The Eigenvector Moment Flow and local Quantum Unique Ergodicity
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We prove that the distribution of eigenvectors of generalized Wigner matrices is universal both in the
bulk and at the edge. This includes a probabilistic version of local quantum unique ergodicity and
asymptotic normality of the eigenvector entries. The proof relies on analyzing the eigenvector flow
under the Dyson Brownian motion. The key new ideas are: (1) the introduction of the eigenvector
moment flow, a multi-particle random walk in a random environment, (2) an effective estimate on
the regularity of this flow based on maximum principle and (3) optimal finite speed of propagation
holds for the eigenvector moment flow with very high probability.
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1 INTRODUCTION

Wigner envisioned that the laws of the eigenvalues of large random matrices are new paradigms for universal
statistics of large correlated quantum systems. Although this vision has not been proved for any truly
interacting quantum system, it is generally considered to be valid for a wide range of models. For example,
the quantum chaos conjecture by Bohigas-Giannoni-Schmit [6] asserts that the eigenvalue statistics of the
Laplace operator on a domain or manifold are given by the random matrix statistics, provided that the
corresponding classical dynamics are chaotic. Similarly, one expects that the eigenvalue statistics of random
Schrodinger operators (Anderson tight binding models) are given by the random matrix statistics in the
delocalization regime. Unfortunately, both conjectures are far beyond the reach of the current mathematical
technology.

In Wigner’s original theory, the eigenvector behaviour plays no role. As suggested by the Anderson model,
random matrix statistics coincide with delocalization of eigenvectors. A strong notion of delocalization, at
least in terms of “flatness of the eigenfunctions”, is the quantum ergodicity. For the Laplacian on a negative
curved compact Riemannian manifold, Shnirel’man [31], Colin de Verdiere [11] and Zelditch [36] proved that
quantum ergodicity holds. More precisely, let (1;)r>1 denote an orthonormal basis of eigenfunctions of the
Laplace-Beltrami operator, associated with increasing eigenvalues, on a negative curved manifold M (or
more generally, assume only that the geodesic flow of M is ergodic) with volume measure . Then, for any
open set A C M, one has
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where N(A) = |{j : A; < A}|. Quantum ergodicity was also proved for d-regular graphs under certain
assumptions on the injectivity radius and spectral gap of the adjacency matrices [3]. Random graphs are
considered a good paradigm for many ideas related to quantum chaos [24].

An even stronger notion of delocalization is the quantum unique ergodicity conjecture (QUE) proposed

by Rudnick-Sarnak [30], i.e., for any negatively curved compact Riemannian manifold M, the eigenstates
become equidistributed with respect to the volume measure u: for any open A C M we have

[ o) Putas) = [ piao). (11)

Some numerical evidence exists for both eigenvalue statistics and the QUE, but a proper understanding of
the semiclassical limit of chaotic systems is still missing. One case for which QUE was rigorously proved
concerns arithmetic surfaces, thanks to tools from number theory and ergodic theory on homogeneous spaces
[20,21,26]. For results in the case of general compact Riemannian manifolds whose geodesic flow is Anosov,
see [2].

A major class of matrices for which one expects that Wigner’s vision holds is the Wigner matrices, i.e.,
random matrices with matrix elements distributed by identical mean-zero random variables. For this class of
matrices, the Wigner-Dyson-Mehta conjecture states that the local statistics are independent of the laws of
the matrix elements and depend only on the symmetry class. This conjecture was recently solved for an even
more general class: the generalized Wigner matrices for which the distributions of matrix entries can vary and
have different variances. (See [17,18] and [16] for a review. For earlier results on this conjecture for Wigner
matrices, see [14,34] for the bulk of the spectrum and [19,32,33] for the edge). One key ingredient of the
method initiated in [14] proceeds by interpolation between Wigner and Gaussian ensembles through Dyson
Brownian motion, a matrix process that induces an autonomous evolution of eigenvalues. The fundamental



conjecture for Dyson Brownian motion, the Dyson conjecture, states that the time to local equilibrium is
of order t 2 1/N, where N is the size of the matrix. This conjecture was resolved in [19] (see [14] for the
earlier results) and is the underlying reason for the universality.

Concerning the eigenvectors distribution, complete delocalization was proved in [19] for generalized
Wigner matrices in the following sense : with very high probability

(log N)C loglog N
VN ’

where C is a fixed constant and the maximum ranges over all coordinates o of the L2-normalized eigenvectors,
u1,...,un (a stronger estimate was obtained for Wigner matrices in [13], see also [8] for a delocalization
bound for the Laplacian on deterministic regular graphs). Although this bound prevents concentration of
eigenstates onto a set of size less than N(log N)~¢1°819¢ N 'it does not imply the “complete flatness” of type
(1.1). In fact, if the eigenvectors are distributed by the Haar measure on the orthogonal group, the weak
convergence

max |u;(a)| <

VNu;(a) = N (1.2)

holds, where .4 is a standard Gaussian random variable and the eigenvector components are asymptoti-
cally independent. Since the eigenvectors of GOE are distributed by the Haar measure on the orthogonal
group, this asymptotic normality (1.2) holds for GOE (and a similar statement holds for GUE). For Wigner
ensembles, by comparing with GOE, this property was proved for eigenvectors in the bulk by Knowles-Yin
and Tao-Vu [22,35] under the condition that the first four moments of the matrix elements of the Wigner
ensembles match those of the standard normal distribution. For eigenvectors near the edges, the matching
condition can be reduced to only the first two moments [22].

In this paper, we develop a completely new method to show that this asymptotic normality (1.2) and
independence of eigenvector components hold for generalized Wigner matrices without any moment matching
condition. In particular, even the second moments are allowed to vary as long as the matrix stays inside the
generalized Wigner class. From the law of large numbers of independent random variables, this implies the
local quantum unique ergodicity, to be specified below, with high probability. In fact, we will prove a stronger
form of asymptotic normality in the sense that any projection of the eigenvector is asymptotically normal,
see Theorem 1.2. This can be viewed as the eigenvector universality for the generalized Wigner ensembles.

The key idea in this new approach is to analyze the “Dyson eigenvector flow”. More precisely, the Dyson
Brownian motion is induced by the dynamics in which matrix elements undergo independent Brownian
motions. The same dynamics on matrix elements yield a flow on the eigenvectors. This eigenvector flow,
which we will call the Dyson eigenvector flow, was computed in the context of Brownian motion on ellipsoids
[28], real Wishart processes [9], and for GOE/GUE in [4] (see also [1]). This flow is a diffusion process on
a compact Lie group (O(N) or U(N)) endowed with a Riemannian metric. This diffusion process roughly
speaking can be described as follows. We first randomly choose two eigenvectors, u; and u;. Then we
randomly rotate these two vectors on the circle spanned by them with a rate (A\; — A;)~2 depending on the
eigenvalues. Thus the eigenvector flow depends on the eigenvalue dynamics. If we freeze the eigenvalue flow,
the eigenvector flow is a diffusion with time dependent singular coefficients depending on the eigenvalues.

Due to its complicated structure, the Dyson eigenvector flow has never been analyzed. Our key observa-
tion is that the dynamics of the moments of the eigenvector entries can be viewed as a multi-particle random
walk in a random environment. The number of particles of this flow is one half of the degree of polynomials
in the eigenvector entries, and the (dynamic) random environment is given by jump rates depending on the
eigenvalues. We shall call this flow the eigenvector moment flow. If there is only one particle, this flow is
the random walk with the random jump rate (A; — )\j)*z between two integer locations ¢ and j. This one



dimensional random walk process was analyzed locally in [15] for the purpose of the single gap universality
between eigenvalues. An important result of [15] is the Holder regularity of the solutions. In higher dimen-
sions, the jump rates depend on the locations of nearby particles and the flow is not a simple tensor product
of the one dimensional process. Fortunately, we find that this flow is reversible with respect to an explicit
equilibrium measure. The Holder regularity argument in [15] can be extended to any dimension to prove
that the solutions of the moment flow are locally Holder continuous. From this result and the local semicircle
law (more precisely, the isotropic local semicircle law proved in [23] and [5]), one can obtain that the bulk
eigenvectors generated by a Dyson eigenvector flow satisfy local quantum unique ergodicity, and the law of
the entries of the eigenvectors are Gaussian.

Instead of showing the Hdélder regularity, we will directly prove that the solution to the eigenvector
moment flow converges to a constant. This proof is based on a maximum principle for parabolic differential
equations and the local isotropic law [5] previously mentioned. It yields the convergence of the eigenvector
moment flow to a constant for ¢ > N~!/4 with explicit error bound. This immediately implies that all
eigenvectors (in the bulk and at the edge) generated by a Dyson eigenvector flow satisfy local quantum
unique ergodicity, and the law of the entries of the eigenvectors are Gaussian.

The time to equilibrium ¢ > N~'/4 mentioned above is not optimal and the correct scaling of relaxation
to equilibrium is t ~ N~! in the bulk, similar to Dyson’s conjecture for relaxation of bulk eigenvalues to
local equilibrium. In other words, we expect that Dyson’s conjecture can be extended to the eigenvector
flow bulk as well. We will give a positive answer to this question in Theorem 7.1. A key tool in proving this
theorem is a finite speed of propagation estimate for the eigenvector moment flow. An estimate of this type
was first proved in [15, Section 9.6], but it requires a difficult level repulsion estimate. In Section 6, we will
prove an optimal finite speed of propagation estimate without using any level repulsion estimate.

In order to prove that the eigenvectors of the original matrix ensemble satisfy quantum ergodicity, it
remains to approximate the Wigner matrices by Gaussian convoluted ones, i.e., matrices that are a small
time solution to the Dyson Brownian motion. We invoke the Green function comparison theorem in a version
similar to the one stated in [22]. For bulk eigenvectors, we can remove this small Gaussian component by
a continuity principle instead of the Green function comparison theorem: we will show that the Dyson
Brownian motion preserves the detailed behavior of eigenvalues and eigenvectors up to time N~'/2 directly
by using the Ito6 formula. This approach is much more direct and there is no need to construct moment
matching matrices.

The eigenvector moment flow developed in this paper can be applied to other random matrix models.
For example, the local quantum unique ergodicity holds for covariance matrices (for the associated flow and
results, see Appendix C) and a certain class of Erdés-Rényi graphs. To avoid other technical issues, in this
paper we only consider generalized Wigner matrices. Before stating the results and giving more details about
the proof, we recall the definition of the considered ensemble.

Definition 1.1. A generalized Wigner matriz Hy is an Hermitian or symmetric N x N matriz whose
upper-triangular matriz elements h;; = hj;, © < j, are independent random variables with mean zero and
variance ofj = E(|hi;|?) satisfying the following additional two conditions:
(i) Normalization: for any j € [1, NJ, vazl of = 1.

(ii) Non-degeneracy: there exists a constant C, independent of N, such that C"*N~! < Ufj < CN™1 forall
i,j € [1, N]. In the Hermitian case, we furthermore assume that, for any i < j, E((h;;)*h;;) = ¢N—1
in the sense of inequality between 2 x 2 positive matrices, where h;; = (R(hij), S(hij)).



Moreover, we assume that all moments of the entries are finite: for any p € N there exists a constant C),
such that for any i, j, N we have

E(]VNh;|P) < C,. (1.3)
In the following, (u;)¥; denotes an orthonormal eigenbasis for Hy, a matrix from the (real or complex)

generalized Wigner ensemble. The eigenvector u; is associated with the eigenvalue \;, where A} < ... < Ay

Theorem 1.2. Let (Hy)n>1 be a sequence of generalized Wigner matrices. Then there is a 6 > 0 such that
foranym € N, I C Ty := [1, NV/4JU[N'"9 N — N'9JU [N — NY4 N] with |I| = m and for any unit
vector q in RY, we have

\/N(va ug)ker — ([A5])74 in the symmetric case, (1.4)
V2N ([{a, ur)|)ker — (|e/1§(1) + ie/ig(2)|);-n=1 in the Hermitian case,

in the sense of convergence of moments, where all %,%(1),%(2), are independent standard Gaussian

random variables. This convergence holds uniformly in I and |q| = 1. More precisely, for any polynomial P
in m variables, there exists € = €(P) > 0 such that for large enough N we have

s [E(P (V@) )~ B (P (AP))) < N7 (15)
sup ’E <P ((2N\<q,uk>|2)ka)) —EP ((Mg(”\? + ‘%(2)|2);n:1))’ <N~

ICTN, | I|=m,|q|=1
respectively for the real and complex generalized Wigner ensembles.

The restriction on the eigenvector in the immediate regime [N/4, N1=9] (and similarly for its reflection)
was due to that near the edges the level repulsion estimate, Definition 5.1, (or the gap universality) was
only written in the region [1, N'/4] (see the discussion after Definition 5.1 for references regarding this
matter). There is no doubt that these results can be extended to the the immediate regime with only minor
modifications in the proofs. Here we state our theorem based on existing written results.

The normal convergence (1.4) was proved in [35] under the assumption that the entries of Hy have
moments matching the standard Gaussian distribution up to order four, and if their distribution is symmetric
(in particular the fifth moment vanishes).

This convergence of moments implies in particular joint weak convergence. Choosing q to be an element
of the canonical basis, Theorem 1.2 implies in particular that any entry of an eigenvector is asymptotically
normally distributed, modulo the (arbitrary) phase choice. Because the above convergence holds for any
|a| = 1, asymptotic joint normality of the eigenvector entries also holds. Since eigenvectors are defined only
up to a phase, we define the equivalence relation u ~ v if u = v in the symmetric case and u = Av for some
|A| =1 in the Hermitian case.

