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Abstract We consider N x N Hermitian or symmetric random matrices with inde-
pendent entries. The distribution of the (7, j)-th matrix element is given by a probability
measure v;; whose first two moments coincide with those of the corresponding Gauss-
ian ensemble. We prove that the joint probability distribution of the components of
eigenvectors associated with eigenvalues close to the spectral edge agrees with that of
the corresponding Gaussian ensemble. For eigenvectors associated with bulk eigen-
values, the same conclusion holds provided the first four moments of the distribution
v;; coincide with those of the corresponding Gaussian ensemble. More generally, we
prove that the joint eigenvector—eigenvalue distributions near the spectral edge of two
generalized Wigner ensembles agree, provided that the first two moments of the entries
match and that one of the ensembles satisfies a level repulsion estimate. If in addition
the first four moments match then this result holds also in the bulk.
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1 Introduction

The universality of random matrices can be roughly divided into the bulk universality
in the interior of the spectrum and the edge universality near the spectral edge. Over the
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544 A. Knowles, J. Yin

past two decades, spectacular progress on bulk and edge universality has been made
for invariant ensembles, see e.g. [2,5,6,22] and [1,3,4] for a review. For non-invariant
ensembles with i.i.d. matrix elements (Standard Wigner ensembles), edge universality
can be proved via the moment method and its various generalizations; see e.g. [23-25].
In order to establish bulk universality, a new approach was developed in a series of
papers [9-12,14—17] based on three basic ingredients: (1) A local semicircle law—
a precise estimate of the local eigenvalue density down to energy scales containing
around N°¢ eigenvalues. (2) The eigenvalue distribution of Gaussian divisible ensem-
bles via an estimate on the rate of decay to local equilibrium of the Dyson Brownian
motion [7]. (3) A density argument which shows that for any probability distribution
there exists a Gaussian divisible distribution with identical eigenvalue statistics down
toscales 1/N.In[17], edge universality is established as a corollary of this approach. It
asserts that, near the spectral edge, the eigenvalue distributions of two generalized Wig-
ner ensembles are the same provided the first two moments of the two ensembles match.

Another approach to both bulk and edge universality was developed in [20,26,27].
Using this approach, the authors show that the eigenvalue distributions of two standard
Wigner ensembles are the same in the bulk, provided that the first four moments match.
They also prove a similar result at the edge, assuming that the first two moments match
and the third moments vanish.

In this paper, partly based on the approach of [17], we extend edge universality to
eigenvectors associated with eigenvalues near the spectral edge, assuming the match-
ing of the first two moments of the matrix entries. We prove that, under the same
two-moment condition as in [17], the edge eigenvectors of Hermitian and symmetric
Wigner matrices have the same joint distribution as those of the corresponding Gauss-
ian ensembles. The joint distribution of the eigenvectors of Gaussian ensembles is well
known and can be easily computed. More generally, we prove that near the spectral
edge the joint eigenvector—eigenvalue distributions of two generalized Wigner matrix
ensembles coincide provided that the first two moments of the ensembles match and
one of the ensembles satisfies a level repulsion condition.

We also prove similar results in the bulk, under the stronger assumption that the
first four moments of the two ensembles match. In particular, we extend the result of
[26] to cover the universality of bulk eigenvectors.

1.1 Setup

We now introduce the basic setup and notations. Let H* = H = (h; j)?] j=1 be an
N x N Hermitian or symmetric matrix whose upper-triangular matrix elements /;; =
hji,i < J, are independent random variables with law v;; having mean zero and
variance 0,%.:
2. 2
Ehij =0, o :=Elh|". (1.1)

The law v;; and its variance ol%- may depend on N, but we omit this fact in the notation.
We denote by B := (ol%.) lN j=1 the matrix of the variances. We shall always make the
following three assumptions on H.
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(A) For any fixed j we have

>oh=1 (1.2)

Thus B is symmetric and doubly stochastic and, in particular, satisfies —1 <
B < 1.

(B) There exists constants §_ > 0 and 6+ > 0, independent of N, such that 1 is a
simple eigenvalue of B and

spec(B) C [-1+6_, 1 —6,]U{l}.

(C) There exists a constant Cp, independent of N, such that 01%‘ < CoN~! for all
i,j=1,...,N.

Examples of matrices satisfying Assumptions (A)—(C) include Wigner matrices,
Wigner matrices whose diagonal elements are set to zero, generalized Wigner matri-
ces, and band matrices whose band width is of order ¢N for some ¢ > 0. See [17],
Sect. 2, for more details on these examples.

In our normalization, the matrix entries /;; have a typical variance of order N -1
It is well known that in this normalization the empirical eigenvalue density converges
to the Wigner semicircle law o, (E) dE with density

1
0se(E) i= Z‘/@ —E?), for EeR. (1.3)

In particular, the spectral edge is located at £2. We denote the ordered eigenvalues of
H by A1 < --- < Ay, and their associated eigenvectors by uy, ..., uy. The eigen-
vectors are ¢2-normalized. We use the notation u, = (uy (i))lN: | for the components
of the vector u,,.

Our analysis relies on a notion of high probability which involves logarithmic fac-
tors of N. The following definitions introduce convenient shorthands.

Definition 1.1 We set L = Ly := Agloglog N for some fixed Ag as well as ¢ =
gn = (log N)elozl,

Definition 1.2 We say that an N-dependent event €2 holds with high probability if
P(Q2) > 1 — e~ ¥ for large enough N and some ¢ > 0 independent of N.

A key assumption for our result is the following level repulsion condition, which
is in particular satisfied by the Gaussian ensembles (see Remark 1.5 below). Consider
a spectral window whose size is much smaller than the typical eigenvalue separation.
Roughly, the level repulsion condition says that the probability of finding more than
one eigenvalue in this window is much smaller than the probability of finding pre-
cisely one eigenvalue. In order to state the level repulsion condition, we introduce the
following counting function. For any E; < E> we denote the number of eigenvalues
in [Eq, E>] by

N(E1, Ey) :=#{j : Ey <1j < Ea)}.
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546 A. Knowles, J. Yin

Definition 1.3 (Level repulsion at the edge) The ensemble H is said to satisfy level
repulsion at the edge if, for any C > 0, there is an ¢p > 0 such that the following
holds. For any « satisfying 0 < o < «g there exists a § > 0 such that

P (N(E N3 gy Ny 2) < N7a (1.4)

for all E satisfying |E + 2| < N™2/3¢C

Definition 1.4 (Level repulsion in the bulk) The ensemble H is said to satisfy level
repulsion in the bulk if, for any « > 0, there is an «p > 0 such that the following
holds. For any « satisfying 0 < o < «g there exists a § > 0 such that

P (N(E NI R Ny > 2) < N8 (1.5)

forall E € [—2 +k,2 —«].

Remark 1.5 Both the Gaussian unitary ensemble (GUE) and the Gaussian orthogonal
ensemble (GOE) satisfy level repulsion in sense of Definitions 1.3 and 1.4. This can
be established for instance as follows; see [1], Sects. 3.5 and 3.7, and in particular
Lemmas 3.5.1 and 3.7.2, for full details. For GUE and GOE, the correlation functions
can be explicitly expressed in terms of Hermite polynomials. Using Laplace’s method,
one may then derive the large- N asymptotics of the correlation functions, from which
(1.4) and (1.5) immediately follow. (Note that in [1], the exponent of N in the error
estimates was not tracked in order to simplify the presentation.)

In the more general case of Wigner matrices, level repulsion in the bulk, (1.5),
was proved for matrices with smooth distributions in [11] and without a smoothness
assumption in [26].

We shall use the level repulsion condition of Definition 1.3 to estimate the prob-
ability of finding two eigenvalues closer to each other than the typical eigenvalue
separation. For definiteness, we formulate this estimate at the lower spectral edge —2.
By partitioning the interval

[_2 _ N3 2 4 N_2/3<pc]

into O (¢€ N¥) subintervals of size N ~2/3~% we get from (1.4) that for any sufficiently
small « there exists a § > 0 such that

P (there exists E with |E + 2| < N72/3<pc such that
N(E — N~23= p 4 N~23-2) > 2) <N (1.6)
A similar result can be derived in the bulk using (1.5).

1.2 Results

Before stating our main results, we recall the definition of the classical eigenvalue
locations. Let
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E

nse(E) := /Qsc(x)dx (1.7)

—00

be the integrated distribution function of the semicircle law. We use Yy = Yo N tO
denote the classical location of the «-th eigenvalue under the semicircle law, defined
through

o
nse(Vo) = 75 (1.8)

To avoid unnecessary technicalities in the presentation, we shall assume that the
entries h;; of H have uniform subexponential decay, i.e.

P(lhij| = x01)) < 0 exp(—x?) (1.9)

where ¢ > 0 is some fixed constant. As observed in [8], Sect. 7, one may easily check
that all of our results hold provided the subexponential condition (1.9) is replaced with
the weaker assumption that there is a constant C such that

E’h,’j(fﬁl

= |C°
ij

< C?
where Cy is a large universal constant.
Our main result on the distributions of edge eigenvectors is the following theorem.

