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Tracy-Widom Distribution for Heterogeneous Gram
Matrices With Applications in Signal Detection

Xiucai Ding

Abstract—Detection of the number of signals corrupted by
high-dimensional noise is a fundamental problem in signal
processing and statistics. This paper focuses on a general setting
where the high-dimensional noise has an unknown complicated
heterogeneous variance structure. We propose a sequential test
which utilizes the edge singular values (i.e., the largest few
singular values) of the data matrix. It also naturally leads to
a consistent sequential testing estimate of the number of signals.
We describe the asymptotic distribution of the test statistic in
terms of the Tracy-Widom distribution. The test is shown to
be accurate and have full power against the alternative, both
theoretically and numerically. The theoretical analysis relies on
establishing the Tracy-Widom law for a large class of Gram type
random matrices with non-zero means and completely arbitrary
variance profiles, which can be of independent interest.

Index Terms— Signal-plus-noise model, Tracy-Widom law, ran-
dom Gram matrices, Dyson Brownian motion.

I. INTRODUCTION

ETECTION of unknown noisy signals is a fundamental

task in many signal processing and wireless communica-
tion applications [4], [47], [61], [65]. Consider the following
generic signal-plus-noise model

1.1)

where s and z are independent p-dimensional centered signal
and noise vectors, respectively. In many applications, s is
usually generated from a low-dimensional MIMO filter such
that s = I'v [47], where T" is a p X r deterministic matrix,
v is an r-dimensional centered random vector and 7 is
some unknown fixed integer that does not depend on p. The
value of r is one of the most important inputs for many
computationally demanding parametric procedures such as
direction of arrival estimation, blind source deconvolution,
and so on. In the literature of statistical signal processing,
the most common approaches to determine the value of r

Yy=s+z,
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are perhaps the information theoretic criteria, including the
minimum description length (MDL), Bayesian information
criterion (BIC) and Akaike information criterion (AIC) and
their variants. For a detailed review of this aspect, we refer the
reader to [67]. All these methods assume that the dimension p
is fixed and the sample size n, i.e., the number of observations,
goes to infinity. Consequently, none of these estimators is
applicable to large arrays where the number of sensors is
comparable to or even larger than the sample size [49].

To address the issue of high dimensionality, many methods
and statistics have been proposed to infer the value of r under
various settings. Many methods have been proposed to test
Hy : r 0 against H, : r > 1, which is equivalent
to testing the existence of the signals. When z is a white
noise, a non-parametric method was proposed in [49], the
generalized maximum likelihood test was studied [9] and a
sample eigenvalue based method was proposed in [61]. When
z is a colored noise, i.e., z = X'/2x for a positive definite
covariance matrix > and a white noise x, the same testing
problem has been considered in [7], [15], [62], [72] under
different moment assumptions on the entries of . However, all
the aforementioned methods assume explicitly that the noise
vectors z1, - - - , 2y, are generated independently from the same
distribution. If the noise vectors are correlated or generated
from possibly different distributions, none of these methods
works or has been justified rigorously. One such example
is the doubly heteroscedastic noise, whose matrix of noise
vectors (z1,--- ,z,) take the form AY/2N B'/2 [55], where
N is a p x n white noise matrix, and A and B are two
positive definite symmetric matrices representing the spatial
and temporal covariances, respectively. Many previous works
also depend crucially on the null hypothesis » = 0, and cannot
be applied to the more general setting with null hypothesis
r =rqg for a fixed rg > 0.

A. Problem Setup and Test Statistics

In this paper, we present a more general setting for the
statistical analysis of the detection of the number of signals.
On the one hand, we propose some statistics to study the
following hypothesis testing problem

Hy:r=r9g vs Hy:r>rg, (1.2)

where 7o is some pre-given integer representing our belief
of the true value of r. (I.2) generalizes the previous works,
which mainly focus on the rg 0 case, i.e., the testing
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of the existence of signals. On the other hand, we consider
more general covariance structures of the noise, which include
the doubly-heteroscedastic noise, sparse noise and noise with
banded structures as special cases. We refer the readers to
Examples 1 and 2 and the simulation settings in Section IV
for more details. We emphasize that through (I.2), a natural
consistent sequential testing estimate of r can be generated,
that is,

r:=inf{ro > 0: Hj is accepted}. 1.3)

We refer the readers to (III.10) and Corollary 3 for more
rigorous arguments on this aspect.

In order to test (I.2), we propose some data-adaptive statis-
tics utilizing the edge eigenvalues of the data matrix. Suppose
we observe n data samples and stack them into the data matrix

Y =R+ Z, (1.4)

where Y = (yq, -+ ,y,,) € RP*™ collects the noisy observa-
tions, R = (s1,--+,8y) is the signal matrix of rank r, and
Z = (z1, -+ ,2,) is the noise matrix. The matrix (L.4) is
commonly referred to as the signal-plus-noise matrix in the
literature, which is also closely related to the problem of low-
rank matrix denoising [6], [17], [21], [60], [70], [73]. In the
current paper, we consider the high-dimensional regime where
p and n are comparably large so that

T<p/n<t

for a small constant 0 < 7 < 1. We assume that the entries of
Y are independent random variables satisfying that

Eyij = Tij, var(yij) = Sij- (15)
Correspondingly, we will also call R = (r;;) the mean matrix,
while the variance matrix S = (s;;) describes a heterogeneous
variance profile for the noise. In this paper, we refer to YY T
as a random Gram matrix. We mention that the detection of the
number of signals has been studied rigorously in the literature
only when S is of sample covariance type, that is, s;; = a; for
some a; > 0. Even for the doubly-heteroscedastic noise with
sij = aib; for some a;,b; > 0, the aforementioned testing
methods in the literature will lose their validity.

There exists a vast literature on conducting high-
dimensional statistical inference using the largest eigenval-
ues of YY" when S is of sample covariance type. For
instance, they have been employed to test the existence
and number of spikes for the spiked covariance matrix
model [46], [65], test the number of factors in factor
model [64], detect the signals in a signal-plus-noise model
[41, [71, [9], [72], test the structure of covariance matrices
[24], [40], and perform the multivariate analysis of vari-
ance (MANOVA) [37], [40]. In most of these applications,
on the one hand, researchers aim to test between the null
hypothesis of a non-spiked sample covariance matrix and
the alternative of a spiked sample covariance matrix. Under
the null hypothesis, the largest few eigenvalues have been
proved to satisfy the Tracy-Widom law asymptotically under
a proper scaling [7], [18], [24], [45], [48], [53], [63], [66].
More precisely, there exist parameters Ay and w such that
wp?/3(A\1 — A} ) converges in law to the type-1 Tracy-Widom
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distribution [68], [69], where A is the largest eigenvalue of
YY", Then it is natural to choose @wp®/3(A\; — A} ) as the test
statistic. On the other hand, especially in the setting of factor
models in economics, researchers are interested in inferring
the number of factors. Under the null hypothesis that there
are r large factors, the (r + 1)-th eigenvalue \,1; obeys the
Tracy-Widom distribution asymptotically [64].

Based on the above observations, if we can show that
Ar41 obeys the Tracy-Widom law in our setting (I.5), we can
naturally choose wp?/3(\, 11 — A4 ) as the test statistic for the
testing problem (I.2). However, in practice, the two parameters
w and A, depend on the usually unknown variance matrix S.
To resolve this issue, we can follow [64] to use the statistic

i — N\
T=T(ro) := max ARG

, 16
ro<i<Ti )\1'.:,_1 - /\i+2 ( )

where A\ > Ay > --- > )\, are the eigenvalues of YY"
arranged in descending order, and r, is a pre-chosen integer
that is interpreted as the maximum possible number of signals
the model can have. We will also see in Section III-B that (1.6)
can be used to count the number of outlier eigenvalues that
correspond to signals through a sequential testing procedure.
Onatski [64] observed that in the setting of sample covariance
matrices, T is independent of w and A; under the null
hypothesis, and hence is asymptotically pivotal. Moreover, its
asymptotic distribution is determined by the Tracy-Widom law
of the edge eigenvalues. Consequently, we can approximate the
distribution of T using Monte Carlo simulations of Wishart
matrices.

We point out that in many literature and scientific appli-
cations [6], [44], [59], [60], [72], it is reasonable to assume
that the signals are distinct. Under this assumption, we also
propose the following statistic

>‘T’0+1 — >‘T0+2

T,, := 1.7)

Arog1 = Art2
Compared to (1.6), the statistic (I.7) relies on fewer (actually,
only three or four) sample eigenvalues. Moreover, for com-
monly used alternatives with low-rank signals, we expect that
the statistic (I.7) has better performance in terms of power
(i.e., it is sensitive to a wider class of alternatives and has
higher power for some fixed alternative). Our expectation,
although without full theoretical justification, is partly due to
the fact that T, has smaller critical values compared to T as
illustrated in Table I, which is reasonable because taking max-
imum over a sequence of random variables increases critical
values. Empirically, our simulations in Section IV will show
that (I.7) indeed has better finite-sample performance than (1.6)
in terms of power. In fact, we believe that the statistic (I.7)
will also work when the signals are degenerate, because the
corresponding sample eigenvalues will be separated. We refer
the reader to Remark 4 for more details.

The statistics (I.6) and (I.7) are applicable to statistical
inference only if the Tracy-Widom law has been established
for the associated random Gram matrix Y'Y " . However, to the
best of our knowledge, this has only been proved rigorously
for sample covariance type random Gram matrices in the
literature. Therefore, for hypothesis testing problems involving
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random Gram matrices with general mean and variance pro-
files, we need to prove the Tracy-Widom fluctuation rigorously
before validating the use of T and T,,. This motivates us to
study the limiting distributions of the edge eigenvalues in the
general setup (L.5). Here the notion “edge eigenvalues” refers
to the largest few eigenvalues near the right edge of the bulk
eigenvalue spectrum, excluding the outliers of YY" caused
by the signals.

B. Tracy-Widom Distribution for Random Gram Matrices

The Tracy-Widom law for the edge eigenvalues of non-
spiked sample covariance matrices has been proved in a series
of papers. For Wishart matrices, it was first proved in [45]
that the largest eigenvalue satisfies the Tracy-Widom law
asymptotically. This result was later extended to more general
sample covariance matrices with generally distributed entries
(assuming only certain moment assumptions) and variance
profiles s;; = a; (assuming certain regularity conditions on
the sequence {a; : 1 < i < p}) in a series of papers under
various settings; see e.g. [7], [18], [24], [48], [53], [63], [66].
However, when the mean and variance profiles of the random
Gram matrix become more complicated, much less is known
about the limiting distribution of the edge eigenvalues.

In this paper, motivated by the applications in signal detec-
tion as discussed in Section I-A, we establish the Tracy-Widom
asymptotics for the edge eigenvalues of a general class of
random Gram matrices. The informal statement is given in
Theorem 1. Following the conventions in the random matrix
theory literature, we shall rescale the matrix Y properly so
that the limiting ESD of YY T is compactly supported as
n — oo. Moreover, recall that GOE (Gaussian orthogonal
ensemble) refers to symmetric random matrices of the form
H:= (X +XT7)/V2, where X is a p x p matrix with i.i.d.
real Gaussian entries of mean zero and variance p~'. In this
paper, we will consistently denote the eigenvalues of H by

GOE GOE GOE
1 > g > .

=y 18)

I

Theorem 1 (Informal Statement of Theorem 3): For Y
satisfying (I.5), we denote the eigenvalues of Q := YY" by
AL > Ay > - > )y Let Ay be the rightmost edge of the
limiting bulk eigenvalue spectrum, and @ € N be the index of
the largest edge eigenvalue. Then, there exists a deterministic
sequence of numbers w = w(R,S) depending on R and
S, such that for any fixed k € N, the first k& rescaled edge
eigenvalues, {wp2/3()\a+i —Ay) 0 < ¢ < k— 1}, have
the same asymptotic joint distribution as the first £ rescaled
eigenvalues of GOE, {p2/3(/¢ic’OE —2): 1< i <k}, as
p — o0.

It is well-known that p?/3 (u§$OF —2) converges to the type-1
Tracy-Widom distribution [68], [69]. Furthermore, for any
fixed k € N, the joint distribution of the largest k eigenvalues
of GOE can be written in terms of the Airy kernel [38].
Hence Theorem 1 gives a complete description of the finite-
dimensional correlation functions of the edge eigenvalues
of Q. Once Theorem 1 is established, we can determine the
asymptotic distributions of the statistics (I.6) and (I.7), and
apply them to the hypothesis testing problem (1.2).

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 68, NO. 10, OCTOBER 2022

Our proof of Theorem 1 is based on the following result on
the edge eigenvalues of a general class of Gaussian divisible
random Gram matrices.

Theorem 2 (Informal Statement of Theorem 4): For a para-
meter ¢ > 0, we denote Q; := (Y ++v/tX)(Y+vtX)T, where
X is a p x n random matrix independent of Y and has i.i.d.
Gaussian entries of mean zero and variance n~!. Denote the
eigenvalues of Q; by A (t) > Aa(t) > --- > A\p(¢). Let . >0
be a scale parameter depending on n. Suppose the empirical
spectral distribution of Q@ = Y'Y " has a regular square root
behavior near the right edge Ay on any scale larger than 7,
(in the sense of Definition 1 below). Let a € N be the index
of the largest edge eigenvalue. Then for any ¢ > /7, and
fixed k € N, there exist deterministic sequences of numbers
w; and A4 ; such that the first £ rescaled edge eigenvalues of
Q. {wip?3(Nari(t) = Ay 4) : 0 < i < k—1}, have the same
asymptotic joint distribution as the first k£ rescaled eigenvalues
of GOE, {p2/3(uZGOE —2):1<i<k}, as p — oc.

On one hand, Theorem 2 covers more general matrices than
the random Gram matrices proposed in (I.5), because it only
requires a regular square root behavior of the ESD near the
right edge without assuming any independence between matrix
entries of Y. We remark that the square root behavior of the
ESD is generally believed to be a necessary condition for the
appearance of the Tracy-Widom law in the asymptotic limit.
For example, if the ESD has a cubic root behavior, then the
corresponding cusp universality is different from the Tracy-
Widom law [16], [29]. On the other hand, Theorem 2 gives
the Tracy-Widom law for the edge eigenvalues of a different
matrix Q; other than Q. To obtain the Tracy-Widom law for
the original matrix Q, we still need to show that the edge
eigenvalues of Q; have the same joint distribution as those of
Q asymptotically, which, however, is not always true. In fact,
if ¢ is too large, then the edge statistics of Q; can be very
different from those of Q. For example, if Y is a rectangular
matrix whose singular values are all the same, then Q trivially
has a square root behavior on any scale larger than 7, = 1
in the sense of Definition 1. But in the setting of Theorem 2,
for ¢t > 1, the edge statistics of Q, is dominated by a Wishart
matrix tXX .

From the above discussions, we see that in order to prove
the Tracy-Widom law for the edge eigenvalues of Q using
Theorem 2, we need to establish the following two results:

o the ESD of Q has a regular square root behavior near A
on a sufficiently fine scale 7, < 1;

o for some Ve KT <1, the edge statistics of Q; match
those of Q asymptotically.

In random matrix theory, there is a general way to accomplish
this by using some sharp estimates, called local laws, on the
resolvent of Q, defined as G(z) := (Q — z)~! for z € C.
Such local laws for the model (I.5) have been proved in
[2], [3] under quite general conditions. Combining these local
laws with Theorem 2, we can conclude Theorem 1 using
some standard resolvent comparison arguments developed in
e.g. [35], [48], [54], [74].

We remark that there exists another method in the literature
[37], [52], [53], [75] to prove the Tracy-Widom law for sample
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covariance type matrices, that is, a so-called resolvent flow
argument. While we expect this method to be also applicable
to our setting, the techniques seem to be much harder, and we
do not pursue this direction in this paper.

The rest of this paper is organized as follows. In Section II,
we give the precise assumptions on the signal matrix R
and the variance matrix S. We also provide some concrete
examples with complicated heterogeneous variance profiles S,
which have not been studied rigorously in the literature.
In Section III, we state our main results. The Tracy-Widom
distribution for general random Gram matrices is presented
in III-A, while the theoretical properties of the testing statistics
(I1.6) and (I1.7) are analyzed in Section III-B. In Section IV,
we conduct numerical simulations to verify the accuracy and
power of the proposed statistics for the testing problem (1.2)
under various noise settings that have not been considered in
the literature. In Section V, we sketch the strategy for proving
the Tracy-Widom distribution. The technical proofs are put
into Appendices A—C.

II. THE MODEL ASSUMPTIONS AND EXAMPLES

In this section, we impose some general assumptions on the
signal matrix R and the variance matrix S. We also provide
some important examples that have been used in the literature.
Note that YY" and Y "Y have the same non-zero eigenvalues.
Hence without loss of generality, we only need to consider
the high-dimensional setting where the aspect ratio ¢,, := p/n
satisfies that

T <c, <1,

(IL1)

for a small constant 7 > 0. For the signal matrix R, we assume
that
rank(R) = r, (I1.2)

for a fixed r € N that is independent of p and n. Note that
when 7 = 0, Y is a centered random Gram matrix. Following
[2], [3], we impose the following regularity assumptions on
the heterogeneous variance profile.

Assumption 1: Suppose S satisfies the following regularity
conditions.

(A1) The dimensions of S are comparable, that is, (IL.1)
holds.

(A2) The variances are bounded in the sense that there exist
constants S, e, > 0 such that
—1/34€.
S . n
max s;; < —, min s;; > (IL.3)
i, n 1, n

The matrices S and ST are irreducible in the sense that
there exist L1, Ly € N and a small constant 7 > 0 such
that

(A3)

min[(SST)M]y; = T, min[(STS) ), > <
[2¥] n 2] n
(A4) The rows and columns of S are sufficiently close to
each other in the following sense. There is a continuous

monotonically decreasing (n-independent) function I" :

6685
(0,1] — (0, 00) such that lim, o I'(¢) = oo, and for all
e € (0, 1], we have

1 1
inf = ——————
1<i<p p 2 e+nl|S; — |2

l
1 1
1
L X e, e )

I'(¢) <min {

(I1.4)

where S; and (ST); denote the i-th row of S and j-th
row of ST, respectively.