Corollary 1.3 (Asymptotic normality of eigenvectors for generalized Wigner matrices). Let (Hy)n>1 be a
sequence of generalized Wigner matrices, £ € N. Then for any k € Ty and J C [1, N] with |J| = £, we have

VN (up(@))acs — (Jg);zl for the real generalized Wigner ensemble,

V2N (ug(@))acs — (Jig(l) + L/ig@))ﬁ:l for the complex generalized Wigner ensemble,

in the sense of convergence of moments modulo ~, where all %,%(1),%(2), are independent standard
Gaussian variables. More precisely, for any polynomial P in £ variables (resp. Q in 2 variables) there exists



e depending on P (resp. Q) such that, for large enough N,

qugtﬁkz, E (P (VN ur(@)acs)) = EP ((H))| < N7, (1.6)
et B (@ (VaN(e“ur(a), e “ur(aes ) ) —BQ (4D +in® 40 i@y )| <N,

for the symmetric (resp. Hermitian) generalized Wigner ensembles. Here w is independent of Hy and
uniform on the binary set {0, 7} (resp. (0,2m)).

By characterizing the joint distribution of the entries of the eigenvectors, Theorem 1.2 and Corollary 1.3
imply that for any eigenvector a probabilistic equivalent of (1.1) holds. For ay : [1, N] — [—1, 1] we denote
lan] = {1 < a < N :ay(a) # 0}] the size of the support of ay, and (uy, anur) = Y [up(a)?an ().

Corollary 1.4 (Local quantum unique ergodicity for generalized Wigner matrices). Let (Hn)n>1 be a
sequence of generalized (real or complex) Wigner matrices. Then there exists € > 0 such that for any
§ > 0, there exists C > 0 such that the following holds: for any (an)n>1, an : [1,N] — [-1,1] with

Zgzl an(a) =0 and k € Ty, we have

N
P <‘<UkaaNuk>
lan]

> 5) <C (N~ +lan|™). (1.7)

Under the condition that the first four moments of the matrix elements of the Wigner ensembles match
those of the standard normal distribution, (1.7) can also be proved from the results in [22,35]; the four
moment matching were reduced to two moments for eigenvectors near the edges [22].

The quantum ergodicity for a class of sparse regular graphs was proved by Anantharaman-Le Masson [3],
partly based on pseudo-differential calculus on graphs from [25]. The main result in [3] is for deterministic
graphs, but for the purpose of this paper we only state its application to random graphs (see [3] for details
and more general statements). If uy,...,ux are the (L?-normalized) eigenvectors of the discrete Laplacian
of a uniformly chosen (¢ + 1)-regular graph with N vertices, then for any fixed § > 0 we have, for any ¢ > 1
fixed,

P (#{k : [(ug,anug)| > 6} >0N) — 0,
N —o00

where ay may be random (for instance, it may depend on the graph). The results in [3] were focused on very
sparse deterministic regular graphs and are very different from our setting for generalized Wigner matrices.

Notice that our result (1.7) allows the test function to have a very small support and it is valid for any
k. This means that eigenvectors are flat even in “microscopic scales”. However, the equation (1.7) does not
imply that all eigenvectors are completely flat simultaneously with high probability, i.e., we have not proved
the following statement:

]P’( sup [(ug, anug)| > 5) -0
1<k<N

for an with support of order N. This strong form of QUE, however, holds for the Gaussian ensembles.

In the following section, we will define the Dyson vector flow and, for the sake of completeness, prove
the well-posedness of the eigenvector stochastic evolution. In Section 3 we will introduce the eigenvector
moment flow and prove the existence of an explicit reversible measure. In Section 4, we will prove Theorem
1.2 under the additional assumption that Hpy is the sum of a generalized Wigner matrix and a Gaussian



matrix with small variance. The proof in this section relies on a maximum principle for the eigenvector
moment flow. We will prove Theorem 1.2 by using a Green function comparison theorem in Section 5. In
Section 6, we will prove that the speed of propagation for the eigenvector moment flow is finite with very
high probability. This estimate will enable us to prove in Section 7 that the relaxation to equilibrium for
the eigenvector moment flow in the bulk is of order t > N~!. The appendices contain a continuity estimate
for the Dyson Brownian motion up to time N~1/2, and some basic results concerning the generator of the
Dyson vector flow as well as analogue results for covariance matrices.

2 DvysoN VECTOR FLOW

In this section, we first state the stochastic differential equation for the eigenvectors under the Dyson Brow-
nian motion. This evolution is given by (2.3) and (2.5). We then give a concise form of the generator for
this Dyson vector flow. We will follow the usual slight ambiguity of terminology by naming both the matrix
flow and the eigenvalue flow a Dyson Brownian motion. In case we wish to distinguish them, we will use
matrix Dyson Brownian motion for the matrix flow.

Definition 2.1. Hereafter is our choice of normalization for the Dyson Brownian motion.

(i) Let B®) be a N x N matriz such that BZ(;) (i < j) and Bl(f)/\/i are independent standard Brownian

motions, and BEJ‘?) = BJ(:) The N x N symmetric Dyson Brownian motion H®) with initial value H(gs)

1s defined as
1

B, 2.1
\/N t ( )

Ht(S) _ HOs) +

(ii) Let B™ be a N x N matriz such that %(Bg")), %(ijh))(z < j) and Bz(lh)/\/i are independent standard
Brownian motions, and B](-?) = (B-(h))*.

i The N x N Hermitian Dyson Brownian motion H"™ with

initial value H(()t) is

h h
HY = H" + —

B,

Definition 2.2. We refer to the following stochastic differential equations as the Dyson Brownian motion
for (2.2) and (2.4) and the Dyson vector flow for (2.3) and (2.5).

(i) Let Ao € ¥n = {\1 < --- < An}, up € O(N), and B be as in Definition 2.1. The symmetric Dyson

Brownian motion/vector flow with initial condition (A1,..., AN) = Ao, (u1,...,un) = ug, is
dA —ﬂ’(j’@)+ 12; dt (2.2)
TN NS '
1 4B 1 dt
dup = — kg — — —— . 2.3
* \/N;ka—Aﬂ 2N;(Ak—>\4)2k (23)



(ii) Let Ao € By, ug € U(N), and B™ be as in Definition 2.1. The Hermitian Dyson Brownian mo-

tion/vector flow with initial condition (A1,...,An) = Ao, (u1,...,un) = ug, is
aB{ 1 1
5D Ve SN (N S S 13 2.4
T VAN N #Zk Ak — e 24)
1 aB® 1 dt
duy, = k gy — — —_— . 2.5
k TNZ#,C)%_)‘@ L QNHZ]C()\IC_)‘KP k ( )

The theorem below contains the following results. (a) The above stochastic differential equations admit
a unique strong solution, this relies on classical techniques and an argument originally by McKean [27]. (b)
The matrix Dyson Brownian motion induces the standard Dyson Brownian motion (for the eigenvalues)
and Dyson eigenvector flow. This statement was already proved in [4]. (c) For calculation purpose, one
can condition on the trajectory of the eigenvalues to study the eigenvectors evolution. For the sake of
completeness, this theorem is proved in the appendix.

With a slight abuse of notation, we will write A; either for (A1(t),...,An(t)) or for the N x N diagonal
matrix with entries A1(t),..., An(t).

Theorem 2.3. The following statements about the Dyson Brownian motion and eigenvalue/vector flow hold.

(a) Ezistence and strong uniqueness hold for the system of stochastic differential equations (2.2), (2.8). Let
(At,ut)i>0 be the solution. Almost surely, for any t > 0 we have Ay € ¥n and uy € O(N).

(b) Let (H¢)i>0 be a symmetric Dyson Brownian motion with initial condition Hy = ugAous, Ao € Ln.
Then the processes (Hi)i>o0 and (uiAiuf)i>o have the same distribution.

(¢) Euistence and strong uniqueness hold for (2.2). For any T > 0, let vi° be the distribution of (Ar)o<i<r
with initial value the spectrum of a matriz Hy. For 0 < T < Ty and any given continuous trajectory
A = (Aosisy, C X, existence and strong uniqueness holds for (2.3) on [0,T]. Let MZI{OA be the
distribution of (u;)ogi<r with the initial matriz Hy and the path X given.

Let F be continuous bounded, from the set of continuous paths (on [0,T]) on N x N symmetric matrices
to R. Then for any initial matriz Hy we have

EH0(F((H,Jo<r<r)) = / i () / Ao () F (e At} o). (2.6)

The analogous statements hold in the Hermitian setting.

We will omit the subscript 7" when it is obvious. The previous theorem reduces the study of the eigenvector
dynamics to the stochastic differential equations (2.3) and (2.5). The following lemma gives a concise form
of the generators of these diffusions. It is very similar to the well-known forms of the generator for the
Brownian motion on the unitary/orthogonal groups up to the following difference: weights vary depending
on eigenvalue pairs.



We will need the following notations (the dependence in ¢ will often be omitted for i, 1 < k < £ < N):

1
( k() = Ae(t))?

U Oy, = E Uk () Oy, (a)s UOm, = E ur ()0, (a),

X,Sj) = ukaue - ueauk, (28)

_ —(h _
X,EZ) = U0y, — WOz, , X,(d) = U0y, — U0y, -

Ckg(t) =

(2.7)

, and Oy, are defined by considering u; as a complex number, i.e., if we write uy = x + iy then

Here
Ou, = 500 + 50y.

-

Lemma 2.4. For the diffusion (2.3) (resp. (2.5)), the generators acting on smooth functions f((u;(®))1<ia<n) :
RN 5 R (resp. cN R) are respectively

L= Y (X))

1<k<t<N
h 1 <) | <=(h) (b
L™ = 5 Z cre(t) (ngz)Xke + X X} )> : (2.9)
1<k<t<N

The above lemma means dE(g(u;))/dt = E(Lgs)g(ut)) (resp. dE(g(uy))/dt = E(Lgh)g(ut))) for the stochastic
differential equations (2.3) (resp. (2.5)). It relies on a direct calculation via It6’s formula. The details are
given in the appendix.

3 EIGENVECTOR MOMENT FLOW

3.1 The moment flow. Our observables will be moments of projections of the eigenvectors onto a given
direction. More precisely, for any fixed q € RY and for any 1 < k < N, define

N
21(t) = VN (q, un(t Z @)uy(t, )

With this v/N normalization, the typical size of 2, is of order 1. We assume that the eigenvalue trajectory
Ae(8),0 < t < TO);CV:1 in the simplex ¥V is given. Furthermore, u is the unique strong solution of
the stochastic differential equation (2.3) (resp. (2.5)) with the given eigenvalue trajectory. Let P()(t) =
P®)(z1,...,2n5)(t) and PP =P (2, ... zx)(t) be smooth functions. Then a simple calculation yields

X4 PO = (240., — 20.,)PY), (3.1)
—(h
XWPW) = (2,0, —7,0:)f, XodPW) = (2,0, — 20, )P™. (3.2)



For m € [1, N], denote by j1, ..., jm positive integers and let i1, ..., 4y, in [1, N] be m distinct indices. The
test functions we will consider are:

im
=1
m
(R)J15esdm . Ge—ie
p B1,enns zm( 1 7ZN) - ZU Zi[
/=1

For any m fixed, linear combinations of such polynomial functions are stable under the action of the generator.
More precisely, the following formulas hold.

(i) In the symmetric setting, one can use (3.1) to evaluate the action of the generator. If neither k nor ¢

are in {i1,...,%m}, then (X(S))QP( )]1 3:1 = 0; the other cases are covered by:
15 0m . . s 1j1—1,dm . s 1505 Jm
(X)L zjn = 2j1(271 — VPO, 9 POT when £ {in, ... i),

J LJ +1,.0m
i +2j2(2j2 — 1P}

—(251(2j2 + 1) + 2]2(2]1 +1))P);

)J1+1,J2 1,...0m

ctm

(X 2P0 9 (25, — 1)PG

1179 cim

(ii) In the Hermitian setting, we note that the polynomials P(*) are invariant under the permutation
z; — Z;. Thus the action of the generator L) (2.9) on such functions P(") simplifies to

LMPW = 3 x WX PO,

k<t
Then (3.2) yields
( ) J1seesdm . Lji—1,....0m . J1seesJm . .
Xz(le)thz P(h)hl,.i.,im = QP(h)u; im _le(h)ill,...,im when £ ¢ {iy,... in},
h ) th ,,,,, Jm p)yJi—Ljet+1lim o (p)ditldz—1 . 0m
Xz(lz)ngkf p) evim _J1P( )21 im +J§P( )z‘l,m,z‘m

. . R)I1J25e0m
— (j1(G2 + 1) + ja(jr + 1)) PP

We now normalize the polynomials by defining

s ] veosdm (Y FLseees Im. m N
Q§ “1 """" =pG )Zi ’Zm (t) H a(2j7) " where a(n) = H k, (3.3)
=1 k<n,k odd
B)Jtsees J1eeesJm N
E )11,...,'Lm P(h)zll, ,zm( )H(zjzjf ) 1- (34)
=1

Note that a(2n) = E(4?") and 2"n! = E(|.#] +i45]?"), with .4, A1, 45 independent standard Gaussian
random variables. The above discussion implies the following evolution of Q(*) (resp. Q(h)) along the Dyson
eigenvector flow (2.3) (resp. (2.5)).
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(i) Symmetric case: LiS)QtS) = ket ckg(X,gz)FQgs) where

.717 SJm 1:j1_17"~;j7n .]1, SJm . .
( 115) Qi(fs D1yeeey =2 1QtS)E KT i -2 1Q§S Q1 yeeeyim when £ g {7’1’ s }7
]17 ©Jm Ji—1g2+1,....0m . . ]1+17]2 1,..dm
(XELPQY, i = 201 (22 + 1)Qf >m +202(201 + DQS

. . . . s J1,J25-5dm
- (2.71(272 + 1) + 2.72(271 + 1))QE )i1,i2,...,im .

