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Linear statistics of generalized Wigner matrices 7

where §(€) := (2m)~Y?2 [ g(x)e~ ¢ d.
In addition, set By = +£2 and ng = N~ with any fized co € (0, %) Then the meso-
scopic linear statistics at the edges

§Njg( ) N [ o(F oot S (5 - 1) 02 o [leliorag).

i=1

where h(z) := g(¥2), and ﬁ(a) = (2m) V2 [, h(z)e ¢ da.

Remark 2.5. The means and variances of the limiting laws in Theorem 2.4 agree with
the corresponding results for the Gaussian ensembles. See [18, 39] for the bulk and [11, 61]
for the edges. Such edge formulas were also obtained in other ensembles, e.g., Dyson
Brownian motion [1], deformed Wigner matrices and sample covariance matrices [58].

3. Preliminaries

In this section, we introduce some preliminary results that will be used in the proof.

3.1. Properties of the Stieltjes transform of the semicircle law

In this subsection, we recall some properties of mg.. Let k = k(F) be the distance from
FE to the closest spectral edge of the semicircle law, i.e.,

k:=min{|E + 2|,|E — 2|}. (3.1)
Define the spectral domain
D:={z=FE+in:|E| <5,0<n<10}. (3.2)
Lemma 3.1 (Lemma 4.2 in [38], Lemma 6.2 in [35]). We have the following estimates.
1. For any z € D, there exists a constant ¢ > 0 such that
¢ < |mse(2)] <1 —en. (3.3)

2. For all z € D, we have
VE+n, if|E| <2,
|Tm mse(2)] ~ " therwi
NCE=t otherwise.
8. For all z € D, there exist some constants ¢, C > 0 such that

eve+n<|1— mgc(z)| < CVk+m. (3.5)

4. For all z € D, we have

(3.4)

1

mse(2)| ~ 15 |ml.(2)] ~ :
)~ 15 I (2)]~

=0 =) 69

imsart-bj ver. 2014/10/16 file: manuscript_generalized_Xu.tex date: June 1, 2020



8 Y. Liand Y. Xu
3.2. Properties of the variance matrix S

In this subsection, we state some properties of the matrix of variances S, which is crucial
in studying the local laws of the generalized Wigner matrices. Recall that S = (Sij)%zl
is the matrix of variances satisfying (2.1), and S is deterministic, symmetric and doubly
stochastic with strictly positive entries. Hence 1 is the largest eigenvalue, with eigenvector
e = N_%(l, 1,---,1)T. By the Perron-Frobenius Theorem, the largest eigenvalue 1 is
simple and all other eigenvalues are strictly less than 1 in absolute value. Define 4 to

be the spectral gaps satisfying

Spec(S) C [-1+d_,1 -] N{1}.
It is not hard to show that

5:|: 2 Cvinf > 07

provided S satisfies (2.1). Combining with (3.3), 1 — mg.(2)ms.(2')S is invertible. Thus,
we have the following estimates.
Lemma 3.2. Define Il := ee” with e = N*%(1,1,~~ , ). For any 2,2 € D, there
exists C' > 0 such that

1 C 1-1I
H 1 — mge(2)mse(2')S Hoo = [1 — mge(2)mse(2)| H 1 — mge(2)mse(2)S

| <
o0

where the constant C depends on Cins and Csyp in (2.1).

Similar statements can be found in Lemma 6.3 [35] for z = 2/, and the proof also
applies to two parameters z, z’. In particular, we have from (3.5) that

==zl <l ~ (.1
| m2.(2)Sllec = 11 —m2.(2) k+n '
We also have a trivial lower bound, p > m > %, since e is an eigenvector of §

and |mg.(2)] < 1.