Remark 1: The upper bound in (II.3) is chosen such that the
limiting ESD of (Y — R)(Y — R) " is compactly supported as
n — oo. More precisely, we equip {1,---,p} and {1,--- ,n}
with the £°°-norm and denote the induced operator norms by
Il - [l 5 (n)—eo< (p) @nd || - [|goo (p)— o (n)- Then, Proposition 2.1
of [2] shows that the rightmost edge A of the limiting ESD
of (Y = R)(Y — R)" satisfies

Ay < 49N, (IL5)

with
Dﬁ = maX{HSHgoo(n)_,goo(p), ||STHgoo(p)_,goo(n)} .

By (IL.3), it is easy to see that 9 < s,.

Remark 2: As explained in (2.22) of [1], assumption (A4)
aims to rule out possible spikes from S. In [2, Remark 2.4],
an easier to check sufficient (but not necessary) condition for
(A4) was also proposed.

(A4-s): There are two finite partitions (I, )ac.4 and (J3)gen
of {1,---,p} and {1, - ,n}, respectively, such that for any
a € Aand § € B, we have |I,| > 7p, |Ig| > mn, and

|i1 _ Z'2|1/2

HS“ - Si2||2 S for Z.172'2 S IOM

STY. —(ST). <Mf i J 1.6
(S )js = (S )ill2 < - or ji1,Jj2 € Jg, (L6)

for a small constant 7 > 0. The condition (A4) follows easily
from (A4-s) using an integral approximation.
In addition to (II.2), we introduce the following assumption
on the signal strengths, i.e. the singular values of R.
Assumption 2: We assume that (I.2) holds. When r > 1,
denote by o, (R) the smallest non-trivial singular value of R.
We assume that

or(R) > (44 7)VM, (1.7)

for a small constant 7 > 0, where 91 is defined in (IL.5).

Remark 3: (I1.7) is commonly referred to as the supercritical
condition, and has appeared in lots of literature in random
matrix theory and statistics [6], [9], [60], [62]. It is a sufficient
condition for the mean matrix R to give rise to r outliers of
YY T that are detached from the bulk spectrum. By Lemma 4
below, we have that the largest eigenvalue of (Y — R)(Y —
R)T is at most A, +o(1) with high probability. Combining it
with (I.7) and applying Weyl’s inequality, it is easy to check
that YY" has r eigenvalues that are larger than (2 + 7 —
0(1))?9M. On the other hand, by the Cauchy interlacing, the
limiting bulk eigenvalue spectrum of Y'Y T is supported on
[0, \+]. Hence, under (IL.7), there are r outliers that are away
from the spectrum edge A .

Authorized licensed use limited to: Univ of Calif Davis. Downloaded on June 10,2023 at 17:32:29 UTC from IEEE Xplore. Restrictions apply.



6686

However, we remark that 41/901 is quite likely not the exact
threshold for BBP transition [5]. To guarantee the Tracy-
Widom law of the edge eigenvalues, it is necessary that all
spikes of R are away from (i.e., either above or below)
the BBP threshold. If there are critical spikes (i.e., spikes
that are exactly equal to the BBP transition threshold), then
the Tracy-Widom law of the edge eigenvalues can fail; see
Theorem 1.1 in [5]. Here we have chosen (II.7) simply to
ensure that all spikes are supercritical. To determine the exact
BBP threshold and to include settings with subcritical spikes,
we need to perform a more detailed study of spiked random
Gram matrices. We postpone it to future works, since it is not
the focus of the current paper.

In what follows, we give two concrete examples which
satisfy the above assumptions and have not been studied
rigorously in the literature.

Example 1 (Doubly-Heteroscedastic Noise, [55]): Consider
the following doubly-heteroscedastic noise matrix

Y := AY2N BY/2, (11.8)

where A and B are deterministic positive definite symmetric
matrices, and N' = (N;;) is a p X n random matrix with i.i.d.
entries of mean zero and variance n~!. Suppose A and B are
diagonal matrices

A:diag(alw-'aap)v 2 bn),

with a1 > a2 > -+~ >a, >0and by > by > --- > b, > 0.
Then @ = YY T is a random Gram matrix as in Theorem 1
with variance matrix S = ((a;b;)/n) and mean matrix R = 0.
It is easy to see that (A2) and (A3) of Assumption 1 hold if
a;’s and b;’s are all of order 1. Furthermore, assumption (I1.4)
is reduced to

B = diag(b, ... (I1.9)

1 1
I'(e) < mi { f S
(€) < min lgilgpp zl: €+ |a; — a2’
1 1
inf — 7} 11.10
1§Hj1§nn§l:e+|bj—bl|2 (IL.10)
and condition (I1.6) is reduced to
— Z Z . .
|ai1 —ai2| <T 1% for 11,12 € Ia,
n
_q | = gol V2 o
|bj1 - bj2| <7 17 for j1,j2 € Jgs. (IL.11)

In fact, if we have a; = f(i/p) and b; = g(j/n) for
some piecewise 1/2-Holder continuous functions f and g,
then (II.11) holds true. One special case is that f and g are
piecewise constant functions, which happens when the eigen-
values of A and B take at most O(1) many different values.
If (I1.10) or (II.11) holds, as we will see in Section III-A,
Theorem 1 applies to (II.8) with » = 0.

We remark that the diagonal assumption (II.9) is not nec-
essary for the Tracy-Widom asymptotics. When the matrices
A and B are non-diagonal, we get a model that extends the
setting in (I.5) because the entries of Y = AY/2N B2 can
be correlated. Finally, we remark that (A4) of Assumption 1
can be violated by allowing for some large a;’s and b;’s. Then
we get a spiked separable covariance matrix, which has been

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 68, NO. 10, OCTOBER 2022

studied in detail in [20]. Our Theorem 1 also applies to this
case.

Example 2 (Sparse Noise, [43], [57]): In this example,
we consider the sparse noise matrix Z as proposed in [43].
The sparse random Gram matrices can be used as a natural
model to study high-dimensional data with randomly missing
observations. For instance, given a probability p, we set z;; =
hijw;;, where w;; are random variables independent of {h;; },
and h;; are i.i.d. (rescaled) Bernoulli random variables with
P(hi; = (np)~"/?) = p and P(h;; = 0) = 1 — p. More
generally, we say that Q = YY' T is a sparse random Gram
matrix if ¥ satisfies the following properties: the entries ¥;;,
1 <4 < p,1 <5 < n, are independent random variables
satisfying

TR, R Ck
I (C?fz k>3, (IL.12)
/MSij nq

for a large constant C' > 0 and sparsity parameter ¢ with
1 < ¢ < /n. In the above setting with randomly missing
observations, we have that ¢ = /np.

III. MAIN RESULTS

In this section, we state the main results of this paper. The
Tracy-Widom distribution of the edge eigenvalues for a general
class of random Gram matrices, i.e., the formal statement of
Theorem 1, will be presented in Section III-A. The theoretical
properties of the test statistics (I.6)—(1.7) and the associated
sequential estimator (I.3) will be given in Section III-B.

A. Tracy-Widom Distribution for Random Gram Matrices

In this subsection, we provide the formal statement for
Theorem 1. Before stating our main result, we first introduce
the necessary notations. Let Cy := {z € C : Imz > 0} be
the upper half complex plane. If (II.3) holds, then there exists
a unique vector of holomorphic functions

m(z) = (ma(z),---,my(2)) : Cy — C7,

satisfying the so-called vector Dyson equation

1
1+STm’
such that Immy(z) > 0, k = 1,--- ,p, for any z € C, [2],
[31, [39]. In the above equation, 1 denotes the vector whose
entries are all equal to 1, and both 1/m and 1/(1 + S m)
mean the entrywise reciprocals. Moreover, for each k =
1,---,p, there exists a unique probability measure v that
has support contained in [0, 490t] and is absolutely continuous
with respect to the Lebesgue measure, such that my is the
Stieltjes transform of vy:

mile) = [ 28,

r—z

1
148 (IIL.1)
m

ZE(C+.

(If we consider the case p > n, then v, will also have a point
mass at zero, but we do not have to worry about this issue
under (II.1).) Let pi be the density function associated with
vk. Then the asymptotic ESD of (Y — R)(Y — R) " is given
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by v :=p~! >, vk, with the following density p and Stieltjes
transform m,

1 1
pi= p zk:pk, m(z) = p zk:mk(z)

We summarize the basic properties of the density functions p
and pg, 1 <k <p.

Lemma 1 (Theorem 2.3 of [2]): Under Assumption 1, for
any 1 < k < p, there exists a sequence of positive numbers
ay > az > --- > azq > 0 such that

(I11.2)

q
supp pi, = supp p = | J[a2s, azi 1},
i=1
where ¢ € N depends only on S. Moreover, p has the
following square root behavior near a;:

pla; —z) =7 twy/z+0(z), 2|0,

where @ = w(S) is an order 1 positive value determined
by S.

In what follows, we shall call a; the spectral edges. In
particular, we will focus on the right-most edge a; and denote
it by A+ = a; following the convention in the random matrix
theory literature. We remark that as discussed in [2], it is
possible that the density p has some cusp singularities when
two edges are close to each other or when p touches zero. In
the current paper, since we are mainly interested in the edge
eigenvalue statistics around a;, we only need assumptions
to ensure (III.3). However, to show the Tracy-Widom law at
other edges, we need extra edge regularity and edge separation
conditions to avoid cusp singularities as in [37], [48]. We will
pursue this direction in future works. Now, we are ready to
state the Tracy-Widom law of the largest edge eigenvalues for
a general class of random Gram matrices with variance and
mean matrices satisfying Assumptions 1 and 2.

Theorem 3: Let Y = (y;;) be a p x n random matrix such
that gi; := (yi; — 1ij)//5i; are real i.i.d. random variables.
Suppose 711 follows a probability distribution that does not
depend on n, and satisfies Ey;; = 0, Ey?; = 1 and

(IIL.3)

lim 2*P (|g11] > 2) = 0. (I1L.4)
Suppose the variance matrix S = (s;;) satisfies Assumption 1
and the mean matrix R = (r;;) satisfies Assumption 2. Denote
the eigenvalues of Q = YY" by Ay > Ay > -+ > \,,. Then
we have that for all x € R,

lim P (@232 (A1 = As) <o) = Fi(a),

n—oo
where w is the value defined in (II.3), and F; is the

type-1 Tracy-Widom cumulative distribution function. More
generally, for any fixed k£ € N, we have that

(IIL5)

: 203,203y . _\.\ < o
plggop |:<w p (/\H-r )‘+) = xz>1§i§k’j|
_ 2/3(,GOE _ oy ~
pan;OIP’ {(p (i 2) < xz)gigk] ' (IL.6)

for all (21,22, ..,7x) € R¥, where we recall that u$*

the eigenvalues of GOE as given by (L.8).

OE are
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Furthermore, the condition (II.4) is necessary in the fol-
lowing sense: if » = 0 and (II1.4) does not hold, then we have
that for any fixed z > A,

limsupP(A\; > z) > 0.

n—oo

(I11.7)

Hence w?/3p?/3(A\; — A;) does not converge to F; in
distribution.

For the reader’s convenience, we state the Tracy-Widom
distributions for the models in Examples 1 and 2 as corollaries
of Theorem 3.

Corollary 1: Assume that (II.1) holds. Consider the doubly-
heteroscedastic matrix in (II.8), where A is a p x n random
matrix with N;; = n~'/2y;; for a sequence of i.i.d. random
variables ¥;;. Suppose y11 follows a probability distribution
that does not depend on n, and satisfies Ey1; = 0, Eg“jfl =1
and (II1.4). In addition, assume that

E (47,) = 0.

Let A and B be p x p and n x n deterministic positive definite
symmetric matrices, whose eigenvalues satisfy that

(IT1.8)

r<a,<a; <7, T7<b, <b <71 (I11.9)

for a small constant 7 > 0, and satisfy the condition (II.10) for
a continuous monotonically decreasing function T" : (0,1] —
(0, 00) such that lim. o I'(€) = oco. Then, for any fixed k € N,
we have that

~ fim P ( 2/3(,,GOE _ 9\ « i)
o { P )<z 1<i<k|’

for all (z1,2,...,75) € R¥, where A\ and w are defined
for the variance matrix S = ((a;b;)/n). Finally, the condi-
tion (II1.8) is not necessary if either A or B is diagonal.

Corollary 2: Suppose Q = YY" is a sparse random Gram
matrix, where the entries of Y satisfy (II.12) with g > nl/3+cs
for a small constant c4 > 0. Suppose the variance matrix S =
(s;j) satisfies Assumption 1 and the mean matrix R = (r;;)
satisfies Assumption 2. Then for any fixed k£ € N, we have
that

nler;oP {<w2/3p2/3(>\i+r —Ap) < xi)1<i<k:|
_ 2/3(,GOE _ o\ )
P [(p (h 2) 1§i§k] ’

for all (z1,z2,...,2;) € R

The proofs of Theorem 3, Corollary 1 and Corollary 2
will be given in Appendix A. We remark that the settings of
Corollaries 1 and 2 are actually beyond the one in Theorem 3:
in Corollary 1, the entries of Y can be correlated because we
did not assume that A and B are diagonal, while in Corol-
lary 2, the distribution of %11 = (y11 —711)/+/511 may depend
on n under the condition (I.12). Hence, they are not trivial
corollaries of Theorem 3. But in the proof, we can reduce
their settings to ones that are compatible with Theorem 3.
For example, for doubly-heteroscedastic matrices, under the
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setting of Corollary 1, [74] has proved the edge universality—
the limiting distribution of the edge eigenvalues is the same
as that in the Gaussian case with i.i.d. Gaussian y;;. On the
other hand, by the rotational invariance of Gaussian N, we
can reduce the model to one with diagonal A and B so that
Theorem 3 applies. Combining these two results finishes the
proof of Corollary 1.

We also mention that the condition (III.8) in Corollary 1
and the condition ¢ > n'/3+¢ in Corollary 2 are mainly
technical. The edge universality in [74] was proved under the
vanishing third moment condition. Hence, we have kept (II1.8)
in Corollary 1, but we believe it can be removed with further
theoretical development. We also believe that ¢ > n'/3+cs
can be weakened to ¢ > nl/6+cs while Corollary 2 may fail
when ¢ < nl/6. Since these problems are not the main focus
of this paper, we will pursue them in future works. We also
refer the readers to Remark 8 for more details.

B. Theoretical Properties of the Test Statistics

With Theorem 3, we can readily obtain the asymptotic dis-
tributions of the statistics T(rg) in (1.6) and T, in (I.7) under
the null hypothesis in (I.2), and analyze the statistical power
of them under the alternatives. Corresponding to T(ro) and
T,,, we define the following two sequential testing estimators

71 = inf{rg > 0: T(ry) < 6V},

Py i=inf{rg > 0: T,, <8P} (I11.10)

We will show that 77 and 7, are consistent estimators of r as
long as we choose the critical values 5&1) and (57(,,2) properly.
Let W ~ W), (I,,n) be a standard Wishart matrix. We define
the following statistics G; and G in terms of the eigenvalues
of W,

B Ai(W) = Xig1 (W)
Gri= 1<igr Aig1 W) = Aip2 (W)’
GQ = )\1 (W) — AQ(W)

Ar.—rg+1(W) — Ar*froJrQ(W).

Corollary 3: Suppose the assumptions of Theorem 3 hold
and r, > r. Under the null hypothesis Hy in (I.2), we have
that

lim P(T <z) = lim P(G; < z),

lim P(T,, <) = lim P(G;y < z), (II1.11)

for all € R. On the other hand, if 5&1)])_2/3 — 0, then

lim P(T > 6) =1, under H,; (IL.12)
if 62p2/3 ) (Args1 — Args2) — 0, then
lim P(T,, >d0?) =1, under H,. (IIL.13)
n—oo
Consequently, if oW 5 50 and 553)1)_2/ 3 0, then
lim P(ry =r)=1; (I11.14)
n—oo
if 5%2) — 00 and 57(,,2)}7_2/3/ (Arg+1 — Arg42) — 0, then
lim P(7 =r) = 1. (ITL.15)
n—oo
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Proof: (II1.11) follows directly from (II1.6). On the other
hand, under H, and the assumption r, > r, we have that

T Z Ar - )\r-i-l )
>\r+1 - )\r+2
By Theorem 3, we have that

Ai1 = A =0 %3), A1 — Ao = O(p~2/3),

Arog1 = Aroy2 = O(p~2/?), (I1L.16)

with probability 1 — o(1). Furthermore, under Assumption 2,
as discussed in Remark 3 we have that |\, — A;| > ¢, for
a small constant ¢, > 0. Hence we get that with probability
1—o0(1),

T > A=A > p?/3

o Ar—i—l - )\r+2 ~
which concludes (II1.12) and (ITI.14). Finally, using (III.16),
we immediately conclude (III.13) and (III.15). O

Remark 4: We make a few remarks here. First, the con-
ditions 5511) — 0o and 57(12) — oo are necessary and suf-
ficient to guarantee that T and T,, have asymptotic zero
type I errors. For any fixed r. — 7¢, the joint distribution of
{AiOV) h<i<r.—ro+2 can be expressed in terms of the Airy
kernel [38]. Although it is hard to get explicit expressions of
the limiting distributions of G; and Go, it is easy to check
that both the distributions are supported on the whole positive
real line. Consequently, it is necessary to let 5&1) and (57(,,2)
diverge. Second, in order to choose a non-trivial 57(,,2) satisfying
5 — 0o and 57(12)1)’2/3/ (MArot1 — Argt2) — 0, we need the
following estimate:

%2 (Ary41 — Argt2) — 00 in probability.  (II1.17)

The condition (III.17) can be guaranteed if H, holds and the
(ro + 1)-th and (rg + 2)-th singular values of R are non-
degenerate. However, we believe that even in the degenerate
case, the condition (III.17) still holds. In fact, following
[5], [11], we conjecture that the degenerate (ro + 1)-th and
(ro +2)-th spikes of R will give rise to outliers satisfying that
Mrot1 — Arot2 = p~ /2 with probability 1 — o(1). To prove
this fact, we need to establish the limiting distributions of the
outliers of spiked random Gram matrices, and we postpone
the study to a future work.

