J. Eur. Math. Soc. 24, 2823-2873 (2022) DOI 10.4171/JEMS/1141

©2021 European Mathematical Society
Published by EMS Press. This work is licensed under a CC BY 4.0 license.

JEMS

Paul Bourgade

Extreme gaps between eigenvalues of Wigner matrices

Received June 10, 2019; revised June 2, 2020

Abstract. This paper proves universality of the distribution of the smallest and largest gaps between
eigenvalues of generalized Wigner matrices, under some smoothness assumption for the density
of the entries. The proof relies on the Erd6s—Schlein—Yau dynamic approach. We exhibit a new
observable that satisfies a stochastic advection equation and reduces local relaxation of the Dyson
Brownian motion to a maximum principle. This observable also provides a simple and unified proof
of gap universality in the bulk and the edge, which is quantitative. To illustrate this, we give the first
explicit rate of convergence to the Tracy—Widom distribution for generalized Wigner matrices.
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1. Introduction

1.1. Extreme statistics in random matrix theory

The study of extreme spacings in random spectra was initially limited to integrable mod-
els. Vinson [51] showed that the smallest gap between eigenvalues of the N x N Circular
Unitary Ensemble, multiplied by N*/3, has limiting density 3x2e™*", as the size N
increases. In his thesis, similar results for the smallest gap between eigenvalues of a gen-
eralization of the Gaussian Unitary Ensemble were obtained. With a different method
Soshnikov [48] computed the distribution of the smallest gap for general translation invar-
iant determinantal point processes in large boxes: properly rescaled the smallest gap
converges, with the same limiting distribution function e™". Vinson also gave heuris-
tics suggesting that the largest gap between eigenvalues in the bulk should be of order
J/log N/N, with Poissonian fluctuations around this limit, a problem popularized by
Diaconis [16]. Ben Arous and the author addressed this problem concerning the first order
asymptotics for the maximum gap, and described the limiting process of small gaps, for
CUE and GUE [4]. These results were extended by Figalli and Guionnet to some invariant
multimatrix Hermitian ensembles [30]. The convergence in distribution of the largest gap
was recently solved by Feng and Wei, also for CUE and GUE [27]. Feng and Wei also
investigated the smallest gaps beyond the determinantal case, characterizing their asymp-
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totics for the circular 8 ensembles [28]. For the Gaussian orthogonal ensemble, together
with Tian they proved that the smallest gap rescaled by N3/2 converges with limiting
density function 2xe* (see [29]).

The intuition for all results above are (i) the Poissonian ansatz, namely the eigenval-
ues’ gaps are asymptotically independent, (ii) weak convergence of the spacings holds
with good convergence rate, so that the finite N gap density asymptotics at 0T and oo are
close to the limiting Gaudin density asymptotics.

This paper shows that the above limit theorems and heuristic picture hold beyond
invariant ensembles. In particular, the gap universality for Wigner matrices by Erd&s
and Yau [21] extends to submicroscopic scales. We informally state this optimal sepa-
ration of eigenvalues as follows (see Theorem 1.2 for details, in particular the smoothness
assumption).

Theorem. Let A1 < --- < Ay be the eigenvalues of a symmetric Wigner matrix with
entries satisfying some weak smoothness assumption. Then for any small k > O there
exists ¢ > 0 such that for any x > 0,
lim ]P)(C‘N% min (11 —A;) > x) =
N—o0 kN<i<(1—k)N

The same result holds for the Hermitian class, with rescaling N 4/3 and limit e_x3.
Our work also applies to universality of the largest gaps (see Theorem 1.4), under similar
assumptions.

For the proof, we develop a new approach to the analysis of the Dyson Brownian
motion (see Section 1.4). Relaxation of eigenvalues simply follows from a the new observ-
able (1.9) which satisfies a stochastic advection equation.

Does the above theorem require our slight smoothness hypothesis (1.2) on the matrix
entries? For the largest gaps, which are essentially on the microscopic scale 1/N, this
assumption is unnecessary as shown by Landon, Lopatto and Marcinek in the simul-
taneous work [36]. The scale of the smallest gaps is harder to access: the current best
lower bound on separation of eigenvalues for Wigner matrices with atomic distribution is
N2+t by Nguyen, Tao and Vu [41] (see also [40] for the case of sparse matrices).

Motivations for the extreme eigenvalues’ gaps statistics include relaxation time for
diagonalization algorithms [4, 15], conjectures in analytic number theory (e.g. the extreme
gaps between zeros of the Riemann zeta function [4, 13]), conjectures in algorithmic num-
ber theory (the Poisson ansatz for large gaps suggests the complexity of an algorithm to
detect square free numbers [7]), and quantum chaos in the complementary Poissonian
regime [6].

Another motivation for extreme value statistics in random matrix theory emerged after
the work of Fyodorov, Hiary and Keating [31]: the maximum of the characteristic poly-
nomial of random matrices predicts the scale and fluctuations of the maximum of the
Riemann zeta function on typical intervals of the critical line. Recent progress about their
conjecture verified the size of the maximum of the characteristic polynomial, for inte-
grable random matrices [3, 14, 35,44]. We expect that the observable (1.9) will also help
understanding universality for such extreme statistics. Indeed, it was an important tool in
the recent proof of fluctuations of determinants of Wigner matrices [10].
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1.2. Results on extreme gaps

We will use the notation ay ~ by if there exists C > 0 such that C"1by < any < Chy
for all N. In this work, we consider the following class of random matrices.

Definition 1.1. A generalized Wigner matrix H = H(N) is a Hermitian or symmetric
N x N matrix whose upper-triangular elements H;; = H_ﬂ, i < j,are independent ran-
dom variables with mean zero and variances 0 = E(|H;;|?) that satisfy the following
two conditions:

(i) Normalization: for any j € [[1, N, 21_1 o =1.

(i1) Non-degeneracy: al-j ~ N7l foralli,j e [[1, NT.

In the Hermitian case, we assume that Var Re(H;;) ~ VarIm(H;;) and independence of
RC(HU) and Im(Hij).l

We also suppose for convenience (this could be replaced by a finite large moment
assumption) that the matrix entries satisfy a tail estimate: there exists ¢ > 0 such that for
any 7, j, N and x > 0 we have

P(|VNH;| > x) <c7le™. (1.1)

We denote the limiting spectral density of Wigner matrices

o) = 52

In some of the following results, we additionally assume non-atomicity for the matrix
entries. A sequence (Hy )y of random matrices is said to be smooth on scale 0 = o(N)
if /N H; ; has density eV, where V = Vn,i,; satisfies the following condition uniformly
in N,i, j. For any k = 0 there exists C > 0 such that

VO x) <Co™* 1+ x)¢., xeR. (1.2)

Finally, we always order the eigenvalues A; < --- < Ax and define the process of small
gaps and their position

(N)_Zg %

Lja;j<2—c
iz :+1*M)Jz‘) '

where 8 = 1 for the generalized Wigner symmetric ensemble and 8 = 2 for the Hermi-
tian one. The following theorem generalizes (and relies on comparison with) the GUE and
GOE cases [4,29].

'Other assumptions would work, such as the law of H; ;7 being isotropic. We consider the
independent case for simplicity.

2Qur normalization choice from Definition 1.1 yields a limiting eigenvalue distribution sup-
ported on [—2,2], while [29] gives a support [-~/2N, ~/2N]. The B = 1 cases in Theorem 1.2
and Corollary 1.3 agree with the results from [29] up to this rescaling.
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Theorem 1.2 (Small gaps process). Let (Hy) be generalized Wigner matrices satisfying
estimate (1.1). Let k > 0.

(i) Symmetric class. Assume (Hy) is smooth on scale 6 = N~V4¢ for some fixed
& > 0, in the sense of estimate (1.2). The point process )((N ) converges as N — oo fo
a Poisson point process x with intensity given, for any measurable sets A C R4 and
I C(—2+4«,2—«k), by

Ex(AxI)= ﬁ(/{ludu)(/IM—xz)%dx).

(ii) Hermitian class. Assume (Hy) is smooth on scale o = N3¢ for some fixed
& > 0. The point process )((N ) converges to a Poisson point process y with intensity

Ex(AxI)= 481712 (Luzdu)(/lm—xz)zdx).

As a corollary, the distribution of the smallest gaps in the bulk of the spectrum is
explicit. For the statement, let f{ = min{A;+; — A; : A; € I} be the smallest gap in some
interval 7, t = min{A;+; —A; : A; € [, A;41 — A; > 11} the second smallest gap, and
analogously for any #x. To quantify the speed of convergence below, we consider the
Wasserstein distance on R (T" is the set of all couplings of X and Y),

dw(X,Y) = / IP(X <x)—P(Y <x)|dx

= sup |[E(h(X)—h(Y))] (1.3)

7llLip<1
= inf/lx—yldy(x,y)-
yel

Corollary 1.3 (Smallest gaps). Assume (Hy)n is as in Theorem 1.2, k is fixed, k > 0
and consider a non-empty interval I C (=2 + k,2 — k).

(i) Symmetric class. Let

! / @—x3dx) N
% =|— - X X .
= \oer J, ,
Then for any interval J C R4, we have
: _ 2 2k—1 ,—x2
Nh_I)l’(l)oIP(Tk S J) = /J mx e dx.

The rate of convergence satisfies

c

dw(tx (H), % (GOE)) £ —
Nz2o

forany c > 0.
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(i1) Hermitian class. Let

2y2
T = (]44 2/(4—)6) dx) N3tk

Then for any interval J C R4, we have
: _ 3 3k—1,—x3
ngnooP(Tk € J) = [] mx e dx.

The rate of convergence satisfies

c

N
dw(w (H), % (GUE)) < —;
N3o

for any ¢ > 0.

There are at least two ways to understand the above scaling of the smallest spacings,
denoted £ = N=3/2 for B =1, £ = N~*/3 for B = 2. First, in the Gaussian integrable

case, the eigenvalues interaction ]_[l < J — A |'3 suggests

P(N(Ait1 — m < x) ~xPt1

uniformly in small x and i, so that decorrelation of spacings would give N(N£)A+1 ~ 1.
Second, the resolvent method gives Wegner estimates for Wigner matrices with smooth
entries [19]. For example, [9, Corollary B.2] shows P(N(A;11 — A;) < x) < CN®x? for
GOE. A union bound on these level repulsion estimates provides a lower estimate on the
smallest gaps, which matches our order.

For the largest gaps, Gumbel ﬂuctuatlons are expected, with heuristics also relying on
decoupling, and the asymptotics e=¢** for the upper tail distribution of N(A;+1 — A;).
However, for the integrable Gaussian ensembles these facts have been established only
for B = 2, thanks to the determinantal structure. We therefore only state the following
theorem for the Hermitian class. It proceeds by comparison with the GUE case from [27].
May the analogue for GOE be known, the universality would follow.

As in [27], for any interval I we denote S(/) = inf; /4 — x2. Let

l‘{k = max{)t,-+1 —Ai A € ]}
be the largest gap,
l‘; = max{)tH_l —Ai A el /1,'_:,_1 —A < lr}

the second smallest gap, and analogously for any #;. We rescale the kth largest gaps as
1 5
7 = 1 Clog N)2 (NSt — (3210g N)?) + 2 log(2log V).

Theorem 1.4 (Largest gaps in the bulk, Hermitian case). Let (Hy) be generalized 1Wigner
matrices from the Hermitian class, satisfying (1.1) and smooth on scale o > N~27¢ for
some fixed ¢ > 0, in the sense of (1.2). Let I = [a,b] C (-2, 2). Assume |a| < |b| without
loss of generality, and define

1 3
:Elog2+3§( D+ = log(4 b?) —log(4|b]) + (log2)1y=_p.
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For any fixed k and interval J, we have

ek(c—x) —x
: * _ —e
Nh_IgOIP’(rk GJ)_/J—(k—l)!e dx.