Theorem 1.6 (Universality of edge eigenvectors) Let HY and HY both satisfy
Assumptions (A)—(C) as well as the uniform subexponential decay condition (1.9).
Let EY and EY denote the expectations with respect to these collections of random
variables. Suppose that the level repulsion estimate (1.4) holds for the ensemble HY.
Assume that the first two moments of the entries of HY and HY are the same, i.e.

EYR by, = ER bt for 0 <I+u<2. (1.10)
Let p be a positive constant. Then for any integer k and any choice of indices iy, . . . i,

Jiy-oosJis Biy o Brand ay, ..o withmin(ley |, |og — N|) +min(| 8], |B; — N|) <
(pﬁ, for all | we have
Nlim [EV - EW]Q (Nz/S()‘ﬁl — VB N2/3()‘ﬁk — VB s
— 00
Nitg, (i0)ttgy (1), - - Nitgy (i)t (i) = 0, (1.11)
where 0 is a smooth function that satisfies
"0(x)| < C(1 + |x])€ (1.12)

for some arbitrary C and all n € N?* satisfying |n| < 3. The convergence is uniform
in all the parameters i, ji, o, By satisfying the above conditions.

Remark 1.7 The scaling in front of the arguments in (1.11) is the natural scaling
near the spectral edge. Indeed, for e.g. GUE or GOE it is known (see e.g. [1]) that
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(Ag —¥p) ~ N ~2/3 near the edge, and that uy (i) ~ N 172 (complete delocalization
of eigenvectors).

Remark 1.8 The form (1.11) characterizes the distribution of the edge eigenvectors
completely. Choosing i; = j; yields the modulus |u, (ip)|?; fixing i; and varying j;
gives the relative phases of the entries of the vector uy,, which is only defined up to a
global phase.

Remark 1.9 Theorem 1.6 and Remark 1.5 imply that the joint eigenvector—eigenvalue
distribution of Hermitian Wigner matrices agrees with that of GUE. In the case of GUE,
it is well known that the joint distribution of the eigenvalues is given by the Airy kernel
[29]. The eigenvectors are independent of the eigenvalues, and the matrix (uq (i))q,i
of the eigenvector entries is distributed according to the Haar measure on the unitary
group U(N). In particular, any eigenvector u, is uniformly distributed on the unit
(N — 1)-sphere.

Similarly, Theorem 1.6 and Remark 1.5 imply that the joint eigenvector—eigenvalue
distribution of symmetric Wigner matrices agrees with that of GOE. Results similar to
those outlined above on the eigenvector—eigenvalue distribution of GUE hold for GOE.

The universality of the eigenvalue distributions near the edge was already proved
in [17] under the assumption that the first two moments of the matrix entries match,
and in [27] under the additional assumption that the third moments vanish. Note that
Theorem 1.6 holds in a stronger sense than the result in [17]: it holds for probability
density functions, not just the distribution functions.

In the bulk, a result similar to Theorem 1.6 holds under the stronger assumption
that four, instead of two, moments of the matrix entries match.

Theorem 1.10 (Universality of bulk eigenvectors) Let HY and HY both satisfy
Assumptions (A)—(C) as well as the uniform subexponential decay condition (1.9).
Suppose that the level repulsion estimate (1.5) holds for the ensemble H". Suppose
moreover that the first four off-diagonal moments of HY and HY are the same, i.e.

7 n L
Evhijh;‘j = Ewhijh;‘j fori #j and 0<I[+4+u <4, (1.13)

and that the first two diagonal moments of HY and HY are the same, i.e.

EVil hY. = EYA.h for 0<I+u<2. (1.14)

i i’y

Let p > 0 be fixed. Then for any integer k and any choice of indices iy, ... i,
J1s ooy Jioaswellas pN < oy, ..., B1, ..., B < (1 — p)N, we have

Nlimoo [Ev - Ew]e (N()‘ﬁl = V)i NOg —vp)
Nitgy (i0)ttge; (j1)s - - Nitgy (i)t (i) = 0, (1.15)
where 0 is a smooth function that satisfies

10"6(x)| < C(1 + |x€ (1.16)
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for some arbitrary C and all n € N?* satisfying |n| < 5. The convergence is uniform
in all the parameters i, ji, a;, By satisfying the above conditions.

The universality restricted to the bulk eigenvalues only has been previously estab-
lished in several works. The following list provides a summary. Note that the small-
scale statistics of the eigenvalues may be studied using correlation functions, which
depend only on eigenvalue differences, or using joint distribution functions,asin (1.11)
and (1.15), which in addition contain information about the eigenvalue locations.

(i) In [17], bulk universality for generalized Wigner matrices was proved in the
sense that correlation functions of bulk eigenvalues, averaged over a spectral
window of size N¥, converge to those of the corresponding Gaussian ensemble.

(i) In [26] the statement (1.15) on distribution functions, restricted to eigenvalues
only, was proved for Hermitian and symmetric Wigner matrices for the case
where the first four moments match as in (1.13).

(iii) For the case of Hermitian Wigner matrices with a finite Gaussian component,
it was proved in [19] that the correlation functions converge to those of GUE.

(iv) In[18], the joint distribution function of the eigenvalues of GUE was computed.
This result was extended to cover GOE in [21].

Note that (ii) and (iii) together imply the universality of the joint distribution of
eigenvalues for Hermitian Wigner matrices, for which the first three moments match
those of GUE and the distribution is supported on at least three points. Moreover,
combining (ii) and (iv) allows one to compute the eigenvalue distribution of Hermi-
tian and symmetric Wigner matrices, provided the four first moments match those of
GUE/GOE.

Thus, Theorem 1.15 extends the results of [17] to distribution functions of individ-
ual eigenvalues as well as to eigenvectors.

Remark 1.11 A while after this paper was posted online, a result similar to Theorem
1.10 appeared in [28]. Its proof relies on a different method. The hypotheses of [28] are
similar to those of Theorem 1.10, with the two following exceptions. The result of [28]
is restricted to Wigner matrices instead of the generalized Wigner matrices defined
by Assumptions (A)—(C). Moreover, in [28] the derivatives of the observable 6 are
required to be uniformly bounded in x, where this uniform bound may grow slowly
with N. This latter restriction allows the authors of [28] to let k grow slowly with N.

While the results of [28] apply to eigenvectors near the spectral edge, the matching
of four moments (as in Theorem 1.10) is also required for this case. As shown in
Theorem 1.6, the universality of edge eigenvectors in fact only requires the first two
moments to match.

1.3 Outline of the proof

The main idea behind our proof is to express the eigenvector components using matrix
elements of the Green function G(z) = (H — z)~'. To this end, we use the identity

Z"/—”Nﬁ Oup() = (Gii(E +in) — Gij(E—im), (L17)
< (E a2 P oY Y Co
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where n > 0. Using a good control on the matrix elements of G(z), we may then
apply a Green function comparison argument (similar to the Lindeberg replacement
strategy) to complete the proof. For definiteness, let us consider a single eigenvalue
Ay located close to the spectral edge —2.

In a first step, we write Nuy (i)uy () as an integral of (1.17) over an appropriately
chosen (random) domain, up to a negligible error term. We choose n in (1.17) to be
much smaller than the typical eigenvalue separation, i.e. we set n = N~2/37¢ for
some small ¢ > 0. Note that the fraction on the left-hand side of (1.17) is an approxi-
mate delta function on the scale 1. Then the idea is to integrate (1.17) over the interval
(Ao — 91, Ao +¢C 1] for some large enough constant C. For technical reasons related
to the Green function comparison (the third step below), it turns out to be advantageous
to replace the above interval with 7 := [Aq_1 + @1, Ao + 9 1]. Using eigenvalue
repulsion, we infer that, with sufficiently high probability, the eigenvalues A, and
hay1 are located at a distance greater than ¢ 1 from A,. Therefore the E-integration
over Z of the right-hand side of (1.17) yields Nty (i )uy (j) up to anegligible error term.

In a second step, we replace the sharp indicator function 1(E € 7) with a smoothed
indicator function expressed in terms of the Green function G. This is necessary for
the Green function comparison argument, which requires all H-dependence to be
expressed using Green functions. To that end, we choose a scale 7] := N~2/37% « 5
and write

WE eT)~ q[Tr(l[ELVE,(pcn] % eﬁ)(H)] (1.18)

where the error is negligible. Here E; = —2—¢¢N~%/3, ¢ is a smooth function equal
to 1 in the 1/3-neighbourhood of & — 1 and vanishing outside the 2 /3-neighbourhood
of o — 1, and 6; is the approximate delta function defined in (2.16) below. Thanks to
the special form of the right-hand side of (2.16), we have 6,,(H) = # Im G (in). Hence
the argument on right-hand side of (1.18) may be expressed as an integral over Green
functions. Thus we have expressed Nity (i)uq (j) using matrix elements of G alone.
Note that the above choice of Z was made precisely so as to make the right-hand side
of (1.18) a simple function of G.