In Table I, we report some simulated finite sample critical
values of G and G5 corresponding to type I error rate o = 0.1
for different choices of r, — rg, n € {200, 500} and ¢, =
p/n € {0.5, 1, 2} based on 5,000 Monte Carlo simulations.
All the simulations in Section IV will be based on these critical
values.

IV. NUMERICAL SIMULATIONS

In this section, we design Monte-Carlo simulations to
demonstrate the accuracy and power of our proposed statistics
for the hypothesis testing problem (I.2) under some general
noise structures. By Corollary 3, we will use the statistics
T and T,, and reject the null hypothesis Hy of (1.2) if
they are larger than the critical values in Table I. For the
simulations, we always consider the following scenario: R is
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TABLE I

CRITICAL VALUES FOR G1 AND Gg (INSIDE THE PARENTHESES) FOR DIFFERENT COMBINATIONS OF p, n AND 7 — 7o UNDER THE NOMINAL
SIGNIFICANCE LEVEL 0.1. WHEN 7 — rg = 1, WE HAVE G; = Gg, SO THEY SHARE THE SAME CRITICAL VALUES. NOTE THAT G2 ALWAYS
HAS SMALLER CRITICAL VALUES THAN G

r« —7o/(p,n)  (100,200)  (250,500)  (200,200) (500,500)  (400,200) (1000, 500)
1 4.71 4.68 471 453 451 451
2 5.68 (4.98) 5.6 (4.86) 5.68 (5.02) 5.62(4.96) 5.59 (495  5.62 (4.87)
3 637 (5.15)  6.42(4.95) 651 (523) 641 (548) 6.63(523) 6.38 (5.19)
4 6.94 (5.41) 7.12(5.28) 6.98 (5.63) 6.96 (5.52) 7.07 (5.34)  7.93 (5.48)
5 7.86 (5.94) 8.12(5.87) 823 (6.03) 7.89(5.94) 791 (5.82)  7.78 (5.79)
¢,=0.5 Cy=1 =2 ¢,=0.5 Cy=1 =2
6020 6020 6020 6020 6020 60.20
o ¢ ¢ ¢ ¢ 6
70.15 70.15 70.15 70.15 70.15- 70.15
0 0 0 0 0 0
g g S 8 g S
~0.10 ~0.10 ~0.10 ~0.10 ~0.10 ~0.10
T T T T T T
s $ s $ s s
0.05 w0.05 w0.05 0.05 w0.05 w0.05
: : : E : E
7 000 -SSR o o0 TR 2 ST 7 000 -SSR o o0 ST g o0 T
(I I 1 m I [ o m
Noise setting Noise setting Noise setting Noise setting Noise setting Noise setting
(a) (W)
Fig. 1. Simulated type I error rates under the nominal level 0.1 for T and T,,. We take n» = 200 and report the results based on 2,000 Monte-Carlo

simulations and the critical values from Table 1.

of rank » < 5, and all the singular values of R are non-
degenerate. In the above scenario, we consider the following
three noise structures, whose impact on the signal detection is
still unknown rigorously in the literature.

(I) Z is a doubly-heteroscedastic noise matrix. Specifically,
we take Z = AY2NBY2 where N is a p x n
white noise matrix with i.i.d. entries of mean zero and
variance n~ !, and A and B are two positive definite
matrices generated as follows: A and B have spectral
decompositions A = UsX U, and B = UgXpUpg,

where
EA:diag(]-v"'v]-v 27"'a2)a
—_——— ——
p/2 times  p/2 times
ZB:diag(ga"'aga 4)"'74755"'75)5
—_—— —— ——
p/4 times p/4 times p/2 times

and U4 and Up are two orthogonal matrices generated
from the R package pracma.

Z is a sparse noise matrix. Specifically, we take z;; =
hijw;;, where h;; are i.i.d. (rescaled) Bernoulli ran-
dom variables satisfying P(h;; = (np)~'/?) = p and
P(h;j = 0) = 1—p, and w;; are independent N (0, s;;)
random variables. In the simulations, we take p = n—1/4
and s;; = a;3; with o; being i.i.d. random variables
uniformly distributed on [1, 2] and 3; being i.i.d. random
variables uniformly distributed on [3, 4].

Z = (zy) is a noise matrix whose variance matrix S
has a banded latent structure. Specifically, we assume

ey

(I11)

that Zij ~ N(O, 57;]') with
sij = (14 vij1i—j<5) /m,

where v;; are i.i.d. random variables uniformly distrib-
uted on [1,2].
In the simulations, we always take r, =
{0.5, 1, 2}.

First, under the null hypothesis Hy in (I.2), we check the
accuracy of the statistics under the nominal significance level
0.1. We consider the above settings (I)—(II) under the null
hypothesis ro = 3, with signal matrix R = 18e1pe1Tn +
16ea,eq,+14e3,e4,. Here, e;, and e;,, denote the unit vectors
along the i-th coordinate axis in R” and R", respectively. In
Figure 1, we report the simulated type I error rates for both
the statistics (I.6) and (I.7) in the settings (I)—(III) for the
noise matrices. We find that both statistics combined with the
critical values in Table I can attain reasonable accuracy even
when n = 200.

Second, we examine the power of the statistics under the
nominal level 0.1 when ro = 0 in (I.2). We set the alternative
as

H,:

5 and ¢, €

R = deype],, for some fixed value d > 0. (IV.1)

In Figure 2, we report the simulated power for both the
statistics (I.6) and (I.7) as d increases, where we take ¢,, = 2
and the settings (I)-(III) for the noise matrices. We see that
both statistics have high power even for a not so large n,
n = 200, as long as d is above some threshold. Furthermore,
when d is in a certain range, we find that the statistic T, in
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Noise setting (I)

1.00- 1.00-
0.75- 0.75-
) ]
T
c;> 0.50- fo % 0.50-
o -T a
0.25- 0.25-

0.0 2.5 5.0 7.510.0
value of d

Fig. 2.

Noise setting (Il)

0.0 2.5 5.0 7.5 10.0
value of d
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Noise setting (lll)

1.00-
0.75-
]
T c;> 0.50- T,
-T a - T
0.25-

0.0 2.5 5.0 7.510.0
value of d

Simulated power of the statistics T and Ty, for the alternative (IV.1) under the nominal level 0.1. We take n = 200 and ¢, = 2. We report the

results based on 2,000 Monte-Carlo simulations and the critical values from Table 1.

(1.7) has better performance in terms of power than the statistic
T in (1.6). Finally, the statistic T,, starts to have non-zero
power for smaller values of d compared to T. This enables us
to study a wider range of alternatives in terms of the d value.
We expect that this is due to the fact that the statistic T needs
a larger critical value to reject Hy as illustrated in Table I.

V. PROOF STRATEGIES

In this section, we describe the main strategy for the proof
of Theorem 3. All the technical details can be found in the
appendix. From the theoretical point of view, our proof of
Theorem 3 employs the following three step strategy.

Step 1: Proving a local law on the Stieltjes transform of the
random Gram matrix Q, mg(z) := p~1tr(Q — z)~L. This is
needed in order to check the square root behavior of the ESD
of Q around the right edge.

Step 2: Establishing the asymptotic Tracy-Widom law for
the edge eigenvalues of the Gaussian divisible random Gram
matrix @, in Theorem 2 for a small ¢ > 0.

Step 3: Showing that Q has the same edge eigenvalue
statistics as Q, asymptotically.

This three step strategy has been widely used in the proof
of bulk universality of random matrices [30]-[32], [34]. For
a more extensive review, we refer the reader to [33] and
references therein. However, it has been rarely (if any) used in
the study of the edge eigenvalues of random Gram matrices.
One of the main reasons is that the above Step 2 for Gram
type random matrices—the core of the strategy—was not well-
understood previously.

Regarding the proof of Theorem 3, even though the results
of Step 1 have been established in [2], [3], Steps 2 and 3
are still missing. For Step 3, we can employ some standard
resolvent comparison arguments developed in e.g. [7], [18],
[35], [48], [54], [66], [74]. In this paper, we mainly focus on
Step 2, which is completed by Theorem 2. We will provide
the formal statement of Theorem 2 in Theorem 4. For this
purpose, we first need to introduce some new notations.

Let Y be a p x n data matrix, and X be an independent
p xn random matrix whose entries are i.i.d. centered Gaussian

random variables with variance n~!. Since the multivariate
Gaussian distribution is rotationally invariant under orthogonal
transforms, for any ¢ > 0 we have that

Y +Vix L0, (W—F\/EX)UQT,

where Y = Uy WU, is a singular value decomposition of Y’
with W being a p x n rectangular diagonal matrix,

W:= (D 0), D=diag(\/di, -, \/dy).

Here, /d, > /dy > -+ > \/(Tp > (0 are the singular values
of Y arranged in descending order. Thus, to study the singular
values of Y + v/t X, it suffices to assume that the initial data
matrix is W. We assume that the ESD of V := WW T
has a regular square root behavior near the spectral edge,
which is generally believed to be a necessary condition for the
appearance of the Tracy-Widom law. Following [51], we state
the regularity conditions in terms of the Stieltjes transform
of V,

1 4 1 1
my(z) == }—jtr(V—z) :Ezdi—z’
i=1

Z€C+.

Definition 1 (n.-regular): Let 1, be a deterministic parame-
ter satisfying 7, := n~% for some constant 0 < he < 2/3.
We say V is n.-regular around the right-edge A} := d;, for
a fixed 79 € N, if the following properties hold for some
constants ¢y, Cy > 0.

(i) For z = F+1in with AL —cy < F < Ay and 7, +

V1| Ay — E| < n <10, we have

1

Cv
< CvvI[A+ — B[+, (V.1)

and for z = E +in with Ay < E < Ay 4+ ¢y and
1N« < n < 10, we have

A — E|+n < Immy(z)

1 Ui
T <
v e — B+ mmy (2)
<Oy ! (V.2)

VIN —El+n
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(ii) There are no eigenvalues d; of V insider the interval
At + 7, Ay +ev].
(iii) We have 2cyy < Ay < Cy/2 and ||V| < NOV.,

Remark 5: For our setting in Theorem 3, the index i is
equal to r + 1, which labels the first non-outlier eigenvalue
of V. The motivation for (i) is as follows: if m(z) is the
Stieltjes transform of a density p with square root behavior
around A, i.e.,

plx) ~(Ay — )4, (V.3)
then (V.1) and (V.2) hold for I'mm(z) with 5. = 0. For

a general 7, > 0, (V.1) and (V.2) essentially mean that
the empirical spectral density of V' behaves like a square
root function near Ay on any scale larger than 7,. The
condition n < 10 in the definition is purely for definiteness of
presentation—we can replace 10 with any constant of order 1.

Regarding ¢ as a time parameter, we are interested in
the dynamics of the edge eigenvalues of Q; := (W +
VEX)(W + VtX)T with respect to ¢ for 0 < ¢t < 1. Let
Pw,+ be the asymptotic spectral density of Q;, and m,,+ be
the corresponding Stieltjes transform. It is known that for any
t > 0, my, is the unique solution to

mw,t

1< 1
=y — ,(V4)
P ety (L4 eptmy )z + (1 —cp)
such that Imm,, > 0 for z € Cy [22], [23], [71].
Adopting the notations from free probability theory, we shall
call py,,; the rectangular free convolution (RFC) of py
with Marchenko-Pastur (MP) law at time ¢. Let A\, ; be the
rightmost edge of the bulk component of p,, ;. By Lemma 11,
we know that p,, + has a square root behavior near A ;.
We introduce the notation

G (2) = [1 4 cntmu 1 (2)]2 — (1 — en)t[1 + cntma ((2)],
(V.5)

which is the so-called subordination function for the RFC.
Then, we define the function

q)t (C) = []- - Cntmw,O (C)]QC

+ (1= cn)t[l — entmuo(Q)]; (V.6)
and the parameter
Tn = 'Yn(t)
. B —-1/3
= (5 [40 g Gt + (1= n)*t?] o t*®, (C+,t)) ,
(V.7)

where we have abbreviated that (4 ; = (;(A\+ ;). Here we used
the short-hand notation ;(A1 ;) = lim, o G (Ay ¢ +1in). Now
we are ready to give the formal statement of Theorem 2.

Theorem 4: Suppose W is n.-regular in the sense of Defin-
ition 1 with 1, = n~?+. Suppose t satisfies nn, < t> < n~¢
for a small constant € > 0. Fix any k € N, and let f : R¥ — R
be a test function such that

[flleo <C, [[Vflloo <C,
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for a constant C' > 0. Denote the eigenvalues of Q; by A1 (t) >
A2(t) > -+ > A\p(t). Then, we have that

nhi%o E {f ('anQ/B ()‘io (t) - >‘+,t)7 T
’an2/3(/\io+k—1(t) - /\+7f/))} =

lim Bf (p?2(uOF = 2), - ,p?(uiOP - 2)), (V)

n—00

where we recall that p&OF

K]
given by (L.8).
Since the edge eigenvalues of GOE at £2 obey the type-1
TW fluctuation [68], [69], by Theorem 4 and the Portmanteau
lemma we immediately obtain that

are the eigenvalues of GOE as

lim P(y,p?3(M(t) — Ay 1) < x) = Fy(x) for all z € R,

where recall that F} is the type-1 TW distribution function.

Following the literature, we shall call the evolution of Q;
with respect to ¢ the rectangular matrix Dyson Brownian
motion, while we call the evolution of the eigenvalues of Q,
with respect to ¢ the rectangular Dyson Brownian motion.
We remark that the edge statistics of the symmetric Dyson
Brownian motion (DBM) have been studied in [51] for Wigner
type matrix ensembles. The above Theorem 4 extends the
result there to Gram type matrix ensembles.

Before the end of this section, we summarize the basic
ideas for the proof of Theorem 4 and provide some (possibly
helpful) heuristic discussions. The proof utilizes the matching
and coupling strategy in [13], [51]. First, in order to see the
Tracy-Widom limit, we need to show that: (i) the rectangular
free convolution (RFC) has a square root behavior near the
right edge in the sense of (V.3), and (ii) the edge eigenvalues
of Q, distribute according to the RFC on scales > n~2/3.
However, at ¢t = 0, the conditions (V.1) and (V.2) are not
strong enough for both of these purposes. We need to run
the dynamics for an amount of time ¢y to regularize both
the RFC and the rectangular DBM. To show (i), we need a
detailed analysis of the RFC, which has been done in another
paper [19]. In particular, the analysis shows that under the
n.-regular assumption, we are able to obtain the square root
behavior of RFC once to > /1).. We summarize some key
properties of the RFC in Appendix B-A. To show (ii), we need
to prove some sharp local laws on the resolvent (Q;, — z)~!
for z = F+in with F around the right edge and 1 > n—2/3—¢
These local laws are also proved in [19] and summarized in
Section B-B.

Next, we consider the rectangular DBM starting with the
regular initial data Q,, (i.e., the evolution of the eigenvalues
of Qt,4¢). It is known from the literature that the rectangular
DBM satisfies a system of SDEs in equation (C.2), which is
the main tool for our proof. We couple it with the system
of SDEs for another rectangular DBM of a properly chosen
sample covariance matrix, whose Tracy-Widom law is known
from the literature and whose asymptotic ESD matches that of
Q;, around the right edge. Under this coupling, we will show
that after shifted by respective right edges, the differences
between the edge eigenvalues of the two rectangular DBMs
are much smaller than n~2/3 if we run them for an amount
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of time ¢; so that n='/3 <« t; < to. This key result is
summarized in Theorem 7. Here, t; < tp is required so
that the RFC does not change much from ¢y to ty + ¢;. In
particular, the right edge Ay and the scaling factor v, (1)
remain approximately constant throughout the evolution. On
the other hand, the condition #; > n~1/3 is essential because
the “relaxation time to equilibrium” of the coupled DBM is of
order n~'/? at the right edge, which we will explain below.

To prove Theorem 7, it suffices to study the differences
between the two coupled rectangular DBMs, denoted by
{Ai(t)} and {p;(t)}, respectively. For this purpose, we con-
sider an interpolating process z;(t,«) for 0 < a < 1 (cf.
equation (C.6)), which is a rectangular DBM with initial data
zi(0, ) = aX;(0) + (1 — a)p;(0). Note that z;(¢,0) = p; (%)
and z;(t,1) = A;(t), so we only need to control 0, z;(t, o) for
0 < a < 1. In the proof, we find that it is more convenient
to work with the singular values y; (¢, «) := 1/2;(t, ) and its
shifted (by the right edge) version y;(¢, ). Then, it suffices
to control 0,¥;(t,«) by analyzing a system of SDEs given
by equation (C.35). However, for the analysis, we have to cut
off the effect of bulk eigenvalues away from the edge, because
the n,-regular condition only describes the edge behavior of
the initial data. Hence, similar to [14], [51], we localize the
analysis by introducing to the SDEs of y;(t, «) a short-range
approximation (cf. equations (C.37)—(C.39)), whose solutions
are denoted by ¥, (¢, ). Through a careful analysis, we find
that the bulk eigenvalues indeed have negligible effect and the
differences |7;(t, a) — 9i(t, )| are much smaller than n~=2/3
(cf. Lemma 23).

Now, armed with the above preparation, it remains to control
0ai(t, ), which turns out to satisfy a deterministic parabolic
PDE in (C.60). Using the local laws for (Qy, — 2)~!, we can
show that the eigenvalues of Q,, satisty a rigidity estimate
(see Lemma 15), which implies that the initial data {g;(¢, )}
has an ¢ norm bounded by n—2/3t¢ for any ¢ > 4 and small
constant € > (. The last piece is then to prove an energy
estimate for this PDE, which is summarized in Proposition 2.
Roughly speaking, Proposition 2 shows that the ¢°° norm of
the solution at time ¢ is smaller than the ¢¢ norm of the initial
data by a factor of order n~'/3t~!. Consequently, as long
as t1 > n~1/3%% for a constant & > 0 and € is chosen small
enough, the £°° norm of the solution at time ¢; is much smaller
than n~2/3.