3.3. Local Law for the resolvent of Hy

Denote by (\;)Y; the eigenvalues of Hy. We define the empirical spectral measure of
Hy by pun(z) == + Efil d»,- The Stieltjes transform of p is then given by

mpy(z) = d/;LO\) = N"'TrG(z), with G(2):= (Hy —2I)"', zeC*". (3.8)
R A—2

The function G(z) is referred to as the resolvent or Green function of Hy. The semicircle
law states that for any fixed z away from the real line, my (z) converges in probability to
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Linear statistics of generalized Wigner matrices 9

mse(z) as N tends to infinity. It can be extended down to the local scales Im z > N 1.
We introduce the spectral domain,

D' :={z=E+in:|E|<5 N7 <y <10}, (3.9)

for any constant 7 > 0, and define two deterministic control parameters

Im mg.(2) 1 1
v =y — 4+ — © = — 3.10
(2 el e (3.10)
With estimates of mg.(2) in Lemma 3.1, it is easy to check
CN™ 2 <U(z)< 1, zeD'. (3.11)

We have the following (isotropic) local laws for the resolvent of Hpy, which is an essential
tool in our proof.

Theorem 3.3 (Theorem 2.3 in [31], Theorem 2.12 in [13], (3.8) in [29]). Let Hn be
a generalized Wigner matriz satisfying Assumption 2.1. The following estimates hold
uniformly in z € D’:

max |Gij(2) — 0iymsc(2)| < U(2); |my(z) — mge(2)] < O(2). (3.12)

Furthermore, we also have for all z € D',
N
max ‘ Zsijij(z) - msc(z)‘ < p¥?(2), (3.13)
j=1

with p in (3.7). For any deterministic unit vectors v,w € CN and all z € D', we have
‘<v, G(2)w) — mye(2)(v, w)‘ < (2). (3.14)
Finally, we end this section with properties of stochastic domination defined in (1.5).
Lemma 3.4 (Proposition 6.5 in [35]). 1. X <Y andY < Z imply X < Z;
2. If X1 <Y1 and Xo < Y3, then X1 + Xo <Y1 + Y5 and X1 Xo < 1Yo,

3 If X <Y, EY > N~¢ and | X| < N°¢ almost surely with some fized exponent c,
then we have EX < EY.

4. Proof of Theorem 2.2 and 2.4

We define the characteristic function of the linear eigenvalue statistics
#(\) :=E[e(\)], where e(\):=exp {i/\(Trf(HN) - IETrf(HN))}, AER (4.1)

Then the characteristic function ¢ satisfies the following proposition.
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10 Y. Liand Y. Xu

Proposition 4.1. Under the same conditions as in Theorem 2.2, if no\/ko + 10 >
N~=1*+co for some co > 0, then there exists a constant 0 < T < 1% such that ¢ satisfies

(1+ NN )
(]\7770\/f<60-*-7]0)i '

Admitting Proposition 4.1, integrating ¢'(\) and applying the Arzeld-Ascoli theorem
and Lévy’s continuity theorem, we prove the Gaussian fluctuations for the linear statis-
tics, as stated in Theorem 2.2. Given the scaled test function (2.5), we compute the
variances (2.7) and biases (2.9) on mesoscopic scales in the bulk and at the edges respec-
tively, and then conclude Theorem 2.4. Similar arguments for deformed Wigner matrices
can be found in Section 6 [58] and we omit them in the present paper.

¢'(\) = =6V (f) + O<(M1og NN ™) + O (

Proof of Proposition 4.1. Via the Helffer-Sjostrand functional calculus (see (4.10) of
[53] for a reference), we translate the linear eigenvalue statistics of f(Hy) to the Green
function of Hpy. More precisely, for any f in (2.5),

Trf(Hy) = / G(z))d?z, (4.2)
where % = %(8% + ia%)v f(2) is an almost-analytic extension of f given in (2.8) and d2z
is the Lebesgue measure on C. As observed in [53], the ultra-local scales do not contribute
to the mesoscopic linear statistics. So we restrict the domain of the spectral parameter to

Qo:={z€C: [Imz| >N "}, (4.3)

for a small constant 7 > 0. Notice that G(z) is analytic in C\ R. Taking derivative of
the characteristic function ¢(A) in (4.1) and applying Stokes’ formula, we have

1

SN =5 | TEE [€0N)(TH(G(2) ~ ETYG(2)) | dz + O< (IA1og NN "), (4.4)

where

o(Y) 1= exp { / FE(mE() - ERG())az ), (4.5)

with I'y 5 given in Theorem 2.2. More details can be found in [53, 58]. Here we choose
slightly different contours to avoid singularities. Thus, in order to study ¢'(\), it suffices
to estimate E[(eg(A)(Tr(G(z)) — ETrG(z))].