In a third step, we use a Green function comparison argument to compare the dis-
tributions of Nty (i)uy () under the two ensembles HY and HY. The basic strategy is
similar to [17], but requires a more involved analysis of the resolvent expansion. The
reason for this is that we need to exploit the smallness associated with off-diagonal
elements of G, which requires us to keep track of their number in the power counting.
This bookkeeping is complicated by the presence of the two fixed indices i and j.
Another important ingredient in the error estimates of the Green function comparison
argument is the restriction of the integration over E to a deterministic interval of size
@€ N~2/3 around —2. This can be done with negligible errors using the eigenvalue
rigidity proved in [17]; see Theorem 2.2.

The above proof may be easily generalized to multiple eigenvector components as
well as to eigenvalues; this allows us to consider observables of the form given in
(1.11). The necessary changes are given in Sect. 4.

The proof for bulk eigenvectors is similar, with two major differences. At the edge,
the convolution integral on the right-hand side of (1.18) was over a domain of size
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@€ N~2/3_If the same expression were used in the bulk, this size would be O (1) (since
E is separated from the spectral edge —2 by a distance of order O (1)), which is not
affordable in the error estimates. Instead, a more refined multiscale approach using the
Helffer—Sjostrand functional calculus is required in order to rewrite the sharp indicator
function on the left-hand side of (1.18) in terms of Green functions. The second major
difference for bulk eigenvectors is the power counting in the Green function compar-
ison argument, which is in fact easier than at the edge. The main reason for this is that
the smallness associated with off-diagonal elements of G is not available in the bulk.
Hence we need to assume that four instead of two moments match, and the intricate
bookkeeping of the number of off-diagonal resolvent elements is not required. Thus,
thanks to the very strong assumption of four-moment matching, the proof of Theorem
1.10 is considerably simpler than that of Theorem 1.6. See Sect. 5 for a more detailed
explanation as well the proof.

Conventions. We shall use the letters C and ¢ to denote generic positive constants,
which may depend on fixed quantities such as ¢ from (1.9), 64 from Assumption (B),
and C¢ from Assumption (C). We use C for large constants and ¢ for small constants.

2 Local semicircle law and rigidity of eigenvalues

In this preliminary section we collect the main tools we shall need for our proof. We
begin by introducing some notation and by recalling the basic results from [17] on the
local semicircle law and the rigidity of eigenvalues.

We define the Green function of H by

1
Gij(Z):(H_Z)”, Q2.1
ij

where we the spectral parameter x = E + in satisfies E € R and n > 0. The Stieltjes
transform of the empirical eigenvalue distribution of H is defined as

1 1 1 1 1
— G - T = — . 2.2
m(z) le @) = 5 T p— N;Aa_z 2.2)

Similarly, we define m.(z) as the Stieltjes transform of the local semicircle law:

e (M)dr
Mee(2) :=/%.

It is well known that m.(z) can also be characterized as the unique solution of

Mge(z) + ———— = 2.3
se(2) pr——— 2.3)
with positive imaginary part for all z with Im z > 0. Thus,
4 VEd
Mse(2) = ————, 24

2
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where the square root function is chosen with a branch cut in the segment [—2, 2] so
that asymptotically ~/z2 — 4 ~ z at infinity. This guarantees that the imaginary part
of my, is non-negative for n = Im z > 0 and in the limit n — 0.

In order to state the local semicircle law, we introduce the control parameters

Ag = mlaXIGu—mscI, Ay = m;lX|Gij|» Ai=|m—mg|, (2.5)
L7=J

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 the explicit mention of this dependence from the notation. The following two
results were proved in [17].

Theorem 2.1 (Strong local semicircle law) Let H = (h;;) be a Hermitian or symmet-
ric N x N random matrix satisfying Assumptions (A)—(C). Suppose that the distribu-
tions of the matrix elements h;; have a uniformly subexponential decay in the sense
of (1.9). Then there exist positive constants Ay > 1, C, ¢, and T < 1, such that the
following estimates hold for L as in Definition 1.1 and for N > Ny (v, Co, 6+) large
enough.

(1) The Stieltjes transform of the empirical eigenvalue distribution of H satisfies
4L
P U {A(Z) > M] < g clog M)t (2.6)

where
Sy = {Z —E+in:|E|<5 N 'logN)'F << 10}. @7

(ii) The individual matrix elements of the Green function satisfy

I loe N 4L . .
r( U lAd(Z)+Ao(z)>(logN)4LW+(O%V ) ] <e—clog Ny
z€SL n n

2.8)

(iii) The norm of H is bounded by 2 + N~2/3 (log N VL in the sense that

)rL

IP(||H|| > 2+ N~23(log N)9L) L e—clogN (2.9)

The local semicircle law implies that the eigenvalues are close to their classical
locations with high probability. Recall that A1 < A < .-+ < Ay are the ordered
eigenvalues of H. The classical location y, of the a-th eigenvalue was defined in (1.7).

Theorem 2.2 (Rigidity of eigenvalues) Under the assumptions of Theorem 2.1 there
exist positive constants Ag > 1, C, ¢, and Tt < 1, depending only on 9 in (1.9), 61 in
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Assumption (B), and Cy in Assumption (C), such that such that

IP’{EIa : |Aa — Yol > (log N)*[min(e, N — o + 1)]_1/3N‘2/3} Le—cllog )Tt
(2.10)

where L is given in Definition 1.1.

A simple consequence of Theorem 2.1 is that the eigenvectors of H are completely
delocalized.

Theorem 2.3 (Complete delocalization of eigenvectors) Under the assumptions of
Theorem 2.1 we have

(pC TL
IP’[EIa,i s ug ()] = W] L e—¢llogN) (2.11)

for some positive constants C and c.

Proof Using (2.8) and (2.9) we have, with probability greater than 1 — e~¢(1°gV )IL,

nlup@F  _ JuaP
(o =2p)>+0> ~

C>2ImG;i(Ay +1in) = Z
B

Choosing n = N ! (log N)?° yields the claim. O

2.1 Stability of the level repulsion condition

In this section we prove that level repulsion, in the sense of (1.4) (respectively (1.5)),
holds for the ensemble HY provided it holds for the ensemble HY and the first two
(respectively four) moments of the entries of HY and HY match.

Proposition 2.4 (Stability of level repulsion at the edge) Let HY and HY both satisfy
Assumptions (A)—(C) as well as the uniform subexponential decay condition (1.9).
Assume moreover that the first two moments of the entries of HY and HY are the
same, in the sense of (1.10). If the level repulsion estimate (1.4) holds for HY then it
holds for HY.

Proposition 2.5 (Stability of level repulsion in the bulk) Let HY and HY both satisfy
Assumptions (A)—(C) as well as the uniform subexponential decay condition (1.9).
Assume moreover that the first four moments of the entries of HY and HY are the
same, in the sense of (1.13) and (1.14). If the level repulsion estimate (1.5) holds for
HY then it holds for HY.

The proofs of Propositions 2.4 and 2.5 are very similar. For definiteness, we give
the details for the edge case (Proposition 2.4). The rest of this section is devoted to the
proof of Proposition 2.4. The main tool is the following Green function comparison
theorem, which was proved in [17], Theorem 6.3.
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Lemma 2.6 (Green function comparison theorem at the edge) Suppose that the
assumptions of Theorem 2.1 hold for both ensembles HY and HY. Let F : R — R be
a function whose derivatives satisfy

max|F® (x)|(1+ x)~ <€ for n=1,2,3,4, (2.12)
X

with some constant C1 > 0. Then there exists a constant &y > 0, depending only on
C1, such that for any ¢ < gq and for any real numbers E| and E satisfying

|Ey +2| S N72BFE By +2| < NT2/3F¢,

we have
E>
[EY —E“]F N/dylmm(y HINTHATE) [ < oNTHECE 213)
E;
and
‘[IEV — IEW]F(NnImm(E1 n iN’2/3+5))‘ < CN-V/6+Ce, (2.14)

for some constant C and large enough N, depending only on C1, ¥ in (1.9), 61 in
Assumption (B), and C in Assumption (C).

The basic idea behind the proof of Proposition 2.4 is to first cast the level repulsion

estimate into an estimate in terms of Green functions and then use the Green function
comparison theorem. Recalling L from Definition 1.1, we set

Ep = —2—2(log N)EN72/3. (2.15)
Forany E > E let
XE ‘= 1{E, . E]

be the characteristic function of the interval [E, E]. For any n > 0 we define the
approximate delta function 8, on the scale 1 through

(2.16)

The following result provides a tool for estimating the number operator using Green
functions. It is proved in [17], Lemma 6.1 and Corollary 6.2.
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Lemma 2.7 Suppose that the assumptions of Theorem 2.1 hold, and let Ao and t be
as in Theorem 2.1. For any ¢ > 0, set £1 := N72/373 and n := N72/37%_ Then
there exist constants C, ¢ such that, for any E satisfying

3
|E +2|N* < angN)L, (2.17)

we have
ITr 2 (H) — Tr x % 6,(H)| < C (N_ZE +N(E —¢,E +z])) (2.18)

with high probability.
Moreover, let £ .= %ZlNzg = %NﬁZ/S’s. Then under the above assumptions the
inequalities

Tr(xg—¢ * 0y)(H) — N™° < N(—00, E) < Tr(xg+e * 0y)(H) + N™° (2.19)

hold with high probability.