Moreover, the rate of convergence is bounded by

dw(ti (H), 7 (GUE)) <

No2

forany c > 0.

1.3. Results on quantitative universality and eigenvalues’ fluctuations

The previous theorems rely on a quantitative relaxation of the Dyson Brownian motion,
explained in Section 1.4. As a different application, universality holds with explicit rate
of convergence, answering a recurring question, see e.g. [42].

We illustrate this at the edge only to keep technicalities minimal, although the method
would also give some explicit rate for gaps in the bulk. A non-quantitative convergence
to the Tracy—Widom distribution was first proved in [25,47,49] for Wigner and in [8] for
generalized Wigner matrices. We consider the Kolmogorov distance

dg(X.Y) = sup [P(X < x) —P(Y < x)|.
X

Theorem 1.5. Let (Hy) be generalized Wigner matrices from the symmetric (B = 1)
or Hermitian (B = 2) class satisfying (1.1). Denoting TW g the corresponding limiting
Tracy—Widom distribution, for any ¢ > 0, for large enough N we have

dg(N3(Ay —2). TWp) < N78F¢,

As another illustration of the method described in Section 1.4, we derive new typical
eigenvalue fluctuations, close to the edge of the spectrum. In the result below and along the
paper, we define the typical location y of the k-th ordered eigenvalue implicitly through

Yk k
do = —.
[Le=%

Theorem 1.6 (Eigenvalues fluctuations close to the edge). Let (Hy) be generalized
Wigner matrices satisfying (1.1). Consider
A —
X, =c .11 %2.1,

(logi)2N73i~3
where ¢ = (%)%nﬂ% with B = 1 for the symmetric class, 2 for the Hermitian one. Fix
§ € (0,1). Then for any deterministic sequence i =iy — oo, with i < N°®, we have
Xi — N(0,1) in distribution.

Letm = 1and ki < -+ < ky, satisfy k1 ~ NS, kivy1 —ki ~ NP 0 <®; <8. Then
Xk, - Xk,) converges to a Gaussian vector with covariance matrix

Ajj =1—8"max{d,i <k <j} ifi <j, Ay =1
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These anomalous small Gaussian fluctuations were first shown in [32] for GUE and
[43] for GOE. Our proof proceeds by comparison with these results. Fluctuations of eigen-
values around their typical locations are known in the bulk of the spectrum for Wigner
matrices [10,37]. Theorem 1.6 extends to any § € (0, 1) a previous result from [8] which
was limited to § < %, and therefore completes the proof of eigenvalues’ fluctuations any-
where in the spectrum.’

More generally, the proof sketch below explains edge statistics for general observ-
ables of eigenvalues with indices in [1, N!7¢], i.e. almost up to the bulk. As another
example, for any fixed ¢ > 0 and diverging i < N'7¢, N2/3i=1/3(X;; — ;) converges
to the Gaudin distribution, a result proved in [8] fori < N /4.

1.4. Sketch of the proof

In this paper we denote ¢, C generic small and large constants which do not depend on N
but may vary from line to line. Let k(z) = min(|z — 2|, |z + 2|) and

¢ = eC()(loglogN)z’
a subpolynomial error parameter, for some fixed Cy > 0. This constant Cy is chosen large
enough so that the eigenvalues’ rigidity from Lemma 2.3 holds.

Finally, we restrict the following outline and the full proof to the symmetric class, the
Hermitian one requiring only changes in notations.

As already mentioned, our work proceeds by interpolation with the integrable mod-
els, following the general method from [20]. This dynamic approach requires (i) a priori
bounds on the eigenvalues’ locations, (ii) local relaxation for the eigenvalues’ dynamics
after a short time, (iii) a density argument based on the matrix structure, to show that
eigenvalues statistics have not changed after short-time dynamics.

In this paper, (i) is the rigidity estimate from [25]. Concerning the density argu-
ment (iii), for theorems 1.5 and 1.6 we follow the Lindeberg exchange method [50] for
Green’s functions [24]. For Theorems 1.2 and 1.4, (iii) is obtained through the inverse
heat flow from [20] (this is where smoothness is required).

Our contribution is about (ii). Previous approaches for local convergence to equili-
brium included the local relaxation flow based on relative entropy [20]. It identifies eigen-
values statistics after a spatial averaging and therefore does not apply to extrema. Other
methods based either on Holder regularity a la Di Giorgi, Nash and Moser [21] or L2-esti-
mates and a discrete Sobolev inequality [38] apply to individual eigenvalues but give
non-explicit error terms. In this paper, we give another approach based on the maximum
principle. Our main results are Theorem 2.8 for relaxation at the edge, and Theorem 3.1
for relaxation in the bulk. They give the first explicit (and optimal) error estimates for
local relaxation of eigenvalues dynamics.

3The results of [10,37] are stated for eigenvalues in [—2 + «, 2 — «], but the proofs immediately
extend to [-2 + N ~¢,2 — N ~¢] for some fixed, small enough ¢ > 0.
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The Dyson Brownian motion dynamics are defined as follows. Let B be an N x N
matrix such that B;; (i < j) and B;;/ V/2 are independent standard Brownian motions,
and B;; = B;;. Consider the matrix Ornstein—Uhlenbeck process

1 1
dH[ = \/_N dBt - EHt dl
If 11(0) < --- < An(0), the eigenvalues A(¢) of H; are given by the strong solution of
the system of stochastic differential equations [17] (the B are some Brownian motions
distributed as the Byy)

dBr 1 1 1
dr, = /£ — —
k fzv*(zvzxk—u 2 ")

t#k

The coupling method introduced in [9] proceeds as follows. Consider w(¢) the solution
of the same SDE as above with another initial condition g (0) = {1(0) < --- < un(0)},
the spectrum of a GOE matrix. Then the differences

N8 (1) = e2 (Mg (1) — i (1))

satisfy the long-range parabolic differential equation

8;(t) — 8k (1)
5,8 _ j .
k(1) J;; Nk (1) = A; () (ur (1) — 115 (1))

Smoothing of this equation for indices in the bulk means that for # > ﬁ,
Sir1(t) = 8 (1) + o(N 7).

Such estimates were proved in [21, 38], with a weak error term N ~1—¢ with some non-
explicit € > 0. We obtain the essentially optimal estimate (see Corollary 3.3), up to sub-
polynomial orders,

o°

) 1) =06k(t) + 0| —- ). 1.4

() = 8(0) (sz) (1.4

With this quantitative relaxation, (Ax+1 — Ax) — (g +1 — Kk ) 1S below the expected scale

of smallest gaps provided ¢ 3> N~'/2 for B = 1, ¢ > N72/3 for f = 2. This gives the

relaxation step (ii) for the smallest gaps. The proof for the large gaps proceeds identically

and only requires ¢ > 1/N.

Our proof of (1.4) reduces Holder regularity to an elementary maximum principle,

and it also applies to edge universality. In details, for any v € [0, 1], let

x(0) = vk (0) + (1= 1) A (0) (15)
be interpolating between the Wigner and GOE initial conditions, as in [38]. Define
) dBi (1) ( 1 1 [0
) =—F=+ =) o — 55 ) dr. (1.6)
k k
VW Z 0 -0 2
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Then u](cv)(t) =e!/ 2d%x,£v)(t) satisfies the non-local parabolic differential equation

d o .
50 = Bk, (L.7)

where
(BSf)(k) = (B() f1)(k)

1 (1.8)
= t g — Jt k . = .
gék cek @) (fr () — fe(k)),  cox(t) N(x,((v)(t)—xév)(t))z

From now we set v € (0, 1) and generally omit it from the notations. Let

N
iy =) ) (1.9)

=) -z

The above function is the main idea in our work. Note that for £ in the bulk ug (0) is of
order N1 so that, for Im z in the bulk of the spectrum, fy is a function of order 1. From
(1.12) below, f; is of the same order.

A key observation is that the quadratic singularities from the denominator in (1.8)
disappear when combined with the Dyson Brownian motion evolution itself, so that
the time evolution of f has no shocks. This is reminiscent of a similar argument in
[11, Lemma 6.2], for a different observable. More precisely, f follows dynamics close to
the advection equation

Ny
9h = ZTazh, (1.10)

as shown in Lemma 2.1. The characteristics for the above equation are explicit,

. e%(z+x/22—4)+e_5(z—\/22—4) (L11)
t — .
2

and suggest the approximation
fi(z) =~ fo(z:). (1.12)

This estimate holds with a small error term (see e.g. Proposition 2.11) because there are
no possible shocks between eigenvalues in the equation guiding f', contrary to (1.7). The
approximation (1.12) has two applications.

First application: relaxation at the edge. Let vy = 0" solve the same equation as (1.7)
(d%vk (t) = (Bo)(k)) but with initial condition vg (0) = |ug (0)| = |k (0) — A£(0)]. Sim-
ilarly to (1.9), define

N
Ty =e by 0 (1.13)

=) -z

Edge universality follows from the shape of the characteristics (1.11), which take points
around the edge further away from the bulk, as shown in Figure 1. More precisely, we
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Fig. 1. The characteristics for equation (1.10), i.e. trajectories (z;);>0, with zg on the lower curve §
from (2.5).

choose z = zg = E 4 in with E € [-2,0] and 5 > 0. By a straightforward calculation
based on the explicit formula (1.11) and eigenvalues’ rigidity, we have

1
~ k(z9)2
Im Fo(zr) < =
Together with the estimate (1.12) for 7, we obtain

1
~ Kk(20)?2
Im 7 (z0) < o€ =
For zg = —2 + ip€ N ~2/3, as v remains nonnegative, this implies
a
Nt
In particular, integrating the above equation in 0 < v < 1 after using |ug (¢)] < vi(¢) (the
linear equation (1.7) preserves order of the initial conditions because cgx = 0), we obtain

ng)(l) < goCN_% Im 7,(20) <

QDC
A1) — t)=0—.
0 =m0 =0 %)
Local edge relaxation is therefore proved for any ¢ > € N~'/3, with an optimal error
term. Such quantitative bounds can be similarly extended to any A (t) — g (¢) provided
k< N'7¢ and t > ¢€k3N~1/3 Theorems 1.5 and 1.6 follow from these relaxation
estimates and a Green function comparison, following [24].

Second application: relaxation in the bulk. We now directly work with f instead of 7
Fix some times u < ¢ such that |u —t| < t, a length scale r < ¢ and a bulk index k.
We are interested in evaluating u;(¢) for |i — k| < Nr. Assume that for any s € [u, t]
the maximum value of u(s) occurs at some index j = j(s) with |j — k| < Nr (this is
generally wrong but the conclusion will remain thanks to a finite speed of propagation
estimate from [11]). We follow the maximum principle as in the analysis of the eigen-
vector moment flow from [11]: for any n > 0 to be chosen, denoting z = x;(s) + i7,



Extreme gaps between eigenvalues of Wigner matrices 2833

from (1.7)) and the fact that u; (s) = u,(s) for all £, we have

L) -
as . < —
YOS K L e - v er

c(1 1 1

L

In the bulk of the spectrum, the estimate in (1.12) holds with the good error term ¢ /(N )
(see Proposition 2.11), so that the previous equation behaves similarly to (note that
Im(ﬁ ) ?ll(s)) ~ Immg.(z) by eigenvalues’ rigidity, where m is defined in (2.1))

cf1 @€
dsu;(s) < E(N Im fo(z5) — Immg(2)u; (s)) + O(NTT}Z)
We can successively justify and quantify the approximations

zg = (xj(8) +in)s = (y; +in)s = (yk +in)s ~ (yx +1i0)s

by rigidity of the eigenvalues, r < s and s & t. We therefore can substitute

Im fo(z5) ~ Im fo((yx +in)¢),

so that denoting
_ _Im fo((yx +in)e)
N Immg.(yx +10F)’

t
the above equation implies

05 (uj(s) —my) \—E(Hj(S)—mt)—i-O N )
For any n <« |t — u| we obtain

c
max (u;(t) —my) = O((p—)

li—k|<Nr N2y

The same estimate naturally holds for the minimum. If the time evolution |f —u| is
comparable to ¢, we obtain

o€
and in particular
u) (1) = u (1) + o(;\’;—;). (1.14)

The above argument is rigorous up to some technicalities due to localizing the maximum
in the window |i — k| < Nr. The actual proof proceeds by induction in different space-
time windows. The key to make this maximum principle work is that fs(z) (possibly
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highly oscillatory in the space variable Re z), actually fluctuates on a large scale thanks
to (1.12), and can be considered constant in windows of size r < ¢.