(ii) Hermitian case: Lgh) gh) =D cng,iZ)Y,(:;) ,E” where
h R)J1s--5dm pyLgi—1,. Rh)J1s-- . .
XM = QT = QLT when £ {in, i},

hh Lj2+1,...dm pyJitLiz—1,...jm
() + 20+ 1)Q )il,...,zm

.. . R)J1:d2sesdm
— (102 + 1) + ja(Gr + 1)QM

h (h) R)JLseeesdm
Xz(lz)gXuzz ( )11 ..... . _]1(j2 + 1) i1,

71/7)1

Thanks to the scalings (3.3) and (3.4), on the right hand sides of the above four equations, the sums of the
coefficients vanish. This allows us to interpret them as multi-particle random walks (in random environments)
in the next subsection.

3.2 Multi-particle random walk. Consider the following notation, n : [1, N] — N where n; := n(j) is
interpreted as the number of particles at the site j. Thus 1 denotes the configuration space of particles. We
denote N (n) =3 ; ;.

Define 5% to be the configuration by moving one particle from ¢ to j. If there is no particle at ¢ then
n*J = 7. Notice that there is a direction and the particle is moved from 7 to j. Given n > 0, there is a one
to one correspondence between (1) {(i1,j1),-- ., (im,Jm)} with distinct ix’s and positive ji’s summing to n,
and (2) n with N (n) = n: we map {(i1,71),.--, (im,Jm)} to p with n;, = jr and n, = 0if £ & {iy,...0m}.
We define _

O m) =B QLTI I, ) =B QT ), (3.5)

i, im U1 ,eensbm

if the configuration of 7 is the same as the one given by the 7, j’s. Here A denotes the whole path of eigenvalues

for 0 < t < 1. The dependence in the initial matrix Hy will often be omitted so that we write f)(\sz = fg’(s),

)(\ht) = f ‘t)’(h). The following theorem summarizes the results from the previous subsection. It also defines

the eigenvector moment flow, through the generators (3.7) and (3.8). They are multi-particles random walks
(with n = M (n) particles) in random environments with jump rates depending on the eigenvalues.

Theorem 3.1 (Eigenvector moment flow). Let q € RY, 2, = VN(q,ux(t)) and c;;(t) = m

(i) Suppose that w is the solution to the symmetric Dyson vector flow (2.3) and f)(\sz(n) is given by (3.5)
where n denote the configuration {(i1,71),- .-, (im,Jm)}. Then f;ft satisfies the equation

O fs) = B, (3.6)
%’(S)(t)f(n) = i (t)2n:(1+2n5) (f(n™) = fF(m)) . (3.7)
i#j

11



it) Suppose that w is the solution to the Hermitian Dyson vector flow (2.5), an is given by (3.5).
i) S that w is the solution to the Hermitian D t 2.5), and fy) is given by (3.5
Then it satisfies the equation

afal = 2N R,
Fm) = cij®mi(1+ny) (Fn™7) = f(m)) . (3.8)

i#j

An important property of the eigenvector moment flow is reversibility with respect to a simple explicit
equilibrium measure. In the Hermitian case, this is simply the uniform measure on the configuration space.

Recall that a measure w on the configuration space is said to be reversible with respect to a generator L
if 2, m(m)g(m)Lf(n) =3, m(n)f(n)Lg(n) for any functions f and g. We then define the Dirichlet form by

D™(f)==>_w(m)f(mLf(n).

n

Proposition 3.2. For the eigenvector moment flow, the following properties hold.

(i) Define a measure on the configuration space by assigning the weight

N k
) = [T otn o0 =TT (1-3;)- (3.9)
=1 i=1

Then ©®) is a reversible measure for *) and the Dirichlet form is given by

(1) = S0 w0 m) S egmL+ 2m5) (Fn) — Fm)”

i#]

(ii) The uniform measure (1" (n) = 1 for all ) is reversible with respect to B . The associated Dirichlet
form is

D7 (5) = 5 S eom ) (Fn) — f(m))*.

n iAj

Proof. We first consider (i), concerning the symmetric eigenvector moment flow. The measure 7(*) is re-
versible for (*) for any choice of the coefficients satisfying ¢ij = ¢;; if and only if, for any i < j,

Zvr (mg(n) 2ni(1+ 2n) f(n7) + 20;(1+ 2m:) f ("))
—Zﬂ ) (2 (1 +2n;)g(n™) + 2n;(1 + 2m:)g(n’?)) -

A sufficient condition is clearly that both of the following equations hold:

Zw“ n)2ni(1 + 2n;) f Zw(é n)2n; (1 + 2n:)g(n’?),

Zﬂ(s) (m)g(m)2n;(1 +2m) f(n’") = Z?r ) (n) £(n)2n:(1 + 21,)g(n").

12



Consider the left hand side of the first one of these two equations. Let & = n¥. If & > 0 thenn = &7,
n; =& + 1 and n; =& — 1. For the right hand side of the second equation, we make the change of variables
¢ = n’'. Finally, rename all the variables on the right hand sides by £&. Thus the above equations are
equivalent to

DT EN9(E2(8 + 12 - DFE) =D 7€) 1(€)2(1+ 26)9(€7),
3

£
S r(E)g(€7)2( + D& — DFE) = 37 @ F(€)26:(1 +26)9(EY).
3 3

Clearly, both equations hold provided that
(206 + 1)(1+2(¢5 — 1) = 79 (€)2¢;(1 + 2&). (3.10)
If the measure is of type 7(*)(n) = I1, ¢(n2) and we note & = a,§; = b, this equation is equivalent to
dla+ D)p(b—1)2(a+1)(20 — 1) = ¢(a)p(b)2b(2a + 1),

and the second equation yields the same condition with the roles of a and b switched. This holds for all a
and b if ¢(k +1) = ((2k+ 1)/(2k + 2))¢(k), which gives (3.9) provided we normalize ¢(0) = 1. In the case
(i), the same reasoning yields that ¢ is constant.

Finally, the Dirichlet form calculation is standard: for example, for (i), >, &) () BE () (n) = 0
by reversibility. Noting 2)(f?)(n) = 2f(n) 2 f(n) — X7 (n)2n:(1 + 2n0;)(f(n) — f(n*))? allows to
conclude. O

4 MAXIMUM PRINCIPLE

From now on we only consider the symmetric ensemble. The Hermitian case can be treated with the same
arguments and only notational changes. Given a typical path A, we will prove in this section that the solution
to the eigenvector moment flow (3.7) converges uniformly to 1 for t = N~'/4*+¢, It is clear that the maximum
(resp. minimum) of f over n decreases (resp. increases). We can quantify this decrease (resp. increase) in
terms of the maximum and minimum themselves (see (4.17)). This yields an explicit convergence speed to
1 by a Gronwall argument.

4.1 Isotropic local semicircle law. Fix a (small) w > 0 and define
S=Sw,N)={z=E+ineC:|E|<w™', N <np<w '} (4.1)

In the statement below, we will also need m(z), the Stieltjes transform of the semicircular distribution, i.e.

o(s) = Py (4—5%)4,

m(z)/SQES)ZdSZJr\Q/z?Zl, 1

where the square root is chosen so that m is holomorphic in the upper half plane and m(z) — 0 as z — oo.
The following isotropic local semicircle law (Theorem 4.2 in [5]) gives very useful bounds on (q, ux) for any
eigenvector uy via estimates on the associated Green function.
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Theorem 4.1 (Isotropic local semicircle law [5]). Let H be an element from the generalized Wigner ensemble
and G(z) = (H — z)~*. Suppose that (1.3) holds. Then for any (small) £ > 0 and (large) D > 0 we have,
for large enough N,

Imm(z) 1 _
lqlilllgesp <|<an(2)Q> —m(z)| > N* ( TNn + N77>> <SNTP. (4.2)

An important consequence of this theorem, to be used in multiple occasions, is the following isotropic
delocalization of eigenvectors: under the same assumptions as Theorem 4.1, for any £ > 0 and D > 0, we

have
sup P ([{q,ux)| > N7 < NP
lal=1,k€[1,N]

Under the same assumptions the Stieltjes transform was shown [19] to satisfy the estimate

1
ileus)IP (’N’I‘r G(z) —m(z)

N¢
> ) <N7P. (4.3)

4.2 Rescaling. Recall the definition (2.1) of the evolution matrix H\”. The variance o3;(t) of the matrix
element hy;(t) is given by o7;(t) = of; +t/N if i # j, 07;(t) = o; + 2t/N if i = j. Denote by a(t) =
(1 + %t)fl/2 . Then a(t)Ht(s) is a generalized Wigner ensemble. In particular, the previously mentionned
rigidity estimates hold along our dynamics if we rescale Ht(s) into a(t)Ht(s). Consider the simple time change

of our dynamics u(t) = fot a(s)~2ds. Then fi(n) := Ju()(n) satisfies

= 1 o
O f(n) = ; NN = anaz 2+ 2m) (f(n )~ f(n)) :

In the rest of the paper it will always be understood that the above time rescaling ¢ — u(t) and matrix scaling

Ht(s) — a(t)Ht(s) are performed so that all rigidity estimates hold as presented in the previous subsection,
for all time.

4.8  Mazximum Principle and regularity. Let Hy be a symmetric generalized Wigner matrix with eigenvalues
Ao and an eigenbasis ug. Assume that A, w satisfy (2.2) (2.3) with initial condition Ao, uo. Let G(z) =
G(z,t) = (u*Au — 2)71(t) be the Green function. For w > ¢ > 0 and q € RY, consider the following three
conditions (remember the notation (4.1) for S(w, N)):

Ai(q,w,&,N) = {\<q7G(Z)Q>—m(z)| <N5< Sm(z) " 1 )7

Nn ' Np
‘;]Tr G(z) —m(z)| < ]]\\Z forallt € [0,1],2z € S(wJ\/')}, (4.4)
Ao(w, N) = {\)\k(t) el < NTEF()7F forall £ € 0,1],k € [[1,N]]} : (4.5)
Az(w, N) = {{q,u(t))> < N""** for all t € [0,1],k € [1,N]}. (4.6)

Note that the two conditions (4.5) and (4.6) follow from (4.4), i.e., Ay C A3 N A3 , by standard arguments.
More precisely, (4.6) can be proved by the argument in the proof of Corollary 3.2 in [18]. The condition (4.5)
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is exactly the content of the rigidity of eigenvalues, i.e., Theorem 2.2 in [19]. Its proof in Section 5 of [19]
used only the estimate (4.4).
The following lemma shows that these conditions hold with high probability.

Lemma 4.2. For anyw > & > 0,D >0 and N large enough, we have

inf  P(Ai(qw,&N)>1—- NP,
qerinf P (Ar(a,w, & N))

where the probability denotes the joint law of the random variable Hy and the paths of A, u.

Proof. For any fixed time, by (2.6) (4.2) and (4.3), the condition (4.4) holds with probability 1 — N=¢ for
any C. As C can be arbitrary, the same condition hold for any time and z in a discrete set of size N¢/2,
say. For any two matrices H and H' with Green functions G(z) and G'(z), we have

[G(2) = G'(2)ij = = Y ()i (H — H )G (2)5

k0
e i (@)us)]
urlalu _ _
G(2)anl < ﬁ <) (lun(@))® + [u(®))?) < Np~', Imz =1,
k k
we have

= N2 ST = .
k.0

1G(2) - &' (=)l

Applying this inequality to Ht(s) and Hs(s), we have with very high probability that

s |(a,G()a) — {a, G(z)a)| < ONJt — ¢]1/2

ls—t|<[t—t/|

Nn > 1. Here we have used the standard property that the sup over [0,¢—t'] of a standard Brownian motion
has size order |t — t'|'/? and Gaussian tails. Therefore, we can use a continuity argument to extend the
estimate (4.4) to all z € S and all time between 0 and 1. This proves (4.4). O

We define the set
A(qawafa v, N) = {(HOa )‘) P (Al((Lwaga N)’(H(),)‘)) 21— Nﬁu}' (47)
From the previous lemma, one easily sees that for any w > &, v and D > 0, we have, for large enough N,

inf P(A(q,w,&v,N))=>1—- NP, (4.8)
q€ERN

Theorem 4.3. Let n € N and f be a solution of the eigenvector moment flow (3.6) with initial matriz Hy
and path A in A(q,w,& v,N) for some v > 2. Let t = N=1T0 where § € (%2,1/4] and we assume that
w > ¢ and nw < 1/2. Then for any € > 0 and large enough N we have

sup |fulm) — 1] < CN™+e=2, (4.9)
n:N(n)=n

The constant C' depends on €,w,d and n but not on q.
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We have the following asymptotic normality for eigenvectors of a Gaussian divisible Wigner ensemble
with a small Gaussian component.