After these preparations we may complete the proof of Proposition 2.4.
Proof of Proposition 2.4 Assume that H" satisfies the level repulsion assumption (1.4)
with constant og. We shall show that H" satisfies also satisfies Definition (1.4) with
the same constant «. Fix « satisfying 0 < o < g, and let § > 0 be as chosen so that
(1.4) holds for the ensemble H".

Abbreviate Ex = E 4 N2/37% and set & := 2. By using (2.19) for E = E and
E = E_, and subtracting the resulting two inequalities, we get, with high probability,

N(E_,Ey)
Tr(lg_—eE.+0) *en)(H)+2N7€. (2.20)

Tr(A{E_4e,E,—) % 0p)(H) —2N~° <
<

Let F be a nonnegative increasing smooth function satisfying F(x) = 1 forx > 2
and F(x) = 0 for x < 3/2. Then, using (2.20) and Lemma 2.6, we have

EYFN(E—, E4)) S EVF(Tr(Lig_—¢, 4+ % 0y)(H) + 2N %)
SEYF(Tr(l{g_—e.£,+0) % 0y)(H)) + CN ¢ + CN~1/0FC¢
SEYFW(E— —20,E4 +20) + N™°) + CN~¢ + CN~1/6+C¢
<

N3 L CN~¢ 4 CN~1/6+C¢,

Since ¢ = 2a, we get that (1.4) holds for the ensemble HY with exponent §' =
min{d, o} > 0. O
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3 Proof of Theorem 1.6

To simplify presentation, in this section we prove Theorem 1.6 in the special case
60=206 (Nﬁa (Dug (j)), where o < ¢”. The proof of the general case is analogous; see
Sect. 4 for more details.

In a first step we convert the eigenvector problem into a problem involving the
Green function G;;. To that end, we define

~ 1 _ -

Gij(2) = (Gij (@) = Gij (@) = 1 2 Gix ()G ju (2, 3.1)
k

where the second equality follows easily by spectral decomposition, G;;(z) =

ug(@up(j)
2 ﬁkﬂ—_ﬁz. Note that

éij(E-f-in) = Z
B

E=rr e O

aswell as Im G;;(z) = éii (z). It is a triviality that all of the results from Sect. 2 hold
with z replaced with z.

The following lemma expresses the eigenvector components as an integral of the
Green function over an appropriate random interval.

Lemma 3.1 Under the assumptions of Theorem 1.6, for any ¢ > 0 there exist con-
stants C1, Co such that for n = N~2/3=¢ we have

lim max max } E"0 (Niig (i)ug ()
N—ooaLpl i,

N ~
—E"9 | — / Gij(E+iml(hg—1 < E7 < Ag)dE =0, (3.2)
T
I
where
EX¥ = E+¢Ciy, I:= [—2 N30 oy N’2/3¢C2] (3.3)
and we introduce the convention Ay := —o0. Here u stands for either v or w.

Proof Weshallfixi, janda < ¢”;itis easy to check that all constants in the following
are uniform in i, j, and o < ¢”. We write

Ug (D (j) = g/%dE (3.4)
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Using Theorem 2.3 it is easy to prove that for C large enough we have

b
o (g (j) = g/ —(E”i(;l”)“;(i)nsz 10 (

a

1
NeC1/2 )
holds with high probability for some ¢ > 0, as long as

a<i,, b=},

o

where we use the notation (3.3), i.e. )L(f = Ao &+ ©€11. We now choose

a:=minfA,, Al |}, b=t

By the assumption on 6 and using Theorem 2.3, we therefore find

Nn

b o )
E"0 (Nite (D )ua(j)) = E*0 | — / ta ({tta (])

y4 (E — )\oc)z + 772

a

Now we split
b Ay Ao
/dE dE + 1000, > 1) / dE
a

A e

to get

Ay
ﬂ g (g ()

"0 (Nitg (D)uta (/) = B (E—ral + 11

+
Aafl

+0(E" 1A} | > A2)) +o(1)

dE | +o(1).

(3.5)

(3.6)

3.7

(3.8)

for some constant Cy, where we used Theorem 2.3 and the assumption on 6. Now the
level repulsion estimate (1.6) implies that the second term of (3.8) is o(1). We now
observe that, by (2.10), we have A < =2+ N2 and 1} | > -2 - N3

with high probability. It therefore easy to see that

Nn g (Dug(j)

EY9(Nitg(Duq (j)) =B | — | ———5"—=1(ha—1 < E~ < Ao)dE

7 ) (E—=%a)?+0n?
1

+o(1).

(3.9)
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Next, we replace the integrand in (3.9) by 61‘ j(E +1in). By definition, we have

3 ipDup()  Ha(Dua()
S E=ap 40 (E=he) +n*

1~
;G,-j(E+in) — (3.10)

In order to be able to apply the mean value theorem to 6 with the decomposition (3.10),
we need an upper bound on

ZNn lig(Dupg(j)l _dE < pC0FCs 4 €0 z/ N _dE
2 (E—ap)4n2
(E—xp)*+1? Py (E ?»ﬂ) +n?
3.11)

where the inequality holds with high probability for any C3; here we used Theorem
2.3. Using yg = —2 + c(B/N)*3 as well as (2.10), we find with high probability for
large enough C3

dE < C0+C2N 2/3 < N7€/2.
¢ Z (ﬂ/N)4/3

B=¢C3

Co
Z (E — kﬁ)z +n?

B=9C3 T
(3.12)

Thus the left-hand side of (3.11) is bounded by €03 +1,
Let us abbreviate x (E) := 1(Aq—1 < E~ < XAy). Now, recalling the assumption
on 0, we may apply the mean value theorem as well as Theorem 2.3 to get

u Nn Ug (g (j) u N ~ .
E | — m x(E)dE | —E"0 ;/Gij(E+1n)x(E)dE
1 1
Nn lip(@Dug(j)l
Z —(E eI X (E)dE (3.13)

for some constant C < C(Cp + C3 + 1) independent of C;. We now estimate the
right-hand side of (3.13). Exactly as in (3.12), one finds that there exists C4 such that
the contribution of B > ¢ to the right-hand side of (3.13) vanishes in the limit
N — oo. Next, we deal with the eigenvalues f§ < o (in the case « > 1). Using
Theorem 2.3 we get

00
N

Z 77 u/ |uﬂ(l)u€(])|2 (E)dngc]E“/ Ui . 2dE<(p_C_C,
~ (E=3p)+n (E = kg 0?4

AT

a—1

where ¢ > 0 for C large enough.
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What remains is the estimate of the terms « < 8 < ¢ in (3.13). For a given
constant C5 > 0 we partition I = I{ U I, with I1 N I, = {J and

I = {Ee] : 3ﬁ,a<ﬂ<¢c4,|E—,\,3|<mpCS}. (3.14)

It is easy to see that, for large enough Cs5, we have

N o )
> / %x(mwef‘”
Bra<p<Lpt4 d A ; 1

where ¢ > 0. Let us therefore consider the integral over /. One readily finds, for
Ao < Aol < Ag, that

2C 2Cy

1 _ @ @
—— —1(E” < Ay) < < .
(E—1p)? + n? (F St S (g —2)2+ 102 7 Qg1 — Ao)? + 12

(3.15)

From Theorem 2.3 we therefore find that there exists a constant C¢, depending on C1,
such that

2

N o
> e Foaiir I'E”ﬂ (;)“)ﬁ(i” s X(E)E < gCR" "X et
5B <o T ; B n a+1 o n

(3.16)

The right-hand side of (3.16) is bounded by E"1(|Aqs1 — Ae| < N71/351/2) 4
O(N~%). Using (1.6) we now obtain

N (i) ug(j .
z _nE“ MMX(EME <@ ¢ (3.17)
. (E—2g)*+n
Bra<p<ot4 I

where ¢ > 0. This concludes the proof. O

In a second step we convert the cutoff function in lemma 3.1 into a function of G ij.

Lemma 3.2 Recall the definition (2.16) of the approximate delta function 6, on the
scale n. Let ¢ < ¢” and q = q4 : R — Ry be a smooth cutoff function concentrated
around o — 1, satisfying

gy =1 if x—a+11<1/3, qx)=0 if [x—a+1]>2/3.
Let

x =1z, g, Ep:=-2-2N"?3logN)* (3.18)
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where
n = N-2/3—¢ 7= N—2/3—6¢

for e > 0. Then for & small enough we have (recall the Definition (3.3))

lim max max { E"0(Niiq (i)ue()))

N—ooaLel i,j

u N ~ :
—E% | — [ Gy(E+ ing[Tr(x *65)(H)]|dE | t = 0.
I
Here u stands for either v or w.