Integrating (1.14) over v € (0, 1), we obtain (1.4), which is the main estimate for
Theorems 1.2 and 1.4.

To summarize this proof sketch, the observable (1.9) and the stochastic advection
equation (1.10) it satisfies are new ingredients to quantify relaxation of the Dyson Brow-
nian motion and obtain universality beyond microscopic scales.

It has been known since [45] that a deterministic advection equation allows to derive
the semicircle distribution. More recent works (e.g. [2,26,52]) have written the stochastic
advection equation for the resolvent of a matrix following the Dyson Brownian motion
dynamics.

These resolvent dynamics can be used for regularization and universality purpose, as
proved first in [39], for eigenvalues statistics at the edge of deformed Wigner matrices.
For the same model, [5, 53] used stochastic advection equations and characteristics to
understand the shape of individual bulk eigenvectors. Moreover, the stochastic advection
equation for the Stieltjes transform extends to general S-ensembles and allows to prove
rigidity of the particles [1, 33], also through regularization along the characteristics. The
Stieltjes transform is a specialization of our observable f; when u (¢) = %

2. Stochastic advection equation

2.1. The observable

The Stieltjes transform of the empirical spectral measure and the semicircle law

1
p(x) = V=)
are denoted
Gty
N o a0 =z @2.1)
() = me) = | o) _ —zH Va4

R X—Z 2

where our branch choice will always be Imv/z2 — 4 > 0 for Im(z) > 0, above and in
equation (1.11).
More generally than (1.6), consider x(¢) the strong solution of

V2dBi (1) ( 1 1 1 )
d =4 (=) — - dt, 2.2
X (t) 7w Z; SO 0 (2.2)

where the By are standard Brownian motions, x(0) is still given by (1.5), and 8 = 1 (resp.
B = 2) corresponds to the spectral dynamics with equilibrium measure GOE (resp. GUE).
For any B > 1 and distinct initial points, the stochastic differential equation (2.2) admits
a unique strong solution.



Extreme gaps between eigenvalues of Wigner matrices

We still define

2835

w (1) =% — ‘”)(t)
Then the function (1.9) satisfies the following dynamlcs
Lemma 2.1. For any Imz # 0, we have

af = (s,<z>+ )(a foydi + jlv(é 1)(azzf,>dz
ug(t)
T

(2.3)
dBg ().
(D)2 k(1)
Proof. 1t is a simple application of 1t6’s formula. We omit the time index. First
N N
d
df=—i+e_%zi+e_%zukd (2.4)
2 Xk —2Z Xk —2Z
k=1 k=1
Applying again the It6 formula
d(x; — Z)_l = —(xr — Z)_2 dxi +
where

2 3
—_— —z) " dt,
BN (X )
with (2.2) we naturally decompose the second sum above as (D+[(ID)+IID+(IV)]dr

fz (z —xk)2

5 + zazfv
2t & 1(2 et
W =55 2 o =x(G s+ e
Concerning the first sum in (2.4), by (1.7) we have
N 01y ug — ug 1 uy — ug 1 1
,; X — 2 _;c N —x)?(x —2) 5;{ N(xg — xp)? (Xk—Z B Xe—Z)
1 uy — uy 1
- ﬁ#k xg — Xk (xg —2)(xg — 2)
1
N __;cxl_xk (xk —z

)(xe —2)
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Combining with (II), we obtain

N

2836
L
1 o uy e 2 uy 1 1 1
sty S (-
ok~ z N #kxz—xkxk—z Xp—2Z Xg—2Z
e u 1
k
= >

= Xk —2)2xp—z
All singularities have disappeared. We obtained

N
_L BIIIk _ 1

)3 (5-1)eer
Summation of the remaining terms (I) and (IIT) concludes the proof.
Remember that k (z) = min{|z — 2|, |z 4+ 2|}, and define
a(z) = dist(z,[-2,2]),

b(z) = dist(z, [-2,2]°).
To estimate f; or 7, (see (1.13)), we first need some bounds on the characteristics (z) =0
from (1.11), and the initial values fy, fo. For this, we define the curve

8={Z=E+1y:—2+¢2N—§ <E<2—¢*N73,

2
3y = ‘P_]} (2.5)
Nk(E)2
and the domain
R= |J {zi:z €8}
0<r<1

See Figure 1 for a representation of these domains.

In the following lemma, we denote a ~ b if there exists a constant C > 0 such that
means Rea ~ Reb and Ima ~ Imb.
we have

C~'b < a < Cb for all specified parameters z, t. For complex-valued functions, a ~ b

Re(z; —zg) ~ 1 a@@)

1 +t2’

Lemma 2.2. Uniformlyin0 <t < 1 and z = z¢ satisfyingn =Imz > 0, |z —2| < %,
b
Im(z; — zg) ~ @)
K(z)2
In particular, if in addition we have z € 8, then

r.

K(Z)%

¢? 2 1
~ +t7) +ik(E)2t.
Zr — Zo ( Ne(E) ) ik(E)
Moreover, for any k > 0 we have

Im(z; —zg) ~ t
uniformly in0 <t <landz = E +in € [-2+ k,2 — k] x [0, k7]
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Proof. Letw = z — 2. We have (z2 — 4)% ~ w2 so that

Re(:2 —4)% ~Re(w?) ~ |w]|> Re((l)z) - a—(z)l ;
|wl k(z)2

Im(z2 — 4)2 ~ Im(w?) ~ |w|2 Im((i)z) N b(Z)l . 26
|U)| K(Z)7

On 8, we always have b(z) ~ k(z) and a(z) ~ 7 so the second estimate follows imme-
diately. The last estimate follows from Im ~/z%2 — 4 ~ 1 uniformly in the defined bulk
domain. |

We now define the typical eigenvalues’ location and the set of good trajectories such
that rigidity holds:

A={x@) =yl < * N"3(k) S forall0 <t <1,k e[I,N],0<v <1}, 27)

where k = min(k, N + 1 — k). The following important a priori estimates were proved
in [25], for fixed ¢ and v = 0 or 1. The extension in these parameter is straightforward,
by time discretization in ¢ and v first, then by Weyl’s inequality to bound increments

in small time intervals, and the fact that |u,(:) (1) < [u®(0)|| oo to bound increments in

some small v-intervals.

Lemma 2.3. There exists a fixed Co > 0 (remember ¢ = ¢(Cy)) large enough such that
the following holds. For any D > 0, there exists No(D) such that for any N > Ny we
have

P(A) >1—-N"P.

Moreover, we have the following estimates on the initial condition fp, 70.
Lemma 2.4. In the set A, for any z = E + in € R, we have
Co? ifn > max(E —2,—E —2),
ng)% % otherwise.

Im fo(2) < {

The same upper bound naturally holds for | Im fy|.
Proof. The rigidity estimate on A easily implies that
N 1. 2.1
_ (pzN 3(k) 3
Imfo(z)<Cn) ——F—
,;1 (E=y)* +n?
2 _1
1 K(x)"2
< Co2 ————dp(x
¢ n/_2 E—x21 p(x)

<Col / ’ 1 d
N —— 5 ax,
) E =2+
and the claimed estimates follow. Note that we used z € R to justify approximation of

eigenvalues by typical location: in R the imaginary part of z is always greater than the
eigenvalues’ fluctuation scale. ]
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Finally, the following is an elementary calculation. We write z; = r(z,t), for r given
by the right-hand side of (1.11).

Lemma 2.5. We have 0;r = Z;_“ 0,7

2.2. Relaxation at the edge

For the following important estimate towards edge universality, remember the notation
in (1.13).

Proposition 2.6. Consider the dynamics (2.3) for 8 = 1,2. For any (large) D > 0 there
exists No(D) such that for any N = Ny we have

1

~ E)2

]P’(Imft(z) §(p’((—)lforall0<t <landz = E +1iy ES) >1-N"P.
max(k(E)2,1)

Proof. Forany 1 < {,m < N'2, we define

¢2

tg=(N2 and z™ = E, +iny = Ep +i——,
Nk(Em)?

[Em ( 1) —12
do=|m—-—<-|N"~.
_OO 2

We also define the stopping times (with respect to ¥ = o (B (s),0<s <t,1 <k < N))

where

1
~ E,)?
Tom = inf{O <s<ty: Imfs(zg"_)s > g’((—’”)l}’
2 max(k(Em)2. 1)
7o = inf{0 <7 < 1: 3k € [1, N] such that |x; (1) — yx| > > N"3(6) 3}, (2.8)
T =min{tp, g, 1 0 <L, m < N2 k(Ep) > (pzN_%},

with the convention inf & = 1. We will prove that for any D > 0 there exists N o(D) such
that forany N = N (D), we have

Pz=1)>1-N"7. (2.9)

We first explain why the above equation implies the expected result by a grid argument
int and z.
On the one hand, we have the sets inclusion

K(E)?
max(K(E)%,l)

<N_4}.

=1 ) Awsc {Im7t(2)$<p

1<,m<N12,1<k<N z€8,0<t<1

}, (2.10)

/" e~ 2 g (s) dBi(s)
o (20— xi(5))?

Agmp = { sup

tesuste4|Jiy
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Indeed, for any given z and 7, chose #;, 2 such that tg <t <tgppand|z —zp| < N72.
Then

1Fi(2) = F1™) < N72,

say, as follows directly from the definition of 7, and the crude estimate |vg(7)| < 1
(obtained by maximum principle). Moreover, we can bound the time increments using
equation (2.3): Thanks to the trivial estimates

Is:(E +in)] < n7",
102 /e (E +in)| < N[o(0)]|loon™ < Nn~2,
1022 o (E +in)| < Ny~
under the event Mg Ay ,,, & (to bound the martingale term) we have
Fe ) = TG < N2,
On the other hand, from [46, Appendix B.6, equation (18)] with ¢ = 0 allowed for

continuous martingales, for any continuous martingale M and any A, u > 0, we have

2
P( sup Myl = A, (M), < p) <2750 @.11)

O<us<t

For B
" e72vg(s) dB(s)

M, = —_—
“ te (Z(m)—xk(s))2

we have the deterministic estimate

2
_ (Y _ _
W <N7(%) IO <N
so that (2.11) with u = ¢ 8 N8 gives
P(Apmp) = 1— e

and therefore, for any D > 0, for large enough N we have

IP’( N Ag’m’k) >1-ND, (2.12)

1<0,m<N10,1<k<N

Equations (2.9), (2.10), (2.12) conclude the proof of the proposition.
We now prove (2.9). We abbreviate

t=t, z=EFE+ip=2zM
forsome 1 < €,m < N'°. Let g,(z) = fu(zt_u). From Lemmas 2.2 and 2.4,

2 K(Em)%

I _tam)
mgo(®) < 10 max(K(Em)z t)
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so that we only need to bound the increment of g. Using Lemmas 2.1 and 2.5, It6’s
formula gives®

dgunc(z) = eu(zi—u) d(u A 7) — \/_\/72 — Uf(;:k)(u))z dBy(u A7), (2.13)

where

sun=@un—mmwﬁz+%(§—QwU%J

We bound supg<,«; |fos eu(zs—y) d(u A 7)| by two terms, the first one being
t
[ 164 =m0 Tz | du a0
0

v (u)

</ ¢
0 NIm—) 2= 1z — xi(0) 2

! @ Im?u (zr—u)
o N(m(z;—y))?

du A1)

</’ @* du k(E)2
o N(n+(t—u) Iz(j)l)z max(k(E)?2, 1)
K(E)?

max(/c(E)%,t).