Corollary 4.4. Let § be an arbitrarily small constant and t = N=Y4+%_ Let H, be the solution to (2.1) and

(u1(t),...,un(t)) be an eigenbasis of Hy. The initial condition Hy is assumed to be a symmetric generalized
Wigner matriz. Then for any polynomial P in m variables and any € > 0, for large enough N we have
sup |E (P ((N{q,ur(t))*)rer)) — ((JVQ )y)| < ONeT 20, (4.10)

IC[1,N],[I|=m,|q|=1

Proof. Since Hy is a generalized Wigner matrices, the isotropic local semicircle law, Theorem 4.1, holds for
all time with & arbitrarily small. With w = 2£, and noticing that Lemma 4.2 holds for arbitrary large v > 0,
(4.9) implies that (4.10) holds. O

Proof of Theorem 4.3. Because of (4.8) and A; C As N Az, we can assume in this proof that the trajectory
(Hi)oge<t isin Aj(q, w, &, N) N Ag(w, N) N As(w, N); the complement of this set induces an additional error
O(N~¥*¢) in (4.9), negligible compared to N"w+e=29,

We begin with the case n = 1. Let fs(k) = fs(n), where 7 is the configuration with one particle at the
lattice point k. The equation (3.6) becomes

s fs(k ngx _AS (4.11)

k

Assume that

max fs( ) fs(k())

ke[1,N]
for some kg (ko is not unique in general). Clearly, we have
fS(]) - fS(kO) < fs(]) - fS(kO)
O R N Y e Y

Together with (4.11), for any 1 > 0 we have

fs fs kO) 1 nfs(.]) 1 n
Os fs(ko) = Z < —2 — fs(k ) Z 5 3 (4.12)
i#ho ’\ ~ k)T N S = Akt N 2 o = ) 41
Notice that
N

1 77fs( q’uJ 2

Bl I UL ACY— — 2 L (Hp, A

N Sn (A = Ao )? + g Aj = Ao )? 177 ’( o)

From the definition of A(q,w,&,v, N), for N~ < 5 < 1 we therefore have

1 nfs(5) o : NE(Sm(Ag, + )% N¥
= ————— = 3m(A\g, +1in) + O N + —
N 1<j§\7;j¢ko (Aj = Ako)? + 12 ’ (Nn)1/2 Nn

where the error N“/(Nn) comes from the missing term j = ko and we have used that for (Hp,\) €
A(q,w, &, v, N), N(q,u;)? is bounded by N“ with very high probability. For the same reason, we have

1 n N . Ne
N 2 (j—Ako)2+772\ym()\kOJrln)jLO(N??)'

1<G<N, j#ko
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Using these estimates, (4.12) yields
_c%m()\ko +in)

0s(f(ko) = 1) < N¢Sm(A, +177)1/2) +o(N°’).

(fs(kO)_1>+O( N1/2p3/2 N77

Moreover, from the definition of A(q,w,&,v, N), we know that —2 — N-3tw g Ak <24 N—3+“_ As our
final choice of n will satisfy N5+ < 7 < 1, this implies that
Sm(A, +i7) > eyl

Let Ss = sup,(fs(k) — 1). Note that there may be some s for which Ss is not differentiable (at times when
the maximum is obtained for at least two distinct indices). But if we denote

St — Su

S; = 1im_s>;1p rom (4.13)
u
the above reasoning shows
3 w w
, c N N c

We chose n = N~2+20¢ for some small € € (0,26 —w) and t = N~—1%9. The Gronwall inequality gives
St < C (e—NE/2 + NUJ+E—25) )

We can do the same reasoning for the minimum of f. This concludes the proof for n = 1.
For n > 2 the same argument works and we will proceed by induction. Let & satisfy

Aax fs(m) = fs(§).

Assume £ is associated to j, particles at site k., 1 < r < m for some m < n, where the k,.’s are distinct and
jr = 1. Then

[ 1 nfs(&57) 1 Ui
0.f:(€) < C g an SRR AO) o) Dl v il B (4.14)

k k.
J#kr

where £"7 is defined in Section 3.2. We now estimate the first term on the right hand side (the second term
was estimated in the previous n = 1 step). By (4.6), for (Ho,\) € A(q,w,&, v, N), N{q,u;)? is bounded by
N¥ with very high probability. Thus we have

k7] 1 R krj Nnw
*Z Akn{f 2 N > (Akni(/\g,»)an2+O<Nn)'
G@{k1,skm} v J

Moreover, by definition the above sum can be estimated by

g ([ M w)?) ! I (N{a,us,)?) | [ 1 n(N{(q, u;)%)

DY) ) | (Hy, A
a(2j, — 2) O — Ak )2+ 172 ‘( 0:3)

1<r<m,r#r a(2jr) N 3@ {k1,.cskm}

_ (N{q,u;,)?) " (N{a,ui,)*)" | . N
-k ‘ngrgﬂwa(?iﬂ S{a, G(A, +in), q) ‘ (Ho,A) | +O ( N ) (4.15)
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where we first used that extending the indices to 1 < j < N induces an error O(N*(Nn)~!) and the bound
N{(q,u;j)? < N“ holds with very high probability. We have also used that for (Hp, \) € A(q,w,&, v, N), we
can replace S(q, G(\x, +in),q) by Sm(\, +in) + O(NS(Nn)~1/2). This yields

k g nw
N Z Mﬂf(fj) = fs(€\k,)SIm(\g, +in) + O ((J\Jf\;)1/2> , (4.16)

where &\k, stands for the configuration & with one particle removed from site k,.. By induction assumption,
we can use (4.9) to estimate f;(&€\i,) for s € (t/2,t). We have thus proved that

c Nnw N(nfl)erefQ&
.(£:(6) =) < =40~ 1+0 (7 ) +0 ()

on (t/2,t). Notice that by our assumptions on the parameters w,d,n and &, the first error term always
dominates the second. One can now bound |fs(€) — 1] in the same way as in the n =1 case. O

If w can be chosen arbitrarily small (this is true for generalized Wigner matrices), Theorem 4.3 gives
SUDyp. A (my=n | f1(1) — 1| = 0 for any t = N=/4*=_ This could be improved to t = N~1/3%¢ by allowing 7 to
depend on kg in the previous reasoning (chose n = N~2/3+}/3),

More generally, our proof shows that the following equation (4.17) (with the convention 4.13) holds. Let

Ay (k,m) = E({q, G\ +in)a) — Sm(Ag +in) | (Ho, N)),
As(k,n) = E(NT"TeG (A, +in) — Sm(\p +in) | (Ho, A)),

where all variables depend on t (remember in particular that G(z2) = (ujAsu; — 2)~1). Then the following
maximum inequality holds:

S, < max inf {— (4.17)

Ry +1i +1 Nv +1
Sm(Ar +1n) S, A1 (k,n)|  |Aa(k,n)|(St ) (S: ) } .
k:Si=f (k) 1>0

n n n Nn?

Similar inequalities for a general number of particles can be obtained.

5 PROOF OF THE MAIN RESULTS

5.1 A comparison theorem for eigenvectors. Corollary 4.4 asserts the asymptotic normality of eigenvector
components for Gaussian divisible ensembles for ¢ not too small. In order to prove Theorem 1.2, we need to
remove the small Gaussian components of the matrix elements in this Gaussian divisible ensemble. Similar
questions occurred in the proof of universality conjecture for Wigner matrices and several methods were
developed for this purpose (see, e.g., [12] and [34]). Both methods can be extended to yielding similar
eigenvector comparison results. In this paper, we will use the Green function comparison theorem introduced
in [18, Theorem 2.3] (the parallel result following the argument of [34] was given in [35]). Roughly speaking,
[22, Theorem 1.10] states that the distributions of eigenvectors for two generalized Wigner ensembles are
identical provided the first four moments of the matrix elements are identical and a level repulsion estimate
holds for one of the two ensembles. We note that the level repulsion estimates needed in [35] are substantially
different. We first recall the following definition.
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Definition 5.1 (Level repulsion estimate). Fiz an energy E such that v, < E < Yg41 for some k € [1, NJ.
A generalized Wigner ensemble is said to satisfy the level repulsion at the energy E if there exist cg > 0 such
that for any 0 < a < ay, there exists § > 0 such that

P (I N € (B = N"-ef 13 By N=-ef 10} > 2) < N,

where k = min(k, N —k + 1). A matriz ensemble is said to satisfy the level repulsion estimate uniformly if
this property holds for any energy E € (—2,2).

We note that such level repulsion estimates for generalized Wigner matrices was proved near the edge
(more precisely for 0 < k < N'/4) [7, Theorem 2.7] and in the bulk [16] via the universality of gap statistics.
In the intermediate regime, the level repulsion in this sense has not been worked out although it is clear that
the techniques developed in these papers can be adapted to prove such results. From now on, we will assume
that this level repulsion estimate holds in the region Ty = [1, NY4]U[N'=9 N — N'9JU[N — N4 N]
needed for Theorem 1.2 and its corollaries.

The following theorem is a slight extension of [22, Theorem 1.10] with the following modifications : (1) We
slightly weaken the fourth moment matching condition. (2) The original theorem was only for components
of eigenvectors; we allow the eigenvector to project to a fixed direction. (3) We state it for all energies in the
entire spectrum. (4) We include an error bound for the comparison. (5) We state it only for eigenvectors with
no involvement of eigenvalues. Theorem 5.2 can be proved using the argument in [22]; the only modification
is to replace the local semicircle law used in [22] by the isotropic local semicircle law, Theorem 4.1. Since
this type of argument based on the Green function comparison theorem has been done several times, we
will not repeat it here. Notice that near the edge, the four moment matching condition can be replaced by
just two moments. But for applications in this paper, this improvement will not be used and so we refer the
interested reader to [22].

Theorem 5.2 (Eigenvector Comparison Theorem). Let HY and HY be generalized Wigner ensembles where
HY satisfies the level repulsion estimate uniformly. Suppose that the first three off-diagonal moments of HY
and HY are the same, i.e.

EY(hiy) =E¥ (k) for i#j
and that the first two diagonal moments of HY and HY are the same, i.e.

Ev(h?z‘) = Ew(hi)

Assume also that the fourth off-diagonal moments of HY and HY are almost the same, i.e., there is an a > 0
such that
v(,4 w14 —2—a . .
[ () — B ()| < N for i+

Then there is € > 0 depending on a such that for any integer k, any qi,...qx and any choice of indices
1<j1,.-+, 0k < N we have

(Y~ E*) O (N{a,uz)% . Na, u5,)?) = O(N9),
where © is a smooth function that satisfies
0m0(z)| < C(1+ Jz|)°

for some arbitrary C' and all m € N¥ satisfying |m| < 5.



5.2 Proof of Theorem 1.2 .We now summarize our situation: Given a generalized Wigner ensemble H, we
wish to prove that (1.5) holds for the eigenvectors of H. We have proved in (4.10) that this estimate holds
for any Gaussian divisible ensemble of type Hy + v/t U, and therefore by simple rescaling for any ensemble
of type

Hy=eV2Hy+ (1 — e H)Y2U,

where Hy is any initial generalized Wigner matrix and U is an independent standard GOE matrix, as long
as t > N~/40 We fix § a small number, say, § = 1/8. Now we construct a generalized Wigner matrix
Hy 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. This existence of
such an initial random variable is guaranteed by, say, Lemma 3.4 of [17]. By the eigenvector comparison
theorem, Theorem 5.2, we have proved (1.5) and this concludes our proof of Theorem 1.2.

5.8 Proof of Corollary 1.3. Let A = (M, ..., ) be a Gaussian vector with covariance Id. Let m, ¢ € N,
k € Ty and {iy,...,i} := J C [1, N]. For q such that ¢; = 0 if i ¢ J, consider the polynomial in ¢ variables:

Q(‘Im ) qir.) =K ((N|<qa uk>‘2)m) -E (|<q, JV>|2m) .
From (1.5), there exists € > 0 such that

sSup |Q(Qi1a cee qu)| < sup ‘Q(qh’ EEER qie)| < N7€7
lgiy I2<%,00lqi, 12< % lq]=1

where, for the first inequality, we note that that the maximum of @) in the unit ball is achieved on the unit
sphere. Noting R(g;,) = Q(giy,- - -, qi,) with the coefficients of the polynomial R depending on ¢,,...,qi,,
the above bound implies that all the coefficients of R are bounded by C;N~¢ for some universal constant
(1 (indeed, one recovers the coefficients of R from its evaluation at £ + 1 different points, by inverting a
Vandermonde matrix).

By iterating the above bound on the coefficients finitely many times (¢ iterations), we conclude that there

is a universal constant Cy such that all coefficients of @) are bounded by CyN~¢. This means that for any
ke Ty and J C [1, N with |J| = ¢,

E (H (x/ﬁum))ma) -E (H wa)ma)

acJ acJ

<CN™*¢

whenever the integer exponents m,, satisfy > m, = m. Here C' depends only on m, not on the choice of k
or J. This concludes the proof of (1.6), in the case of a monomial P with even degree. If P is a monomial
of odd degree, (1.6) is trivial: the left hand side vanishes thanks to the uniform phase choice €. This
concludes the proof of Corollary 1.3.

5.4 Proof of Corollary 1.4. A second moment calculation yields

E<<|]1VV|<“’“’“N“’“>)2> i (Z‘”V [t

<ré1£%<E((N|uk(a)\ 1) (Nluz(8)| )+ |aN|maxIE((N|uk(a)|2—l)2).

From (1.6), the first term of the right hand side is bounded by N~¢° and the second term is bounded by
1/lan]|. The Markov inequality then allows us to conclude the proof of Corollary 1.4.
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6 FINITE SPEED OF PROPAGATION

In this section, we prove a finite speed of propagation estimate for the dynamics (3.6). This estimate
will be a key ingredient for proving optimal relaxation time for eigenvectors in the bulk. Finite speed of
propagation was first proved in [15, Section 9.6] for (3.6) when the number of particle n = 1. But it requires
a level repulsion estimate which is difficult to prove. Our estimate requires only the rigidity of eigenvalues
(which holds with very high probability) and the speed of propagation obtained is nearly optimal. Our
key observation is that we can construct weight functions used in the finite speed estimate depending on
eigenvalues so that the singularities in the equation (3.6) are automatically cancelled by the choices of these
weight functions.

We will follow the approach of [15] by decomposing the dynamics into a long range part and a short
range part. The long range part can be controlled by a general argument based on decay estimate; the main
new idea is in the proof of a finite speed of propagation for the short range dynamics, which is the content
of Lemma 6.2.