Proof Note first that

N ~
;/Gij(E +inlhg—1 < E7 < Ag)dE
1
N [~ . _
= ;/Gij(E +17])1(N(—OO, E7)=a— 1)dE
1

N [~ .
= Gi;(E +inq[Tr x (H)|dE
1
with high probability.
Next, recall that (2.18) asserts that for £ = N~2/372¢ we have
ITr x (H) = Tr(x % 0;)(H)| < C(N™* + N(E~ — £, E~ +0))
with high probability for sufficiently large N. We therefore find that

N [~ .
—/Gij(E+m)1(AH < ET < h)dE
T

1

N [~ ,
—;/G[j(E+177)q[Tr(X * 05)(H)|dE
1

N
S CNZ/|5U(E +in|LIE™ — Agl < OAE + " N~*
/3=1[

(pC
S CNZ/|5ij(E+in)|1(|E‘ — gl S OAE + ¢ N~*
B=17

< CoCNesup|Gij(E +in)| + ¢ N~¢
Eel

@ Springer

(3.19)

(3.20)

(3.21)



Eigenvector distribution of Wigner matrices 561

holds with high probability, where in the first inequality we estimated the integral
f1|Gij(E + in)|dE exactly as (3.11), and in the second inequality we used (2.10).
Using the definition of / and (2.8) we get

suplé,‘j(E +in)| < goC(N_l/3 + N_2/377_1/2 + N_ln_l) < N~1/3+e,
Eel

Together with (3.2), the claim follows. O

In a third and final step, we use the Green function comparison method to show the
following statement.

Lemma 3.3 Under the assumptions of Lemma 3.2, we have
. v w N [~ .
lim max (EY —EY)6 | — / Gij(E +ingq|Tr(x = 0;)(H)]dE | = 0.
b4

N—oo i,j
1

The rest of this section is devoted to the proof of Lemma 3.3.

3.1 Green function comparison: proof of Lemma 3.3

The claimed uniformity in i and j is easy to check in our proof, and we shall not
mention it anymore. Throughout the following we rename i = o and j = B in order
to use i and j as summation indices. We now fix « and § for the whole proof. (Note
that @ and 8 need not be different.)

We use the identity (see (3.1))

Gij() =(m2) D Xijx(),  Xijx(@) = Gin()G i (2). (3.22)
k

We begin by dropping the diagonal terms in (3.22).

Lemma 3.4 For small enough ¢ > 0 we have

N [~
E"0 ;/Gaﬂ(E+in)q[Tr(x *0;)(H)|dE | —E"9 /x(E)q(y(E))dE —o(1).

I I
(3.23)
where u stands for either v or w, and
£
Nn . . L
X(E) = — > Xopr(E+in),  y(E):i=1 / 2 Xiik(E +iidE.
k#a, EL i#k
(3.24)
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Proof We estimate
N ~ ) -
—Gap(E +in) — x(E)| < CNy < pC N3¢

with high probability and, recalling that ¢’ is bounded,
|a[Tr(x # 65) (D] = y(E)| < 9C NN < N30

with high probability. Therefore the difference of the arguments of 6 in (3.23) is
bounded by ¢¢ N~1/3=¢ with high probability. (Recall that || < ¢¢N~2/3.) More-
over, since ¢ is bounded, it is easy to see that both arguments of 8 in (3.23) are bounded
with high probability by

9“NyN—*/3 (1 + N sup AG(E + in)) < ON°,
Eel

where we used Theorem 2.1. The claim now follows from the mean value theorem
and the assumption on 6. O

For the following we work on the product probability space of the ensembles HY
and HY. To distinguish them we denote the elements of HY by N!/2v; ; and the ele-
ments of HY by N~1/2uw; . We fix a bijective ordering map ® on the index set of the
independent matrix elements,

- . . N(N +1)
D {(E,)):1<i<j<N}={l,..., Ymax}), Vmax::T,

and denote by H,, the generalized Wigner matrix whose matrix elements 4;; follow the
v-distribution if ® (i, j) < y and the w-distribution otherwise. In particular, Hy = H"
and H,, = H".Hence

¥Ymax

[EY — EV]o / X(E)q(y(E))dE
1
Ymax
= [E“’r—l) _ E“’ﬂ]e /x(E)q(y(E))dE (3.25)
y=1

1

(in self-explanatory notation).

Let us now fix a y and let (a, b) be determined by @ (a, b) = y. Throughout the
following we consider «, 8, a, b to be arbitrary but fixed and often omit dependence
on them from the notation. Our strategy is to compare H,, 1 with H,, for each y.In
the end we shall sum up the differences in the telescopic sum (3.25).
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Note that H,,_ and H,, differ only in the matrix elements indexed by (a, b) and
(b, a). Let EY"/) denote the matrix whose matrix elements are zero everywhere except

at position (i, j) where it is 1; in other words, E ,Ele’ ) — 8ik8j¢. Thus we have

1
Hyoi=0+—=V, V:i=vpE + v, E®,

VN

1
Hy =0+ —W, Wi=wipE® 4wy, E®D, (3.26)

VN

Here Q is the matrix obtained from H, (or, equivalently, from H,_1) by setting
the matrix elements indexed by (a, b) and (b, a) to zero. Next, we define the Green
functions

1 1
R:= ., S=— (3.27)
00—z H,_1—z

We shall show that the difference between the expectation E(#»-1) and E(©) depends
only on the second moments of v, up to an error term that is affordable even after
summation over y. Together with same argument applied to E(¥), and the fact that
the second moments of v, and wy,y, are identical, this will prove Lemma 3.3.

For the estimates we need the following basic result, proved in [17] (Eq. 6.32).

—2/3-8

Lemma 3.5 Foranyn := N we have with high probability

sup  max|Ryj(E +in') — 8jmsc(E +1in")| < Ag := N7+,
ESN-2/3+ LJ

The same estimates hold for S instead of R.

Our comparison is based on the resolvent expansion
S=R-N"'"?RVR+N'RV))R-N2(RV)’R+ N"2(RV)*S. (3.28)
Using Lemma 3.5 we easily get with high probability, for i # j,

|Sij — Rijl < @S NTVZAZT where r := 1(i € {a, b}) +1(j € {a, b}).

(3.29)
Defining
AXij i = SikSjk — RikRjx, (3.30)
we therefore have the trivial bound with high probability
|AXiju| S@ENTVEATT k£, 3.31)
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where we abbreviated

5= max{l(i € {a, b)) + 1k € {a, b)), 1(j € {a, b}) + 1(k € {a, b})}
= 1({i, j} N {a. b} # 0) + 1(k € {a. b}). (3.32)

The variable s counts the maximum number of diagonal resolvent matrix elements in
AX;j k. The bookkeeping of s will play a crucial role in our proof, since the small-
ness associated with off-diagonal elements (see Lemma 3.5) is needed to control the
resolvent expansion (3.28) under the two-moment matching assumption.

From now on it is convenient to modify slightly our notation, and to write EF (H,)
instead of EY) F(H). We also use [, to denote partial expectation obtained by
integrating out the variables v, and wgp.

By applying (3.28) to (3.30) and taking the partial expectation [E,;, one finds, as
above, that there exists a random variable A1, which depends on the randomness only
through Q and the first two moments of v, such that for k # i, j and s as in(3.32)
we have with high probability

EupAXijx — Ar| < gENTI/2AS, (3.33)
Using this bound we may estimate
Ax(E) :=x5(E) —xR(E),  Ay(E) = yS(E) — yR(E), (3.34)

with the convention that a superscript S denotes a quantity defined in terms of the
matrix H,_1, and a superscript R a quantity defined in terms of the matrix Q.

Lemma 3.6 For fixed «, 8, a, b there exists a random variable A, which depends on
the randomness only through Q and the first two moments of v,p, such that

E6 /xS(E)q(yS(E))dE —E6 /xR(E)q(yR(E))dE
1 1
= A+o(N72H 4 N~21@=D)) (3.35)
where t := |{a, b} N {a, B}I.
Before proving Lemma 3.6, we show how it implies Lemma 3.3.

Proof of Lemma 3.3 1t suffices to prove that each summand in (3.25) is bounded by
o(N72% 4 N~2H1@=b)) This follows immediately by applying Lemma 3.6 to S =

(Hy,—1 — z)"land §' == (H, — z)~! and subtracting the statements; note that the
random variables A in the statement of Lemma 3.6 are by definition the same for S
and §'. ]

Proof of Lemma 3.6 Throughout the proof of Lemma 3.6 we shall abbreviate H =
Hy,_i = (hjj),as wellas S = S(z) = (H —2)~ L.
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Since E € [ (recall (3.3)) we get from Theorem 2.1 that with high probability

NCS
Ix(E)| < 9 N*nA? < o (3.36)

which implies

/|x(E)|dE < N€. (3.37)
1

Here we adopt the convention that if x or y appears without a superscript, the claim
holds for both superscripts R and S. Similarly, we find with high probability

IV(E)| < ipE NP N2AZ, < N€°. (3.38)

Next, in the definition of x(E) and y(E) we condition on the variable s defined in
(3.32) by introducing, fors = 0, 1, 2,

N
Xy (E) i= 7'7 > Xapa(E +in)1(s =1({o, B} N {a, b} # 0) + 1(k € {a, b})),
ko,
.
Vs(E) = ﬁ/ > Xk (B +iDdE1(s = 1G € {a, b)) + 1(k € {a, b)),

B, i#k

As above, s is a bookkeeping index that bounds the number of diagonal resolvent
matrix elements appearing in the resolvent expansion.