To bound s,, — m above, we have used the strong local semicircle law from [25, equa-
tion (2.19)] simultaneously for all 0 < u < ¢ (equivalent to Lemma 2.3). We have then
used Lemma 2.2 to evaluate Im(z;_y), 4 < 7¢ s, to bound Im [ (z;—y), and

K(E) =k(z) =b(2)

on § to calculate the last integral.
We also have

: ! Im?u (Zt—u)

o N(m(z;—y))?
K(E)?

- gpmax(K(E)%,t).

1 ~
sup Nazzfu(zt—u) dunt)| <

0oss<t

du A1)

0
(2.15)

Finally, we want to bound supy<,<, | M;|, where

_u N
[Tz v (u)
M; = [0 TN kX:‘: E——m dBy(u A 7).

“4In this paper, we abbreviate u A ¢ = min(u, t) when u and ¢ are time variables.
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Note that there is an absolute constant ¢ > 0 such that for all k¥ and u < 7y we have

|Zt—u — Xk (W) = clzr—u — (W],

because for such u we have |xz (1) — yx (u)| <K |zr—y — Yi (u)|. With (2.11) we expect

sup |M|? < @10 / Z |Ztvk(u) du A7) (2.16)

0<s<t —u Vk|4

with overwhelming probability. More precisely, we will bound the above bracket on the
right-hand side by a deterministic bound below, and then (2.11) implies the same bound
on the right-hand side.

Letk; = |jp?|and I; = [k;, kj+1] N[, N],0 < j < ﬂz Then

% —u—Vkl*
Ly L )(x .
< — (max nk(u)> (max —)( t)k(u)).
N ()<j<N kGIj kel |Zt u '}/k|4 kGIj
=< \7

@

Foreach0 < j < év—z, pick an n = n; such that |z — Vil < N~°. First, as v (u) = 0
for any k and u, we have

Z i (u) < nplm 714 (Z(n))‘

kGIj

To estimate Im 7,, (z™), introduce £ such that t; < u < tg+1. On the event (), Agmk
and u < t, we have

[Fuc™) = Fr ) < N72
as seen easily from (2.3). We therefore proved

3

Yook < Im fr, ) + N7 < v
kEIj N max(K(yEn) 2, u)

and in particular the same estimate holds for maxey; vk (u). We used t; < u < 7 for the
second inequality.
Lemma A.1 allows us to bound maxge;, —~ in (2.17) by ™2 > L o
7 lz— V | lz— Vk|
All together, we obtained

4+1 ot 2
2 dp(x)
sup |MS|2 < 5 / du[ a1 5
0<s<t Nz Jo —2 |zt — x|* max(x(x), u?)
< Cgpé <(E)

max(k(E),t2)’

where for the last inequality, we evaluate this deterministic integral in Lemma A.2.
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In conclusion, by a union bound we have proved that for any D > 0 there exists Ng
such that

% K(Em)1/2 ) < N_D.

(m)
P su Im V4 >
( p fs/\r( ty—SAT ( (E )1/271‘6)

0<t,m<N10,
K(Em)>p2N=2/3,
0<s<ty

Together with Lemma 2.3, this implies (2.9) and the result. |
Corollary 2.7. For any D > 0 there exists Ng and such that for any N > Ny, we have

10 1
P(v,(cv)(t) <Y forallk e[l N]andt €0, 1]) >1-N"D,
N max((§)12.1)

Proof. Assume first that k := min(k, N + 1 — k) > ¢°. Then define

02
z=12z9 =Y +i———— €8.
N (k)

On A, we have (we use nonnegativity of the vy)

2 - 2 ~
v (1) < n,ﬁ”’(z)% <ImzIm f,(2) < ]\Jﬁlmft(z).

Note that k (y¢)!/2? ~ (k/N)'/3. Therefore, by Lemma 2.3 and Proposition 2.6,

4
) 4 1 5 5 -D
P{v, (1) < —————— forallk € ,N — ,teO,l)>l—N .
( k Nmax((%)l/?,’t) |[§0 % ]] [ ]
Ifk < @°, without loss of generality we assume k < ¢°. The same reasoning with

02
Z=20 =Yg, +1————= €38
C N V(i)

(where kg = ¢°) yields to the same estimate up to the deteriorated ¢'° exponent, say. m

We now state the quantitative relaxation of the dynamics at the edge. Remember that
A and p satisfy the same equation (1.6), with respective initial conditions a generalized
Wigner and GOE spectrum.

Theorem 2.8. Consider the dynamics (1.6) (or its Hermitian ensemble counterpart). For
any D > 0 and € > 0 there exists Ny and such that for any N > N,

]P’(Mk(t) — e(?)] < %forallk € [1,N]andt € [0, 1]) >1-N"P.

Remark 2.9. The above result is stated for § = 1, 2. The same result holds for any choice
B = 1 in equation (2.2), provided A and p satisfy optimal initial rigidity estimates. The
proof only requires notational changes.
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Proof. Remember that v — 1 and v + u are nonnegative for # = 0 and satisfies equation
(1.7), so they remain nonnegative and we have —vg (1) < ug(z) < vi(¢) for any ¢ > 0.
Corollary 2.7 therefore gives

10 1

P(lu,(cv)(t)| ¥ forallke[l,N]andze[o, 1]) >1-N"2 (2.18)
N max((§)V/3.1)

for all N > No(D). Note in particular that Ny does not depend on v € [0, 1]. The above

equation easily implies that for any fixed D and p, for large enough N we have

. C 10\ 2p ~
Bl 0P < (S7-) + 877

Nt
E(JAk(t) — pic(D]?P) = (‘ [ u” (1) dv )

)2 9010 2 —D
< E(Ju y< [ =— + N
/0 (| k | ) (Nt)

By choosing p = |10/¢| and D=D+ 100p, Markov’s inequality concludes the proof
for fixed k and ¢.

By a simple union bound the same estimate holds for the event simultaneously over
all k for N = No(D + 1). For simultaneity over z, a standard argument based on dis-
cretization in time and Weyl’s inequality to bound increments in small intervals concludes
the proof. ]

so that by Holder’s inequality we have

2.3. Proof of Theorem 1.6

Let F be a given smooth and bounded test function. We rely on [32,43] so that we only
need to prove

En F(Xk) = EgoeF (Xg) + o(1) (2.19)
for any diverging k € [1, N'~¢]. From Theorem 2.8, for t > (k/N)'/3>N¢/1° we have

Ar(t) — t) —
IEF(c k(l) e 1):IEF(c N«k(l) e 1)+0(1)’
(logk)2 N73k™3 (logk)2 N73k™3

so that (2.19) holds for any Gaussian divisible ensemble of type

H, = e_%ﬁo + (1 —e_’)%U,
where H is any initial generalized Wigner matrix and U is an independent standard
GOE matrix. We now construct a generalized Wigner matrix H o such that the first three
moments of H; match exactly those of the target matrix H and the differences between
the fourth moments of the two ensembles are less than N ¢ for some positive c. This
existence of such a initial random variable is given for example by [23, Lemma 3.4]. By
the following Proposition 2.10, we have

EﬁtF(Xk) =Eg F(Xy) + o(1).
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The previous two equations conclude our proof of (2.19), and therefore Theorem 1.6 (the
proof in the multidimensional case is analogue).

The following proposition is a slight extension of the Green’s function comparison
theorem from [24], (see for example [11, theorem 5.2] for an analogue statement for
eigenvectors). Compared to [24], we include the following minor modifications:

(1) We state it for energies in the entire spectrum.
(2) We allow the test function to be N -dependent.

Proposition 2.10 can be proved exactly as in [24], so we do not repeat it. Note that at
the edge, the 4 moment matching can be replaced by 2 moments [25]. For our applications,
this improvement is not necessary.

Proposition 2.10. Let HY and HY be generalized Wigner ensembles satisfying (1.1).
Assume that the first three moments of the entries (h;; = ~' N H;;) are the same, i.e.

E¥(hf) = E™(hf;)
foralll1 <i < j < Nand1 <k < 3. Assume also that there exists £ > 0 such that
[E¥(h}) —EV(h{)| < N7¥ fori <.

Then there is € > 0 depending on & such that for any integer k, any choice of indices
1 < j1,....jkx < N and smooth bounded ® : R¥ — R,

2 o1 2 ~1 —
E" —EMON3 () Ao N3 ()3 2,,) = O(N 7 max_0]1).

2.4. Average estimate in the bulk

Proposition 2.6 gave bounds on 7, (2), useful for universality at the edge of the spectrum.
The following estimate has a similar proof and justifies (1.12) in the bulk of the spectrum.
Although not used in this paper, it is an important ingredient to study fluctuations of
random determinants in [10].

Proposition 2.11. Let k > 0 be a fixed (small) constant. Then for any D > 0 there exists
No(D, k) such that for any N = Ny we have

30 2
P(|f,(z)—f0(z,)| < %fora110<t <landz = E +in, % <n<l,|E| < 2—/()
n
>1-N"D.

Proof. We strictly follow the proof of Proposition 2.6. Actually, the only differences are
(i) the observable, now f instead of f (but the equations are the same), (ii) simplifica-
tions, as we now know the a priori bound (2.18), and some estimates become simpler in
the bulk of the spectrum.

More precisely, forany 1 < £, m, p < N1°, we define

tr=¢N7° and z™P) =E, + inp,
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where
Em 1\ 10 ¢? ~10
/_ dp:(m—E)N and np=ﬁ+pN .

o

We also define

25
, 4
g =00 < 5 % 00 LGP~ o > S
D

7 = inf{O <t <1:3k €1, N] such that [u{” ()| > “’_A—}, (2.20)
N max((4)1/3,1)

T =min{To, 71, Tgm,p : 0 < L,m, p < <N |E, <2—«),

where we remind the definition 7o from (2.8). By following the argument between (2.9)
and (2.12), we just need to prove that for any D > 0 there exists No(x, D) such that
forany N = N 0, we have

Pr=1)>1-N"P, (2.21)

with the convention inf@ = 1. Let t = t; and z = zP) where 0 < {,m,p < N0,
|Em| <2 —«,and g,(z) = fu(zi—y). Asin (2.13), we have

uy (u)

% [N
dgunc(z) = eu(zi—u) d(u A T) — eﬁ \/;Z Cron — e )2 dBi(u A 1),
k=1 T

where

£u(2) = (5u(2) — m(2))0s fu + %(% - 1)(azzfu>.

The first error term can be bounded as in (2.14) and (2.15), with the simplification that
now «(z) ~ b(z) ~ 1, so that the exact same calculation gives

¥

P NImz’

0<ss<t

[S eu(zi—y)du AT)| <
0

For the second error term, as in (2.16), we need to bound the quadratic variation. This
step is simpler than in the proof of Proposition 2.6, because we now have some a priori
bound on ug(s) before time ;. Moreover, as zq is close to the bulk, we do not need
Lemma A.2 and directly obtain

21

' uy (u)? @
/ Z |Zt d(u A ‘C) $ NT}'IZ

1Ze—u — vicl*

By the previous estimates and a union bound, for any D > 0 there exists Ny such that
for N > Ny

25
Y —
P( sup Fire ) = G > 2 ) < NP,
Np

0<l,m,p<N 10 |E),|<2—«k,0<s<ty

Together with Lemma 2.3 and (2.18), this implies (2.21) and the result. [
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3. Relaxation from a maximum principle

3.1. Result

The main result of this section is the following. Again, remember that A and u sat-
isfy the same equation (1.6), with respective initial conditions a generalized Wigner and
GOE spectrum. Remember the notation in (1.11); let y,i = (yr); (with the convention
y' = (y +i0"); when z = y € R) and

_ 1 al 1
ug(t) = Nlm—m(y,z)jgglm(m)@j(o) — 1 (0)). (3.1

The following theorem improves homogenization estimates which appeared first in [9],
both in terms of the scale and the probability bounds.