6.1 Long and short range dynamics. We assume that for some (small) fixed parameter & > 0 there is a
constant C such that for any |i — j| > N¢ and 0 < s < 1 the quantity ¢;j defined in (2.7) satisfies the

following estimate
N

(i—j)*
If My is distributed as a generalized Wigner matrix, then for any & > 0, (6.1) holds [19] with probability
1—e=<(osN)” for some ¢ > 0. In this section My is not assumed to be distributed as a generalized Wigner
matrix. Instead, we assume that (6.1) holds.

The following cutoff of the dynamics will be useful. Let 1 < £ < N be a parameter to be specified

later. We split the time dependent operator % defined in (3.7) into a short-range and a long-range part:
B =+ 2L, with

(ZHm) = > cpls)2n(1+2m8) (f(n*) = f(m)) (6.2)
|7 —k[<e

(ZHm) = > ciwls)2n(1+2n8) (f(n?F) = f(m)) .
|lj—k|>¢

Notice that . and £ are time dependent. Moreover, . is also reversible with respect to m (the proof of
Proposition 3.2 applies to any symmetric ¢;;’s). Denote by U (s, t) the semigroup associated with . from
time s to time ¢, i.e.

WU (s,t) = L) Us(s,t)
for any s < t, and Ug(s,s) = Id. The notation Ug(s,t) is analogous. In the following lemma, we prove
that the short-range dynamics provide a good approximation of the global dynamics. Lemmas 6.1 follows
the same proof as in [15], where they were shown for n = 1.

Lemma 6.1. Suppose that the coefficients of % satisfy (6.1) for some &€ > 0 and let £ > N¢. Suppose that
the initial data is the delta function at an arbitrary configuration n. Then for any s > 0 we have

Ns

|| (UQB(O’S) - UY(O7S))5TIH1 < C 7,

where C only depends on & (in particular not on m).
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Proof. By the Duhamel formula we have
Uz(0,5)0, = U (0,5)d, + / Ug(s',$)Z2(s")U»(0,5)d,ds’.
0
Notice that for £ > N¢ we can use (6.1) to get

1L <D D eni(t+2m) (1F@P M)+ 1f(m)]) < C NeY|f[h-

n|j—k|>e
Since Uz and U are contractions in L', this yields

Ns

/ [Ug(s',5)Z(s")Usx(0,5)dy|,ds" < C Néil/ |0n]l, ds’ < C 7
0 0
which concludes the proof. [

6.2 Finite speed of propagation for the short range dynamics. Suppose that m is a configuration with n
particles. We denote the particles in nondecreasing order by x(n) = (z1(n),...,2,(n)) with aN < 21 <
... <y < (1 —a)N. We will drop the dependence on 1 and simply use (x1,...,2,). In the same way, we
also denote the configuration £ by y with 1 <y; < ... <y, < N where we have dropped the dependence of
& in y,(€). This convention will be followed for the rest of this paper.

We define the following distance on the set of configurations with n particles:

n

d = a 7 Yal| = i a Yo . :
(1.€) =D 70 ~ vl arg};}n;\x Yo(o)] (6.3)

a=1

For the second equality, observe that for any < y and a < b, we have |z —a| + |y — b| < |z — b| + |y — al.
Before stating our finite speed result, we also need the notation r4(n, &) = (U (0, s)d,)(£).

Lemma 6.2. Suppose that the eigenvalue X satisfies the condition (4.5) with exponent w such that N¥ < £.
Let av,e > 0 and choose £ = Nt for the short range dynamics cutoff.

(i) Uniformly in n supported on [aN,(1 — a)N] and t > 0, if d(n, &) = N, we have

P (rme) > ™) =0 (vP) 6.0
for any D > 0. Here P denotes integration with respect to the Dyson Brownian Motion.

(ii) Uniformly in n supported on [1,N] and t > 0, if d(n,&) > N5+e03 | the finite speed estimate (6.4)
holds.

Proof. We first consider the case (i) corresponding to 1 supported in the bulk, but the reader may want to
read first the proof of (ii), written for the simpler case n = 1 for the sake of simplicity.

First step: definitions and dynamics. Let v = N/¢ and k > 0 be a fixed parameter such that —2+ k < yan-.
For any 1 <i < N and z € R, let d;(x) = |x — ;|- Let gi(x) =d;(2 — k) if x > 2 — k&, gi(z) = d(-2 + k) if
< =24k and g;(x) = d;(z) if =2+ k <z < 2 — k. Take x a smooth, nonnegative, compactly supported
function with [ x =1, and ¢;(z) = [ g;(z — y)vx(vy)dy. Then ¢; is smooth, [[¢][|oc < 1 and [} ||ec < v.
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Moreover, consider the stopping time

7 = inf {s >0 3k € [LN] : ls) — 7] > N*%(E)*%e} . (6.5)
For any configuration & with n particles we define
(€)= D YuaNyu(sAT)) = 1oin 3 e, (g (5 A7), (6.6)
a=1 Ca=1

similarly to (6.3). For the second equality, observe that if @ < 8 and a < b, then ¢, (a)+15(b) < o (b)+15(a)
(the function a — ¥4 (a) — 1g(a) is nondecreasing).
We define

¢5(€) = "<& v (&) = 35 (&)rsnr(m, €).

Then we have (we omit the s index)

¢(€)
¢ (£7)

a(E) = 3 26001+ 25 )cy ((0(6) ~ o€ + (785 1) o€) ) ds A7) + (00(€) . 6)

li—k|<t

do(g) < , dB,, (s A T) v (M) d(sAT)
_— = E V%4 )\ 1% = E
a=1 ( waja( ya) N + ]?éya )\ya N Aj

2

v v
4 ﬁ¢ga Ay )d(sAT) + o ﬁw;a Ay )2d(s A 7'))

The coefficients ¢; and ¢y are non-random positive combinatorial factors depending on the locations of ¢,
1n,&, but we will only need that they are uniformly bounded in N. We will adopt the convention to use
indices 1 < a,8<n,1<14,j,k < N. We define

Xs = Z W(E)“S(&)Qa
£

where m = 7(%) is the reversible measure defined in (3.9) for the symmetric eigenvector moment flow (which
is also reversible w.r.t its short-range cutoff version). Then

= m(€)v Ve [ (v(ER)) —w o) v(gR SAT
X, =2 Frlen(e) 3 20+ 36)en (6~ o€ + (s ~ 1) vle™) ) atsnm) 67
+2) m(€)v(€) (de(€)) r(n, €) (6.8)
3
+ D m(€)d(()) snr- (6.9)
3
Second step: bound on (6.7) and (6.9). Using reversibility with respect to m, the first term can be written
(6.7) == 7€) D 26l +26)cin(v(€) —v(€)))?d(s AT) (6.10)
3 li—k|<L

kj .
}: %M1+%qu6ﬁiy4(£§%2>u@u@nquﬂ. (6.11)

i—kI<e

+> (&)
3
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Here the equality (6.10) is a direct application of the reversibility property, while (6.11) also follows from
the reversibility as follows. Notice that

ZTF(E)’U(&) Z 25/@(1 + 2§j)cjk: /U(gkj) = <g,5ﬂ7“>7r + (g, 7ﬂ>7ra g = ¢27’ (612)

£ li—kI<e

One can check that (6.11) follows from (g, 1) = (L ¢, 7).

We now estimate the term %’;) + Jégz) —21in (6.11). If it is nonzero (and we assume first that j < k)

then there exists 1 < p < ¢ < n such that y, < j < ypr1, Yg—1 < k =4 (recall y, = y4(£)) and
|¢8(£kj) - ¢8(£)| = |(wxp+1 ()‘J) + wwp+2 ()‘yp+1)) +o 4+ 1/J:cq ()\yqfl) - (wwp+1 ()‘yp+1) + 4+ %q ()\yq))l

q
< D e Oyacivi) = Y )]

a=p+1
< Cmin(|\j(s AT) = A(s A7), v h). (6.13)

Here we have used the definition (6.6) in the first equality and for the second inequality we used: (i) [}, |oo <
1, (ii) 4, is flat close to the edges and (iii) if |k — j| < ¢ are bulk indices, then [Ay(sAT)—);(sAT)| < Cv~!
by definition of the stopping time 7. Note that (6.13) also holds if j > k, with a proof being identical to the
case j < k up to notations.

Thanks to (6.13), we obtain

‘aﬁ(&’”) o(8) _2‘ €O AL

This allows us to bound

(6.11) < c”Zw Y wewEn) (SAT)\%e”NXd(s/\T)

¢ ki€ >0 | — k| <L

Moreover, the bracket term (6.9) is easily bounded by
- L (A )? v
<C > ) 2 Voo )" g <C —Xd :
9)<C £ m(&)v(€) a_ly N (S/\T)\CN sd(sAT)

Third step: bound on (6.8). We can bound (6.8) by

n / by 2
23 (Eu(e) Y (v 3 2 ) + g, O | dls A7)
3

a=1 J#Ya Lo

<C %Xsd(s AT) 42> m(€)v(€)? > o ldva)| dls A7)

3 1<a<n, |j—ya| >4 N o Ay = A
v ¥, (Aya)
+2 w(€)v(¢)? > T d(s AT, (6.14)
£ 1<a<n,|j—yal <L Yo = 7

As rigidity holds when 7 > s, the above sum over |j — yq| > ¢ is at most C v(log N)d(s A 7).
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To bound the contribution of |j — yo| < ¢, we symmetrize the summands of (6.14) into

D INE v D SLCECLD DETNCOES D DI e o) DLCEO LD DRTNEY

i<jili—jl<e "t 7Y ¢ Yo =i i>jili—j|<e ¢ Yo =i
v 1
=N Z ﬁzﬂ(ﬁ)v(ﬁ)z Z Py (Ni) — Z Uy (A))
i<jili—jl<e " J e Qya=i iYa=7

v 1 l
< X dom@u©)* [ Yo v )= Y vl ()| OV L X, (6.15)
N = A=A ‘ , , N
i<j:li—j|<L 13 Yo =1 1Yo =]
where we just replaced ¢}, (A;) with ¢, _(\:), up to an error at most C Z/Q%XS7 obtained by using [}, (A;)—
Yo (AN = Xil < 1Y%, lloo < v. In all the following bounds, we consider ¢ and j as fixed indices. We also
introduce the following subsets of configurations with n particles, for any 0 < g < p < n:

Ay ={€:&+&=p}, Apy=1{6c€A,:& =g}

Denote & the configuration exchanging all particles from sites i and j, i.e. & = & f_j =& and &, = & if

k #4,j. Using w(&) = 7(€), we can bound the sum over £ in (6.15) by

1 e
Y Y m @@ [ X w0 D vl
U J p=0q¢=0£€A,, QYo =i aya=j
1 n |p/2]
v v DD IEID DI II ol B RN CN ES SR CY
v J p=0 q=0 gcA,, iy =i a:ya=j
—0@ | Y v ()= Do v () ||, (6.16)
aya=j o=t
where the constant ¢, = 0 if p is even and ¢ = p/2, and ¢; = 1 otherwise. Remember that for any

QL brwe hive Vi = e This plies that Za:ya:i e (Ni) = Zalfga:j Yl (i) and Za:@a:i vy (Ni) =
> oye—j Yoo (Ai) so that

ST )= DY Wk )= D W )= Y W (). (6.17)

Yo =1 aYa=j QYo =] Yo =1

Equations (6.16) and (6.17) together with \; < A; give

iy =i oya=j

AiiA,ZZ m(€)v(€)? ( Sow - Y w;a(Ai))

n LI)/QJ
< Af % Do (€ (v(€)? —v(&)?) ( > e () - Z‘z/};a(m)

< o O [ —v(@.
i ¥l ¢
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where we used, in the second inequality, |9}, |l < 1. Note that transforming £ into € can be achieved by
transferring a particle for ¢ to j (or j to ¢) one by one at most n times, so that

1 2 &\ 2 c 2 i7\2 2 ji\2
m;w@\v(@ —v(€) ystw@)(lv(s) —v(€7)?|+ [0(€)” - v(E)?))

< OM Y (e WO =&+ W) ~v @) oy 32RO (016) o+ 00+ (€
3

(X = Aj)?

for any M > 0. We finally proved that the drift term from (6.8) is bounded above by
v(§) —v(€Y))? -1V i7\)2 2 4
M We) v ))” o1 2 i log N + 12 —) X,
¢ NZ Zq o TOMTIRIO 3 (@) CllosN T )X,
i—j VAR

We chose M = cv~! with ¢ small enough so that the first sum above can be absorbed into the dissipative
term (6.10). The second sum above is then bounded by % “Levn X,

Fourth step: conclusion. All together, the above estimates give

2
LE(x) < CWwlogN + B e B(X,),

so for our choice v = N/ we have E(X,) < Ce€ ¥ (08 N)s_In particular,
]E(eQ% S, 1/;Ia(Aya(s/\‘r)),,,t/\7_(,’,’7 5)2) < C«e%(logN)t.
If d(&,m) = N, then >0 _ by, ( My (sAT)) > ENWE, so that (remember ¢ > N¥)

E (rear(n,€)?) < Ce M.

One concludes using Markov’s inequality and P(r < ¢) < N~P.

The proof of (ii) proceeds in exactly the same way with only two differences: 1. g;(x) = d;(z) for any x € R
(in particular v; is not made flat near the edges); 2. v is chosen to be v = (N/£)?/3. Since the full proof for
edge case is parallel to the bulk case, we give all details hereafter only for n = 1.