We abbreviate Ax;(E) := x5 (E) —xR(E) and Ay, (E) = y3(E)— yR(E). Recall-
ing the definition t = |{a, b} N {«, B}|, we find with high probability

s—2

_ s - n
|Axg(E)| < g€ NN~ NI6C=10=00 N3/2—i—Ce’

(3.39)

where we used Theorem 2.1 and the elementary inequality s +1 (s =1(t > 0)) <t+1
which holds if x;(E) # 0. Thus we get with high probability

s—1

/leS(E)|dE < W — N/6 N2s/3+1+Ce (3.40)
1

Now we may argue similarly to (3.33). We find that, for any E-dependent random
variable f = f(F) independent of &, there exists a random variable A, which
depends on the randomness only through Q, f, and the first two moments of /.5, such
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that with high probability

/ (Eap Axs(E)) f(EYAE — Az| 1(Q2) < | fUR) || ooN /O N—2/3H1+Ce
1

(3.41)

where €2 is any event. Note that, as in (3.33), we find that (3.41) is suppressed by a
factor N~! compared to (3.31). This may be easily understood, as the leading order
error term in the resolvent expansion of (3.31) is of order 1 in H, whereas the leading
order error term in (3.41) is of order 3 in H. These error terms have the same number
of off-diagonal elements (estimated using Lemma 3.5), and the same entropy factor
of the summation indices.

We may derive similar bounds for y; (E). Asin (3.31), we have with high probability

|Ays(E)| < @SN T2PAN>INTIZAGS < NTIONTBPHCE - (3.42)

Furthermore, we find that there exists an E-dependent random variable A3(E), which
depends on the randomness only through Q and the first two moments of /., such
that with high probability

EE{?}’*I)A)}Y(E) _ A3(E)‘ < N—ll/ﬁN—25/3+C8. (343)

After these preparations, we may now estimate the error resulting from setting 4,
to zero in the expression E6 [ f 1 X(E)q(y(E))dAE ] Recalling the conditioning over
s =0,1,2, we find

0 / x5q(yS)dE

1

=0 /(xR + Axo + Ax; + sz) q(yR + Ayo + Ay + Ayz)dE ;
1

here and in the following we omit the argument E unless it is needed. Using (3.42)
we have with high probability

6 / (xR + Axo + Axy + sz) Q(yR + Ayo + Ay + Ayz)dE
1

= /(xR + Axg + Ax + sz) (q(yR) +4' O®) (Ayo + Ay)
1

+ 4" () (A30)?) dE | +o(N 7).
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The use of the mean value theorem for ¢ small enough is easy to justify using the
assumption on # and the bounds (3.37) and (3.38). In the following we shall no longer
mention such estimates of the argument of derivatives of 6, which can always be easily
checked in a similar fashion.

Recall that an error of order o(N 2+ ) is affordable in the error estimate. Thus,
using the basic power counting given by (3.37), (3.38), (3.40), and (3.42), we find
with high probability

o / ¥SqO$)dE | — / wRq(R)E | = ¢ / g (yR)E

I I 1

x / ((Axo + Ax1) g% + x%q' ) (Ayo + Ay1)
1

+Ax0g' (F) Ayo + 8¢ () (Ay0)?)dE

2

1 -
+56" / xR q(y*)dE / (8x0gF)+x"q' 0P AYO)AE | +o(N =2,
I I

(3.44)

We now start dealing with the individual terms on the right-hand side of (3.44).

First, we consider the terms containing Ax; and Ay;. Applying (3.41) and (3.43)
we find that there exists a random variable A4, which depends on the randomness only
through Q and the first two moments of 4., such that

Eap / (Ax1gGR) +xRg M)A ) dE = Ay =oN ) (3.45)
1

with high probability. Inserting this into (3.44), we find with high probability

Eap / ¥Sg(HE | = Eupt / g (yR)dE

1 1
— g’ / Rg(yRE | x / (Ax0a ()
1 1

+2Rq/ () Ao + Axog' ) Ao + xR g" (0 F) (Ay0)?)dE
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2

1
+5Eay” / xfq(y*)dE / (Ax0g (™) + xq'vF) Avo )dE
1 1
+A4+o(N . (3.46)

Thus we only need to focus on the error terms Axg and Ayg. Note that we have

N
Axo(E) =10 =0)—1 3" AXupi(E +in) (3.47)
T
k#a,B,a,b
.
Ayo(E) = i / dE S 1.k ¢ (a, bYAXu(E +id).  (348)
By ik

Recall that the (i, j)-component of the resolvent expansion (3.28) reads
Sij= (R—N‘l/zRVR+N_1(RV)2R—N‘3/2(RV)3R+N_2(RV)4S) . (3.49)
ij

Now we assume thati # j and |{i, j} N {a, b}| = 0. Itis easy to see that this assump-
tion holds for any matrix element in the formulas (3.47) and (3.48). Then we can use
Lemma 3.5 to estimate the m-th term as follows:

)N—m/z[(Rv)mR]U’ g N_m/2+C8N_2/3, ‘N—Z[(Rv)4s]”‘ < N_8/3+C8,
(3.50)

with high probability.

Next, we apply the resolvent expansion to X;; x. Note that in our applications errors
of size O(N -8/ 3"') are affordable in AX;; ; for some ¢ > 0 independent of ¢ (see
(3.23) and (3.24)). Now let us assume that the indices i, j, a, b, k satisfy the condition

(%) {i,jyN{a,by=0Vandk #1i, j,a,b.
In the applications we shall seti = o and j = f1in (3.47),and i = j in (3.48). In both
cases, it is easy to check that the condition () is satisfied for nonvanishing summands.

We can therefore separate AX;; x into three parts, indexed according to how many
V-matrix elements they contain,

+AX? + AXD + o(NT3TCE) (3.51)

— (1
AXijk = AX; ij.k ij.k

ij.k

with high probability; here we defined

AX{D = —NT'2Ry(RVR) j + [Cl1, (3.52)
AXS,),( = N"'Rig(RVRVR) jy + N"'(RVR)#(RVR) j; + [Cl1, (3.53)
AX() = =N Ry (RVRVRVR) ;; — N~/*(RVR)i«(RVRVR) j + [Cl.

(3.54)
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where [C];,] = 1, 2, means the complex conjugate of the first / terms on the right-
hand side with i and j exchanged. Furthermore, it easy to see that the second term
on the right-hand side of (3.54) is of order O (N~'7/6+C¢) Thus we find with high
probability

— AXY, = N2Ry(RVRVRVR) j; + N"Y*(RVRVRV R R ji

ij,k —
+0(N—17/6+C8)
=Y + O(N~17/6+Cey, (3.55)

where Y is a finite sum of terms of the form

N7 Rix (R ja Vab Rob Voa Raa Vab Rok) (3.56)

and terms obtained from (3.56) by (i) taking the complex conjugate and exchanging i
and j, and (ii) exchanging a and b. Using Lemma 3.5 we find that (3.56) is equal to

N2 Ry (Rja Vab Rob Vba Raa Vab Rpk) = N_S/zm_?cRik R;aVabVba Vab Rok

with high probability. The splitting (3.51) induces a splitting
Axo = Ax" + Ax{? + AxSY + O(NTIBHCe) (3.57)
with high probability in self-explanatory notation. It is easy to see that

|Ax(()l)| < N—1/6+Csy |Ax62)| < N—4/6+Cs’ |Ax(()3)| < NT/6+Ce
(3.58)

From (3.47) and (3.56), we find that Ax(()3) is a finite sum of terms of the form

Ui _
1e=0) >, — 75 RakRpaVap VoaVan Rk + ONTHCH) - (3.59)

with high probability, where the other terms are obtained from (3.59) as described
after (3.56).
Similarly, we find

Ayo = Ay + Ayg? + AySY + O(NTTEC) (3.60)
and
|Ay(()1)| < N75/6+C8’ |Ay(()2)| < N78/6+C€’ |Ay(()3)| < N71]/6+C6‘.
(3.61)
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Now we insert these bounds into (3.46). Recall that the upper index [ in Ax(()l) and

Ay(()l) counts the number of V-matrix elements. Thus we find, recalling (3.46) and the

power counting estimates (3.58) and (3.61), that there is arandom variable As, depend-
ing on the randomness only through Q and the two first moments of %, such that

E.»0 /xsq(ys)dE — Equ0 /XRQ()’R)dE
T T

= 5| [fa0"ar || [ (axPa0") + g 0" o aE
1 1
+A4 4 As 4+ o(N72H), (3.62)

with high probability. Moreover, by the same power counting estimates we find that
the second line of (3.62) is bounded by o(N ~!). We use this rough bound in the case
a = b, and get

Eop / ¥SgOSE | = Eapd / ¥Rq(yF)E
I 1

= 1(a # b)Eqst’ / g (R)dE / (856790 +xRq' ) Ay dE
1 1
+A4+ As +o(NT)  o(NTHHIE) (3.63)

with high probability.
Hence Lemma 3.6 is proved if we can show that, for a # b, we have

Eo’ /qu(yR)dE /(Ax(()3)q(yR)+qu/(yR)Ay(()3))dE = o(N72)

1 1
(3.64)
with high probability. This is proved below. O
Proof of (3.64) We shall prove, for a # b, that
Eo’ /qu(yR)dE / AxS gV AE | = o(N72). (3.65)