To simplify the proof, we will only consider the real symmetric case (8 = 1). The
proof for the complex case (§ = 2) is similar. Before we proceed the proof, we introduce
the following cumulant expansion formula, see [42] for a reference.

Lemma 4.2 (Cumulant expansion formula). Let h be a real-valued random variable
with finite moments, and [ is a complez-valued smooth function on R with bounded
derivatives. Let ¢®)(h) be the k-th cumulant of h given by

8 (h) := (—i)k j; (10g Efe I“L]) L:O. (4.6)
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Linear statistics of generalized Wigner matrices 11

Then for any fized | € N, we have
1

1 d*
=" e WE| S F ()] + Rusa, (47)
k=0
where the error Ry1 satisfies
[Ria] < GE[JB*2] sup |75 (@)] + GBI 21y | sup (D (@), (48)
|z| <M z€R

and M > 0 is an arbitrary fized cutoff.

By the definition of the resolvent and applying the cumulant expansion (4.6) for [ = 3,
we have (c.f. (5.6) in [58])

2Eleo(A)(TrG — ETrGQ)] = Eleg(A)(Te(HG) —ETr(HG))| = I1 + Io + Is + Ry, (4.9)

where I (k = 1,2, 3) denote the expansion terms associated with the (k + 1)-cumulant,
and Ry is the error given in (4.8). In the following, we estimate each term on the RHS
of (4.9) using the identity

6Gij . _Gmej + GibGa]’
OHy 1+ bap

Similar arguments for deformed Wigner matrices can also be found in Section 5 [58], so
we omit most computation details. First, it is not hard to check that Ry = O (N~Y/2(1+
IA[4)), by using the local law (3.12), the moment condition (2.2) and Lemma 3.4.

Next, we look at the first term I;. Using the local law (3.13), I; can be written as (c.f.
Section 5.1 and Lemma 5.1 [58])

., 1<ab<N. (4.10)

(%)
S B (Z C55(2)C(2)) ZE o)1 = B) (X 55 Ciu(2)Gi(2))
- =
_2 ZE eo(A / f Bz % —|—1§” ssz(z’)jiGﬂ(z))dz']
= — 2m.(2)Eleg(A) (1 — )TI"G] - [60()\)( E)TxT(z, 2)]
- %]E[eo( ) f( Vo7 9 (2, )] - AT‘"S / Ninge(2)m', (2')d2’

1Al
VN

where we define the following two point function for short,

+04 (pr?’(z)) +0<( =) + 0N (2)), (4.11)

Top(2,2") ZS‘” w(2)Gip(2), 1<a,b< N, 2,2/ €C\R, (4.12)

with Z(b) = ZJ 1 jb- The following local laws for T'(z, 2") are proved in Section 5.
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12 Y. Li and Y. Xu

Lemma 4.3. For all1<a,b< N and z,2' € D' in (3.9), we have

2 (z)m2 (z/)SQ

mSC SC
1 — mge(2)mse(2')S

3
2

Top(2,2') = ( )ab + Oy (pg@%(z)\ll(z/) + pa U (2) (z’)), (4.13)

where py = pa(z,2') = (1 — mge(2)msge(2')) L. Moreover, we have the following estimate
of the trace of T'(z,2'):

m.(2)m3.(2')S?
1 — mge(2)mse(2))S

TrT(z,2") = Tr( ) +Er(z,2), (4.14)

where the error Er(z,2') is analytic in z,z" € C\ R and for all z,z’ € D', it satisfies
1Er(2,2)] = NU2 (2)U(2) + NU(2)U3 (') + NO2(2) + NO(2)O(2). (4.15)

Remark 4.4. We remark that the above local law is not optimal. If we further expand
(5.9) in the proof below, the error in (4.13) can be improved to O<(pa¥2(2)W(2') +
p2V(2)W2%(2")). But Lemma 4.3 is sufficient to establish the CLTs for the linear statistics,
so we do not aim at the optimal local law in the present paper.