Combining all the above pieces shows that the eigenvalues
of Q, satisfy (V.8) for t = ty+t,. We can see from the above
arguments that there are two conditions that lead to a lower
bound for t: ¢t > tg > /7. to ensure a regular square root
behavior of the RFC and sharp local laws for Q;,; t > t1 >
n~1/3 to ensure the “closeness” of the two coupled rectangular
DBMs. Since we have assumed 0 < ¢, < 2/3 in Definition 1,
we only need to take £ > /7. In fact, in the application to
the proof of Theorem 3, we will take ¢. = 2/3 so that we
run the rectangular DBM for an amount of time ¢ > n~1/3.

Finally, we discuss the comparison argument for Step 3 of
the proof of Theorem 3. First, it requires a moment matching
condition, as is well-known in the random matrix theory
literature. More precisely, we will construct another random
Gram matrix, say Y/’ = (y;j) with independent entries that
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have the same mean 7;; but different variances var(y;;) =
si; —t/n. Then, the rectangular matrix DBM Y’ + VtX has
the same mean matrix R and variance matrix S as Y. Now,
applying Theorem 4 shows that the edge eigenvalues (denoted
by A.,) of Y’ + \/tX satisfy the Tracy-Widom law around
the right edge (denoted by /\’+7t) of the corresponding RFC.
It remains to show that the limiting law of the (shifted and
rescaled) edge eigenvalues p2/3()\i — M), 1 <@ <k, of
Y match that of p2/3()\;_t — )\'Jr’t), 1 < i < k,. This uses a
standard resolvent compafison argument in the literature, and
the key technical input is the local law for the resolvent of
(Y +tX)(Y'++/tX)T, which is given in Appendix B-B.
While the resolvent comparison argument is almost the same
as the ones in e.g., [18], [54], it only gives that p2/3()\i =Nit)
satisfy the Tracy-Widom law. We still need to show that the
difference between the right edges A\ and A ; is much
smaller than the Tracy-Widom fluctuation scale n~—2/3. By
analyzing the Stieltjes transform of the RFC, we will see (cf.
equation (A.39)) that for any small constant € > 0, with high
probability

Ayt — Ay Sn 2B g n 2B el (v.9)

Since we need to control the second and third terms on the
right-hand side, we have to take n~'/3+% < t < n=9 for
a constant 6 > 0. To summarize, for the above argument
to work, we need that n=1/3t0 < t < n79 A mins,;. In
particular, taking a smaller ¢ means relaxing the lower bound
on s;;, so that we can handle a more general class of random
Gram matrices. On the other hand, we have seen a lower
bound ¢ > (/7. V n /3 for Step 2. Therefore, in the proof
of Theorem 3, we will take (almost) optimal parameters:
Ne = n=2/3 and t = n=1/3%9_ This also leads to the lower
bound on s;; in (IL.3).

APPENDIX A
PROOFS OF THEOREM 3, COROLLARY 1
AND COROLLARY 2

We will use the following notion of stochastic domination,
which was first introduced in [25] and subsequently used
in many works on random matrix theory. It simplifies the
presentation of the results and their proofs by systematizing
statements of the form “¢ is bounded by ¢ with high proba-
bility up to a small power of n”.

Definition 2 (Stochastic domination and high probability
event): (i) Let

€= (g(">(u) neNue U(">) ,
¢ = (C(")(u) neNue U<">) ,

be two families of nonnegative random variables, where U (n)
is a possibly n-dependent parameter set. We say & is stochas-
tically dominated by ¢, uniformly in w, if for any fixed (small)
€ > 0 and (large) D > 0,

sup P (£ (u) > n¢" (w)) <n~P
uelUn)

for large enough n > ng(e, D), and we will use the notation
& < ( to denote it. Throughout this paper, the stochastic
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domination will always be uniform in all parameters that are
not explicitly fixed, such as the matrix indices and the spectral
parameter z. If for some complex family £ we have |£] < (,
then we will also write £ < ¢ or £ = O<(().

(il)) We say an event = holds with high probability if for
any constant D > 0, P(Z) > 1 —n~P for large enough n.

The following lemma collects basic properties of stochastic
domination, which will be used tacitly in the following proof.

Lemma 2 (Lemma 3.2 of [10]): Let £ and { be two families
of nonnegative random variables, U and V' be two parameter
sets and C' > 0 be a large constant.

(i) Suppose that {(u,v) < ((u,v) uniformly in v € U

and v € V. If [V] < n% then 3 i &(u,v) <
> vev ¢(u,v) uniformly in v € U.

(i) If& (u) < ¢ (u) and &(u) < C2(u) uniformly inu € U,
then & (u)&2(u) < (i (w)C2(u) uniformly in u € U.
Suppose that W(u) > n~¢ is deterministic and &(u)
satisfies E¢(u)? < n® for all u € U. Then if &(u) <
U (u) uniformly in u € U, we have that E§(u) < ¥ (u)
uniformly in u € U.

(iii)

We introduce the following bounded support condition,
which has been used in a sequence of papers to improve the
moment assumption, see e.g. [18], [20], [54], [74].

Definition 3 (Bounded Support Condition): We say a ran-
dom matrix Y satisfies the bounded support condition with ¢,
if

H;%.X |yij - Eyijl < &n, (A.1)
where ¢,, is a deterministic parameter satisfying that n= /2 <
¢n < n~% for some small constant ¢y, > 0. Whenever (A.1)
holds, we say that Y has support ¢,,.

We introduce the following (p + n) x (p + n) symmetric
block matrix

_ L 0 Y
and its resolvent
G(z)=G(Y,2) = (z*H—-2)"', zeC,. (A3)

Moreover, for Q1 ;=YY " and Qs := Y 'Y, we define their
resolvents as

Gi(2):=(Q=2) ", Ga2):=(Q—2)".
Using the Schur complement formula, it is easy to check that

G- G 212Gy
S\ VY TG Go
_ G 2712y G,
212G YT G '
Thus, a control of G yields directly a control of the resolvents

Gy and Go. We denote the empirical spectral density p; of Q
and its Stieltjes transform by

1< d T
p1 =Ez5xi<gl>7 91(2)=/p1( m) _ o)
1=1

T —2z P

(A4)

(A5)

(A.6)
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In [3], it has been shown that if Y is centered, i.e.
R = 0, then the diagonal entries (G1);; and (G2);; can be
approximated by M ; and My ;, respectively, where M, =

(Ml,lv T aMl,p) :Cy - C? and M, = (MQ,lv T vMQ,n) :
C, — C™ are the unique solution of
1 1
A = —z—2zS5Ms, A =—z—25" M, (A7)

such that ImM ;(z) > 0,i=1,2,---,p, and ImMy ;(z) >
0,7 =1,2,---,n, for all z € C,. Here both 1/M; and
1/M> denote the entrywise reciprocals. Notice that if we plug
the second equation of (A.7) into the first equation, then M,
satisfies equation (ITI.1), which shows that M;(z) = m(z).
Then we define the asymptotic matrix limit of G as

II(z) := diag (M7 1(z), - - - M1 p(2),

MQJ(Z), s ngn(z)) . (AS)

We define the following spectral domains: for some small
constants cg, 9 > 0,

D(co, ) 3:{Z:E+i7l ‘A —co < E <Ay +co,
n1H < < Cal}’
and
Dout(co, V) :=D(co, )
N{z=E+in: E> Ay, n/k+1n>n"}.
Finally, we define the distance to the rightmost edge as

k=k(z):=|E—Ay| for z=FE+in. (A9)

Then, the following local law has been proved in [2].

Lemma 3 (Theorem 2.6 of [2]): Assume that Y isapxn
random matrix with real independent entries satisfying (1.5)
and that for any fixed k& € N,

k/2
Elyi; — Eyi;|* < Cksij/ ;

(A.10)

for some constant C'y, > 0. Moreover, suppose that the variance
matrix S satisfies Assumption 1, and the mean matrix is R =
0. Then there exists a constant ¢ > 0 such that the following
averaged local laws hold for any (small) constant ¥ > 0. For
any z € D(co,?), we have that

lg1(2) —m(2)| < (nn) 7", (A.11)

where m/(z) is defined in (I11.2) and g1 (z) is defined in (A.6),
and for any z € Dyy:(co, ), we have a stronger estimate

1 1
P MR
Both of the above estimates are uniform in the spectral
parameter z.

Remark 6: Strictly speaking, the estimate (A.12) was not
proved in [2]. However, its proof is standard by combining the
results in [2] with a separate argument for z € Doyt (co, V);
see e.g. the proof of (2.20) in [27].

As a consequence of (A.11) and (A.12), we obtain the
following rigidity estimate in Lemma 4 for the eigenvalues

(A.12)
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of Q; near the right edge A;. We define the classical location
«y; of the j-th eigenvalue as

+o0 j_ 1
7y, 1= sup {/ plx)dx > T} ,

where p was defined in (IIL.2). In other words, v;’s are the
quantiles of the asymptotic spectral density p of Q;. Note that
under the above definition, we have vy; = A4.

Lemma 4: Under the assumptions of Lemma 3, for any j
such that A; — ¢p/2 < v; < Ay, we have

1N (Q1) — ;] < 4~ 3n =23,

(A.13)

(A.14)

Proof: The estimate (A.14) follows from (A.11)
and (A.12) combined with a standard argument using
Helffer-Sjostrand calculus. The details are already given in
[28], [35], [66]. O

Combining Lemma 4 with the Cauchy interlacing theorem,
we immediately obtain the following result when R is non-
zero and satisfies Assumption 2.

Lemma 5: Assume that Y is a p xn random matrix with real
independent entries satisfying (I.5) and (A.10). Suppose that
the variance matrix S satisfies Assumption 1 and the mean
matrix R satisfies Assumption 2. Denote the eigenvalues of
YY?T by A1 > Ay > --- > A,. Then there exists a constant
co > 0 such that the following statements hold for any small
constant 9 > 0.

(1) Outliers: The first r eigenvalues satisfy

AL > Ao > > A > A+ 200, (A.15)

(2) Eigenvalues rigidity: For any j such that Ay — ¢o/4 <
v; < A4, we have that

Njar — 5] < 5730723, (A.16)

(3) Averaged local law: (A.11) holds uniformly for all
z € D(co, 1), and (A.12) holds uniformly for all z €
Dout (CQ, 19)

Proof: For simplicity, we denote Y =Y — EY, and the
eigenvalues of él =YY" by Xl > Xg > 0 > Xp. As
in (A.6), we define the Stieltjes transform of the ESD of él
as

By Lemma 4, the eigenvalues i satisfy that

1/3, —2/3

n (A.17)

A =l =<~
for any j satisfying Ay — co/2 < v; < A4. By the Cauchy
interlacing theorem, we have that

Ntr X < XNjory 15 <p, (A.18)
where we adopt the conventions Xj =o0if 7 <0, and Xj =0
if j > p + 1. By the square root behavior of p(z) around A
as shown in (IIL.3), it is easy to get that

1 = vjar| ST P0T3 (A.19)
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for any j satisfying Ay —co < 7; < Ay as long as ¢ is
sufficiently small. Combining (A.17), (A.18) and (A.19), we
obtain (A.16).

Now suppose the mean matrix R has SVD

R = Z O'i(R)Ui’UZT,
i=1

with 01 (R) > 02(R) > --- > 0,(R) > (44 7)v9 by (IL.7).
Using Weyl’s inequality for singular values, we obtain that

A > [a,,(R) - X}/Qr)
> [(4 +7)Vom — (/\+ + o<(n*2/3)) 1/2] i
> [(44 )V - 290 4 0 (0%

> [4 +47 4+ O (n_z/g)} m

> (14740272 Ay,

where we used (A.17) for Xl in the second step, and (IL.5) in
the third and last steps. This gives (A.15).

Finally, using (A.17) and the interlacing result (A.18), we
can show that for z € D(cy, V),

51(2) = g1(2)] < ()™,
and for z € Dyyt(co, V),

51(2) = 91(2)] < [n(r +m)] .
We omit the details because it is a standard argument, which
involves bounding the real and imaginary parts of g1(z) —
g1(z) using (A.18). Combining the above two estimates with
Lemma 3 for gy (z), we conclude part (3) of Lemma 5.  [J

From (A.10) and Markov’s inequality, we get that the matrix
Y in Lemma 3 has support max; ; s;j . Now combining
the analysis of the vector Dyson equation (III.1) in [2]
with the arguments for local law in [18], we can relax
the moment condition (A.10) to a weaker bounded support
condition.

Lemma 6: Assume that Y is a p x n random matrix with
real independent entries satisfying (I.5). Suppose that the
variance matrix S satisfies Assumption 1 and the mean matrix
R satisfies Assumption 2. Moreover, assume that Y satisfies
the bounded support condition (A.1) with ¢,, < n™% for a
small constant ¢, > 0. Then there exists a constant cg > 0
such that the following estimates hold for any small constant
¥ > 0.

(1) Averaged Local Law: For any z € D(cp, ), we have that
¢2
VE+1M

and for z € D,y (co, ), we have a stronger estimate

1
lg1(z) — m(2)| < min {¢n, } + n—n, (A.20)

N i
1) = )] <min { o, g L
1

+ R (A21)
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(2) Entrywise Local Law: For any z € D(cg, ), we have that

G (2) =11
(nax 1Gi;(2) — 1 (2))
Imm(z 1
R LG B N
nnoonn

where II is defined in (A.8).
All of the above estimates are uniform in the spectral
parameter z.

Proof: With the stability analysis of equation (II.1) in [2,
Section 3], we can repeat the same proofs for Lemma 3.11 of
[18] and Theorem 3.6 of [74] to conclude (A.20)-(A.22). We
omit the details. O

Now we are ready to give the proof of Theorem 3.

Proof of Theorem 3: Using the estimates in Lemma 6, we
can repeat the proof for [18, Theorem 2.7] almost verbatim to
conclude (IT1.7) and the following universality result as n —
00:

P [(pz/:s()%r — ) < xi)lggk]

—P¢ |:(p2/3(/\i+r — ) < xi)KKk} ~0  (A23)

for any (z1,x2,...,7;) € RF, where P denotes the law
for Y = (yi;) with independent Gaussian entries satisfy-
ing (L.5). To conclude (IIL.5) and (IIL.6), it remains to show
that (w?/%p?/3(N\isr — A4))1<i<k has the same asymptotic
distribution as (p?/3(uFOF — 2))1<;<s in the Gaussian case.
For simplicity of notations, we only write down details of
the proof for the » = 0 case, which is based on Theorem 4,
Lemma 3 and Lemma 4. The argument for the r > 0 case is
similar and will be discussed at the end of the proof.

Let tg = n~1/3%¢0 for a small constant e < ., where
recall that ¢, is the constant in (II.3). Then, we pick the initial
data matrix W to be a p x n random matrix with independent
Gaussian entries satisfying

Ew;; =0, Ew?j = s;; —to/n.

Let X be an independent p x n matrix with i.i.d. Gaussian
entries of mean zero and variance n—!. Then, we have that

Y LW+ VioX.

We regard W + v/tX as a rectangular matrix DBM starting
at W, and at time ¢y it has the same distribution as Y.

We now fix the notations for the proof. First, in light of
(A.23), we denote the eigenvalues of Q := (W + /o X)(W +
VEX)T by A\i > Ay > -+ > \,. We define its asymptotic
spectral density p and the corresponding Stieltjes transform
m(z) as in (IIL.2). Moreover, let A, be the right edge of p,
and ~y; be the quantiles of p defined as in (A.13). We denote
the variance matrix of W by Sy, = (s;5 —to/n : 1 < i <
p,1 < j <mn),and let My, (2) = (My1(2), -, Myp(2)) :
C4 — CP be the unique solution to the vector Dyson equation

=21+ S, (A.24)

1
M., 1+ 51—5va
such that ImM, (z) > 0, k = 1,2,--- ,p, for any z €
C. Then, we define M, (z) := p~' >, My k(2), which is
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the Stieltjes transform of the asymptotic spectral density of
WWT, denoted by p,. We denote the right edge of p,, by
A4 ,w. and define the quantiles of p,, as

+oo ] -1
Vjaw = SUP {/ pw(z)dx > —} ,
xT x p

for 1 < j < p. Finally, following the notations in Section V,
we denote

(A.25)

my(2) = myo(2) :=p e (WW' —2)71

and the eigenvalues of wwT by dy > dy > --- > dp. Then,
we define m,, ¢ as in (V.4), and let A ; be the rightmost edge
of the rectangular free convolution p,, .

We take 7, = n~2/3t¢1 for a small enough constant 0 <
€1 < 9. We first verify that my is n.-regular in the sense
of Definition 1. Notice that W is also a random Gram matrix
satisfying the assumptions of Lemma 3. Denoting z = F +in
and kK = |E — A4 |, by (A.11) and (A.12) we have that for
Aw—¢co < FE<Ai, and n=2/3+0 < p <10,

[maw,o(2) = My (2)| < (nn) ™,

and for A\j , < E < Ay +co and n=2/3+0 <y <10,
1 1

nGstn) (PR

Moreover, as a consequence of the square root behavior of
P+ around A ., as given by (II1.3), it is easy to show that

(A.26)

[maw.o(z) — My(z)| < (A.27)

| My (2)] ~ 1,
JEFT, ifE> A

ImMy(z) ~ n/VEFm B = A (A.28)
\/’%—’_7]7 1fE§>‘+7wa

for any z = E'+in satisfying that Ay, —co < E < Ay, +co
and 0 <7 < ¢y ! for a small enough constant ¢y > 0. In this
paper, given two sequences of positive values a,, and b,,, we
use a, ~ b, to mean that there exists a constant C' > 0 so
that C~'a,, < b, < Ca,,. Finally, using (A.14) we get that

1/3

n=2/3,

|dj —Yjwl <4~ (A.29)

for any j such that Ay ., — ¢o/2 < 7j.w < Ay . Combining
the above estimates (A.26)-(A.29), we obtain that for some
constants 0 < ¢y < ¢p/2 and Cy > 0, the following estimates
hold on a high probability event =: for di —cy < F < d;
and 7, <n <10,

1

|di — E|+n < Immyo(E +1n)
Cy

<Cv+/|di — E|+n;

for dy < E <dy+cy and . <1 <10,

1 7
N < Immyo(E+i
Cyldi—E[+n~ wo(E +in)
U
<Cy—0u>u~
=Vidi—E|+n

Thus, on event =, my is 7, -regular. Then, applying Theorem 4
to Q= (W + vVt X)(W + % X)", we conclude that there
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exists a parameter v, ~ 1 such that for any fixed k£ € N,
(’an2/3(>\i - )‘+,to))
d
L (v (ugo" - 2))

1<i<k

, (A.30)
1<i<k

where 4 means that the two random vectors have the same
asymptotic distribution. Now, to conclude the proof, it remains
to show that

p*? Xy — Ai| — 0 in probability. (A.31)

We recall that A is the right edge of the asymptotic density p,
which by definition is also the rectangular free convolution of
pw With MP law at time ty. On the other hand, for a given W,
At .t is the right edge of p., ¢ which is the rectangular free
convolution of py,0 :=p~* >.7_; 84, with MP law at time .
Hence A\, 4, and A are different quantities, but we can control
their difference using (A.26), (A.27) and (A.29).
Recalling the notation in (V.5), we denote

=[1 + cntomuw,to (At t0)]* At
= (1 = en)to[1 + cntomu,to (At t0)],

<+,t0 :

and

o =1+ catom(A)* A+
— (1 —cn)to[l + cntom(A4)].