I I

@ Springer



Eigenvector distribution of Wigner matrices 571

The other term on the left-hand side of (3.64) is estimated similarly. Let us abbreviate

BR .= ¢’ /qu(yR)dE . (3.66)
1

From (3.36) and the assumption on 0, we find that | B¥| < N¢# with high probability.
We shall estimate the contribution to (3.65) of one term of the form (3.59). Recalling
that Eqp|Vas|® = O(1) and mse. = O(1), we find the bound

N*‘/6+C€k£%xab ]EBR/RakR,gaRbkq(yR)dE +o(N7?)
1

< N7/0HCe max sup
k#a,B,a,b ey

EBR® Ry Rpa Rokg(Y®) |+ 0o(N72).  (3.67)

The proof of (3.64) is therefore complete if we can show that, assuming the sets
{a, B}, {a}, {b}, {k} are disjoint, we have

ERuk(Rpa Rok) BRg(y®)| < N~4/3FC¢, (3.68)

In order to prove (3.68), we first use a simple resolvent expansion to show that with
high probability

Rak (Rga Rok) BRG(YR) — S (SpaSeo) BSq(y5)| < N=43TC¢ . (3.69)

where B is defined analogously to (3.66) with R replaced by S. Therefore it suffices
to prove

ESak (SpaSpi) BSq(y5)| < N=4/3FC¢, (3.70)

In order to complete the proof, we introduce some notation. Recall that H = H,,
and S = (H — z)~!. We define H@ as the matrix obtained from H by setting
its a-th column and a-th row to be zero. For any function F = F(H) we define
F@ .= F(H@). We now remove the a-th row and column from H in (3.70), which
we can do with a negligible error. The key identity is the following resolvent identity,
proved in Lemma 4.2 of [15]: For k # i, j we have

Sit Sk

k
Sij = Sl-(j) + St

(3.71)
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Using (3.71), one readily sees that

Suk SpaSo0) BSq(55) — 59 55,80 / DG ((yHD)E' | ¢((r5)@)
< N74/3+Ce, (3.72)

Moreover, we have

S(G)Sﬁasbk)e/ /(xS)(a)q((yS)(a))dE/ ((yS)(a))

(a)

= | SurSpit’ / SqOHAE | ¢ | Spa (3.73)
1

Next, we claim that the conditional expectation — with respect to the variables in
the a-th column of H — of Sg, is much smaller than its typical size. To that end, we
use the identities, valid fori # j,

Sij==Si > huSy.  Sij=-8;; > S hij. (3.74)
ki k#j

proved in [8], Lemma 6.10. Now using (3.74) we find

—Spa = SaaSg)hja = D mseSE hja + Saa—mse) D Sk hja.  (3.75)
j#a J#a Jj#a

The conditional expectation with respect to the variables in the a-th column of H
applied to the first term on the right-hand side of (3.75) vanishes; hence its contribu-
tion to the expectation of (3.73) also vanishes. In order to estimate the second term on
the right-hand side of (3.73), we note that with high probability

[Saa — mse| < N71/3+C£,

by Lemma 3.5. Moreover, using the large deviation bound (3.9) in [17], we get with
high probability

2

zs(a)hla < N~ 1/2+¢ ZlS(a) |l/2 < N~ 1/2+8|S(a)| + NE max |S(a)|
j#a j#a
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where in the last step we used (3.71) and Lemma 3.5. Putting everything together,
we find that the expectation of (3.73) is bounded in absolute value by N~4/3+C¢ By
(3.72), this completes the proof of (3.70), and hence of (3.64).

4 Extension to eigenvalues and several arguments

In this section we describe how the arguments of Sect. 3 extend to general functions
6 asin (1.11).
Consider first the case of a single eigenvalue, Ag, in which case the claim reads

lim [B* — E"Jo (N30 — 7)) =0, @.1)

N—o00

uniformly in 8 < ¢”. Denote by o and o% the laws of A4 in the ensembles HY and
HY respectively. Using Theorem 2.2 we find

E*0(N?(hg — yp)) = / O(N*3(E — yp))o"dE) + 0(e™?),  (4.2)
1

where u stands for either v or w, and / was defined in (3.3). Now integration by parts
yields

[EY — EY]o(N?3 (g — vp))
=—[E" - E"] / N2Be'(N*3(E — yp))10.p < EYE + 0(e™), (4.3)

I

where the boundary terms are of order O (e~#") by Theorem 2.2. Next, we choose a
smooth nondecreasing function r4 that vanishes on the interval (—oo, 8 —2/3] and is
equal to 1 on the interval [ — 1/3, 00). Recalling the definition (2.15), we get from
4.3)

EY —EY0(N*3 (g — vp))

= —E' —EY / N2/3¢' (N*3(E — yg))rg(N(EL, E))dE + O(e™*")
1

= _[]EV _ EW]/N2/30/(N2/3(E _ yﬂ))
I
xrg (Tr(l, k) % 05) (H))AE + O(pCN~%),

where in the second step we used the assumption on 6, that rl’3 is bounded, and Lemma
2.7 with 7j := N~2/37%¢_More precisely, we apply Lemma 2.7 to estimate, with high
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probability,

goCN2/3/dE |Te(Ai£,, g1 * 05)(H) — N(EL, E)|
I
< wCN2/3/dE(N_8 +N(E _ N3¢ g4 N—2/3—a))
I

c
4
< @ONT + N Z/dEl(lE — el S N7
a=17

<@ONF, (4.4)

where the first step follows from (2.18) and the second from Theorem 2.2.
Integrating by parts again, we find with high probability

E'—EY0(N?3 (5 —yp)=E' — EV /9(N2/3(E—yﬁ))rl’3 (Tr(Lig, £ * 07) (H))
1
xNImm(E +ii)dE + O(p“N~*).

Now we may apply the Green function comparison method from Sect. 3.1. In fact, in
this case the analysis is easier as we have no fixed indices i and j to keep track of.

The general case, 6 as in (1.11), is treated similarly. Repeating successively the
above procedure for each argument Ag,, ..., Ag,, we find that there is a constant Cy,
depending on k, such that

[ =E"]6 (NP Gy = vp0)s oo N2 Oupy = v): Ny ()it G0 -+ N )it (o))

— (8"~ ] [ 4By dB0 (VB — o). NP = i)
Ik
k

X H |:r;;] (Tr(l[EL,E[] * 9;,)(H))N Imm(E; + iﬁ)] + 0(¢Ck N*S)’ “4.5)
=1

where we introduced the shorthand

N ~~ ~
b= / dEGi,j(E +in)qe[Tr 15, -y *605(H)],
1
and set ) := N~%/37%; g, is the function from Lemma 3.2. Here at each step we used
the assumption on 6, that V,/s is bounded, and the estimate

/dENImm(E +iif) < N(—o0, E + N72/37¢/10) 4 y=¢/10
1
< Nnge(=2+ 9 N723) +1 < ¢, (4.6)
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where in the first step we used (2.19), in the second Theorem 2.2, and in the third the
definition (1.7) of ng,.

The randomness on the right-hand side of (4.5) is expressed entirely in terms of
Green functions; hence (4.5) is amenable to the Green function comparison method
from Sect. 3.1. The complications are merely notational, as we now have 2k fixed
indices i1, ji, ..., ir, jr instead of just the two i, j.

5 Eigenvectors in the bulk: proof of Theorem 1.10

In this section we prove Theorem 1.10. In the bulk the eigenvalue spacing is of order
N~ as opposed to N ~%/3 at the edge. Thus, we shall have to take spectral windows of
size n = N~17¢. To that end, we begin by extending the strong local semicircle law
from Theorem 2.1 to arbitrarily small values of > 0. Recall the notation z = E + 1.

Lemma 5.1 Forany |E| < 5and 0 < n < 10, we have with high probability

Immg.(z) 1
C
max 1Gij(2) — 8ijmsc(2)] < @ ( N—n + N—n) 5.1

for large enough N.

Proof By Theorem 2.1, we only need to consider n < y := ¢€1 N~! forsome C; > 0.
We use the trivial bound

Im G (E +1in) < le Gii(E +1iy) for n <y,
n

as well as

|Gij(E + in)| < ClogleflxIm G (E +in),
which follows by a simple dyadic decomposition; see [15], Eq. (4.9). Thus we get

c
‘Gij(E+in)| gClogNXml?xImGkk(E—{—iy)é(pC < ;C—
n n

= <

This completes the proof. O

The strategy behind the proof of Theorem 1.10 is very similar to that of Theorem
1.6, given in Sect. 3. In a first step, we express the eigenvector components using
integrals involving resolvent matrix elements G;;; in a second step, we replace the
sharp indicator functions in the integrand by smoothed out functions which depend
only on the resolvent; in a third step, we use the Green function comparison method
to complete the proof.

For ease of presentation, we shall give the proof for the case 8 = 6 (Nuy (I)ug(7));
we show that

lim [EY —EY]6(Nita(i)ua(j)) =0, (5.2)

N—00
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where pN < o < (1—p)N. Asoutlinedin Sect. 4, the extension to general functions 9,

as givenin (1.15), s an easy extension which we sketch briefly at the end of this section.
We now spell out the three steps mentioned above.