Notice that T'(z,2’) is analytic in z,2’ € C\ R. Taking the partial derivative of
TrT(z,2') in (4.14) and applying the Cauchy integral formula, we have

msc(z)m/sc(zl)s
(1 — mse(2)mse(2)S)?
NS (2)U(2) + NU(2)U5 () + NO*(2) + N@(z)@(z’)).

Im 2/

9 1 (s, ) :Tr(

92 ) = Mae(2)mi(2)TrS (4.16)

+o<(

Plugging (4.14) (for z = 2’) and (4.16) into (4.11), we hence obtain that
ATrS

Iy = = 2m(2)E[eo (V) (1 — B)TrG] + ——Eleo(A)] N Fmse(z)ml () d’
St [ (S e

where the error & (z) is collected from (4.11), (4.15) (for z = 2’) and (4.16). Since g is
compactly supported, we have ko < k < C(ko + 19) with £ and ko given in (3.1) and
(2.6). Using (2.5), (3.4), (3.7) and (3.10), the error & (z) satisfies

1
VN

30, (ff0+770)% 1 . (Ho+770)% 1
N ()( T +Nno)+N\1/( )( o +(Nn0)3>' (4.18)

+U(2) + Np¥3(2) + NO*(2) + O(2)n; ' + NT/2(2)

£2(2)] <1+ me(
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By direct computations and the isotropic local law (3.14), one shows that the second
term Iy corresponding to third cumulants is negligible (c.f. Section 5.2 [58]),

L= O<((1 i M'\/)% T\I'(Z)) + O (VNE2(2)). (4.19)

It is also straightforward to check that (c.f. Section 5.3 and Lemma 5.1 [58])

3\ A727
== GRE[eo() [ e ghmt e ] + 0L () )
where k4 is the summation of all the fourth cumulants, i.e.,
N
ko= o) (Hy) = E[HY] - 3(E[HZ))%. (4.21)
i,j=1

Plugging (4.17), (4.19) and (4.20) into (4.9) and rearranging, we obtain that

(2 4 2mse(2))E[eo(N) (1 — E)TrG] = —%E[eo( )] f( NK(z,2')d2' +E(2), (4.22)

where the kernel I?(z, z') is given by

msc(z)m'sc(z')s

(1 — mse(2)mse(2")S)?

K (z,2) = 2T ( ) = Mae(2)mle(2)THS + 2kam?, (2)mee (Yl (),
and £(z) is the error collected from (4.18)-(4.20). Dividing both sides of (4.22) by z +
2mse(z) = —% ~ /k+n from (2.4) and (3.6), and plugging it into (4.4), we hence

obtain that the characteristic function satisfies

(14 AN
(Nnov/ko + 1o )i
where V'(f) is given in (2.7) and we use (2.5), (3.4) and (3.10) to estimate the error. Note

that |e(A) — eo(A)| < |AIN"T. If V(f) < O(1), then we replace ep(A) by e()) at the cost
of OL(JA|N~7). This completes the proof of Proposition 4.1. O

¢'(\) = =AEleo(MIV () + O<( ) +0<(AINTT),

We end up this section with the estimate of E[TrG(z)] — Nms.(z) in a similar way
and obtain the bias formula for the general linear statistics.