Theorem 3.1. Consider the dynamics (1.6) (or its Hermitian ensemble counterpart). Let
o, & > 0 be fixed, arbitrarily small. For any (large) D > 0, there exist C, Ng such that for
any N = Ny, € /N <t < 1, and k € [aN, (1 —a)N] we have

P(1040) = 10 = 500 > 757 ) < NP

Remark 3.2. The same comment as Remark 2.9 holds: The above theorem is true for any
B = 1in (2.2), provided A and p satisfy optimal initial rigidity estimates.

Corollary 3.3. Let o, ¢ > 0 be fixed, arbitrarily small. Then for any (large) D > 0, there
exist C, Ny such that for any N > Ny, € /N <t < land k € [aN, (1 — ) N] we have

NE
P(|(/\k+1(f) — Ak (®) = (i1 (t) — i ()| > ﬁ) <NP.
Proof. Note that

|Ak1 (1) = Ak (1)) — (i1 (1) — pic ()|
S e (@) = pre (1) = 0 O] + [Are41(0) = a1 (1) — g1 (0]
+ g1 (1) — e (@)1
From Theorem 3.1, the first two terms do not exceed ¢ /(N ?¢) with probability 1 — N~

The third term is bounded by the following Lemma 3.4, an elementary consequence of
rigidity and dynamics of the trajectories y. This concludes the proof. ]

Lemma 3.4. For any o > 0, there exists a constant C > 0 such that for any (k, ) €
[eN,(1 —a)N]? |E| <2 —«a and s,t,n € [p2/N, 1], in the set A from (2.7) we have
(here z = E +1in)

i} _ |k — £ |t — s
[ag (1) — ag(s)] < Cgo(N2 it D) + Nmin(s,t))’ (3.2)
Im fo(z,)

|E — vl In+1—s
N Imso(z;) N min(s,n+1t)  Nmin(s,n+1) )

—11y(s) (3.3)

SC@(
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Proof. As preliminary elementary estimates, there exists a constant C > 0 such that in
the required range of k, £, s, ¢ we have

Imm(y}c),lmm(yg) >Cc

ke 6
i)~ mm ()| + 1y = i1 < € (K b =11,

We detail the proof of the first inequality above. From (1.11) there exists a compact set
€ = C(«) which does not depend on N and does not intersect (—oo, 2] U [2, 00) such that
forany k € [N, (1 —a)N]and0 < ¢ < 1, y; € €. The required inequality then follows
from inf;ce Imm(z) > 0. The second inequality of (3.4) follows from the same argument
together with the observation that m is Lipschitz on C.

Moreover, in A the rigidity estimates gives

12 a1
14;(0) — i (0)| < Co2N73(j)3,

so that the same proof as Lemma 2.4 gives

1 A (0) = ;(0) /2
'Nlm; — ‘sc v (3.5)
We decompose
_ i 1 1 1 N (0) — 115(0)
f— <L _ I %)‘
ix) - e < (e Imm(y;>); (2
N

1 1
() =)
p{ BNV Vi =Y

X |4 (0) = ; (0))].

From (3.4) and (3.5), the first line is at most (pl/z(“;v;f| + ‘SN;”), while the second is
bounded in A by

1
Co2 _2 a_1L
TZN 3(j)73
j

1
+ N Imm(y}) Z

Ve~V
Vi =y —v)

y(k=t =1\ (NS NG
SC(/ﬂ( vt ; +; :

lvi — vil? ly; —vI?

As Imy; ~ t,Imy; ~ s, each sum above is O(min(s, t)~1). This concludes the proof
of (3.2). The proof of (3.3) is the same. [

3.2. Proof of Theorem 3.1 by induction

We implement an iterative scheme to reach the optimal error term. Some inspiration from
this scheme comes from [12, Section 3], although the induction there quantifies eigen-
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vectors delocalization instead of eigenvalues, and many aspects of the proof are different.
Consider the following property, for a parameter 0 < a < 1.

Property (P,). For any fixed (small) & > 0 and (large) D > 0, there exist C and Ny

such that for any v € [0, 1], the following holds with probability at least I — N~°. For

any o€ /N <t < 1,k € [aN,(1 —a)N]and N > Ny,

c (Nt)?
N2t~

Theorem 3.1 is a consequence of the following two propositions.

(@) — ()] < ¢ (3.6)

Proposition 3.5. Property (Py) holds.

Proof. From (2.18), we know that 1y (1) = O(¢¢ N~!) with overwhelming probability,
uniformly in the required range of parameters. We also have itz (f) = O(¢€ N~1!) thanks
to the definition (3.1) and the rigidity estimate

1

[u; (0)] < N3/
(see Lemma 2.3). This concludes the proof. ]
Proposition 3.6. If Property (P,) holds, so does (P34/4).

Proof of Theorem 3.1. Let ¢ > 0. By initialization with Proposition 3.5 and a finite num-
ber of iterations of Proposition 3.6, for any fixed (small) ¢ > 0 and (large) D > 0, there
exist C and Ny such that for any v € [0, 1], N = N,

NE C
P(|u,§”)(z) (1)) < 57 forall k € [oN. (1~ @)N] and 1 € [% 1]) >1-N"P.

The same estimate holds after integration over v € [0, 1], with rigorous justification given
by large moments and Markov’s inequality, similarly to the argument after (2.18). ]

The remaining part of this section proves Proposition 3.6. It relies on the following
three lemmas.

The first lemma is an approximation of our dynamics (1.7) with short range dynam-
ics. Such approximations for the analysis of the Dyson Brownian motion appeared first
in [21]. Our version assumes property (P;) and gives a better bound. Remember we
defined

1
I =) = NG5~ 0)?
and write B = 8§ + £,
N0 = Y () - 1K), 6
li—kl<e

LK) = " () — fk),

|j—k|>£
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for some parameter £ = £(N, a) chosen later. Denote by Ug(s, #) the semigroup associ-
ated with 8 from time s to time ¢, i.e. d,Ug(s,?) = 8(¢)Us(s,t) and Ug(s,s) = Id. The
notation Ug (s, t) is analogous.

Lemma 3.7 (Short range approximation). Assume (Py). For any fixed (small) @ > 0 and
(large) D > 0, there exist C, Ny (depending on «,a, D) such that the following holds
with probability at least | — N~P. For any N > Ny, o€ /N <t <1, u < v in [t/2,1],
£>¢@andk € aN, (1 —a)N],

(U e, ) — Us e, o)) ()] < ¢C|u—v|(% o+ %) (8)

The second lemma is a finite speed of propagation for the dynamics defined by (3.7).
Such estimates appeared first in [21], here we state the version from [11, Lemma 6.2],
optimal in terms of distance and probability bound. The version below is simpler than
[11, Lemma 6.2] as it corresponds to the one-particle case, and we change the condition
li —j| > N®€into |i — j| > @£ for convenience, the proof being unchanged.

Lemma 3.8 (Finite speed of propagation). For any fixed (small) @ > 0 and (large) D > 0,
there exists No (depending on o, D) such that the following holds with probability at
least 1 = NP Forany N > Ny, 0 <u <v <1, £=N|u—v|, k € [aN,(1 —a)N]
and j € [[1, N] such that |k — j| > ¢f, we have

(Us(u, v)8)(j) < N72. (3.9)

For the third lemma, we consider (3.7) with a well-chosen initial condition, similarly
to [11, Section 7.2]. We fix some initial and final times u < ¢, the short range dynamics
parameter £, the space window scale r and always assume

4
03 —1| <"’20N <% <1. (3.10)

We also consider a fixed index k. Given this, we define

h(j) if|j —k| < b,
ug(t) if[j —k| > b,

> (Flah)(j).

Nr<b<2Nr

(Flatph)(j) = {

. 1
(Avh)(j) = INr 2N

This averaging operator can also be written as a linear combination in terms of a Lipschitz
function a:

i —Jjl

Nr ~
The function Av, introduced in [11], allows to flatten the initial condition outside a large
box, and keep the actual observable in a smaller box. For the purpose of further estimates,
this interpolation with a constant at co needs to be regular enough; a linear interpolation
in the window [Nr, 2N r] is sufficient for our purpose.

(Avh)(j) = a;jh(j) + (1 —aj)ug(t), where |a; —aj| < (3.11)
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Finally, let w be the solution of

dismj(s) =Bw)(j), u<s<t,
w(u) = Avu(u).

The following lemma provides good estimates on averages of the w;. The stochastic
advection equation satisfied by f; will be essential for its proof (see Lemma 3.10).

Lemma 3.9 (Average of the modified dynamics). Assume (P,). For any fixed (small)
o > 0and (large) D > 0, there exist Ny, C (depending on o, a, D ) such that the following
holds with probability at least 1 — N~P. For any N > Ny, € /N <n,t <1, u <s in
[t/2,t], £ > @, j.k € [aN,(1 —a)N] such as |y; — yx| < 10r, z = y; + in, we have
(remember w depends on k and u)

1 w; (s) 1 1 .
Nlm Z xi(s)—z_(ﬁlm Z xi(s)—z)uk(s)

li—jl<t li—jl<¢ (3.12)
r n (Nt)e [ ¢ Nn  Nlu—t| 1
=09 — + — I ) ).
(v )(Nt+Nt+ v \Nv T e T T Ty

Based on the previous lemmas, we can now complete the proof of Proposition 3.6.
Until the end of this proof, we fix o, D > 0 and find Ny such that the conclusion of the
three lemmas above hold with probability at least 1 — NP for N > Ny, together with
the rigidity estimate from Lemma 2.3. We work on this good event, i.e. we assume that
we are in A from (2.7), and that (3.8), (3.9) and (3.12) hold.

We fix some index k € [2aN, (1 — 2a) N]. We have

lug (1) — wi ()] < [((Usp (u. 1) = Us (u, ))u(u)) (k)] + [(Us (u. 1) (w(u) — w(w))) (k).

We can bound the first term on right-hand side with estimate (3.8). Moreover, note that
u(u) — w(u) is supported on {j : |j —k| > Nr} because of w(u) = Avu(u) and the
averaging operator does not change functions in {j : |j —k| < Nr}. Hence by (3.9)
and the choice of parameters (3.10) the second term above is O(N ~190). We therefore

obtained N (Vo) |
4 ~100
7W+E)+N ' (3-13)

We now evaluate wy (), by considering two cases.
Assume first that there exist an index j and a time s € [u, ¢] such that

g (£) — wi (1) < € u —z|(

w;(s) —ug(t) = M(s) := llsr}aév(m,-(s) —1ig(¢)) and |j—k|>3Nr.

Asi +— w;(u) — g (¢) is compactly supportedon {i : |i — k| < 2Nr}, by the finite speed
of propagation estimate Lemma 3.8 we have w; (s) — 1ix(t) < N 100, By the parabolic
maximum principle, M decreases, which implies

M(t) < N~190, (3.14)
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Secondly, assume that for any s, for all j such that w; (s) — ug () = M(s) we have
|j — k| < 3Nr.For any such j and n > 0, we have

w; (s) — w;(s)
i e N(x;j(s) — xi(s))?
1 w; (5) — w;(s)
(xj (s) — xi (5))% + n?

= (wy(5) ~ 14 (0))

li—jl<¢t

1 w; (s)
N_n(lm 2 xi(s)—zj)

li—jl<t

il =)
— —|Im Z —— Jw; (),
N\ A i) = 2
where z; = x;(s) + in. By Lemma 3.9 and the observation
) — 1)) < Co !
Nt

from Lemma 3.4, the first parenthesis above can be evaluated so that, if we denote f”(x™)
the right derivative’ of a function f at x, we have

d @€ (N1)@ Nn Nu—t| 1
— Mt <——M 4 AL b T )
sMes— (S)+r)(Nt+Nt+N2t Nr+£+ . Ty

Note that the error term due to
lu —1]
Nt

has been absorbed above in - because |u —t| < r. If we choose n = [t —u|/¢p, the
above equation implies

(N1)? Nt —ul 1
M(t) < o€ .
< (Nt+ N2t Nr+ R I~

With the optimal choice

[u(s) —ux ()] < Co

3a a
Ni)# a Nt)%
_ WO Nt g = IO (3.15)
N N
we obtain ,
C 2a
- (N1)4
M@t) < Z——F—.
(t) N

This inequality is also true in the case (3.14).