Step 1. The analogue of Lemma 3.1 in the bulk is the following result whose proof

uses (1.5) and Lemma 2.5, and is very similar to the proof of Lemma 3.1 (in fact

somewhat easier). We omit further details.

Lemma 5.2 Under the assumption of Theorem 1.10, for any ¢ > 0 there exist con-
stants C1, Co such that for n = N~17¢ ywe have

lim max max § B0 (Niiy (i) ug(j))
N—oo pN<a<(l1—-p)N i,j

N ~
— EY ;/G,-J-(E +il(ha_t S E- <A)dE |V =0,  (53)

Iy

where
EXi= B L= 1= N7 @n® 7+ N o)) 54)

and we introduce the convention Ay = —o0. Here u stands for either v or w.

Step 2. We choose 7 = N ~!~¢ for some small enough & > 0 and express the indicator
function in

N [~
E"9 ;/G,-j(E +iN1get < E- < Ao)dE (5.5)
1

using Green functions (as before, we write I, = I). Using Theorem 2.2, we know that

(5.5 =E" %/éij(E +ipI(N(EL, ET)=a — l)dE +o(1), (5.6)
I

where E; 1= —2 — g€ N~2/3.

As explained in Sect. 1.3, the approach in Step 2 has to be modified slightly from
the one employed in Sect. 3. The reason is that the size of the interval [Er, E™] is no
longer small, but of order one.

Forany Ey, E> € [-3, 3]and ny > Owedefine f(A) = fE, E,, 5, (1) tobe the char-
acteristic function of [E, E3] smoothed on scale ng;ie. f = 1on[E, Ez], f =0
on R\ [Ey — ng. E2 + nal and | '] < Cny' [f7] < Cyj°. Letg = qo : R —> Ry
be a smooth cutoff function concentrated around « — 1, satisfying

g)=1 if x—a+1/<1/3, qx)=0 if |x —a+1]>2/3.
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Now we choose 1y = N~1=4¢ for some fixed d > 2. Then, using Lemma 5.1 and
an argument similar to the proof of Lemma 3.2, we find that

N -
(5.6) = E"0 ;/Gij(E—i—in)q (Tr fg, -y (HD)dE | +0(1). (5.7
1

To simplify notation, we follow the conventions of Sect. 3 in writing I = Iy, ¢ = qq4
and fg = fg, g n, and seta =i and B = j. In this notation, we need to estimate

N -
[EY —EY]o ;/Gaﬁ(E—i—in)q (Tr fg(H))dE | . (5.9)
1

Now we express fr(H) in terms of Green functions using Helffer—Sjostrand func-
tional calculus. Let x (y) be a smooth cutoff function with support in [—1, 1], with
x (y) = lfor|y| < 1/2 and with bounded derivatives. Then we have (see e.g. Equation
(B.12) of [13])

iofg(e)x(o) +ife(e)x'(0) — af,g(e)x/(a)de

1
fEQ) = E/ — do. (5.9
RZ

Thus we get

N
Tr fp(H) = o / (i /£ @x (@) +ife@x @) = o fz (@1 (@) )mle +i0)dedo

RZ

N . / / / .
o / (if£@x'©@) = ofp(©)x'@))m(e +io)dedo

R?
iN

+— / dox(a)/de fr(e)om(e +io)

2

lo|>74

7
iv , ,
+E do [ de fp(e)om(e +io), (5.10)
—1d

where we introduced the parameter 74 := N ~'~@+D¢ We shall treat the last term of
(5.10) as an error term. From (5.1) we find with high probability

(pC
om(e +io) < —.
( ) N
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Therefore the third term of (5.10) is bounded, with high probability, by
Ny ld
il / do/de fr(e)om(e+io)| < (pcﬁdngl =°N~®, (5.11)
b4
—7ld

where in the first step we used that f |fg(e) |de = 0(17;1).
Step 3 We estimate (5.8) using a Green function comparison argument, similarly to
Sect. 3.1. As in Sect. 3.1, we use the notation

N o
*(E)= =1 3" Gak(E +im Gy (E + 1. (5.12)
k#a,B

Similarly to Lemma 3.4, we begin by dropping the diagonal terms. Using Lemma 5.1
we find

N ~
/ ‘—Gaﬂ(E +in) — x(E)’ dE < 9" Np? < N1HCe (5.13)
g
Ji
with high probability, so that it suffices to prove

[EY —EY]o /x(E)q (Tr fe(H))dE | = o(1). (5.14)
1

Using (5.11) we find that it suffices to prove

[EY —EY]o /x(E)q (y(E) + Y(E))dE | = o(1), (5.13)
1
where
N [. . -
y(E) := E/1afE(e)x(c7)m(e+1o)1(|a| > ng)dedo, (5.16)
R2

y(E)

N
E/(ifE(e)X’(o)—ofé(e)x’(o))m(e+ia)deda. (5.17)
R2
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By atelescopic expansion similar to (3.25), we find that (5.15) follows if we can prove,
with high probability,

Ef / x5(E)q((y + ) (E))dE | — Ef / x®(E)g (v +WR(E))E
1 1
= A + o(N1@=D)=2) (5.18)

where we use the notation of Sect. 3.1; here A is a random variable that depends on
the randomness only through Q and the first four moments of k., if a # b, and the
first two moments of /,4p if a = b. (As in Sect. 3.1, E denotes expectation with respect
to the product measure of the v and w ensembles.)

Now we prove (5.18). We use the resolvent expansion

S=R—-N"'"?RVR+ N"YRV)’R - N3*(RV)*R
+N"2(RV)*R — N7/2(RV)’S. (5.19)

Similarly to Sect. 3.1, we decompose

S _

Am :=m R = Amo + Amy,

where

Am, = — Z(S” Rip)1(r = 1(i € {a, b})).
Using (5.19) we can expand Am,., for |o| > 74 and with high probability,

4
Amp(e+io) = > AmP (e +io) + O(N /PN NT), (520)
p=1

where
|Am£p)| < N—p/2+CsA(27—2rN—r (521)

with high probability, and Amﬁp Visa polynomial in the matrix elements of R and
V, each term containing precisely p matrix elements of V; here we set A, =
Sup, s Max;xj|Gij(e + io)|. Putting both cases r = 1,2 together, we get, for
o > 14| and with high probability,
4
Am=>>"AmP+O(NPHCENZLNTY),  |AmP| < NTPPFEEAZ LN,
p=1
(5.22)

We may now estimate the variables x, y, and y. Let us first consider the variables
y. From the definition of y, we find that in the integrand of (5.17) we have o > ¢ and
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therefore by Theorem 2.1 we have A, < ¢€N~!/2 with high probability. Thus we
get from (5.17)

4
AV(E)=D" AYP(E)+ O(NT/2C), |AFP(E) < NTPPTCE (5.23)
p=1

with high probability.

In order to estimate the contributions of the variables y, we integrate by parts, first
in e and then in o, to obtain

N/ (@) x(@)Am'P) (e +io)1(|o| = 7jg)dedo
R2

< CN ‘/def,g(e)ﬁdAm(p)(e +in4)

+CN /def,’;(e)/dax’(o)oAm(p)(e+i0)

1d

+CN / defy;(e) / do x (0)AmP (e +io)|. (5.24)

1d

Using (5.22), it is easy to see that the sum of the two first terms of (5.24) is bounded
by N~P/2+C¢ In order to estimate the last term of (5.24), we use (5.22) and (5.1) to
get the bound

CN/dcr . 1 N-P/2HCe o N=p/2+Ce,
(N 0)2
Thus we find that
4
Ay(E)=)_ AyP(E) + ONT2HCE)|AyP(E)| < N7P/2HCE (5.25)
p=1
with high probability.

Finally, as in (3.40), we find that
4
Ax(E) = Z AxP(E) + O(N73/7+Ce) (5.26)

p=1
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with high probability. Moreover, we have the bound

/ |AxP)(E)|dE < N~P/2+Ce (5.27)
1

with high probability. This concludes our estimate of the terms in the resolvent expan-
sion of x, y, and y.

Now using the power counting bounds from (5.23), (5.25), (5.26), and (5.27), we
may easily complete the Green function comparison argument to prove (5.18), as in
Sect. 3.1.

Finally, we comment on how to deal with more general observables 9, as in (1.15).
The basic strategy is the same as in Sect. 4. In fact, the argument is simpler because
the errors made in replacing sharp indicator functions with smooth indicator functions
are easier to control in the bulk. In Sect. 4, the relatively large errors arising from the
soft edge of the function 1(g, g} * 65 were controlled by Lemma 2.7. In the bulk, we
replace 1jg, ) with the function fr whose edges are sharper. Thus, in the bulk the
error resulting from this replacement is bounded by N (E~ — ng, E~ + 14), whose
integral may be estimated exactly as in (4.4). The estimate (4.6) is replaced by the
trivial estimate [, dE|0g Tr f(H)| < ¢€.

Acknowledgments The authors would like to thank L. Erdés and H.T. Yau for many insights and helpful
discussions.
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