Proof of Equation (2.9). Using the definition of resolvent and the cumulant expan-
sion (4.7) on zE[TrG(z) — Nms.(z)], in combination with the local laws in Theorem 3.3
and Lemma 4.3, we have the analogue of (4.22), i.e

(2 + 2o (2))E(TrG(2) — Nmgo(2)) = — n(%) — kgm? (2) (4.23)

+ O (Np¥?) + O (NV/2) + OL(NO?),
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14 Y. Li and Y. Xu

where p is given by (3.7), and k4 is defined in (4.21). Dividing both sides by z + 2m.(2)
and transforming E[TrG(z)] — Nms.(2) to the bias of the linear statistics via the Heffler-
Strosjand formula (4.2) and Stokes’ formula, we obtain (2.9) and conclude the last state-
ment of Theorem 2.2. O

Remark 4.5. The results in Section j extend directly from real symmetric ( = 1)

to complex Hermitian (8 = 2) matrices. The only difference is to apply the complex

analogue of cumulant expansion formula and gg” = —G,uGh; instead of (4.10). Similar

arguments can be found in Appendiz A [58], and we omit them here.

5. Proof of Lemma 4.3

In this section, we prove a local law for the two point function T'(z, z") defined in (4.12).
For notational simplicity, we write T = T'(z, 2"), m1 := msc(2), ma := ms.(z') and define
the control parameter Sy := W3 (2)W(2') 4+ U(2)¥3 (z'). We aim to prove that
1 -
Pab = _mi ab T mQ(ST)ab + m1m§(52)ab = O.< (::2) (51)
1

Due to (2.4) and the relation 2G = HG — I, we write

(b)

Pab = Z Saj (HG)jb(Z)Gjb(Z/) + mlTab + mg(ST)ab + m1m3(52)ab. (52)

j=1
Set My q = (Pap)? (P};)? for any p, ¢ € N for short. For any d € N, applying the cumulant
expansion (4.7), we have

() N

E|Pa[*? ZEK;;SW Jk%}c(zj/))Md—l,d}
B Py
+E ( ; ]; sajsjkakb(z)ajb(z')) (-1 ij My_s d} (5.3)
_ j(b) N op
+E (jzlkzlsajsjkakb (=))d 6H‘ijd Lao] + Ra
+ B[ (maTap + ma(ST)ap + mlm%(*gQ)ab)Mdfl,d} = J1 +Jo+ J3 + Ro + Ju,

where Ry is the error of cumulant expansion, see (4.8) for | = 1. We first show that R; is
negligible. We write G := G(z), G?) := G(2'), ¥, := ¥(z) and ¥y := ¥(2') for short.
Using identity (4.10) and the local law (3.12), for general a € N, we have
M%W\P +d+6 (5.4)
DI, 1W2 + 0jp + Opb. .
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We obtain from (4.10) and (5.1) that

N (b)
0Py 1 0Ty 0Ty,
aij i aij + mo ; Sai 375 3ij Z: ( Sal m2( )al) X
1) ~(1) ~(2 1) ~(1) ~(2 1) ~(2) ~(2 (1) ~(2) ~(2)
(Gl(j)Géb)Gl(b) + Gl(k)Gg'b)Gl(b) + Gl(b Glj)Gkb) + Glb)Gl(k)Gg'b ) (5.5)

In general, for any « € N, the local law (3.12) implies that,

0" Py
OHS,

< \II%\IIQ + \1’1\1’5 + 53'[,\1/1\1’2 + 01 U1 Ws. (56)

Similarly, the estimate (5.6) still holds true for 8H§” for general o € N. Using the

moment condition (2.2), (5.4), (5.6) and (3.11), we hence obtain that

Ry =E[O<(E1)My—1,a] + E[O<(E})My—2,4] + E[O<(EH)My_1,4-1]
+E[O<(E7)Ma-3,4) + E[O<(E})Ma—2,4-1] + E[O< (E}) Ma—1,4-2], (5.7)

where we define a new control parameter =; := \IJ%\IIQ + Wy \Ilg < Zo.
Next, we look at the first term J;. Using (4.10) and the local law (3.12), we write

(b)) N
J==E[ 3 susin(miGGE + maGl) G ) Macra] + EIOL(20)Ma-1.d

J=1k=1
N
=—FK [(mlTab + mo Z Sa;Tip + mlmg(S)Zb)Md_Ld] + E[O_< (El)Md—l,d]- (5.8)
j=1

Note that the leading term of J; will cancel Jy. As for the second term Jo, using (5.5)
and simple power counting by the local law (3.12), we have