Using (B.11) below and (A.29), we can obtain that
|<+ - )‘+,w| ~ |<+,t0

Then, repeating the proof of Lemma 13 (which is given in
[19, Lemma A.2]), we can obtain that

— Apw] ~ E2. (A.32)

A to = Apl SIChto — Gl + to| M (Chto) — M (1)
+ o [Muw,0(Ct.t0) — Muw(Crt0)|,  (A33)
and
Gt — G| St ‘m (Croto) — 'Zu(<+,to)| . (A.34)
Using the definition of +;,,, we can get that
My 0(Chto) = My (Gt
- ‘ - / T _pels) dx‘
(dj — C+ (dj = Coa)® Jo (T = Ci10)?
Vi
” pu(T) pu() ‘
< — dz
j:’yj,w>)\z+;wco/ Yi+1,w (dj - C+,to)2 ({E - CJr,to)Q
+0(1)
. Z Vi, w j71/3n72/3(|>\+’w o 52|+t(2))Pw($) b
Yi41,w |l‘_€+,t0|

j:'Yj,w >A+,w_c0

+0(1)
At w _
<n- / Cew =246, 4 o)
)\+1w760/2 |()\+ w T x) + t0|
1
< . A.35
~ ontd ( )
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Here in the third step we used that for 7114 < 2 < V0,

(2= Cht0)? = (dj—Cot0) 21 < 5730723 (A — 2| + 1),

by (A.29), (A.32) and A\ — Yj41.0 ~ 52/°n72/3. In the
fourth step, we used that p,,(z) ~ /A — 2 and j71/3 ~
n~Y3(\y . —x)” /2. Plugging (A.35) into (A.34), we obtain
that

ot

(A.36)

|Cito — Col =1

Moreover, as a consequence of the square root behavior of p,,
around A, it is easy to check that

tOle(C+,to) - Mw(C—i—)l
< tO |C+,t0 - C+|
~ T min{|C — Ay w2 Gt — Ay w2}

<n 'yt (A.37)

where we used (A.32) and (A.36) in the last step. Finally,
we need to bound [, 0(C+ ty) — Muw(C4 1, )|- Denote zg :=
(1o +ino with ng = n~2/3+9 for some small constant ¥ > 0.
We now decompose My 0(C+t) — My (1) as

Mw(CJr,to)
My(20) + K1 + Ko,

mw,O(CJr,to) -

= Muw,0(20) —
where

Ky

o Z 1# - /'Yj,w
. . p dj - C—i—,to Yit1,w

I Vs> Ak w—Co/2

-

11 B pule
<_d -/ p_ud)
j:’)"7,u)>)\+,w_00/2 p 7 %0 Vit1w T—%

ICQ :
ol Bt
o2 \PAi =Gt o TGty

L[ )
pdj—z0 Jy., T—20

j:'Y],’w S/\+,w
1

- + _—
ntt  (nmo)*to

I, <A w—co/2
Using (A.29), it is easy to bound Ky <

pw(x)
xr — C—hto dx)

M, (Zo)| =<

By (A.27), we have
[mw,0(20) —
< mp with high

probability. Then using a similar argument as for (A.35), we
can bound

/C1-<

/w,w (Xt — 2| + 13) pu () dx

J3n2 3 — Ay o |?

>

j:’)"7,u)>)\+,w_00/2

A w dz
< p 1 _ — <
~ A Ctw—2) + 2
+,w_C0/2 +w 0

Combining the above three estimates, we get that

Yi+1,w

n~tlogn.

1
|mw70()‘+7to) - Mw()‘+,to)| <no+ 2 + (A.38)
0

(nm0)%to
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Now, with (A.33), (A.36), (A.37) and (A.38), we can bound
that

1 1
A — | =<t —_—t —. A.39
At oto +| < tomo + o + (o2 ( )
Plugging into tp = n /3% and 9y = n72/3+7 we
conclude (A.31) as long as ¢p and ¢ are chosen such that

g0+ <1/3.

Combining (A.30) and (A.31), we obtain that (y,p?/3(\; —
At))i<i<p converges weakly to the Tracy-Widom law. Fur-
thermore, matching the gap between the quantiles v; and -
(recall (A.13)) of the density p in (IIL.3) and the one for the
semicircle law p,.(2 — ) = 7~ 1\/z + O(z) around the right
edge at 2, we see that v, must be w?/3. This concludes the
proof of (III.5) and (IIL.6).

Finally, we briefly discuss the proof for the » > 0 case.
In fact, its proof uses the same argument as above, except
that we need to replace Lemma 4 with Lemma 5 and apply
Theorem 4 with iy = r + 1. For example, the equation (A.30)
above should be replaced by

2/3(\. ) ) ;5(2/3 GOE_Q) .
<7np ( i+7r +,to) p (Mz ) 1<i<k

We omit the details. O
Finally, we complete the proofs of Corollaries 1 and 2 using
Theorem 3.
Proof of Corollary 1: In [74], the following edge uni-
versality result was proved under the assumptions of this
corollary:

1<i<k

lim

Jm (B[ (7500 - 20 < o)

_pG [(pww ) < xi)1<i<k:| } —0,  (A40)

19‘9}

for all (z1,7a,...,71) € R¥, where P“ denotes the law for
N with i.i.d. Gaussian entries of mean zero and variance n !
In particular, the condition (II1.8) is not necessary if A or B is
diagonal. Note that if A/ is Gaussian, then using the rotational
invariance of multivariate Gaussian distribution, we can reduce
Q = YY" to a random Gram matrix satisfying (I.5) with
R = 0 and variance matrix S = ((a;b;)/n). Furthermore,
notice that (III.9) is stronger than (II.3) and equivalent to
(A3) of Assumption 1. Hence YY" satisfies the assumptions
of Theorem 3 with » = 0, which immediately concludes the
proof. O

Remark 7: Regarding Example 1, suppose there are some
spikes in the eigenvalue spectrum of A and B such that
ap > -2 ap 2 app1+7and by > - > bg > bgypq + 7 for
some 7, s € N and a small constant 7 > 0. Then it is easy to
check that

1 1 1 1
I T P
mm{lg«l@p;e+|ai_al|zu;?gnn¥e+|bj_bl|2}

1
§_+]—a
ne

and the condition (I1.10) cannot hold for all n. Hence the
condition (I.10) rules out the existence of outliers.

But the condition (II.10) sometimes is too strong because
it does not allow for any spikes or isolated eigenvalues in
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the eigenvalue spectrum of A and B. (Here by an isolated
eigenvalue of A, we mean an a; such that a;41 +7 < a; <
a;—1 — 7 for some 1 <+ < p and a small constant 7 > 0. For
the isolated eigenvalues of B, we have a similar definition.)
On the other hand, in [20] we have found that a spike of A
or B gives rise to an outlier only when it is above the BBP
transition threshold. In fact, the following weaker regularity
condition was used in [20], [74]. For m(z) in (III.1), we define
another two holomorphic functions

1P
mic(z) == - Zaimi(z),
i=1

n

1 b
n > —2(1+ bymic(2))

=1

Mmac(z) =

Then, we say that the spectral edge A is regular if for
some constant 7 > 0,

14+ mic(Ap)br > 7, 1+ moc(Ap)ag > 7. (A.41)

This condition not only allows for isolated eigenvalues of A
and B, but also allows for zero a;’s or b;’s, that is, the lower
bounds in (III.9) can be relaxed to some extent. Compared
with conditions (I1.10) and (II.11), the condition (A.41) is less
explicit and harder to check, but it appears more often in the
random matrix theory literature.

Proof of Corollary 2: Combining (II.12) with Markov’s
inequality, we see that Y satisfies the bounded support con-
dition (A.1) with ¢, = ¢~' < n~/37¢. Then Lemma 6
holds, and in [18, Lemma 3.11] we have shown that (A.20)
and (A.21) imply the following weaker rigidity estimate
than (A.14):

[A; — 5] < j’1/3n*2/3 + d%-

With (A.20), (A.21) and (A.42) as the main inputs, using the
same argument as for [26, Theorem 2.7], we can show that
the edge statistics of Q match those of the Gaussian case in
the sense of (A.23) as long as ¢, < n~/37¢_ Then we
immediately conclude the proof using Theorem 3. O]

Remark 8: We make a few remarks on the technical
assumptions (III.8) and ¢ > nl/3+¢s in Corollaries 1 and 2,
respectively. First, as mentioned in the proof of Corollary 1,
we need to use the edge universality result (A.40) from
[74], where the vanishing third moment condition (III.8) is
needed (see the discussion below Theorem 3.6 in [74]). More
precisely, a continuous self-consistent comparison argument
is used in [74] to show that the non-Gaussian case is close
to the Gaussian case in the sense of limiting distributions of
edge eigenvalues. For the comparison argument to work, we
need to match the third moment of y;; with that of a standard
Gaussian random variable, which leads to the condition (IIL.8).
However, we believe that (IIL.8) is not necessary and can be
removed with further theoretical development.

Second, we believe that the condition ¢ > n!'/3%% in
Corollary 2 can be weakened to ¢ > n!/6%¢. In fact,
following the arguments in [43], we expect that (A.42) can
be sharpened to

(A.42)

INj =7 = 8(q)] <5323 g7t
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for some deterministic shift 6(g) = O(g~2). As long as
g > n'/6%¢, the term ¢~* will be much smaller than the
Tracy-Widom scale n~2/3, and the Tracy-Widom law around
A; + 0(q) can be established. However, when ¢ < n'/%, the
limiting distribution of the second largest eigenvalue (i.e., the
largest edge eigenvalue) of the Erd6s-Rényi graph will become
Gaussian [41], [42]. We conjecture that a similar phenomenon
also occurs for the model in Corollary 2.

Since the above directions are not the focus of this paper,
we will pursue them in future works.

APPENDIX B
RECTANGULAR FREE CONVOLUTION AND LOCAL LAWS

In this section, we collect some basic estimates on the
rectangular free convolution p,,; and its Stieltjes transform
My ¢ for an m,-regular V.= WWT as in Definition 1.
Furthermore, we will state an (almost) sharp local law on
the resolvent of Q; = (W + VtX)(W + tX)", and a
rigidity estimate on the rectangular DBM {\;(¢) : 1 < i < p}.
These estimates will serve as important inputs for the detailed
analysis of the rectangular DBM in Section C below. Most
of the results in this section were proved in [19] under
more general assumptions on X, and we will provide the
exact reference for each of them. Without loss of generality,
throughout this section, we assume that ¢o = 1. The general
case with 7o > 1 will be discussed in Remark 9 below.

A. Properties of Rectangular Free Convolution

For simplicity, we denote b;(z) := 1+cptmy, (2). Itis easy
to see from (V.4) that b, satisfies the following equation

cnt P 1
by =1+ 2 . B.1
! Zbgldi — bz + (1 — cn) ®-1)

i=1

Recalling (; defined in (V.5), the equation (B.1) can be also

rewritten as ) )
ot ( bt) Maw,0(Ct)

Recall that p,,; is the asymptotic probability density associ-
ated with m,, 4, and let y,, ¢ be the corresponding probability
measure. Moreover, we denote the support of i, ; by Sy, ¢,
with a right-most edge at Ay ;. We first summarize some
basic properties of these quantities, which have been proved
in previous works [22], [23], [71].

Lemma 7 (Existence and Uniqueness of Asymptotic
Density): The following properties hold for any ¢ > 0.

(B.2)

(i) There exists a unique solution m,,; to equation (V.4)
satisfying that Imm,, +(z) > 0 and Imzm,, (z) > 0 for
zZ e (C+.

(i) For all z € R\ {0}, lim,)|o my, (x + in) exists, and we

denote it by m., (). The function m., ¢(z) is continuous

on R\ {0}, and the measure i, ; has a continuous density

pw,t given by py(z) = 7 Immy, (z) on R\ {0}.

Finally, m,, ¢(x) is a solution to (V.4) for z = x.

For all z € R\ {0}, lim, o (;(z + in) exists, and we

denote it by (;(z). Moreover, we have Im(:(z) > 0 for

S (C+.

(iii)
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(iv) For any z € C, we have Rebi(z) > 0 and |my, ((z)| <
(cat|z])~1/2.
(v) The interior Int(Sy, ) of Sy is given by

Int(Swt) = {x > 0: Immy(x) > 0}
={z>0:Im¢(x) > 0},

which is a subset of Ry := {x € R: = > 0}. Moreover,

Ce(z) ¢{dy, - ,dp} if & 0Sy 4.

Proof: (i) follows from [23, Theorem 4.1], (ii) and (iii)
follow from [22, Lemma 2.1] and [71, Proposition 1], (iv) fol-
lows from [22, Lemma 2.1], and (v) follows from [71, Propo-
sitions 1 and 2]. O

The following lemma characterizes the right-most edge of
Sw,t. Using (; in (V.5) and the definition of b, we can rewrite
the equation (B.2) as

4 (Gi(2)) = 2, (B.3)
where @, is defined in (V.6). We recall that by definition
mw,O(C) = p_l TI‘[(WWT - C)_l]

Zl/Lde,o(x)-

pJ) x=¢
In [71], the authors characterize the support of i, ; and its
edges using the local extrema of ®; on R.

Lemma 8: Fix any ¢ > 0. The function ®;(x) on R\
{0} admits 2¢q positive local extrema counting multiplici-
ties for some ¢ € N. The preminages of these extrema
are denoted by (1,—(t) < 0 < G+(t) < G-() <
Co+(t) < -+o < g—(t) < (g+(t), and they all belong
to the set {¢ € R : 1 — ¢utmy,0(¢) > 0}. Moreover,
the rightmost edge of supp(p,,:) is given by Ay(t) =
D4((q,+(t)), and P, is strictly increasing on the intervals
(=00, G (], [t () oDy -y Gt (1), G (O]
and [C4 +(t),00). Finally, for K = 1,2,--- ¢, each interval
(Cl,—(t), Ck,+(t)) contains at least one of the elements in
{dy,--+,dp,0}, and in particular, dy € ((4,—(t), (g4 (1)).

Proof: See [71, Proposition 3] and the discussion below
[71, Theorem 2], or see [56, Lemma 1]. O

Now, we rewrite (B.2) into another equation in terms of ¢
and z. We focus on z € C; with Rez > 0. Then, we can
solve from (V.5) that

t(1—cn) +/12(1 — ¢n)2 +4¢2

2z ’
where we have chosen the branch of the solution such that
Lemma 7 (iv) holds. Plugging (B.5) into (B.2), we find that
(z,bt) is a solution to (B.2) if and only if (z, (;) is a solution
to

(B.4)

bt:

(B.5)

(B.6)

where

Fi(z,¢) =1+ t

(1 —cn) — V12(1 —¢,)? + 42
2¢

— CptMay 0(Q).

Since the two equations ®;((:(x)) = = and Fy(z,(:(z)) =0
are equivalent, from Lemma 8 we can obtain the following
characterization of the edges of S, ;.
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Lemma 9: Denote ay +(t) = ®((rx(¢)), 1 < k < q.
Then, (ag,+(t), (x4 (t)) are real solutions to

Ft(zaé') = Oa and %?(Z,C) =0.

Proof: By chain rule, if we regard z as a function of (,
then we have

(B.7)

_dF 8Ff
S d¢ o a¢
By Lemma 8, we have ®}((x,+) = 0 since (i + are local
extrema of ®,. Then, from equation (B.3), we can derive that

8F ¢ z'(c). (B.8)

2 (Crx) = Py(Chx) =0,
with 2(C; 1) = ay 4. Plugging this equation into (B.8), we
get
OF,
0,
ac — = (an, s Gt ) =
which concludes the proof. O]

Now we use Lemma 9 to derive an expression for the
derivative 0; A} ¢, which will be used in the analysis of the
rectangular DBM in Section C. Taking derivative of (B.6) with
respect to ¢ and using (B.7), we get that for z = A} ; and

Gt = G A ,0),
OF (8, A0, Cre) | OF (8 A0, Goe) dAy e
ot 0z dt

where we denoted F'(t,z,() = Fi(z
we can solve that

:O’

,¢). From this equation,

d/\+7t - 1-— Cp,
ar |: 2<+,t C7zmw70(c+,t):|
(1 —c,)*t
2(1 2 — N s
X \/t (]. Cn) +4<+,t>\+,t 2C+7t
- |:]. — Cp _ Cnmw’t()\+’t):|
2C+ ¢ b(Ayt)
(1 —c,)%t
2(1—¢,)2 +4 "Mt (B,
XY= e 4G A = g (B

where we used (B.2) in the second step.

Next we describe some more precise properties of p,, ; and
My, for an 7),-regular V' as in Definition 1. For the following
results, we always assume that

1 ¢ 1 ¢
»with 3= +2— =37y
for some constant € > 0. Note that under this condition, we
have nn, < t2 < ne.