5Note that M is the maximum of N smooth curves, so its right derivative exists and is bounded
by the max of all individual derivatives where the maximum occurs.
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By the same reasoning we obtain the same bound holds for

_ lg}ian(mi(t) —ug (1)),

so that in particular

3a
_ (Nt)+

1) — i (1)] < € ——.
e (1) = (0] < € -

Together with estimate (3.13) with parameters (3.15), this shows that
c(Noy¥
N2t
for all index k € [2aN, (1 —2a) N]. As « is arbitrary, this concludes the proof of Propo-
sition 3.6.

[ug(t) — ()] < ¢

3.3. Proof of Lemma 3.7

We fix a, D > 0 and find Ny such that the conclusion of Lemma 2.3, Lemma 3.8 and
Property (P;) hold for N > Ny, with probability at least 1 — N ~D We work on this good
event, i.e. we assume that we are in A from (2.7), and that (3.6) and (3.9) hold.

By Duhamel’s formula, we have

((Us(u,v) = Us(u, v))u))(k) = /uv(Us(S, v)L(s)u(s)) (k) ds.
By the finite speed of propagation (3.9), for any k € [3aN, (1 — 3a) N] we have
(Us (s, 0)£(s)u(s)) (k) = (Us (s, v)(L(5)u(s) I 2an,1-20)N1 (k) + O(NP).
The above equations together with Ug being a contraction for L, this implies that
|((Us (u, v) = Us(u, v))u(u)) (k)|

< fu— v sup |L(s)u(s)(j)] + ONP).
jE[2aN,(1—2a)N],u<s<v

Finally, from (3.6) and Lemma 3.4, for any s in [t /2, ], for any i € JaN, (1 —a)N] we
have (1) T
c t 1—]J
w0 <o (For + ).

and fori ¢ [aN, (1 —a)N], estimate (2.18) implies |u; (s) —u; (s)] < (pCN_2/3(f)_1/3.
This implies

. u;(s) —u;(s)
LEmE() = Y, ——L=
Y N(x; —xj)
o | li=jl c
+ ~
=oNg©) Y I 4oL NTEE
e G N T S2n

N (Np* 1
=O((pC)(7 N2Z +m)»
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where we also used |x;(s) — x;(s)| > c|li — j|/N, by rigidity together with £ > ¢. We
therefore obtained (3.8) for k € [3aN, (1 —3a)N]. As « is arbitrary, this concludes
the proof.

3.4. Proof of Lemma 3.9

We start with the following key improvement on local averages. Remember the notations
(1.9) and (2.1).

Lemma 3.10 (Improved estimate on the local average). Assume Property (P,). For any
fixed (small) k > 0 and (large) D > 0, there exist C and Ny (depending on a,®, D) such
that the following holds with probability at least 1 — N~™P. For any t and z = E + in,
satisfying 0 <t <1, 9° N7 < n < 1, |E| < 2 —«k, we have

<€ ((N 2i i). (3.16)

+ Ims,(2)

Im fi(z) — e 2 ———1m fo(z/)

Imso(zs)

NZ2tn Nt

Note that for the initial iteration of Proposition 3.6, we have a = 1 so the above esti-
mate was already proved: an upper bound ¢ /(N17) is known by Proposition 2.11. Hence,
the above lemma is not necessary to obtain (P3,4) and therefore relaxation of the Dyson
Brownian motion. We only use it for optimal error bounds.

Proof. For fixed ¢, consider the function

I (2) = KO @) = folzem) — I{;f’(f)) i (zi), O<u<t,

Note that both f and e "/2g, satisfies the stochastic advection equation (2.3), with ug (u)
replaced by 1/N in the simpler case of s. By linearity, this implies that % satisfies the
equation

dhy = (su(ze—u) —m(zi—u)) (azfu(zt—u) - %e_gazsu (Zt—u)) du

1/2 Im fo(z,) —x
+—(——1)(3zzh (Zr—u) — m 3zzSu(Zz—u)) du (3.17)
rq(u)dB (u)
\/_ q 1 (Zt u _xq(u))2

where
Im fo(z;)
NImso(zs)
We will use this equation to bound Im(%; — hg) (i.e. the left-hand side of (3.16)) in a way
similar to the proof of Proposition 2.11, with the novelty that our estimate on v, (u)
depends on the hypothesis (P,) and improves with small a.
As in the proof of Proposition 2.11, we define

re(u) = ug(u) —

tr=¢N° and z™P) =E, + inp,
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where
Em 1\ 10 ¢? ~10
/_ dp:(m—E)N and np=ﬁ+pN .

o0
2+ -
Let

We pick o such that
. Nty)? 1
T =infl0 < u <1 : [Imh Py > o€ ( + — )y,

C Nu)é
T, = inf{% <u<l1:3q €aN,(1 —a)N]: |ug(m) —igu)| > o€ (NZZt }

laN | = argmin,

T =min{Tg, 71, 72, Tg,m,p : 0 < €,m, p < N0 |Em| <2 —k},

where 79, 71 are defined in (2.8) and (2.20), and our convention is inf & = 1. By the same
argument as in between (2.9) and (2.12), we just need to prove that for any D > 0 there
exists No(k, D) such that for any N > N, we have

Prz=1)>1-NP. (3.18)

Lett =14,z =zmP) = E + in, where 0 < £, p < N0 |E,,| <2 — k. We now divide
the proof into two steps.

First step: A priori estimate on r4. We claim that for any o > 0 there exists C > 0 such
that for any ¢ /N <u <t and ¢ € [aN, (1 —a)N] we have (remember that ry(u)
depends on z and t)

—FE|+|u—t Nu)é

Nu N2u ' Nt (3.19)
— E ’
=: ¢ (M +g(a. N, n,u,t))-
Nu
For the proof, we choose j such that |y; — E| < ¢/N and write
- - - . Im fo(z,)
[rg )| < Jug(u) —ug ()| + g () — 0, (1) + |u;(¢) — Nimsozo) |

We use u < 1, to bound the first term, (3.2) for the second and (3.3) for the third. This
gives (3.19).
Note that we also have the more elementary estimate (useful for small u or g close to
the edge)
g ()] < Co'"N=3 ()75, (3.20)
This is obtained by combining two estimates. First, we have u < t; so that
2 a1
lug (W) < @''NT3(@) 75,
Second, uniformly in E is in the bulk of the spectrum and ¢ < 1 we have

Imsg(z;) > ¢ > 0,
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which together with Lemma 2.4 gives
Im fo(z;)
N Imsg(zy)

Second step: Bound on the increments. The error term for supy<, <, | Im(hs — ho)| corre-
sponding to the first line of (3.17) above can be bounded similarly to (2.14), giving

<Cyp?/N < Cp'"N"3(§) 3.

AT Im z
/ 5 () — 0, fulzio) — SOCD 5 oo du
; T so(zr)
3.21)
< / [rg ()] du.
o NIm@zi—u) = [2e-u = vql?

In the above right-hand side, the terms § < aN are bounded with (3.20) and give a con-
tribution

log N
WN-34)%d \/ du<? .
/ Nlm(z, 0 £ Z“” @ du NIm(zt ) N

For the contribution from the bulk indices in the right-hand side of (3.21), for u < t we
have (we abbreviate g for g(a, N, n,u,t))

N
Z IO gz ﬁz lvg — E|
|Zt—u — ¥q |2 |z —)/ql2 Nu

a=1 |ze—u — vq1?

(o
$¢gN i

n+(t—u)
so that

N
[ @l
9C/N N Im(z;—y) G>aN |Z¢—u — )/q|2
t c a .
§/‘ ¢~ du (Nu)+i+tu 1 +L
oC/N N+ 1 —u N2y Nt Nu Jn+(@—u) Nu
Nt)? 1
c(Wn?, 1)
N2ty Nt
Finally, with (3.20),

C
/¢’ /N 1) |I‘q(U)|
0 N Im(z;—y) isaN |24 — Vq|2

du

o€ /N c N 1
< / 290 ) 7
0 N2Im(zs—y) =l |Z—u — Y4l

o€ /N c c
S/ L4 du < ¢ .
0 N(Im(z;—y))? N2(n+1)?
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The previous estimates together prove

INT
/ IS0 (Z¢—u) —
0
a
<o (N1) +L .
N2tp Nt
Similarly we obtain

/t/\‘r 1
0

We now bound the bracket of the stochastic integral in (3.17):

. _u N
e 2 ry(u)
<./o TN 2 e g7 "(“)>m

ey e )2 e | ey (o) 2
/ Z|zq |4d+/ Z|zq au:

Vq|4

0z fulzi- u)_ Ime(Zt) 028u(Zt—u)

50(z0) du

(3.22)

Im fo(z;)
02z fu(Zi—u) — Tm so(27) ——— 028 (2t—u)

Np® 1
du < (pc((Nzl)n + m). (3.23)

For the contribution of the edge indices, we have

g |rq(u)| c M1 o t
E du < Y (NT3@ ) du < ¢ —.
/ e U@ /0 Nq=1( (@) 3) dus<g B

Vq|4

For the bulk indices, we use (3.19) for small ¥ and both (3.19) and (3.20) for large u:

INT 1 |rq(u)|2
— —————du
L v e

4
aN Yal
c tAn 1 N—Z
Y% / ~ ———du 3.24
0 N P |Z¢—u — yq|4 ( )

e ] 1 (|yq—E|2 1 )
— min + g2, du.
tAT) N Xq: |Z¢—u —Vq|4 N2u? "N?

The first integrand on the right-hand side above is O(N~2/(n 4+ t — u)3), so that the
corresponding integral is O(1/(Nt)?). For the second integral, we can assume 1 < t
and use min(a + b, ¢) < min(a, ¢) + min(b, ¢) for positive a, b, c. We first bound the
contribution from g:

! du 1 5 1
/ N (Z £ yql“)mm(g W)

/ lu—1t> 1 (Nu)*@
) + + ==
n+1t— u)3 N2u2 ' N2 N4y2 N2:2

+ ¢€

(3.25)
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We bound the term involving min( ‘['f,ztlz , N2) with

/‘ |u—t|2]1 /‘ (u —1)? log N
< u < ,
(77+t—u)3 N2y2 = N2t2 n+1—u) N22

du 1 1 - 1
g (11 —u)3 N2 M= e

For the remaining terms from (3.25), we calculate

du (Nu)?¢ - (N1)?e d du n? 1
n (n+1—u)® N4u? \N4t2172’ n (M+t—u)B N22 = N2
Finally, the contribution from mln(‘ u2 , N2) in (3.24) is bounded by
" du Z 1 lyqg — EI?
n N 7 |Zt—u_)/q|4 N2y?
lvg—E|<u

" du / x?
n N2u? || <u xt+(m+t—u)t

L du u3]l N 1 " _ 1
, N2M2 t4 u<t/10 7]—|—t—u u>t/10 ~

"du (N N 1
< N Slu<t/o + 310 ) S 557

The above estimates together prove

. u N
e 2 rq(u) - ¢ (N1)2 |
</0 I 2 G s q(”)>m <o (e * )

for some C independent of our choice of £,m, p. By (2.11) and a union bound we
conclude that for any D > 0 there exists C > 0 such that
Nt)e 1
c(Wor 1
NZ2%tn Nt

—u/2 N rq(u)
( o / (zt w — g ()2

0<s<tAT,
-D
=>1-N""7.

|Em|<2—k

Together with (3.22) and (3.23), this concludes the proof that

Nt)® 1
]P’( sup |hs(z)|$<pc((T)+—))Zl—N_D.
Lm,p, N2tn Nt

0<s<tAT,
|Em|<2—k
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Remember that
P(min(zg, 11.72) = 1) > 1 = NP

by Lemma 2.3, (2.18) and assumption (P, ). Together with the above equation, this implies
(3.18) and concludes the proof. ]

We now can complete the proof of Lemma 3.9. As previously, we fix o, D > 0 and
find Ny such that the conclusion of lemmas 3.7, 3.8 and 3.10 hold with probability at least
1 — NP for N > Ny, together with the rigidity estimate from Lemma 2.3. We work on
this good event, i.e. we assume that we are in A from (2.7), and that (3.8), (3.9) and (3.16)
hold. We prove Lemma 3.9 for j, k € [2aN, (1 — 2a) N, without loss of generality up to
changing our initial choice of « into o/2.