) N
oPp, —
T2 = (d = DE[( 33 sassikCu(2)Gin(2)) s Ma-z.a] = BO<(E)Ma2.d)- (5.9)
7k

J=1k=1

We treat J3 similarly and get J3 = E[O<(23)Mg—_1,4—1]. Therefore, we obtain that

E|Pu|** =E[O<(E1)M(d — 1,d)] + E[O<(Z3)Ma-1,4-1] + E[O<(E3) My-2,4]
+E[O<(})Ma-3,4] + E[O<(E})Ma-2,a-1] + E[O<(E}) Ma-1,a-2]. (5.10)

Applying the Young’s inequality to the RHS of (5.10) and using Z; < Za, we get
E|P.p|?? < Z3% for any d € N and thus |P,| < Za. Using |ms.(2)| ~ 1, the matrix
(T")qp defined in (5.1) hence satisfies

(1 - mlmgS)T mim3S? + R(z,7'), (5.11)
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16 Y. Liand Y. Xu

where the error matrix R = R(z, z’) has the following estimate:
[R(2, 2"} lswp = O<(¥* (2) V(') + O (¥ () W3 (). (5.12)

Combining with the first estimate from Lemma 3.2, we hence prove (4.13).

Next, we continue to estimate the trace of the two point function T'(z, 2’). Recall the
projection matrix II = ee*, where e = N‘é(l,l,--- ,1)*. Note that IIS = STI = II.
Multiplying both sides of (5.11) by (1 — II)(1 — mym2S)~!, we have

52 —1I 111
(l—H)T:mfmgl

— mlmQS 1-— mlmQS '
Using the second estimates in Lemma 3.2 and (5.12), we obtain that
m2m3(S? —1I)

1 —mimsS

3
2

T = Te(IIT)+Tr )+ (N (2)0() +0< (NU(2) w3 (). (5.13)

For the first term on the RHS of (5.13), we write it as

1 LY 1 1
Tr(IIT) = D> Gu(2)G(2) = FIGEGE) - + > Gup(2)Gu(2). (5.14)
b=1 j b=1

To estimate (5.14), we separate our argument into two cases:

1. For z # 2/, using the resolvent identity

G(2)G(?) = (G(2) - G(2)), (5.15)

and the local law (3.12), we have

my(z) —mn(2)

Tr(IIT) = — Mo mee() + 0<(0(2)) + 0<(O(2))).

If z, 2’ are in different half planes, then |z — 2’| > |Im z| and thus from (3.12),

mpy(z) — my(2') _ Mse(2) — Mge(2') +O<( O(z) ) +O<<®(Z/)>.

z—z z—2z |Tm z| |Im z|

If z and 2’ are in the same half-plane, without loss of generality, we assume z, 2’ €
Ct. If lmz — Im 2’| > %Im z, the previous argument still applies. Otherwise, we
have $Imz < Imz’ < 3Imz. Since d(z) := my(z) — Mg (2) is analytic in z € CT,
applying the Cauchy integral formula, we obtain that

(=) - d(=) r| < 89 _o (86

z—2 [Tm w| - |Im z|

< sup

w€eL(z,2")
where L(z,z") denotes the segment connecting z and z’. Therefore, we have

0(z) +@(z’)>.

|Im z|

Mse(z) — Mmse(2)
z—z

T(IIT) = — Mge(2)mse(2) + o<( (5.16)
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2. For z = 2/, using the identity G*(z) = L G(z), the local law (3.12) and the Cauchy
integral formula, we have

N
TIT) = Lo (2) = 1 (G2 = i (2) — () + 0 ()

b=1

). (5.17)

In addition, we use the Taylor expansion on (1 — mym2S)~! and the relation I1S =

SII =1I to get
I&:( mims 1l ) __mim (5.18)
1 —mimsS 1—mimgy

Plugging (5.16) (or (5.17) for z = 2’) and (5.18) into (5.13), we conlucde from (2.4) that
(4.14) and (4.15) hold. This complete the proof of Lemma 4.3.
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