Lemma 10 (Lemma 3.7 of [19]): Suppose V.= WW T is
n.-regular and ¢ satisfies (B.10). Then, we have (;; > Ay
and

—1/34w

t:=n (B.10)

Cro— Ay ~ 1%

The following lemma describes the square root behavior of
the asymptotic density py, .
Lemma 11 (Lemmas 3.18 and 3.19 of [19]): Suppose V =

(B.11)

WWT is n,-regular and ¢ satisfies (B.10). If  := |[E—\{| <
3cy /4, then the asymptotic density satisfies that
pw,t(E) ~ ()\+7t — E)_;,_ (B12)

6699

Moreover, if —7t*> < E — Xy, < 0 for a sufficiently small
constant 7 > 0, then we have that

1 2(\ss— E)
w,t E)=— : 77
puslB) =2 \/[4>\+,tC+,t + (1 = n)2?]cq 20 (Ch)

o)

where t2®; (¢, (t)) ~ 1. Finally, as a consequence of (B.12),
the followmg estimates hold:

(B.13)

VK —+ E S >\+,t

el S 1, Tmmmu,i(z) ~ { L g

VeEtn? = At

for any z = E'+1in satisfying |F — A;| < 3cy/4and 0 < n <
10.

We also need to control the derivative 0,m., ((z). First, note

that with the definition of m,, ;, we can get the trivial estimate

, (B.14)

dpbw,
|a mu)t |7 }/ o t
< d““”( ) — Imiug (B.15)
|z —z[? U

Moreover, we claim the following estimates.

Lemma 12 (Lemma 3.20 of [19]): Suppose V = WW T is
n.-regular and t satisfies (B.10). Consider any z = F + in
with k== |[E — A | <3cy/4and 0 <n < 10. If K +n < 2,
then we have that

|0m,4(2)| S (5 +1) 712, (B.16)
fr+n> t2, we have that for F > Afots

|0, (2)| S (5 +m) 712, (B.17)
and for < Ay 4,

102m04(2)] S % (B.18)

Finally, in Section C, we will need to compare the edge
behaviors of two free rectangular convolutions satisfying cer-
tain matching properties. Specifically, let to = N—1/3+«0 for
some constant 0 < wp < 1/3. We consider two probability
measures p; and ps having densities on the interval [0, 2¢]
with ¢ ~ 1 being a positive constant, such that for some
constant ¢y, > 0 the following properties hold:

-0 =pw-o1+0(F)]. @
0
for0 <z < cd,t%;
p1(x) = pa(z )—0 for z € [, 2¢],
p1(x) ~ po(x) ~ \/p —x for = €[ —cy,¥]. (B.20)

Let p1; and po; be the free rectangular convolutions of the
MP law with p; and ps, respectively. Moreover, the Stieltjes
transform of p; ;, denoted by m; ;, satisfies a similar equation
as in (B.2):

pl( ) d

1 1_i _/7‘%
cnt bie) ) x—C(i

z, i=1,2,
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where

bit(z) =1+ cptm;i(2),
Gie(2) = Zb?,t — (1 —cn)thiy.

For i = 1,2, let A\, ;(¢) be the right edge of p; ;, and denote
C+,i(t) := Gie(A1.i(t)). Due to the matching condition (B.19),
we can show that (1 1(¢) and (4 2(t) are close to each other
with a distance of order o(t?) for t < t.

Lemma 13 (Lemma A.2 of [19]): Suppose (B.19) and (B.20)
hold. Then there exists a constant C' > 0 such that for any
0 <t <o,

(B.21)

C 3
|G (t) = Cya(t)] < % (B.22)
and
A1 (t) — ¥] + (Mg 2(t) — | < Ct. (B.23)

The following matching estimates will play an important
role in constructing the short-range approximation of the
rectangular DBM in Section C-B.

Lemma 14 (Lemmas A.4 and A.5 of [19]): Suppose (B.19)
and (B.20) hold, and 0 < t < tgn~—° for a constant 5 > 0. If
0 < x < 7n~ 23 for some small enough constants 7, ¢ > 0,
then for any (large) constant D > 0 we have that

pre(Aea — )
= p2.4( A2 — ) {1 +0 (Zot + n—Dﬂ . (B24)
and
‘Re[ml,t(h,l —x) —my(A )]
— Re[ma (A2 — ) — m2,t(>\+,2)]‘
S <n— + ﬁ) . (B.25)
to ¢

If 0 < 2 < T7n~2%tyt, then for any (large) constant D > 0 we
have that

|Refmai(hs1 + @) = mai(hs)

= Relmzo(A 2 + ) = mau(A.2)]]

t1/2 tl/Q
< (nﬁl—/Q +n P ) p1/2,
to

VEVE (B.26)
B. Local Laws

In this section, we state the local laws and rigidity estimates
for the rectangular DBM considered in this paper. We first
consider ¢ satisfying (B.10). Define the following (p + n) X
(p + n) symmetric block matrix

0 W+ VtX
(W +vEx)T 0 '

Definition 4 (Resolvents): We define the resolvent of H; as

Ht =

G(z) = Gy(X,W,z2) := (21/?H, — 2)™', zeC,. (B.27)
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For Q1 == (W + VtX)(W +VtX)" and Qa; := (W +

VEX)T(W 4 /tX), we define the resolvents
Gi(2) = Gra(X, W, 2) == (Que —2) ",
Go(2) = Got (X, W, 2) := (Qap — 2) .

We denote the empirical spectral density p; ¢ of Q;; and its
transform by

(B.28)

1 p
p1 = p1a(X, W, 2) = ]—925A,;(Q1,t)7
i=1

mi(z) = my (X, W, 2) ::/pxl(ih;) — Trg;(z)

For any constant 1 > 0, we define the spectral domain

3
Dy ;:{z:E—}—in:)\_ht—ZCVSES)‘-ht?

s
”—<W+n<1o}
nn
U{Z_E-f—iﬂi)Lht<E<)\+’t+ZCV,

n2/30 < < 10} : (B.29)

where recall that A ; is the right-edge of p,, ;. The following
theorem gives the local laws on the domain Dy.

Theorem 5 (Theorem 2.7 of [19]): Suppose V.= WW T is
ns-regular, and ¢ satisfies (B.10). For any constant 1 > 0, the
following estimates hold uniformly in z € Dy:

(i) for E' < Ay ;, we have

1
Ima,(2) — myt(2)] < —; (B.30)

nmn
(ii) for £ > A4 4, we have
1 1
R R EN Y
As a consequence of this theorem, we can obtain
the following rigidity estimate for the eigenvalues A\; >

Az > -+ > A, of Q4 near the right edge Ay ;. We define
the quantiles of p, ; as in (A.13): for 1 < j <p,

+o0o i1
7j = sup {/ puw,t(z)dz > ]—p } .

Lemma 15: Suppose the local laws (B.30) and (B.31) hold.
Then, for any j such that Ay ; — ¢y /2 < 7; < Ay, we have

~1/3,,-2/3

Imat(2) — M t(2)] < (B.31)

(B.32)

[Aj — vl <J (B.33)

Proof: The estimate (B.33) follows from the local
laws (B.30) and (B.31) combined with a standard argument
using Helffer-Sjostrand calculus. The details are already given
in [28], [35], [66]. O

Then, we present the local laws for the case where W
already satisfies a local law.
Assumption 3: Suppose my (z) = my o(z) satisfies the
following estimates for any constant 9 > 0:
1

w - c ’<_7
() = me()] <
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for \y —cy < E <Ay and n?(nn) ™ < V/|E - M|+ <
10;

Maw,0(2) = me(2)]
1 1

< + ,
n(|E—=Xel+n)  (nn)2/]E =M +n

for \\ < E < Ay +cy and n=2/3+7 <5 < 10. Here m.(2)
is the Stieltjes transform of a deterministic probability density
pe(x) that is compactly supported on [0, \;], and satisfies
pe(x) ~/x for Ay —cy <z < Ay

We denote the rectangular free convolution of p. with MP
law at time ¢ by p., and its Stieltjes transform by m. ;. We
also denote the right edge of p.; by A.: and define k. :=
|E — Ac,t|. Then we define the following spectral domain

Dy ;:{z =B+ Aoy — ZCV < E< Aoy,

< VT <10}

U{z: E+in:dey < B < Aoy + %cv,

n2/30 < < 10}. (B.34)

Then, we have the following local law on the domain Dy ..
Theorem 6 (Theorem 2.10 of [19]): Suppose Assumption 3
holds. For any fixed constants ¢, § > 0, the following estimates
hold uniformly in z € Dy and 0 <t < n=o:
(i) for £ < A, we have

1
ma,e(2) = me(2)] < —; (B.35)

nn
(ii) for £ > A, we have

1 1

n(re ) | (PR

Again using Theorem 6, we can prove the following rigidity
estimate for the eigenvalues of Q; ; near the right edge A ;.
We define the quantiles 75 as in (B.32) but with p,, ; replaced
by pe,t-

Lemma 16: Suppose the local laws (B.35) and (B.36) hold.
Then, for any j such that A.; — ¢y /2 < 'yJC- < At We have

[mae(2) — mei(2)| < . (B.36)

N =5 =3, (B.37)

Proof: The estimate (B.37) follows from the local
laws (B.35) and (B.36) combined with a standard argument
using Helffer-Sjostrand calculus. The details are already given
in [28], [35], [66]. O]

Remark 9: We now briefly discuss how to handle the
general case with 79 > 1. When i > 1, the ¢p — 1 outliers will
give rise to several small peaks of p,,; around the spikes d;,
1 <4 <49 — 1. We can exclude them and only consider the
bulk component of p,,; with a right edge A4 ; that is close
to d;,. Then, all the results in this section still hold for the
19 > 1 case with A\ := d;, except that ¢y needs to be chosen
sufficiently small so that the spectral domains Dy and Dy . are
away from the spikes d;, 1 < i < ip—1, by a distance of order
1 and j will be restricted to j > ip in Lemmas 15 and 16.
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APPENDIX C
PROOF OF THEOREM 4

This section is devoted to the proof of Theorem 4. For
simplicity of presentation, we only provide the detailed proof
for the iy = 1 case without outliers. The general case with
ig > 1 will be discussed in Remark 10 below.

In the proof, we fix two time scales

to = n‘”o/nl/3, t = n“’l/nl/?’7 (C.1)

for some constants wp and w; satisfying 1/3 — ¢, /24 ¢/2 <
wo < 1/3—¢/2 and 0 < w; < wp/100. The reason for
choosing these two scales is the same as the one in [51]. That
is, we first run the DBM for ¢y amount of time to regularize
the global eigenvalue density, and then for the DBM from ¢,
to to + t1, we will show that the local statistics of the edge
eigenvalues converge to the Tracy-Widom law. Since ¢ < ¢,
for the time period tg < t < ty 4 t; the locations of the
quantiles defined in (B.32) remain approximately constant.
The eigenvalue dynamics of Q; = (W ++v/1X)(W+tX) "
with respect to t is described by the rectangular Dyson
Brownian motion defined as follows. Let B;(t), it =1,--- ,p,
be independent standard Brownian motions. For ¢ > 0, we
define the process {\;(t) : 1 < i < p} as the unique strong
solution to the following system of SDEs [14, Appendix CJ:

l i + /\j
n —- )\i — )\j
J#i

B;
dX\; = 2\/2% + +1]dt, (C2)

for 1 < ¢ < p, with initial data
Ai(0) = Ai (Y Lty

1 , —1/3
= (GG + (1= e PRIGAE, o))

In other words, the initial data is chosen as the eigenvalues
of the regularized matrix Q,,, and 7, is chosen to match
the edge eigenvalue gaps of Q,, with those of the Wigner
matrices. Here we recall that the asymptotic density p,, ; is
given by (B.13), while the Wigner semicircle law has density
7/ (2—-x); + O((2 — z)4) around 2. The system of
SDEs (C.2) for the rectangular DBM is defined in a way such
that for any time ¢ > 0, the process {\;(¢)} has the same joint
distribution as the eigenvalues of the matrix

’yw Qto +t/7w
= (VAW + Vuto T EX) (VAW + Vawto + X)) 7.

We shall denote the rectangular free convolution of the empir-
ical spectral density of /7, V with MP law at time ~y,,to + ¢
by px.t, which gives the asymptotic ESD for v, Qi4¢/,, -
Moreover, we use my ; to denote the Stieltjes transform of
Pt It is easy to see that the right edge of py ; is given by

Ex(t) := YA f to4t/7u0

where recall that Ay, denotes the right edge of p, ., at
time ¢. Note that the scaling factor ~,, is fixed throughout
the evolution, but the right edge evolves in time.

We would like to compare the edge eigenvalue statistics
of the rectangular DBM {\;(¢)} with those of a carefully
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chosen deformed Wishart matrix. We define a p x p sample
covariance matrix UU T, where U is a random matrix of the
form U := XY/2X. Here X is a p x n random matrix with
ii.d. Gaussian entries of mean zero and variance n !, and
¥ = diag(oy, -+ ,0p) is a diagonal population covariance
matrix. Recall that the asymptotic ESD of U/ ", denoted
as p,.0, is given by the multiplicative free convolution of
the Marchenko-Pastur law and the ESD of X, which is also
referred to as the deformed Marchenko-Pastur law [58]. We
choose ¥ such that p, o matches py o near the right edge
E,\(O), that is, p,o(z) satisfies that

“LV/(Ex(0) — 2)4 + O((EA(0) — 2)4), (C.3)

for x around F(0). Note that there are only two parameters
to match, i.e. the right spectral edge and the curvature of the
spectral density at the right edge, but there are a lot of degrees
of freedom in X for tuning to ensure that (C.3) holds. Now
we define a rectangular DBM with initial data {y;,} being the
eigenvalues of U T. More precisely, for t > 0 we define the
process {u;(t) : 1 < i < p} as the unique strong solution to
the following system of SDEs:

Pp,0(

—Z“z+”’+1 dt,
Héz/iz 122}

dB;

for 1 <4 < p, with initial data z1;(0) := u;(UU"). For any
t > 0, the process {x;(t)} has the same joint distribution as
the eigenvalues of the matrix (U +v/tX)(U ++/tX) T, which
is still a sample covariance matrix with population covariance
>+4tI. In particular, by [53] we know that the edge eigenvalues
of {pi(t)} obey the Tracy-Widom distribution asymptotically.
We will denote the rectangular free convolution of p,, o with
MP law at time ¢ by p,, ¢, which gives the asymptotic ESD for
(U+VtX)(U++/tX)T. Furthermore, we denote the Stieltjes
transform of p,, ; by m,, ¢, and the right edge of p,, + by E,,(t).
Note that we have E,(0) = E\(0) by (C.3).

The main result of this section is the following comparison
theorem.

Theorem 7: Fix any integer £ € N. Under the assumptions
of Theorem 4, there exists a constant € > 0 such that with
high probability

max |[)\z(t1) -

1<i<k

Ex(t1)] = [pi(ty) — Eu(t)]|

< n2/8e, (C.5)

With Theorem 7, we can conclude Theorem 4.

Proof of Theorem 4: We take tg = t — t; for a small
enough constant wy. Then, together with the fact that p;(¢1) —
E,,(t1) satisfies the Tracy-Widom fluctuation by [7], [18], [24],
[53], [63], the estimate(C.5) implies (V.8). O

Remark 10: We now make some remarks about the general
case with i9 > 1. Its proof is almost the same as that for
the 79 = 1 case, except that we need to apply some standard
arguments in the study of DBM regarding the reindexing of
the eigenvalues and the padding with dummy particles. More
precisely, in equation (C.5), we should control

Nitio—1(t1) = Bx(t1)] = [palt) — Eu(t2)]] < n =237
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Then, in defining the two rectangular DBMs, we add to the
initial data of the SDEs some dummy particles, which are
away from the edge eigenvalues by a distance of order N¢
for a large constant C' > 0. These dummy particles have a
negligible effect on the evolution of edge eigenvalues, and
hence are irrelevant to our final results. But they allow us to
take the difference \;y;,—1 — p; for all 1 < ¢ < p. We refer
the reader to equations (3.10)-(3.12) of [51] for more details.

A. Interpolating Processes
To estimate the difference \;(t) — pi(t), we study the
following interpolating processes for 0 < o < 1 and 1 <
1 < p:
dB;
Vn
1 zi(t, o) + 2;(t, )
+ |- +1]dt,
n ; zi(t, o) — z;(t, @)
with the interpolated initial data z;(0, ) = aX;(0) + (1 —

a);(0). Correspondingly, we denote the Stieltjes transform
of the ESD of {z;(t,«)} by

) PR L
p — =z () — 2
Note that by Lemma 11, due to the choice of ~,, and (C.3),
we have that
Pr0(EA(0) — E)

= po(Ea(0) — B) [1+0 (|E|>} :

t2

dzi(t, @) = 24/ 2 (t, @)

(C.6)
(C.7)

(C.8)

for0 < F < Ttg, where 7 > 0 is a sufficiently small constant.
Let v,,,;(t) and v, ;(t) be the quantiles of p,, ; and py ; defined

as
+o0o . 1
Yu,i(t) = sup{/ put(z)de > —},

p

e i—1
Ya,i(t) = sup / pae(z)dz > -

By Theorem 5 and [7, Theorem 3.2], both |m(z, 0)—m,,0(2)]
and |mo(z,1) — mao(z)| satisfy local laws as in (B.30)
and (B.31). Hence, by Lemma 15, there exists a small enough
constant ¢y > 0 depending on cy such that for 1 < i < ko
with ko := [con],

(12i(8,0) = i (O] + |2i(t, 1)

< i3,

(C.9)

sup
0<t<10t;

—i(t)])
(C.10)

Here, to get (C.10), we used a standard stochastic continuity
argument to pass from fixed times ¢ to all times. Roughly
speaking, taking a sequence of fixed times t;, = 10¢; - k/n®
for a large constant C' > 0, by Lemma 15 and a simple union
bound we get that

([2i(tks 0) = vy, (Er) | + |20 (ths 1)

i—1/3,-2/3

sup
0<k<n®

—ilte)])

=< (C.11)
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Then, we can show that with high probability, the difference
|z:(t,0) — zi(tx, 0)| + |2:(¢, 1) — zi(tx, 1)] is small enough for
all ¢, <t < tg41 using a simple continuity estimate. We refer
the reader to Appendix B of [50] for more details.
Combining (C.8) and (C.9), we can get the following simple
control on the quantiles near the edge.
Lemma 17: For i = O(n%/5), we have that

i4/3

17,6(0) = 72,:(0))] S RCTIRGCYER (C.12)

Proof: For simplicity, we denote x := E,(0) — v,,;(0)
and y = Ex(0) — 7x,(0). Without loss of generality, we
assume that x < y. Note that by the square root behaviors
of p,0 and py o near the right edges, it is easy to get that
x ~y ~i2/3072/3 for i > 2. Now using (C.8) and (C.9), we
obtain that

lxwmdﬁhm%—E)—pxdEMO%—EHdE

= /y p)\’o(E)\(O) — E)dE,

which gives |y3/2 — 23/2| < 25/2 /2. From this estimate, we
get that |y — z| < 22 /t2, which concludes the proof together
with the facts z ~ i?/3n72/3 and E\(0) = E,,(0). O

Next, we will construct a collection of measures that match
the asymptotic densities of the interpolating ensembles and
have well-behaved square root densities near the right edge.
Our main goal is that for each 0 < o < 1, we have a density
which matches the distribution of {z;(0,«)} approximately,
and with which we can take a rectangular free convolution for
any 0 <t <t;.