We rewrite the left-hand side of (3.12) as (i) + (ii) + (iii) and bound independently
these terms defined as

L1 (Us(u, s)Avu(u) — AvUg (u, s)u(u))(i)

(l) = N Im i_le:<£ X —2 s
. 1 (AvUg (u, s)u(u) — AvUg (u, s)u(u))(i)

(ii) = Nhni;q 8 — B ’
| (AVUs3 (u, )u(u)) (i) — g (s)

(111)=N1m.2' o .

li-jl<t
We first estimate the numerator in (i),
(Ug(u, s)Avu(u) — AvUg (1, s)u(u)) (@)
I S > (Us(u.s)Flatyu(u) — Flat, Us (. s)u(u)) (i)

[N 2N7]| Nr<b<2Nr

If |i —k| <b— @f, then
(Flaty Us (u, )u()) (i) = (Us (1, s)u(u))(i)
and by (3.9) we have
(Us (u, $)Flatyu () (i) = (Us (u, s)u(u))(i) + O(N ),
so that in this case
(Us (u, s)Flatpu(u) — Flaty Us (u, s)u(u))(i) = O(N~P). (3.26)
If i —k| > b + @t then
(Flaty Us (u, s)u(u)) (i) = g (1)
and, again with (3.9),
(Us (u, s)Flatyu () (i) = (1) + O(N~P),
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so that (3.26) also holds in this case. Assume now |i — k| € [b — @£, b + ¢{]. By using
(3.9) first and then (P,) and Lemma 3.4, we have

|(Us (u, s)Flatpu(u) — Flat, Ug (u, s)u(u))(i)|

< max [ (s) — g ()] + O(N D)
[lm—k|—b|<2¢t

< max up(s) W)+ max  dw(s) — @k (@)] + OV )
||m—k|—b|<2¢L ||m—k|—b|<2¢L
a _
< o€ (Nt) n r+ |t —ul .
N2t Nt
‘We conclude that (N1)e | |
. c t r+|t—u
= . 3.27
0 =06 (For + 627

We now estimate (ii). As |i — j| < £, we have i € [[aN, (1 —a)N] and (3.8) applies:
we obtain

[(AvUs (u, s)u(u) — AVUsg (u, s)u(u)) ()| < [(Us(u, s)u(u) — Us (u, s)u(u))(@)|

N (Npa 1
< ,,C
S¢ = |( N2t Nt)’

where the first inequality follow from (3.11). The same bound for an average over i gives

N (Nt)4 1
(i) = O(¢)|u —z|( 7 (Nz)t + m). (3.28)
Finally, to estimate (iii), we use (3.11) to first decompose
ui(s) —ug(s)  aj u; () — g (s)
= Z—I AT
d iy @O - ) 329)
i<t N
m Y (1 —ai) @k (r) — ()
Xi—z
li—jl<t

The first sum is also (we use (3.3) for the first equality and the main estimate (3.16) for
the second equality below)

| [
| .

Im fs(z) —Im sx(z)%sgz(;))

+ O((p)N—zr (3.30)

(NO*  n+r
ZO((/)C)(N%n N )

Im f5(z) — Imsg(z)ug(s) =
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To bound the second sum in (3.29), for i in the bulk we write
(No)* i —k|
N2t N2t

(for i at the edge we can use (2.18) which gives a negligible contribution), and obtain the
estimate

i (s) — g (s)] < g (s) — 1 ()| + [1; (s) — g (s)] < (3.31)

i Z n (N4 i Z n li —Jj
N n”? + (i —yj)?* Nt N n”?+ (yi —y;)*? N2t

li-jl>¢£ li—jl>t
1 n Nr
4+ — S (3.32)
l._%é P+ (i — 1) N

_WNO*Nn 1
N2t ¢ Nt Nt
The third sum in (3.29), we use (3.11) and (3.31) to obtain

1 (ai —aj;)(ui(s) — ug(s)) C\ (N

v Im > o 47 + (3.33)

X;j —z N2t Nt
li—jl<e !

S

The fourth sum in (3.29) is bounded by (3.2), which added to the error estimates (3.27),
(3.28), (3.30), (3.32), (3.33) concludes the proof.

4. Extreme gaps

4.1. Reverse heat flow

We first state a quantitative analogue of [20, Proposition 4.1]. This reverse heat flow argu-
ment first appeared in [18]. Its proof is essentially the same as in [20]. In the following dy
denotes the standard Gaussian measure which is reversible for the Ornstein—Uhlenbeck

dynamics with generator A = %8 xx — 5 0x.

Lemma 4.1. Let 0 < 2a < b < 1. Assume e~V is a centered probability density, with

V smooth on scale 0 = N~ in the sense of (1.2) and f[_x X e VO dy < g1
for some 6 > 0. Denote u = de™" /dy. Let t = N~°. Then for any D > 0 there exists
C > 0 and a probability density g; with respect to y such that

@ [leg —uldy < CN™P,
(ii) g dy is centered, has same variance as u dy, and satisfies f[—x,x]ﬂ g:dy < o—1le—x’
for some 6 > 0.

Proof. Let « = a(N) > 0 to be chosen, 6y is a smooth cutoff function equal to 1 on
[-1,1] and 0 on [—2, 2]¢, and O(x) = Oy (ax). We define

: 1 R
ht =u + 95[ Wlth S[ = (—tA + EIZAZ + + (—1)k lmAk 1)”.
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Using (1.2), for any k& > 0 there exists C > 0 such that

k—1
08| < Cr Y _ 1o a™Fu. 4.1)
(=1

The function /; is therefore positive if « = N 7% with 0 < & < (b —2a)/Cy.
Moreover, from [20, equation (4.4)], we have

t
/|e’Aht—u|dV < ck/ (tk/|Aku|dy+/|A(0—1)§S|dy/
0
+f |<9—1)asss|dy) ds.
Still using (1.2), we easily have
z"/ |ARu|dy < Creko™2*
and
t t
f |A<9—1)ss|dyds+[ (6 — 1)8,:] dy ds
0 0
< Ct0_2k/ (1 + |x|)C*udy < Cro=ke="
[_a—l’a—l]c

for some ¢ > 0, where we used the tail assumption

_ —C
/ eV <ce ™.
[—x,x]¢

All together, for k large enough (depending on D) and 0 < ¢ < (b —2a)/Cy, we
obtain

/ le"4h; —u|dy < CN7P.

Moreover, from (4.1) and our choice of parameters we have
¢ = f hydy =14+ O(N~P),

so that g; := h;/c; (now a probability density) also satisfies | let4g, —u|dy < CN~P,
Similarly, by a dilation with factor 1 + O(N~P), g, can be dilated into a probability with
variance 1.

Finally, (i) easily follows from (4.1) and the hypothesis f[—x,x]v eV < 0-le=" m

4.2. Proof of Theorems 1.2 and 1.4

We illustrate this classical reasoning with Theorem 1.4, Theorem 1.2 being proved simi-
larly based on Corollary 3.3 and Lemma 4.1.
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We assume H is smooth on scale 0. From Lemma 4.1, there exists a generalized
Wigner matrix H such that if H, - denotes its evolution under the Dyson Brownian Motion
dynamics with initial condition H, the total variation distance between H; and H is of
order N~P for any D, provided t < N °¢2. In particular, the total variation distance
between their spectra is also at most N_D, and dry(tf (H;), 70 (H)) < NP 5o that for
large enough N we have

NS
dw(tg (Hy). 7 (H)) < /_NS dx|P (7 (H:) < x) = P(g(H) < x)|

+ B (H )L @ - ns) + E@ D L (ayv5)
< CN™PH3,

_On the other hand, for such ¢, from Corollary 3.3 the gaps between bulk eigenvalues
of H, can all be coupled with some GUE gaps with some error N¢/(N?2¢). With the third
characterization of the Wasserstein distance in (1.3), we obtain

N8
dw(fk (Ht) Ty (GUE))
Nt
The two equations above conclude the proof.

Remark 4.2. From the above proof, it is clear that if uniform (in N) boundedness of
the density of 7, (GOE) or 7,/ (GOE) was known, then the rates of convergence in Corol-
lary 1.3 and Theorem 1.4 would also hold for the Kolmogorov—Smirnov distance. It is not
obvious that the methods in [4, 27, 28] give this boundedness, as they rely on moments
calculations.

5. Rate of convergence to Tracy—Widom

5.1. Proof of Theorem 1.5

This rate of convergence relies on a main result of this paper, Theorem 2.8, and the fol-
lowing Proposition 5.1, a quantitative version of the Green’s function comparison theorem
from [24]. It is proved exactly in the same way, after carefully keeping track of all error
terms. For completeness, we give the proof in the next subsectlon

For the statement, we consider a scale p = p(N) € [N"!, N~ %] and a function

f=f(N):R—>R
satisfying
1Pl < Cep™ . 05k <2

Assume also that f is non-decreasing, f(x) =0 for x < E, f(x) =1 for x > E + p,
with |E — 2| < ¢ N ~2/3. Moreover, let F be a fixed smooth non-increasing function such
that F(x) = 1forx <0, F(x) =0forx > 1

Proposition 5.1. There exists C > 0 such that the following holds. Let HY and HY be
generalized Wigner ensembles satisfying (1.1). Assume that the first three moments of the
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entries (h;j = \/_HU) are the same, i.e. ]Ev(hk) = Ew(hk Yforalll <i < j < N and
1 < k < 3. Assume also that for some pammetert = t(N) we have

|]Ev(h ) — Ew(h )N <t fori<j.
With the above notations for the test functions f, F, we have
t 1 1
B~ EM) FT f)] < € (3 + s + )
(Np)?
We now can complete the proof of Theorem 1.5. Let x € R. If |x| > ¢, then for any
D > 0 we have

Py(N3(Ay —2) < x) = P(TW; < x) + O(N~?)

for large enough N. So we now assume |x| < ¢.
Define a non-decreasing f; such that fi(x) = 1 for x > 2 4+ xN~2/3, fi(x) = 0 for
x <2+ xN72/3 — p. We also denote f>(x) = fi(x — p). We then have

N N

_2

EHF<Zf1(M)) SPy(Any <2+ xN73) < IEHF<Zf2(M)). (5.1

i=1 i=1

To understand the above right-hand side, if Ay <24 xN~2/3, then YN . f£(1;) =0

so that F (Zl_l f2(A;)) = 1; the inequality on the left follows by a similar argument.
Moreover, as is classical and mentioned in the proof of Theorem 1.6, we can find

a generalized Wigner matrix H o such that the Gaussian divisible ensemble

Ho=e 5Ho+(1 —e_t)%U,
(U is an independent standard GOE matrix) has its first three moments which match
exactly those of the matrix H and the differences between the fourth moments of the two

ensembles is O(¢) (see for example by [23, Lemma 3.4]). By applying Proposition 5.1,
the bound (5.1) becomes

(;m )) (% + @+ )

<Pu(Ay <2+ xN73)

<Egm F(Zfz()t))—Hp ( +(N1p)2+i)'

i=1
Using again (5.1) but now for the ensemble H ¢ and for fi, f> shifted by +p, the previous
equation gives
Py (v <24+xN 3 —p)—C( 4 L]
~ x —_ ) — - 4
2N PO A\Ne T e TN

< PH(/‘\N < 2+XN_%)

t 1 1
Py (Av <2+xN73 4 p) +¢C ( + 2+—).
(Np)
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When combined with the edge relaxation Theorem 2.8, this estimate gives
2 2 N¢ t 1 1
PGOE(N3()LN—2)<x—N3p— )—goc(—+ +—)
N5t Npo = (Np? N
<Pu(N3(ly —2) < x) (5.2)

2 2 NE¢ t 1 1
< Psoe| N3(Ay —2 N3 o — — .
GOE( AN —2)<x+N3p+ 1)"‘90 (Np+(Np)2+N)

N3t

Moreover, from [34] uniformly in |x| < ¢ we have
Poe(N 3 (An —2) < x) = P(TW; < x) + O(N %)

(more precisely the main result of [34] gives the better error of order N ~2/3, but only for
x > —C, and a straightforward adaptation of the proof shows the above bound). By using
this GOE result and boundedness of the density of TW; in (5.2), we obtain

Pu(N3(Ay —2) < x) — P(TW; < x)
—O(NS)(N%P—FL‘FL-F;*FL)
N3t Np (Np? UN)

The optimal bound N ~2/9F is obtained for t = N~1/% and p = N~%/°. This concludes
the proof.