Let v = (N/£)?/3. Assume that the initial Conﬁguration n consists in one particle at kg € [1, N]. Let
d(x) = |z — vk, | and x as in the proof of (i). Define ¢(z) = [d(z — y)vx(ry)dy and

bs(k) = P(Ai(s AT)), ¢s(k) = e"w’“% vs(k) = s (k)rsnr (Ko, k),

where 7 is defined by (6.5). Then by definition of the dynamics and the Ité formula, we have (here we drop
the time parameter s whenever it is obvious)

v = Ci v(j) —v M, v(g SAT r
du(k) 2“;@ i (( ) <k>>+( - ) u)) d(s A7) + (do(k)) r(ko, k)

de(k) ZVW()\k)dBk(S AT) n Y’ (k)

(k) VN TN

S L+ S w? | desan)
A 2N M N T
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Thus if we define X, = Z]kvzl vs(k)?, we obtain

dX,=-2 > cr(v(j) —v(k))*d(s A7) (6.18)
li—kl<e
9 | 06) ) rukya(s A s
+2lj§<e (m o) ) (7)v(k)d(s A7) (6.19)
+y Zd)” Ar)v(k)*d(s A7) (6.20)
Z¢ (Ae)?v(k)*d(s A T) (6.21)
YA — ' (A)v(k)?
+2J§ )\ W d(sAT) (6.22)

+ow ZdB’“ GAT) ) u(k)2.

From ||¢||cc < 1, the definition of 7 and v, we have v|¢(Ag) — H(A | VA — Aj| < Cvly, + 2] = O(1) (this
is where we critically used that v < (N/£)/3), Pl 2‘ C v2|A\x — Aj|%. One concludes

easily that (6.19) is bounded above by Cv2£d(s A 7)X,. The terms (6.20) and (6.21) are of smaller order

by [[¢[lo < 1 and [[¢" oo < v
Finally, (6.22) is of order at most

F T A T, WS 5 et

J<k:|j—k|>¢£ J<k:|i—k|<e [ —k|<L

By rigidity, the first sum above has order v(log N)X,. The third sum is at most v2¢/NX,. Finally, the
second sum is bounded using

[v(5)? = v(k)?|
2 IAj = Akl

(v(4) — v(k))?

< MM w(j) +v(k)® + M ) — )2

Choosing M = cv~! for ¢ small enough, this proves that (6.22) can be absorbed into the dissipative term
(6.18) plus an error of order (v2(/N)Xj

Using v < (N/£)?/3, we have thus proved that LE(X,) < C (1/ log N + szg) E(X;) < Cr(log N)E(X5).

In particular,
E(eQ”w()"“(SAT))Tt,\T(kO,k)z) < eCV(logN)t.

If |k — ko| > N'/3+2¢2/3 then ¢y(A\r(s AT)) > N°(¢/N)?/3 = N*v~!, so we obtained
E(rnq (ko, k)?) < eCvUog N)E=N®

which is exponentially small: (N/£)?/3(log N)t = O(log N) as £ > Nt and t < 1. By the Markov inequality,
we have thus proved the part (ii) of the lemma. O
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7 RELAXATION TO EQUILIBRIUM FOR t > N1

The maximum inequality (4.17) allowed to prove convergence of the eigenvector moment flow along the whole
spectrum, in Section 4, for t > N~/4. Assume that, for some reason, the maximum of this flow is always
obtained for configurations supported in the bulk. Then we can make the approximation Sm (A, + in) ~ 1
in (4.17), and we obtain

N¢

1
!
St g _551‘, + N1/2’]’]3/2

assuming the optimal isotropic local semicircle law with a tiny error N¢/y/N7. Choosing n = N~*¢ for
some small € > 0 then gives, by Gronwall, a relaxation time of order > N~!. The purpose of this section
is to make this argument rigorous by using the finite speed of propagation for the eigenvector moment flow,
i.e., Lemma 6.2.

7.1 Statement of the result. The initial matrix is denoted My = My (0), it satisfies the local semicircle law,
and its eigenvalues follow the usual Dyson Brownian motion dynamics.

Let Gg\?) (resp. Gg\}f)) be a sequence of N x N random matrices from the Gaussian orthogonal (resp.
unitary) ensemble (normalized with limiting spectral measure supported on (—2,2), for example). Note that
in this section G stands for a Gaussian matrix, not its Green function.

Theorem 7.1. Let € be any arbitrarily small positive constant and t = N1,  Assume that, for a
deterministic sequence of matrices (My)n>1 and a sequence of unit vectors 4 = qn, we have, for any
w>&>0,D>0 and N large enough (depending on these parameters),

P(Ai(q,w.&N) | My) > 1— NP, (7.1)

Here we used the notation (4.4) and P(- | My) denotes probability with respect to the matriz Dyson Brownian
motion path with the initial condition fixed by My . Then the asymptotic normality of bulk eigenvectors of
My + \/EGS\?) holds. More precisely, if u is the eigenbasis of My + \/iGS\S;), for any polynomial P there
exists ¢ > 0 such that

sup £ (P (Nl w)P),,)) ~E( (4P| <N @2)

IC[aN,(1—-a)N],|I|=m,|a|=1

If moreover (7.1) holds for any given sequence (qn)n>1, then any bulk eigenvector of My + \/ng\‘;) have
asymptotically independent normal entries (the analogue of Corollary 1.8) and each eigenvector satisfy local
quantum unique ergodicity (the analogue of Corollary 1.4).

Similar results hold for the Hermitian matrices My + \/EGE\’;).

The Green function in A; appearing in (7.1) is with respect to the matrix (Mn(s))s>0 with My = My (0)
being the initial matrix and My (s) the value at time ¢ of a (matrix) Dyson Brownian Motion.

Theorem 7.1 means that, the initial structure of bulk eigenvectors completely disappears with the addi-
tion of a small noise, provided that the initial matrix satisfies a strong form of semicircle law. If the initial
condition is a generalized Wigner matrix, the matrix Dyson Brownian motion is again a generalized Wigner
ensemble after rescaling. In this case, the asymptotic normality of the eigenvectors was already proved in
Theorem 1.2 and therefore the conclusion of Theorem 7.4 was proved as well. The key point of Theorem
7.1 lies in that it holds for deterministic initial matrices, provided that the local isotropic semicircle law holds.
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Note that by standard perturbation theory Theorem 7.1 in general does not hold for t < N~!. Recall
that Dyson’s conjecture states that the relaxation time to local equilibrium for bulk eigenvalues under the
DBM is t ~ N~!. Thus Theorem 7.1 is the analogue of this conjecture in the context of bulk eigenvectors.

Remark 7.2. Theorem 7.1 gives optimal relaxation speed for dynamics of bulk eigenvectors provided that the
local law holds along the whole spectrum, i.e. condition (7.1) holds. One may be interested in the dynamics
relazation only locally, i.e. proving QUE only for certain eigenvectors with corresponding energy \; around
Eo =k, € (—2.2). Then as an input, the local law is only needed in a small window around E.

More precisely, let ¢ > € > 0 be fized (remember t = N=1%¢). Assume that (7.1) holds in the sense that:

(i) for any w > & > 0 in the smaller domain (replacing the original domain defined in (4.1))
S=Sw,N)={2=E+ineC:|E—E| <N " N <y<wt) (7.3)
(ii) replacing the Stieltjes transform m(z) in (4.4) by any smooth function uniformly bounded away from
zero, uniformly in N and S(w, N).

Then the conclusion (7.2) holds after restricting the sup to I C [ko — N€/10, ko + N¢/10].

To summarize, the optimal time relaxation result, Theorem 7.1, can be made local in the spectrum, because
the key input in this result, the finite speed of propagation Lemma 6.2, holds locally. The modifications needed
to prove these local versions are obvious and we leave them to interested readers.

We will prove Theorem 7.1 by using the maximum principle locally. For this purpose, we will use the
finite speed of propagation estimate, Lemma 6.2. This will be explained in the next subsections.

7.2 Flattening of initial condition at the edge. Let a > 0 be a fixed small number. We define the following
flattening and averaging operators on the space of functions of configurations with n points: any a € [1, N/2],

(Flato (f))(m) = f(n) if n C [a, N +1 — a], 1 otherwise,

1
MO = vz 2 e
We can write
Av(f)(m) = anf(n) + (1 — ay) (7.4)

for some coefficient a, € [0,1] (ap, =0if n ¢ [aN, (1 —a)N], 1if n C [2aN, (1 —2a)N]). We will only use
the elementary property
d(n,§)

— < _— . .
lan — agl < € 2 (75)

For a general number of particles n, consider now the following modification of the eigenvector moment
flow (3.6). We only keep the short-range dynamics (depending on a parameter ¢) and modify the initial
condition to be flat when there is a particle close to the edge:

8t9A,t = y(t)g)\,h (7'6)
gxo(m) = (Avfao)(n),

We will abbreviate gx «(n) by g:(n), and fx (1) by fi(n) (for n =1, we write these functions as f;(k) and
gt(k) where m is the configuration with 1 particle at k). We remind the reader that f;(n) can be define
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either by (3.5) or by the solution of the equation (3.6). In particular, f;(k) is the conditional expectation of
[{q, uk(t))]? given A, i.e.,

fi(k) = NE ([(a,ux (1))* | X) (7.7)
where q is a fixed unit vector. In all our application, the initial data fx ¢)(7) is independent of X and given
by (3.5) with ¢t = 0. For gx, we can only understand it as the solution to (7.6).

For small time ¢, by finite speed of propagation we will prove that g = 1 (up to exponentially small
corrections) close to the edge, so that the maximum principle for the dynamics (7.6) can be localized in the
bulk.

We first prove that for these modified dynamics, the isotropic law holds in the following sense. The
following result is deterministic.

Lemma 7.3. Let ¢ > 0 be a fived small number, t = N='*¢ and £ = N°Nt for some § > 0 (here £ is
the short-range dynamics cutoff parameter). Then there exist (small) positive constants wo, &y such that the
following holds. Assume that for some 0 < w < wp, 0 < & < &, (Mn(s))ogs<1 s in A1(q,w, &, N). Assume
moreover that (7.17) holds. Let z satisfy —3 < R(2) < 3 and N~ < ¥(z) < min(N~1+%/2 N=3/4) Then

we have
1 & 1 (N2
Z = th_ N~ 9m(e)| < CN&+ ( Smiz) | ) +C (7.8)

Nn Nn N
where C' depends only on &, w,v,e. Moreover, consider the case of n particles. Let ko € [1,N] and z =
Ak, +1in. Then for any configuration ) containing at least one particle at ko we have

ZN - Sm(z 2w
: Jbg;(:?i)\k Sm(z) (an fi(n\ko) + (1 —ay)) < C <N€+nw < N7(7) ]\}77> ij )
(7.9)

where n\ko stands for the configuration n with one particle removed from site k.

Proof. We first show that the difference between g,(k) = (U (0,t)Av fo)(k) and (AvUz(0,t) fo)(k) is small.
More precisely, we can bound the left hand side of (7.8) by |(i)| + |(ii)| + |(iii)| where

(1) — %Z % (UY(Oa t)AVfO)(]Z):/\(;AVUy(Q t)fO)(k)7

)

N
) =53 L ArUr OO0 -~ (rUa0.0/)(0

N
(i) =33+ (AVUf (f);if %) _ gn(z).

The term (i) will be controlled by finite speed of propagation; (ii) will be controlled by Lemma 6.1, and (iii)
by the isotropic local semicircle law.
To bound (i), we write
1
(U (0,t)Avfo)(k) — (AvU»(0,t) fo)(k) = N Z (U(0,t)Flat, fo — Flat, U (0,t) fo) (k). (7.10)

a€faN,2aN]
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To control the above terms, first assume that a + N < k Denote (f1x,)(z) = f(2)1;>4, and similarly for
fl.,. Then

Flat,U.»(0,) fo)(k) + O(e™ ") (7.11)
In the above lines, we used the finite speed of propagation Lemma 6.2 in the second and third equalities,
namely (U (0,t)0,)(k) = O(e™N") for any z < a and k > a + ¢N¥ (the case x > a/2 follows from part (i)

of Lemma 6.2, the case x < a/2 from part (i) and a € [aN, 2aN]).
For k < a —¢N¥, in the same way we obtain

(U (0,t)Flaty fo) (k) = 1+ O(e™™") = (Flat,U.» (0,) fo) (k) + O(e~N"). (7.12)
For a —INY <k <a+/¢N¥, as Uy is a bounded in L., we have

(U (0, 1)Flat fo) (k) — (Flata U (0, 1) fo) (k)] < 25up fo(k) < ON*. (7.13)

Equations (7.11), (7.12), (7.13) together imply that (7.10) and therefore (i) are bounded by C /N**/N.
To bound the term (ii), define the reversed dynamics U%, by

0,U%(s,0) = L (t —o)U%(s,0), (7.14)

and s is always set to be = 0 | and similarly for U%,. Notice that Lemma 6.1 holds for these time-reversed
dynamics, the proof is unchanged. Thus we have

[(AvU.(0,2) fo) (k) = (AvU(0, 1) fo) (k)| < [(Uz(0,1) fo) (k) — (Uz(0, ) fo) (¥)]

B ﬁl%, (U3 (0,1) ~ U3(0, )8+l < 0 N7

where the first inequality follows from (7.4), and the second follows from Lemma 6.1. This proves that
|(i)] < N“’%(%—Z + 4/ %an;z) + Imm(z)), where we used the local semicircle law, i.e. our matrix is in

Ai(q,w, & N) from (4.4). We therefore have |(ii)| < N&tw, [3mE) provided that Nt/¢ < 1/(Nn)'/2, which

Nn
follows from our assumptions on ¢, £ and 3(z) > N~1+29,

Concerning the error term (iii), we proceed as follows. Let mg be the index such that |R(z) — ym,| =
infy1 ;<N {|R(2) — vi|}. Then

n
— N 2 ErNe

N
k=1 |k—mo| <N T i>Nm

N w
3 % (AvUg(0,t)fo)(k) s ¥ 1 (AvUgx(0,?) fo) (k) 40 N
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where we use that ||follcc < N“ (which follows from the condition (4.6)). For any function f we write
(Av)f(k) = apf(k) + (1 — ag) with the notation from (7.4). We obtain

N
SZ%(AVU@a)’t)fO)(k) — g Z iakft(k)""(l_ak) —&-O(NW\/E)

Z*)\k N Z*)\k

k=1 |k—mo|<N /7
L amg fe(k) + (1 = am,) 1 (ar = amy) fi(k) + (am, — ax)
— & - 0 0 o - 0 0 O(NY i
T Y emlrliey 5 )+ Loy
[k—mo| <N /7 [k—mo|<N /7
(7.15)
Moreover, the first sum above is equal to
N N
< _ 1— x _ N« Ng N
“m”;NZ_Ak” amO)\y;Nz_)\k"'O( Vi) =Sm(z) + 0 +0 (N /)

where we used (Mn,A) € A(q,w,&, v, N). From (7.5), we have |ar — G| < \fN‘*’ and the second sum
n (7.15) can be bounded by O(N“,/7), which is smaller than N*/(Nn) for n < N~%/4. Gathering all
estimates, we obtain that (7.8) holds.