At t = 0, define the eigenvalue counting functions near the
edge E,(0) = E\(0) as

E,.(0) Ex(0)
7mm:é pm@%vmmzé pro(y)dy.

Since py0(y) > 0 for £,(0) —7 <y < E,(0) and pxo(y) >
0 for E5(0) — 7 < y < Ex(0) for a small enough constant
7 > 0, the functions n,, and n are strictly increasing near the
right edges. Hence, we can define the inverse functions (i.e.
the continuous versions of quantiles) ¢,,(s) and ¢ (s) by the

equations
nu(pu(s) =5, malpa(s) =s, 0<s<ecs,

where ¢, = c.(n) := [con]/n for a small enough constant
¢p > 0. Then, for « € [0,1], we define

(s, ) == apu(s) + (1 = a)pals),
which maps [0, ¢,] onto
Do = [agp(ca) + (1 — a)pa(en), Ea(0))

Now, for any a € [0,1], we define the inverse function
n(E,«) : Dy — [0, ci] of ¢(s, ) by the equation

(C.13)

n(p(s, ), @) = s.
Then, we define the asymptotic density as
on(E, a)
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By inverse function theorem, we can calculate that

-1
« 11—«
p(E,a)=[ + } :
Puo(pu(n(E, a))) — paolea(n(E,@)))
Combining it with (C.8), we immediately find that for
0< FE <t}

p(E+(0,0) — E, )
= pu0(E,(0) — E) {1 +0 (%)] ’

for a sufficiently small constant 7 > 0, where £y (0, «) is the
right edge of p(F, «). We now construct a (random) measure
w(E, «) as

du(E,a) = p(E,a)l{pep }dE+p " Y 0.,0,0)(dE).

i>cyn

(C.14)

This measure is defined in a way such that its Stieltjes trans-
form is close to mg(z,«) in (C.7). Moreover, the motivation
behind this definition is as follows. We need a deterministic
density that behaves well around the right edge in order to use
the results in Section B. But we do not have any estimate on
the density far away from the edge. Hence for the remaining
eigenvalues that are away from the right edge by a distance of
order 1, we just take J functions. Although the sum of delta
measures is random, its effect on deterministic quantities that
we are interested in is negligible.

Let p;(F,a) be the rectangular free convolution of
du(E, «) with the MP law at time ¢. Moreover, we denote its
Stieltjes transform by m;(z, ) and its right edge by E (¢, «).
Some key properties of p;(F, o) and m.(z, o) have been given
in Section B. In particular, we know that p;(F, «) has a square
root behavior near F (¢, «). Although p,(E,«) is random,
with the results in Section B we can provide a deterministic
control on it.

Lemma 18: Let e, 7 > 0 be sufficiently small constants. For
0 < E < tn~22, we have that for any constant D > 0,

pi(E(t.a) - B, a)

= put(Eu(t) = B) [1+0(nt/to +n~ )] . (C.15)
Moreover, for a small constant ¢; > 0, we have that
Fi(t, @) — Fi(t,0
1§iggi%}1(735t3 [Yi(t, ) — 73i(t,0)]
t i2/3
< (pelL,-p) X
= (n o " ) RCYER (C.16)

where we introduced the short-hand notation 7;(¢, ) :=
E+(ta 0&) - ’Yi(tv Oé).

Proof: The estimates (C.15) follows directly from (B.24).
The estimate (C.16) follows from (C.15) using the same
argument as in the proof of (C.12). O

With the eigenvalues rigidity (C.10) and the construction of
du(E, «), we can verify that |mo(z, ) — mo(z, )| satisfies
Assumption 3. Then, by Lemma 16, we have the following
rigidity estimate of {z;(t,a)}. As before, we define the
quantiles v;(¢, o) by

e i—1
~i(t, ) == sup{/ pe(E, a)dE > —}

z p
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Lemma 19: There exists a constant ¢, > 0 so that for 1 < —comi(Ey(t, o) — E o)/ Ey(t, o) — E} (C.19)
1 < cyn
: N hi i for the fi i
sup  sup |t a) — it 0)| <iVPn~E(C17) ext, we prove some matching estimates for the function

0<a<10<t<10t;

Proof: This estimate follows from Lemma 16 combined

U, (E,«) in Lemma 20. The proof of this lemma explores
a rather delicate cancellation in ¥,(E, ).
Lemma 20: Let e, 7 > 0 be sufficiently small constants. For

with a standard stochastic continuity argument in ¢. O 9.2
< < €
Using (B.9) and (B.14), we can calculate that 0 < E'<7n~"t;, we have that for any constant D) > 0,
€ —D
dV'Ey (t, ) W(E, a) — Uy(E,0)] < <”—+"—)E+t2. (C.20)
dt to t
1oon __ comilBy(f ). o) For 0 < E < 7n"2¢tty, we have that f tant D > 0
2% By (L, ), ) bi(EL (4, a), ) or 0 < E<7n 0, we have that for any constant D > 0,
Ct(E+(t7a)7a) |\I/t(—E,O[) —\I/t(—E,O)|
(1—cn)t 2 1/2 1/2
— o(t?) et _pty 1/2 | 42
4G (B (t, 0),0) /By (t, ) 5@%@*” i | Bt (€21
- 1—oc, 0
G(EL(t o), ) Proof: First, we claim that
g (B (t EL(t, t(l—cp =
—cC Z-Lt( +§2t0¢ \/ + 04 ( C ) \I/t(E,Oé) _ \I/t(E,oz) +O(t2), (C.22)
—c
- 4 0O(t?), (C.18) ~
4B (t, )]3/? ) where U, (E, a) is defined by
where we used the notations
{Ivl (E a) L 1-— Cp, _ 1-— Cp,
bt(z7 Oé) =1 + Cntmt(za Oé), k ’ ' E+ (t, Oé) E+ (t, Oé) — E

Gi(z,a) = 2b2(z,a) — t(1 — c,)bi(2, ).

In the proof, we will also need to use the following function
defined for E € [—, 7] for a small enough constant 7 > 0:

— Re [cnmt(E+ (t, ), )/ E4(t, @)

—comi(Ey(t, o) — E,a)\/Eq(t,a) — E}

Ve(E, o) In fact, subtracting W,(z, ) from Wy(x,a) and using the
_ l—cn N l—cn definition of ¢, (B4 (£, ), a), we get that U (E, o)~ (E, ),
2y/G(Es(t,a),a) 2/Ei(t,a)—E shown at the bottom of the page. On the other hand,
(1 —cp)?t using (B.23) and the fact that F; (0,«) = E»(0) for 0 <
o A[EL(t, )]3/2 a <1, we get that
~ Recamy(Bx(t.0),0)VEL(1,a) ~ 01— cx) |Ey(t,a) — Ex(0)] =0(t), 0<a<l. — (C23)
~ 1-c 1-c
U,(E,a) — Uy(E,a) = = - =
2\/Ct(E+(t,Oé),Oé) 2\/E+(lf,0&)
(1 = en)entmy(Ey (L, ), a) (1 —cp)*t
VB G+ VB 10 a) W Ea)]PP
B (1— o) [By(t,0) — B(EL (t,0),0) - By (t,0)]
2\/<t E+t0[ \/E+tOé (\/E+t06 +\/<t(E+ ) ))

(1 —cn)?thy (B4 (t,a),a)

+
2/G(EL(t, o)

a)VE: (o (\/E+(t,a) n \/g(E+(t,a),a))

(1- cn)cntmt(E (t, @), @) (1 —cp)%t 9
E+(t,—;) T A[EL (L, )32 +O(t%)
_ —2(1 — ¢p)entmy(Eq (t,a), ) - By (t,a) + (1 —¢,)?t
A[B, (1, )72
N (1 = cp)entmi(Ey(t, o), a) (1 —cp)%t N O(t2)

2 E+(t, Oé)
= 0(t?)

T B )P
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Hence, we can estimate that

Uy(E,a) — U,(E,0)
= —cpRe[my(F4(t, a),a) —my(E(t, ) — B, )]
x \VE(t,a)
+ ¢, Re [m(E4(¢,0),0) — my(E4(¢,0) — E,0)]

x \/E4(t,0) + O(E)
- cnRe[(mt(E+( 0),0) — mu(E (t,0) — E,0))
mt(E+

— (mu(E4(t.0),0) = mi(Ey (t,0) = B,a)| VE-(t,0)

+ O(t |mt(E+(ta0)70) - mt(EJr(taO) - Ea0)| + E) :

By (B.18), we have that for ¥ > 0,

t[mi(Ey(£,0),0) —my(Ey(t,0) — E,0)| S (Bt™") -t = E,

and by (B.16) and (B.17), we have that for & < 0,
t[my(E4(t,0),0)—my(E4 (t,0)— B, 0)| St/ |E| <+ | E|.

Using these two estimates and Lemma 14, we can bound
U, (F,a) — U (F,0) and conclude (C.20) and (C.21). O

Remark 11: Later we will only consider the dynamics after
t = n=% for some large constant C' > 0, so that the n= P
terms in (C.20) and (C.21) are negligible as long as D is
large enough.

Note that the interpolating measures du(F,0) (resp.
dui(E, 1)) only matches the asymptotic measure p, o(E)dE
(resp. pro(E)dE) for E € Dy (resp. E € D;). For the
random part, we control its effect using the local laws. With
the eigenvalues rigidity (C.10), we can check that |mg(z,0) —
mo(z,0)| and |mo(z,1)—m1(z, 1)| satisfy the two estimates in
Assumption 3. (Recall that mg(z, «) was defined in (C.7) and
mo(z, ) is the Stieltjes transform of du(FE, «).) Moreover,
by Theorem 5 and [7, Theorem 3.2], we also have that
|mo(2,0) —my,0(2)| and |mo(z, 1) —ma 0(2)| satisfy the two
estimates in Assumption 3. Hence, we have that

1

0) — < — C.24
Imo(2,0) — my0(2)] o’ (C.24)
for |[E — E,(0)] < 3cy /4 and n=2/37Y <5 < 10;
1
1) — < — C.25
Imo(z,1) —maxo(z)| n’ (C.25)

for |[E — E\(0)| < 3cy /4 and n=2/37Y < 5 < 10. With the

above two estimates, we can control |E(¢,1) — E\(¢)| and
|EL(t,0) — E,(t)] for 0 <t < 10t5.
Lemma 21: We have that
_ 3., ,-1/2
oJnax |Ex(t,1) — Ex(t)] < t° +n~ /%, (C.26)
and
E+(t,0) — Eu(t)] < > +n~ /2. C.27
e [E4(1,0) = Bu(t)] < £+ 27)

Proof: Repeating the proof of Lemma 13 (as given in
Lemma A.2 of [19]) with ¢y replaced by 1, we can get that

Cr1 — G| < CF,

6705
where we abbreviate (41 = ((E4(¢,1),1) and (4 =
Crt(Ex(t)). Then with equation (B.3), we get that

|EL(t,1) — Ex(t)]
S ¢ = Gl +tmo(Ch1, 1) —=mao(Cea)]- (C.28)

Recall that ¢4 1—F»(0) ~ t? and (4 »—E,(0) ~ t* by (B.11).
Then using (B.16) and (B.17), we get that |m}, 4(¢)] < ¢!

| ~

for ¢ between (4,1 and (4 . Thus, we can bound (C.28) as

|E4(t,1) — Ex(?)]
St tmo(Ce 1, 1) —mao(Can)l
+tlmao0(Ct,1) — mao(Cen)l
S+ tmo(Ch1, 1) — mao(Cn)l. (C.29)

For the second part, since du(E,1) matches pyo(E) for
FE € Dy, we can bound that

‘ [mo(Cy151) —mao(Cy )]

— [mo(Cra +in Y2 1) —myo(Can +in~1?))

n-1/2
Z |2:(0,1)

Bt = Callz:(0,1) =

with high probability. On the other hand, we have that

—1/2

<n
e e

‘m0(§+71 +in Y21) —mao(Cra + in71/2)‘ <n 12

by (C.25). Combining the above two estimates, we obtain that

Imo (G, 1) —mao(Cra)| < n™ 2
Plugging it into (C.29), we conclude (C.26). The esti-
mate (C.27) can be proved in the same way. O]

In later proof, we will also need to study the evolution of
the singular values y; (¢, @) := /z;(t, ). It is easy to see that
the asymptotic density for Ui (t «) is given by

fi(E Q) :=2Ep,(E* a), 0<a<l.

Similarly we can define fy; and f, ;. Moreover, the quan-
tiles of fi(F,«) are exactly given by +/v:(t, ). Now with
Lemma 18 and Lemma 19, we can easily conclude the fol-
lowing lemma.

Lemma 22: We have the following rigidity estimate of
singular values:

sup  sup
0<a<10<t<10t;

(C.30)

yi(t, o) — \/'tha‘

for 1 <1 < ¢un. Let e,7 > 0 be sufficiently small constants.
For 0 < F < TTL_QEt(Q), we have that for any constant D > 0,

I (\/EJr(t,a) — E,a)
= fuu ( E,(t) — E) [1+0(nt/to+n"P)], (C31)

1/3 2/3"

and

max i (t, ) —7:(t, 0
1<i<e,nl=3¢3 i (t, o) =733 (t, 0)]

. t D Z‘2/3
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where we introduced the short-hand notation 7;(t,c) :=
\/E+ (t7 a) B \/’Yi(tv a)'

Proof: The rigidity result (C.30) follows directly from
Lemma 19, (C.31) follows from (C.15) together with (C.23),
and (C.32) can be proved easily using (C.31). O

B. Short-Range Approximation

As in [51], we will build a short-range approximation for
the interpolating processes {z;(t, )}, which is based on the
simple intuition that the eigenvalues that are far away from the
edge have negligible effect on the edge eigenvalues. It turns
out that it is more convenient to study the SDEs for singular
values y;(t, ). By Ito’s formula, we get that for 1 < i < p,

dyi(t, «)
dB'L' 1 1 yz2 (tv a) + y?(t, a) n—1

_dB;i 1 dt
NG + 2yi(t,a) \n oy Y7 (t, o) — y3(t,a) L

LRSS [ dt + e ]
\/ﬁ 2n Goi yi(ta a) —Yj (ta a) Yi (tv O‘) + Yy (tv O‘)
n—p

"yt 3

Note that the diffusion term now has a constant coefficient.
For convenience, we introduce the shifted processes

zi(ta a) = E+ (tv a) - Zi(tv Ot),
gi(taa) = EJr(taa) _yi(tva)'

Clearly, we have that z;(t, «) ~ y;(t, ). We see that y;(¢, )
obeys the SDE

(C.34)

_ dB; 1 dt
dyi(t, o) = “/n om ; ilt, o) — s (t, )
B i Z dt
2n = 2\/EL(t, @) = i(t, @) — (1, @)
dVEL(ta) n—p dt, (C.35)
at 2n[\/E () — gilt,a)]

where 0;+/E4 (t, ) is given by (B.9).

We now define a “short-range” set of indices A C [1, p] x
[1,p]. Let A be a symmetric set of indices in the sense that
(i,7) € A if and only if (j,7) € A, and choose a parameter
¢ := n“*, where wy > 0 is a constant that will be specified
later. Then, we define

A= {(i,j) i — | < 01002 + 2/3 +j2/3)}
U{G5) i,5 > i./2}

for i, := c4«n, where c, is the constant as appeared in
Lemma 19. It is easy to check that for each ¢, the set {j :
(,7) € A} consists of consecutive integers. For convenience,
we introduce the following short-hand notations

A, (i) A°,(4)
SR SR SESIDS
J

J:(1,5) €A, jF#i J J:(0,5) & A, j#i

(C.36)
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For each i, we denote [i_,i1] :={j: (i,j) € A} and

{i (t, a) = [?i* (tv a)a ?iJr (tv Ot)],

7 (tv a) = [:V\if (tv Ot), :V\iJr (tv Ot)],
where we recall that 7;(t,«) and 7;(t,«) are defined
below (C.16) and (C.32), respectively. Finally, we denote
j(tva) = [_EV7:Y\3i*/4(tva)]a

where ¢y > 0 is a small constant depending only on cy .