5.2. Proof of Proposition 5.1

We closely follow the notations and reasoning from [22, Theorem 17.4]. We first fix
a bijective ordering map of the index set of the independent matrix entries,

G ) 1<si<jsNy—[LyWN]

with y(N) = N(N + 1)/2. Then let H, be the generalized Wigner matrix whose matrix
elements h;; follow the v-distribution for ¢ (i, j) < y, and the w-distribution otherwise,
sothat HY = Hgand HY = H,(y). By summation, it is sufficient to prove that uniformly
iny € [1,y(N)] we have

Lt 1 1
|EF(Tr f(H,)) — EF(Tr f(Hy—1))| < 9N 2(N—p + NP + N)' (5.3)

Let y be a smooth, symmetric function such that y(y) = 1if |y| < N72/3, y(y) =0
if [y| > 2N723, ||x'llo < N?/3. With the Helffer—Sj&strand formula, if the A; are the
eigenvalues of a matrix H, we have

> 100 = [ st e

with
g(z) = %(iyf”(X)x(y) +i(f(x) +iyf'CNx' (). z=x+1iy,
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where d*z is the Lebesgue measure on C. We define

[l

H =/ g(z) Tr(H — z)~ 1 d?z,
|y|>N—1

and first bound

Ny _ =H " y?
Xo0-z )$//|y|<,l,,E<x<E+p|f N TR &Y

<

1 dx
\/ 2N 3 Z A — iy’
E<x<E+pp i | i (X+ N)|

where for the last inequality we used y?|A — (x +iy)|"2 < N2|]A — (x +i/N)| 2.
Ifi > N —¢€, we simply bound

o)

Ifi <N — @€, with overwhelming probability we have

i
Ai — (x + —)
/E<x<E+p l N

We therefore have
Cc Cc

S son-sn< S,y e

—2
dx < CN.

-2
dx < plE —yi| 72

=~ 2 2N3 a2
(Np)* — p*N? = ¢ |E —yil
C
@ ( P 1 )
< 1+ 2 (54)
(Np)? N kZ/l (5)*/3

~o( )
- 2
(Np)
with overwhelming probability.
As (5.4) holds, (5.3) will be true provided that uniformly in y € [[1, y(N)], we have

t 1 1
EFEH)—EFEDH1) <o®N 2 —+ —— + — . 5.5
IEF(E™) ( <o Np+(Np)2+N (5.5)

For this fixed y corresponding to (i, j) (¢(i, j) = y), we can write

1 1
Hy1=0+—7V., H,=0+—=W,
y ¢ VN r=20 VN
where Q coincides with H,_; and H,, except on the entries (7, j) and (j,7), where it is 0.

We abbreviate |
R=—TrR
N
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and ( Iym .
R™ = N T (RV)™R, Q= - Tr(RV)’S.

Then the resolvent expansion at fifth order gives

4
1 N . _m A _5
LTS =R+& withg, = Y N72R™ + N73Q,.

m=1
By Taylor expansion, we have
EF(E®) —EF(EH-1)
3. FO(gQ
Z ( ) (BHr —g2)t — (g1 —292)9 (5.6)
+ 0<||F‘4> loo) (E((E™ —89)* + (2™ - 89)Y)).
We first bound the above fourth-order error term. For a matrix M we denote

1M [0 = I{)E}XlMijL IM1% = max Myl M = max | Mi; .
. 17]

By the first-order resolvent expansion, we have (all integration domains are |y| > N~
and |x| < 3, i.e. we omit the contribution from x > 3, clearly negligible)

[l

2% ~ 20 < N / g@IITr SCVR()| d2

N / EOIISOIIRE) o0 22

+ NS f EOIISEERE) oo 2,

with overwhelming probability, where we used the fact that V' has only two non-zero
entries, of order 1. The local law for Wigner matrices from [25] states that uniformly in
any z in a compact set, for any D > 0,

1 Imm(z)

P(|S(z) —m(z)ld]eo > 9 W(2)) < NP, W(z) = 5 Ny

(5.7)

and the same estimate holds for R(z). From (2.6) we note that ¥(y) < ¢€ /(Ny) when
0<y< N723|E—2| < 9€N~2/3. We conclude that for any D > 0 we have (the con-
tribution of diagonal resolvent entries is negligible, and we can also a priori omit the
domain |x — 2| > ¢€ N ~2/3 by rigidity)

EHV—EQZO((pC)N%/ |g(z)l
N=1<|y|<N—2/3,|x—2|<¢C N—2/3 (Ny)
C
=o()
N2p
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with probability at least 1 — N =2 for N > No(D). As a consequence,

H 4 QDC
el :O(N6p4)

and the same result holds for E((E»—1 — E€)*). The fourth-order term in (5.6) can
therefore be bounded with

[x]

E((

9 N"2(Np)™* < 9" N72(Np)2

forp> N~L.
Consider now the linear £ = 1 term in (5.6). We have

EF'(E2) (g — gfly-1)

4 mo ot n . 5.8)
=EF/(E9) / g(z)( D ONTEFNRIM — ROV + N=3(Qy — szw)) d?z. (
m=1

The first three moments associated to v and w match, so the casesm = 1, 2, 3 in the above
formula gives null contribution.

For m = 4, as the fourth moments for v and w differ by 7, we have (E below just
refers to the expectation on V', W)

EN(RW — R®) = ETr((RV)*R — (RW)*R)

= O(Nt)(rir?])‘(|R,~j|)2(ml;1X|Rii|)3, 9

where we have used that in the expansion

TI'(RV)4R = Z Z Rkalva1b1 Rblazvazbz Rb2a3 Vasbs Rb3a4va4b4 Rb4k,
k A{ap,bp}={i,j}

typically we have a; # k, by # k, but we may have by = a,, b, = asz, b3 = a4. More
precisely, the contribution of indices k which are either i or j is combinatorially negligi-
ble: we omit this case here and in the following.

As mentioned after (5.7), in the domain N™! < y < 2N72/3 |x —=2| < p¢ N72/3

we have
C

% C
Rii| < — d Rii| < ,
rgg;(l ijl Ny o max [Ri| < ¢
so that

~ _4.q1. » A t lg(2)]
IEF/(QQ)fg(z)N 2‘H(Rg'") —Rsvm)) d’z = O((pc m) Ny2 d?z

c
4
:O gD—— S
N2 Np

where all integration domains are N ™' < |y| < N72/3|x —2| < 9¢ N72/3,
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For the term 2, — 2, in (5.8), we do not use any cancellation between v and w. As
for (5.9), an expansion and the local law give Q, = O(¢€ (Ny)~2), so that

EF’(EQ)/gN—%QVdZZ =O0(¢N2 )/ éf\l(z))l

¢
ZO(NZNW/O)
_o oC 1 1
-o(5:) (e )

where we integrate on N ~! < |y| < N72/3|x — 2| < ¢€ N72/3 again.

In sum, with the above two equations we proved that the £ = 1 term in (5.6) is
bounded by the right-hand side of (5.5). Similar perturbative expansions show that the
{ = 2,3 contributions are of smaller order, similarly to the proof of [22, Theorem 17.4].
The detail are left to the reader. This concludes the proof of (5.5) and of Proposition 5.1.

1

Appendix A.

Lemma A.1. There is a universal constant ¢ such that for any z = z;—s as in (2.17),
any j and ky,k, € 1;, we have
clz =yl S|z = yiy | < 7Yz = iy |-
Proof. For any k < %N we have
2

2 .
Yk+lp2] — Vk S CW < Cdist(yk. S)

(indeed Yy p2) — vk < C(N7192)?/3ifk < ¢? and Yi+lo2] — Vi < C(N2/3p2)k—1/3
if ? <k <3N/4). This implies in particular that |yx, — Y, | < Cdist(yk,,S), which
concludes the proof. ]

Lemma A.2. Forany z € 8, we have

4 dp(x) k(E)
N2 /0 ds /_2 |z7—s — x|* max(x (x), s2) < Cmax(K(E), 12)’

Proof. We denote z = E + iy and abbreviate n(w) = Im(w).
Assume first that 1 > 2« (E)'/2. We decompose the above integral into

K(E)!/2 d 2 dp(x) 1—(E)!/2 2 dp(x)
§ T _—oaaa T ds 1. _ |42
0 2 |z1—s — x|*K(x) k(E)1/2 2 |zi—s — x|%s

(A1)
! > dp(x)

+ ds o 4.2
t—(E)V/2 J—2 |Z—s — x|%s
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To evaluate the above terms, we can restrict our attention to w such that Re w,Imw > 0
and note that (remember a(w) = d(w, [-2,2]))

dp(x)

1

|w — x*

~

T a(w)?n(w)

Im mg(w)

/2 dp(x)
—2 |w — x[*k(x)

1 n(w)
a(w)2y(w) (K(w) TRew<2 + —K(w)% ]lRew>2),
2 dx
a(w)zn(w) fm /—2 (w— x)/((x)%

C

< -,
a(w)*n(w)k(w)?2

where in the last line we used

r

dx TWw

W-0vx (w3

The first term in (A.1) is of order at most (we use Lemma 2.2 to estimate a(z;), n(z;)

and k(z;))
2
d 1 E
K(E)%/ Lﬁ) < k(E)? _ M 6).
—2 |ze — x|k (x) a(z;)®n(ze)k(z)2 Vi
The is negligible if
oK Ck

— < _7

yN2t6 2
which is true for r > 2«x/2 and k > 2N ~2/3,

The second term in (A.1) is bounded by
t—k(E)!/? ds t—k(E)!/? ds C
/ 5, S / 52 S 2.2
K(E)/2  k(zy—g)2 52 ()2 (t—s)°s 1’k
negligible provided
1

v e

Ntk t
true as k > (pzN_2/3.

Finally, the last term is at most
/, Kt / K(E)?
—das <
t—k(E)1/2 U(Zt—s)3S2 t—/c(E)% (y+ K(E)%([ — s))3s2
1 <®2  (E)b ds
= Jo (v +«(E)25)?
L
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which clearly is negligible provided

(S

0 Ck

<

Nyt ~ ¢

which holds as y = ¢?/(N«'/?). This concludes the case t > 2« (E)'/2.

If t < 2k(E)'/2, our integral is bounded by

t 2 d t C
/ ds/ p(xz S/ - ds
0 —2 [Zt—s — x[*k(x) 0 1(zi—s)3k(zi—5)2

<

/’ c C
< : T ds < .
0 (y+ sk(E)2)3k(E)2 y2k(E)

This term is negligible because y = ¢?/(N«(E)'/?). n
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