In the case of general n, to prove (7.9), we proceed in the same way. As the term of type (i) is also
bounded by finite speed of propagation, we just need to prove that

N v nkok Sm(z
z:: NA Uyz()_t))\];o( ) = m(z) (anft(n/ko) +(1— an)) +0 <N£+nw ( N;) + ]\i))) .

Thanks to Lemma 6.1 it is sufficient to prove the above estimate replacing U s by Ug. We also can restrict
the summation to |k — ko| < Ny/7. Then, similarly to the n = 1 case, we write

AVU%(O,t)fo(’r]kok) = AVft(’l’]kUk) = ankokft(nkok) + (1 - ankok)
= (anft(rlkok) +(1— a,,)) + ((anko’“ —ap) ft(n kok) + (an — an’“(”“)) :
Using (7.5) and |k — ko| < N/ to bound the above second term, we are left with proving that
kok) N

a iv: L fi( +(1—a Z
n> o n)
k:l

The second sum above is properly estimated by m(z) because we are in a good set. Concerning the first
sum, its contribution is not trivial if a,, # 0, in particular ky € [aN, (1 — a)N]. Then Im(z) ~ 1 and this
first sum can be estimated exactly as in (4.15), (4.16). This concludes the proof. O

m(z) (anfr(n/ko) + (1 — ay))+0O <N5+nw< %Z;z) +N1n>>

7.8  Localized mazimum principle. The following result states that, for a typical initial conditions and a
generic eigenvalue path, the relaxation time of the bulk eigenvectors is of order at most N ~1*¢ for any small
e>0.

Theorem 7.4. Let n € N, o, > 0 be arbitrarily small constants and t = N7, Then there ezists a
constant wg such that the following holds.
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Assume that for some 0 < & < w < wyg, (Mn(8))ogs<1 5 in A1(q,w, &, N). Assume moreover that (7.17)
holds. Let f be a solution of the eigenvector moment flow (3.6) with initial matrix My and path X. Then
there exists ¢ > 0 such that for large enough N we have

sup fi(m) = 1| <CON". (7.16)
n:N(n)=nnClaN,(1—a)N]

Proof. As « is arbitrary we just need to prove the result for « replaced by 3a. Moreover, we only need to
prove (7.16) with f;(n) replaced by g;(n) solving the cutoff dynamics (7.6). Indeed, we have

1 1
ft(n) - gt(n) = m(ﬂh (UZB(Q t) - U}(Oa t))5n>7r + mwy(o’ t)(fO - 90)7 577>7T'
where we used the notation (7.14) for the time-reversed dynamics. From Lemma 6.1 (which holds also for the
time-reversed dynamics) and the bound || follco < N*, the first term on the right hand side of the equation
is bounded by N!*t/¢. By the finite speed of propagation Lemma 6.2, the second term is exponentially
small (remember that fo(€) — go(€) = 0if & C [2aN, (1 — 2a)N] and 5 is supported in [3aN, (1 — 3a)N]).
We therefore just need to show that

sup lg¢(n) — 1] <CN~=.
n:N(n)=n,nC[3aN,(1-3a)N]

We will prove that such an estimate holds for any o > 0 by induction on n. Assume there is just one
particle. Following the idea from the proof of Theorem 4.3, for a given 0 < s < t let kg be an index such
that gs(ko) = sup,{gs(k)}. We consider two possible cases: if gs(ko) —1 < N!0 then there is nothing to
prove. If gs(ko) —1 > N~10 then from the finite speed of propagation assumption (i.e., we are in the set
A), ko is in the bulk, i.e., ko € [§N, (1 = §)N] (the reason is that if ky were near the edges, then g,(ko) — 1
is exponentially small). We then have

asgs(k0> = (y(s)gs)(ko) - ij;ék ]Zk 1<t W

Z i Ugs(j) _ gs(ko) Z i#
R 2 2 R 2 2°
kot ol IV s = Mo )T T akelikerce N 3 T Aro)® E 0

<

|-

If £ > N7 (which we obviously can assume, as we will chose 7 = N~17¢ for some small ¢ > 0, extending
the above sums to all indices j induces an error nN1™% /¢ where we have used that ||gsls < [|gollcc < N¥.
Combining this fact with Lemma 7.3 and the rigidity of eigenvalues which follows from that the path A is
assumed to be in the set As(w, N) defined in (4.5), we have proved (here z = Ay, + in) that

Sm(z) " (Sm(2))1/? 1 (N2 Nl+w
0u(auth) = 1) < =22 g, 1) 1) 4 0 (v (BB L) B0 0 (25,

As ko € [§N, (1 - §)N], we have Im(z) ~ 1. Moreover, the second error term O (Nljw) is dominated by

the first one ( recall that the cutoff parameter ¢ in Lemma 7.3 satisfies £ = NNt and n < N~'%9/2). Denote
by Ss = sup,(gs(k) — 1) and we choose the parameters so that n = N~1*% and wy < £/10. We proved that
if S5 > N~10 then

Nt N2
n3/2N1/2 N7

8sSs g _ESS +C( > g _Cleéss + CN1738/4.
n
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By Gronwall’s lemma, we obtain S; = O(N~%/4). This concludes the proof for n = 1.

For general n, as in the 1-particle case we can assume that sup,, gt(n) is achieved for some & C [$N, (1 —
$)N]. Then the analogue of (4.14) holds with f replaced by g. The first sum in (4.14) then can be evaluated
using (7.9):

krj
1 Z kﬂg% = Sm(i, +in)(agfo(€\k,) + (1 - ag)).
J#kn

From the result at rank n — 1 with « replaced by a/10, we know that for s € [t/2,t] we have
fs(€\kr) = gs(§\kr) + O(N™°) =1+ O(N™°).

This proves that

Sm(z) Sm)'? ) nwve , Sm(2) (N>
9s(9s(&) — 1) < — ” (9s(6) -1+ 0O (773/2]\,1/25]\7 += o — N+ Ny )
One now can conclude the proof as in the n = 1 case. O

Proof of Theorem 7.1 We can assume that the trajectory (M;)ogi<i isin A1(q,w, &, N)NAsz(w, N)NAs(w, N).
Indeed, as noted in Section 4, A; C As N As, and the complement of A; has measure at most N2, which
induces negligible error terms in the universality statements. For the same reason, thanks to Lemma 6.2,
we can assume that the following finite speed of propagation holds: for any small ¢, > 0, uniformly n
supported in the [aN, (1 — a)N] and d(n, &) > N, for large enough N we have

re(n, &) < e N7 (7.17)

Under the above two assumptions, we apply Theorem 7.4, which proves the first statement of Theorem 7.1.
The last two statements of Theorem 7.1 easily follow by the arguments used in Sections 5.3 and 5.4.

APPENDIX A CONTINUITY ESTIMATE FOR t < N™Y/2

The main result in Section 7, Theorem 7.4, asserts the asymptotic normality of eigenvector components for
Gaussian divisible ensembles for + > N~!. To prove Theorem 1.2 for bulk eigenvectors, in this appendix
we remove the small Gaussian components of the matrix elements. As we saw in Section 5, one way to
proceed consists in a Green function comparison theorem. Here, we proceed in a different way: the Dyson
Brownian motion preserves the local structure of generalized Wigner matrices up to time N~/2 (see the
lemma hereafter). This approach is much more direct and there is no need to construct moment matching
matrices. It provides a completely dynamical proof of Theorem 1.2 for bulk eigenvectors.

We remark that although this proof is very simple, the fact that the Dyson Brownian motion preserves
the detailed behaviour of eigenvalues and eigenvectors is surprising and even contradictory. Consider for
example the eigenvalue flow. It was proved that this spectral dynamics take very general initial data to
local equilibrium for any time ¢+ > N~!. So how can we prove that the changes of the eigenvalues up to
time N~1/2 is less than the accuracy N~'? The answer is that we only prove the preservation of the Dyson
Brownian motion for matrix models. In other words, the matrix structure gives this preservation of the local
structure.
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We start with the following matrix stochastic differential equation which is an Ornstein-Uhlenbeck version
of the Dyson Brownian motion. Let H; = (h;;(t)) be a symmetric N x N matrix. The dynamics of the
matrix entries are given by the stochastic differential equations

dB;(t) 1
o a0t (A1)

where B is symmetric with (B;;)i<; a family of independent Brownian motions. The parameter s;; > 0 can
take any positive values, but in this paper, we choose s;; to be the variance of h;;(0). Clearly, for any t > 0
we have E(h;;(t)?) = s;; and thus the variance of the matrix element is preserved in this flow. We will call
this system of stochastic differential equations (A.1) a generalized Dyson Brownian motion. For this flow,
the following continuity estimate holds.

dh,;(t) =

Lemma A.1. Suppose that we have ¢/N < s;; < C/N for some fized constants ¢ and C, uniformly in i and
J. Denote 0;; = O,,;. Suppose that F is a smooth function of the matriz elements (hqj)i<; satisfying

wp  E ((N3/2|hij(s)3| + \/ﬁ|hij(s)\)‘8ij(0Hs)|> <M, (A.2)

0<8<t,4<7,
where (0H );; = 0;hi;, Oke = 1 unless {k, £} = {i,j} and 0 < 0;; < 1. Then
EF (H;) — EF (Hy) = O(tNY?)M
Proof. By It0’s formula, we have
1 1 9
OEF (H) = o ; (SE(hij(t)aijF(Ht)) —E (aijF(Ht))> :

A Taylor expansion yields
E (hij ()03 F (Hy)) = Ehij(1)0ij Fn,, (1)=0 + E (hij(8)*07; Fu,,(1)=0) + O <SI$P]E (hij(t)38§jF(0Ht)|))
= 558 (0% i 0-a) + O (U0 (1 (1)°05 F(O))
E (0}, F(Hy)) = E (9} Fy,;(t)y=0) + O (SupE (1hi; (t)(0}, F(0H)| )

Together with the condition ¢/N < s;; < C/N, we have

OEF(H,) = N'20 <Sup N[y (1] + N[y, <t>|>|a%F<th>|> '
i<j,0

Integration over time finishes the proof. O

The previous lemma implies the following eigenvalues and eigenvectors continuity estimate for the dy-
namics (A.1).
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Corollary A.2. Let o > 0 be arbitrarily small, 6 € (0,1/2) and t = N~'*°. Denote by H; the solution of
(A.1) with a symmetric generalized Wigner matriz Hy as the initial condition. Let u; be the law of Hy. Let
m be any positive integer and © : R*™ — R be a smooth function satisfying

sup O (2)](1+ |z])7C < oo (A.3)
ke[0,5],zeR

for some C > 0. Denote by (ui(t),...,un(t)) the eigenvectors of Hy associated with the eigenvalues A (t) <
... < An(t). Then there exists € > 0 (depending only on ©,0 and o) such that, for large enough N,

sup |[(B# — )0 ((N(A — ), N{a,u))rer)| < N75.
IC[aN,(1—a)N],|T|=m,|al=1

Proof. One may try to apply Lemma A.1 directly for F(H) = (X, u), but the third derivative of this function
seems hard to bound. Instead, we can prove the continuity estimate when F' is a product of Green functions
of H, which in turn implies the continuity estimate for eigenvalues and eigenvectors. In the following, the fact
that (i) and (ii) imply (A.4) relies on classical techniques [22]. The crucial condition is (i), i.e., comparison
of Green functions up to some scale smaller than microscopic, n = N~!7¢. In Section 5 such a comparison
was shown by moment matching. Hereafter, Lemma A.1 allows to prove this Green function comparison by
a dynamic approach.
Let v and w refer to two generalized Wigner ensembles. Consider the following statements.

(i) Green functions comparison up to a very small scale. For any x > 0 there exists £, ¢ > 0 such that for
any N~'7¢ < 5 < 1 and any smooth function F with polynomial growth, we have

1 1
sup EY —EM)F (({(q, G(zr)qQ)) e gCN‘E<+>,
|q\:1,E1,...,Eme(—2+ﬁ,2—m)m|( JE (((q, G(zr)9)) i) RCREVAT]

for some C = C(k, F) > 0. Here 2z, = Ej, + in.

(ii) Level repulsion estimate. For both ensembles v and w and for any x > 0 the following holds. There
exists £y > 0 such that for any 0 < £ < & there exists § > 0 satisfying

P({\e€[E-NTSE+N1E}>2) < N9,
for any E € (—2 + ,2 — k). Here the probability measure can be either the ensemble v or w.

From Section 5 in [22], if (i) and (ii) hold then for any « > 0 and O satisffying (A.3) there exists € > 0
such that for large enough N we have

up (B~ E™)0 (N — ), N, u)er)| < N (A1)
IC[aN,(1—a)N],|I|=m,|q|=1

The level repulsion condition condition (ii) was proved in the generalized Wigner context [15, equation
(5.32)]. We therefore only need to check the main assumption (i), which is a consequence of Lemma A.1
and the isotropic local semicircle law, Theorem 4.1. Indeed, we need to find a good bound M in (A.2) for a
function F of type given in (i). For simplicity we only consider the case

F(H) = (q,G(2)q),
where z = E +in with N"17¢ <p < 1land -2+ x < E < 2 — k. The general case

F(H) = (q1,G(z1)a1) - - - (ar, G(zr)ax)
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is analogous. We have

Q.G = =D 1aG(2)aci G(2) 81,00 G(2) .05 G (2) g B

a,b o,

where {ag, Bk} = {i,7} or {j,i}. From the isotropic local semicircle law (4.2) the following four expressions

an G(Z)a(lu G(Z)ﬂl,(yzv G(z),3270¢3? ZG(Z)ﬁsyb dv
a b

are bounded by N%((N7n)~'+(Nn)~/?) with very high probability provided that N~*+¢ < 5 < 1. Moreover,
by a dyadic argument explained in [18] Section 8, we have for any y < 7

(q, G(E +iy)q)| < ClogNg%m,G(E +in)q).

Consequently, we proved that uniformly in £ € (=2 + x,2 — k), N™17¢ <7 < 1, we have
3 : _ 5 -1 ~1/2
9};(a, G(E +in)a) = O(N(Ny) ™" + (Nn)~1/2))

with very high probability. The hypothesis (A.2) therefore holds with M = C(e)N% ((Nn)~! + (Nn)~1/?).
As ¢ is arbitrarily small, Lemma A.1 proves that for any § € (0,1/2) and t = N !9 there exists some ¢ > 0
with

[EF(H,;) — EF(Ho)| < N™*((Nn) ™" + (Nn)~'/?).

Thus assumption (i) holds and the Corollary is proved. O

To complete the proof of Theorem 1.2 for bulk eigenvectors by a dynamical approach, we proceed as
follows. Let Hy be a generalized Wigner matrix. For § € (0,1/2) and t = N~ let H, be the solution of
(A.1) at time t. On the one hand, from Corollary A.2 we have

IC N (1—o) N1 /= jal=1 [E (P (N{a, un(t))*)ker)) — E (P (N{a, u)*)rer))| < N7°

On the other hand, the entry h;;(t) of H; is distributed as

e_ﬁhij(O) + (Sij (1 — e_N‘:ij ))1/2 N ) (A.5)

where (f/V(”))Z-gj are independent standard Gaussian random variables. For any v < % inf; j 555 (1 —e Noij )7

let Wy be a random matrix with entry (Wy),; distributed as
__t _ ot 1/2 ( )
& T h(0)+ (s (1—e V7 ) =v) "M iy,
__t ot 1/2 (i)
T h(0) + (s (1-¢ 77 ) —2) TR ifi=j,
where (Ji/l(ij ))igj are independent standard Gaussian random variables, independent from Hy. Then Wy is
a generalized Wigner matrix modulo scaling: for any i we have ), Var(Wp);; = 1 — (N + 1)v. Moreover
from (A.5) h;;(t) is distributed as
(Wo)ij + 021 if i £ j,
(Wo)ij + @u) 24519 it i = 4,
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where (Ji/Q(ij ))igj are independent standard Gaussian random variables, independent of Wy. This proves
that H, is distributed as Wy, where (W;)s>0 satisfies (2.1) and ¢ = Nv. We choose v = N=2*¢ for some
¢ €(0,1) and apply Theorem 7.4 to Wy : this yields

sup IE (P ((N{q, ur(t)))ker)) — EP ((HA)7)| < N~2.
IC[aN,(1—a)N],|I|=m,|q|=1

We have thus proved Theorem 1.2 by a dynamic approach, in the bulk case.

APPENDIX B  GENERATOR OF THE DYSON VECTOR FLOW

B.1  Proof of Theorem 2.3. We first consider the symmetric case.

(a) For any £ > 0, let 7. = inf{t > 0| |\; — \;| = ¢ for some i # j or|\;| = e~ ! for some i} and ¢. be a
sooth function on R such that ¢.(z) = 2~ ! if # > . Then, as all of the following coefficients are Lipschitz,
pathwise existence and uniqueness holds for the system of stochastic differential equations

B(S
ar =4 N PEACY
z;sk

duj, = —= Z (ABE)6- (e~ AcJur — 55 3 6 = AoV,
E;ﬁk 04k

Consequently, if one can prove that 7. — oo almost surely as ¢ — 0 , then existence and strong uniqueness
for the system (2.2), (2.3) easily follow. This non-explosion nor collision result follows from Proposition 1
in [29]. It immediately yields A, € 3y for ant ¢ > 0.

To prove that u; € O(N) for any ¢ > 0, we consider the stochastc differential equations satisfied by w; - u;,
1<i<j<N. Ité’s formula yields

(s) (s) (s)
1 dB, dB; 1 dB;;
d(w; - u; — IE g+ — sy |+ —— L (G |? = |us|?
( i) = ~ kg{,ﬂ,( k - U k:) ﬁN/\j_Aiﬂ " = lus]”)

1 1 1 )
2N CYESYER + u; - uidt, i # j,
2N ; (Aj — Ag)? %:Z i —Me)2 (A —Aj)2 y

dB() 2 ;
)= B T s L

For the same reason as previously, existence and strong uniqueness hold for the above system, and w;-u; =0
(i # 7), |ui|?> = 1 is an obvious solution (remember that ug € O(N)), which completes the proof.

(b) Let flt(s) = wAuf. On the one hand, Itd’s formula gives

AAS) = (uA(du)* + u(dA)u* + (du)Au*) g, + ZZ % 3 al s (k)us (m)dt. (B.1)

s )\4)2
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On the other hand, the evolution equations for A and w is

dB<S>n 1 3 1
dA == dM}\ + dD)\ (dMA) W =3 (dD}\) 5 Zii )\z — Ae dtﬂ =7
(s)
1 dB;; 1 dt
du = u(dM, dD dMy)i; = ——2—1,;4;, (dD — — 1.
u = u(dMy + dDy) (dMu)i; VNN =N 2> (dDu)ij QN;()W*)\J-)Z #j

Consequently, after defining the diagonal matrix process D by
)i =% Z )\e dt]l iy

the equation (B.1) can be written
dS = w(A(dMy)* + (AMy)X + dMy)u* + w(A(dDy)* + (dDy)X + dDy + dD)u*
We have A(dMy)* + (dMy)X + dMy = ﬁdm) and A(dDy)* + (dDy)X +dDx +dD = 0, so

1
dS = —wu(dB®)u*
VN ( )

As u; € O(N) almost surely for any ¢ > 0, by Lévy’s criterion, the process M defined by My = 0 and
dM; = uw(dB®)u* is a symmetric Dyson Brownian motion. This concludes the proof: (f[t(s))@o and

(Ht(s))@o have the same law, as they are both solution of the same stochastic differential equation, for which
weak uniqueness holds.

(c) Existence and strong uniqueness for (2.2) has a proof strictly identical to (a). For a given continuous
trajectory (A)i>0 C Xy, existence and strong uniqueness for (2.3) is elementary, because sup,eg 77,:; [\i —
Aj|7! < oo and the coefficients are Lipschitz for any given ¢ € [0, T7.

Let A’ be the solution of (2.2), and (ug)‘/))@o be the solution of (2.3) for given A’. If the initial conditions
match, we have

P, ™)) = (A, uy) for all £ > 0) = 1, (B.2)
because (A}, u?/)) is a solution of the system of stochastic differential equations (2.2,2.3) for which strong
uniqueness holds. Equations (B.2) together with (b) yields

E(F((H)oci<r)) = EF (@ N @) )ocrer))- (B.3)

As strong uniqueness holds, (A})o<t<r is a measurable function (called f) of ((B” ))ogth)ij\;p and (u) )o<i<r

is a measurable function of ((B i(j))ogth)KJ and (A})ocicr (called g). We therefore have (for some Wiener
measures wi,ws) for any bounded continuous function G

E(G((N)o<r<r, (u)ocicr) // dwi (B1)dwa(Be)G(f(B1),9(f(B1), B2))

_ / dvr (N)dws(Bs)G(A, g(A, B)) = / dvr(N)dpr (W™)G, u™).

Together with (B.3), this concludes the proof. We used the independence of the diagonal of B®) with the
other entries in the first equality above.
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B.2  Proof of Lemma 2.4. We consider the Hermitian setting, the symmetric one being slightly easier. Let f
be a smooth function of the matrix entries, ug () = Tga +1Yka, 1 < k,a < N. We denote (-, ) = (d/d¢)(, ).
1t6’s formula yields

d
() =E((D) + (1) + (III),
1
(D) =Y (=5 D ) @raden, + Yradin,)f:
k,a L#k
1
(II) = 5 Z (<$ka>$kﬁ>/6xkamkﬁ + <ykayykﬁ>/aykaykﬁ + <xka7yk5>/amkaykﬁ + <yka7xk5>/aykamkﬁ) f7
k,a,8
(HI) = Z (<-'L'ka7$€ﬂ>lazkazw + <ykayyéﬁ>/aykayw + <$kavy5ﬂ>/aﬂckayw + <ykaa $€ﬁ>"9ykau5) I
k<t,o,B8

Substituting d, = 0, + Oz and 9y = i(0,, — O) gives

1
D=-3 > ere (ur(@) By, (o) + Tk (@)D, (0) + (@)D () + (@), () f
k<tl,a

1
= —= Y Cpo (uROy,, + U0, + uedy, +Udy,) f.
2i

Moreover, from the stochastic differential equation (2.5), we obtain

(Tha, Tk8) = (Ykar Yrp) = %Z creR(ue(@)ue(B)), (Thar Yrs) = — Yka, Tug) = %che%(ﬂz(a)w(ﬁ))
=k =k

It implies that

1
(I =3 D e (e @) (B)Du oy () + Te(@)ue(B)a, (ayus(8) + Wk (Q)Tk (B) Doy (i (5) + Tk () uk (B) i, (ayue(3)) |

k<l,a.8
1 _
=3 > ke (updu, e, + o0, e, + kO, urOu, + urdu,Uida,) f.
k<t

Finally, concerning the term (III), a calculation yields, for k # ¢,

(ke 225 = (e vs)' = —gereR(ue(@)ur(B), (2ha, vas)’ = (2a3, pha) = —creS(uale)un(5))

We therefore get

1 _ _ _
() = =5 > cre (ue(@)un(B)Duy (ayur (8) + e (@) (B)ay aye (8) + k() ue(B)Duy (yur (8) + Tk () (B) iy (ayn () |
k<tl,a,

1 L _
= —= Y o (Ue0y, urOu, — w0y, + U0y, UkOx, — Uy, + U0y, Uy, — UkOy, + UrOgz, Uy, — Urdg,) f.
2 k<t

Gathering our estimates for (I), (II) and (III) yields

d 1
aE(f) = b} Z creE (((ueOu, — Wb, (We0a, — uelu,) + (Urdg, — weOu, ) (WkOu, — Uedq,)) f) -
k<t

This completes the proof.
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APPENDIX C COVARIANCE MATRICES

Because of motivations in statistics, we will only define the eigenvector moment flow for real-valued covariance
matrices. The eigenvector dynamics were already considered in [9]. The normalization constants follow our
convention and are different from [9].

Let B be a M x N real matrix Brownian motion: Bij(l < i< N,1<j< M) are independent standard
Brownian motions. We define the M x N matrix M by

1
M = My + ﬁBn
Then the real Wishart process is X is defined by X; = M, M;. In the following, we will assume for simplicity
that M > N, to avoid trivial eigenvalues of X (the case M < N admits similar results, up to trivial
adjustements). The eigenvalues and eigenvectors dynamics were given in [9], i.e. the direct analogue of
definitions (2.2), (2.3) and Theorem 2.3 hold for the following stochastic differential equations:

dB(S Mot M
AN = 2v/ M\ —EE Z + | 4t
7N Tl AT
VAL + Ao (d 1 A+ e

(s)
duy, = B B
kT \F #Zk Mo — Ag K Jue= 55 = A2

(dt)ug. (C.1)

where B(*) is a (symmetric) N x N Dyson Brownian motion.
After conditioning on the eigenvalues trajectory, in the same way as Lemma 2.4, the generator for the
above eigenvector dynamics can be shown to be

Li= Y du(t)(X)?
1<k<tKN

where we used the notations (2.8) and

Ak + Mg
N(A(t) = Ae(1))?

The definition and utility of the eigenvector moment flow for covariance matrices are then summarized as
follows.

de(t) =

Theorem C.1 (Eigenvector moment flow for covariance matrices). Let q € RY, z;, = v N{(q, ux(t)). Suppose
that w is the solution to the stochastic differential equation (C.1) and fx(n) is defined analogously to (3.5),
where 1 denote the configuration {(i1,j1),---, (im,Jm)}- Then fx. satisfies the equation

i fae = B () fas

B () = dij(6)2mi(1+ 2n5) (fF(n™) = f(m)).
i#]

As in the case of symmetric matrices, the above eigenvector moment flow is reversible with respect to
the measure 7(*) defined in (3.9). Thus analogues of Theorems 1.2, Corollary 1.3, 1.4 and Theorem 7.1 for
covariance matrices can be proved with arguments parallel to those used in Sections 4, 5 and 6.
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