Let w, > 0 be a constant that will be specified later. The
short-range approximation to ¥ is a process y defined as the
solution to the following SDEs for ¢t > n~° with the same
initial data (recall Remark 11)

yi(t = n_CO,oz) =yt = n_co,a), 0<a<l,
where Cj is an absolute constant (for example, Cy = 100 will
be more than enough). For 1 <7 < n%<, the SDEs are
A, ()
dB; 1 1
dyi(t,a) = ——= + — — — dt
gilt, ) Voo 2n z]: yi(t, ) — y;(t, )
—le / EJr(tvO)pt(EJr(tvO)_EvO)
" Jzz0) B — By (,0)+(VEL (1,0)Ti(t, )2
— dv/E(t,0
. n—p dt + +( ) )
2n+\/E4(t,0) dt
for n¥s < i <1i,/2, the SDEs are
A, (@)

dE| dt

dt; (C.37)

~ dB; 1 dt
W) == 2 G -

J

1 dt
+ — = =
2n j223:i*4 yi(t, ) — y;(t, o)
ft(\/EJ,_(t,Oé) — E,O{)dEdt

Cn
+ & /

~ yi(t,a) — FE
Z¢(t,a)NT (t,a)
- d/E(t
Qn[ E+ (tv a) - yi(ta a)] dt
1 dt
-—> — — . (C.38)
2n I 2 E+ (t7 a) - yi(ta 04) —Yj (ta 04)
for i,/2 < i < p, the SDEs are
A, ()
N dB; 1 dt
dyi(t,a) = — —
W) = = 5 L GG - )
1 ey dt
+ — = =
2n J yi(taa) _yj(taa)
- d/E(t
2n[\/ Ey(t, o) — yi(t, )] dt
1 dt
-=> — — . (C.39)
2n j#i 2 E+ (t7 Oé) - yi(ta Oé) —Yj (ta Oé)
Corresponding to (C.34), we denote
Zi(t,a) == Ey (t,a)[\/Ei(t,a) — Ji(t,a)]?.  (C.40)
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We now choose the hierarchy of the scale parameters in the
following quantities:

—1/34wo —1/34w1
) ?

to=n ti=n {=n“, and n“-.
In fact, we will choose the constants wg, w1, wy and w, such
that

0<w <€ lw <€ 2w, <€ Pwy<e™t (C4l)
for some constant € > 0 that is as large as needed. Here
the purpose of the scale ¢ is to cut off the effect of the
initial data far away from the right edge, since y;(0,a =
1) and y;(0,a = 0) only match for small i. Moreover,
by choosing scale w, < wp, we can make use of the
matching estimates in Lemma 20 to show that the drifting
terms in the SDEs with 1 < ¢ < n“¢ are approximately «
independent.

Next, we show that y;(¢,«) are good approximations to
Yi(t, ). Before that, we recall the semigroup approach for
first order parabolic PDE. Let ) be a real Banach space with
a given norm and £(2) be the Banach algebra of all linear
continuous mappings. We say a family of operators {7'(¢) :
t >0} in £() is a semigroup if

T(0)=1id, and T(t+s)=T(t)T(s) forall t,s > 0.
For a detailed discussion of semigroups of operators, we refer
the readers to [8].

Definition 5: For any operator W € L(R?P), we denote
U as the semigroup associated with W, ie., W is the
infinitesimal generator of U/*V. Moreover, we denote "V (s, t)
as the semigroup from s to t, that is, U (s,s) = id
and

U™ (s,t) = W)U (s,t), for any t > s.

For the rest of this subsection, we prove the following short-
range approximation estimate.

Lemma 23: With high probability, we have that for any
constant € > 0,

sup sup max |y;(t, o) —

(T,
0<a<1p—Co<t<10t; LSI<P Bi(hs @)l

< pBtetei=2we - (C42)

Proof: We abbreviate v; := y; — ¥;. Subtracting the SDEs
for 7; and 7;, we obtain the following inhomogeneous PDE
for v:

0w = (B1+Vi)v+(,

where B; is a linear operator defined by
A, (9)
Vi — Uy

(Bro): = ;) (Ui —

2n J (y yj)

6707

and V) is a diagonal operator defined as follows: V; (i) = 0
for i > 4,/2; for 1 <i < n¥e,

1(4)vi EL(t,0)
/ p(E4(t,0) — E,0) _ 4B
7e(1,0) B — B4 (,0) + (VB4 (,0) — 3i(t, )2
enV/E1(1,0)
/ pe(E4(t,0) — E,0)
7e(6,0) B = B4 (,0) + (VVE+(t,0) — 5i(t, ))?
. / B (6, 0)p:(E4 (£,0) — E, 0)
7e(1,0) [E — E+(t, 0) + (v E+(t,0) — yi(t, ))?]
Ei(t,0) —yi(t, o) —4i(t, @) AE:
[E = E4(t,0) + (VE+(£,0) = Gi(t,0))?]
for n¥e < i <i,/2,
N fi(VEL(t,0)—E, )
Vi (Z)i_? /f;(t,a)mj(t,a) (Yi(t, o) — ax.

E)(yi(t, ) - E)

The term ¢ contains the remaining errors, and we will control
its /°° norm later.
For the following proof, we assume a rough bound on

Z/J\i(t; a):

[Ti(t, ) — Gilt,a)| <n~23, (C.43)

sup  max
0<a<1 1<i<iy /2

for n=C¢0 <t < 10t;. Later, we will remove it with a simple
continuity argument. Since V; (¢) < 0, the operator V; is nega-
tive. Then, the semigroup of 3; +V); is a contraction on every
09({1,--- ,p}) space. To see this, for u(s) = UPTV1(0, s)ug
and ¢ > 1, we have that

3tZ|uz'(8)lq
—Zluz )" sign(ui(s)) [(Bru(s)); + Vi(i)ui(s)]

<Z|ul
1
:_RZ

)" sign(ui(s)) (Buu(s)),;

|ui(8)| 77" sign (ui(s)) — |u;(s)| 7" sign(u;(s))

i,jEA Zi T A
 ils) — uy(s)
Zi — Zj

<0.

On the space [*°({1,---,p}), we just need to use ||ullcc =
lim, ., ||u||q- By Duhamel’s principle, we have

o) = [ U s

which gives that

t
[0 [ Ilads (€

Next, we provide the bounds on ||((s)||~. Fist, we have
that (;(t) = 0 for ¢« > 4,/2. Second, under (C.43), for
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n¥ < i< 1i./2, we have that

1 AL (7) 1
Gi(t) = = = —
2n j§§/4 yi(ta 0&) - yj(ta 0&)
n fe(\/Ei(t,
_on / L) = Ba) ip o cas)
2 Jze(t,a)nT (t0) yi(t,a) — E

Decomposing the 1ntegral in (C.45) according to the quantiles
of f; as Z f\/W and using (C.30), we obtain that for any
constant € > 0,

A, (2)
nf 1
G| < 573 ﬁ
j<3i./4 Vi
One A%, (@) i2/3 4 j2/3
= 1/3 (i —5)%j1/3 (C.46)
§<3i, /4

with high probability, where for the second inequality we used
s = Al ~ 820 = 72020 2 i = i+ ) o2

for (i,7) ¢ A. Using the inequalities (3.67) and (3.68) of [51],
we can bound (C.46) by

G| < C

For 1 < ¢ < n%, through a lengthy but straightforward
calculation, we find that

G =1 A1+ Ay + A3+ Ay + A5 + Ag,
where A;, 1 < i < 6, are defined as (recall (C.34))
VE (o) —E,a) *‘“Z’“’ 1

n zi(t, o) — z;(t, @)

J

with high probability. (C47)

n
nl/3p2we

A1 =

+en/Er (b a) — () /I . Pt(EE(_t,gzt,—al)?, )4,
= c —Z(t.« pt(E+(t70)_E70)
Ag = co/E4(t,0)—Zilt, )/Ic(f y B—E(ta) dE
As =0 (VE0) - VE (t 0) -~ &(t.0))
p(E4(t,0) — F,0)
8 /I"(t o Bz, ) ar,
A4 = Cn\/ ( )
y V pu(B(t,0) — B.0) B
Z:(t,0) E - E+(ta O) + ( E+(ta O) - yi(t7 a))Q
_ pt(E+(t70) —E,O)
/I;(t,o) E—Zi(t,a) -
. n—p B n—p
2n/E4(t,0) — Zi(t,a) 2n\/EL(t,a) — Z(t, )
+ dVE;(t,a)  dy/Ei(t0)
dt dt ’
Ag = — o 4P
2ny/E4(t,0) — Zi(t,a)  2n\/E4(t,0)
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1 A7)

_%Xj:z

First, for term Ag, we notice that for 1 < ¢ < n%< there are
at most O(n>¥+/3+«¢) many indices j such that (i,j) € A.
On the other hand, by (C.17) and (C.43), we have |Z;(t, )| <
n~2/3+2wa/3+¢ with high probability. Hence, we can bound
that

1
- g’i (t7 Oé)

E+(t,04) - gj(tvo‘).

|Ag| < n~2/3t@e  with high probability. (C.48)

Next, using p:(F+(t,0) = O(VE), we can bound that

E - F
zer0) B —Zilt, o)l

which immediately gives

_E70)

|As| < |Z(t, )] < n~2/3+“awith high probability. (C.49)

For A4, we have

| Al </ |9i(t, 0)[[V/E+(t,0) — VEL (1, 0)]
~ Ze(t,0) E — E+ (f,, O) + ( E+ (f,, O) — :gi(t, 04))2
pe(E+(t,0) — E,0)
— dFE. C.50
e e s

Note that for E € Z¢(t, ), we have

|E . Ei(t,a)| z n—2/3+2w5 + Z'Q/Sn—Q/S7

and
|E = E1(t,0) + (v E+(£,0) = 5ilt, @))?|
> n72/3+2w5 + i2/3n72/3.
Thus, we can bound the integral on the right-hand side

of (C.50) by

/ pt(E+ (t7 0)_
ze(t,0) [E—E4 (8, 0)+ (v E4(t,0)—
< nl/?)fw/,.

E,0)dE
Yilt, ))?][E=Zi(t, )]

Together with |\/E;(t,0) — \/E4(t,a)| <t by (C.23) and
the rigidity estimate (C.30) for |y;(t, )|, we get that for any
constant € > 0,

| Aa| S tfgi(t,a)|n' /P

:2/3
< n—L/3+w (Z

1/3—wy
n2/3

n
REGVERCYEN AL
< p2/3twa, (C.51)
with high probability. The term A; can be handled in exactly
the same way as Bj in (3.71) of [51] and we get that for any
constant € > 0,

|A1| S n71/372w5+5 _’_n71/2+5 (CSZ)
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with high probability. Finally, using the definitions of

me(Z;(t, ), 0) and my(Z;(t, ), ) we can write Ay + As as
d\/E+(lf,0&) d\/E+(t,0)
Ay + A5 = -
2 dt dt
+ enV/EL(t,a) — Zi(t, ) Remy (B (t, ) — Zi(t, ), a)
— oV EL(t,0) — Zi(t, ) Remy (F4 (,0) — Zi(t, @), 0)

_ 1—cp n 1—cp
2V E;(t,a) — Zi(t,a)  2n\/EL(t,0) — Z(t, a)

. pi(Ey(t,0) — E, )
+ ¢ E t,Oé _Zitaa / Z "
VEL(ta) (t, @) Ti(t,) E—Zi(t, a)
_ pi(E4(t,0) — E,0)
— Cn, E t, 0 —Z; tﬂ Qv / Z dE
VEL(t,0) (t @) nwo) Bzt o)
'=DB1+ By + O(tz)’ (€9
where
By := e, /Ei (L) — 5i(ta)
§ / pEs(ta) — F,0) 4
I,;(t,O() E — Z; (t7 Oé)
_ E % "
enV EL(8,0) — Z(t, a)/L:(t,O) E—Zi(t,a) "

By = Uy(3i(t, @), ) — U,(Zi(t, ), 0).

In the second step of (C.53), we used (C.18) and (C.19). Now

using Lemma 20, we can bound that for any constant £ > 0,

ne|zi(t, o)
to

< n71/3+6+wa/3+w1/27w0/2

Etl/

|By| < ——Zi(t, )| /2 + +0(t?)

(C.54)

with high probability, where in the second step we used
|Zi(t, )| < n~2/3F29a/3 by (C.17) because the largest index
iy is at most O(n“=).

It remains to bound Bj:

B1 = B11 + Bia,
where
Bi1 := cn/E4 (t,a) — Zi(t, @)
E. (t,a) — FE
X / pt( +( 7?) 7a)dE
Lt  E—Zzi(ta)

Z;(t,0) E—Zi(t,a)

Bis i=c, [\/EJr(t,a —Zzi(t,a) \/E+t 0)
E. (t,0) — E,0
><‘/ pt( +( 7~) ) )dE.
o E—ZzZi(ta)

The term Bj; can be bounded in the same way as (3.82)
of [51], which gives that for any constant € > 0,

—Ei(ta)]

|Bll| S n71/3+6+2wa/3+w17wc) (CSS)

with high probability. For B2, we need to obtain a bound on

E,0)

/ pt(E+(t’0) B dE
o E-ZzZi(ta)

(C.56)
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Note that this is a principal value, so we need to deal with the
logarithmic singularity at Z;(¢, ). First assume that i > n®
for some § < wy/10. Then with (C.17) and (C.23), it is easy
to check that z;(¢, ) is away from the boundary of Z;(¢,0)
at least by a distance n~2 with high probability, and that
|Zi(t,@)| > n~2 with high probability. Then, we can bound

/
Z; (t,o)

<) RO
T, (t,0),| E—Z; (a,t)|>n—50 |zi(t,

«
‘/ pf(E-i-(taO _an)
E-Z;(t,a)|<n—50 zi(taa) - F

_ pe(EL(t,0) = Z(t, @), 0)
Zi(t,a) — E
= D1 + DQ.

(EJr(ta 0) — Ea 0)

= dE
E - Z(t,a)

For the term D, using
Z;(0,t), we obtain that

Dy < n71/3+wa/3/ _ dE
- Ti(4,0),| E—Zi(a,t)|>n-50 |Zi(t, @) — E]

< p~1/3+wa/3 log n.

|[E] = O(n~1/3+we/3) for F €

For the term D,, using Lemma 12 we obtain that
|pt(E+(tv 0) - Ea 0) - pt(EJr(tv 0) - zi(tv Ot), O)|
< |E - Ez(t Oé)|
~ min(ta |E+ (tv 0) - zi(ta a)|1/2)

which gives that

Dy < n/ dE < 2n™%9.
|zi(t,o) = E|<n—50

< nlE —z(t, o),

Next, we consider the case with 7 < n9. It suffices to assume
that |Z;(t,«)] < n~'% because otherwise we can obtain
an estimate in the same way as the case i > n%. Then we
decompose (C.56) as

/ pt(E+(t7~O)_E’O)dE
Z;(t,0) E—Zi(t,a)

t(E-‘r(ta O) - K, 0)

Ti(t0),E>n-50 B —Zi(t,a)
t(E-‘r(ta O) - K, 0)

Zi(t,a)

dE

+ dE

3% (t,a) /2<E<n—50 E—
/ pt(EJr(taO) — an)
(t,a)<E<3%z;(t,a) /2 E_Zi(t7a)

/ pt(E+(tﬂP)_Eﬂ0)dE
0<E<Z;(t,a)/2 E—Zi(t,a)

=: F1 + Fy + F3 + F}.

+ dE

The term F); can be estimated in the same way as D;. For term
F,, we used that p;(E,(t,0) — E,0) = O(VE) to bound
the integral as |Fy| < n=25. If Z;(t,a) < 0, then we have
F3 = F, = 0. Otherwise, for F; we have

R < / E-V24E <[5t o) < n,
0<E<Z;(t,a)/2
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and for F3 we have

|F3] < / dE
Zi(t,a) <E<3z; (t,a) /2

« |pt(E+(t70) _ E70) - pt(E+(t70) — Z(t7a)70)|
|E = Zi(t, o
S |zi(tva)|1/2 < nisoa

where in the second step we used that |p:(E4(¢,0) — E,0) —
(B (t,0)=Zi(t, ), 0)] < [Zi(t, )| ~V/2|E~Zi(t, )| Com-
bining the above estimates, we get that for any constant € > 0,
with high probability

/ pt(EJr(taP) -k, 0) dE| < n*1/3+wa+5,
Z;(t,0) E —Zi(t, a)

which further implies that

|Big| S /3 watep — 2 3 etwatwn (C.57)

In sum, combining (C.48), (C.49), (C.51), (C.52), (C.54),
(C.55) and (C.57) and using the hierarchy of parame-
ters (C.41), we obtain that for 1 <7 < n%e,

|¢i(t)] < n~1/372e+e with high probability,  (C.58)

for any constant € > 0. Then, combining (C.47) and (C.58),
we obtain that for any constant € > 0,

[¢(t)|loe < n~1/372¢+ with high probability,  (C.59)

uniformly in all n~% < ¢t < t; under the assump-

tion (C.43). Plugging it into (C.44), we get

[0(t)||os < tn~L/372wete = p=2/3tetwn 2w

which concludes (C.42) under (C.43). Note that the right hand
side of (C.42) is much smaller than n~2/3 on the right-hand
side of (C.43). Then using a simple continuity argument we
can remove the assumption (C.43). In fact, the continuity
argument is deterministic in nature because v satisfies a system
of deterministic equations conditioning on the trajectories
of {yi(t,a)} and {yi(t,«)}. In fact, we can pick a high
probability event =, on which the rigidity (C.17) and the local
law, Theorem 6, hold for all n= ¢ < ¢ < ¢;. Then, we can
perform the continuity argument on =. O

Before concluding this section, we record the following
rigidity estimates.

Corollary 4: Lett < n3@etd fora constant 0 < § < wy—wy.
Then we have

1/3,-2/3

sup |gi(t, @) =7 (t, )| < i /°n

0<t<10¢;
Proof: This is an immediate consequence of Lemma 23
and (C.30). O

C. Proof of Theorem 7

Our goal is to bound |y;(t1, = 1) — y;(t1, = 0)|. For
this purpose, we shall study the partial derivative u; (¢, ) :=
0a7i(t, ). With (C.37)—(C.39), we find that v = (u;(¢, ) :
1 <4 < p) satisfies the PDE

o= Lu+ ¢, (C.60)
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Here the operator L is defined as £ = B + V, where B is
defined by

A, @9)

Buiz—— ~ - A] :
B0 =50 2 ) g 6P

(C.61)

V is a diagonal operator with (Vu); = V,u;, where V;’s are
defined as

Vi = —2c,/ E4(t,0) dF
£(t,0)
[VEL(t,0) =5t a)]pe (B4 (¢,0) — E,0)
[E— E4(t,0) + (v E+(t,0) — 5i(t, ))?]?
for 1 < i < n¥e,

Vi=- /
2 JEe(t,0)nT (ta)
(C.63)

for n¥s < i <1i,/2, and V; = 0 for i, /2 < i < p. With the
same discussion as the one below (C.43), we know that the
semigroup of L is a contraction on every ¢?({1,--- , p}) space.
The random forcing term ¢(?) comes from the 0, derivatives
of all the other terms, and we notice that Q-(O) = 0 when
1 <4 < n¥ . Fori > n“, it is easy to check that for some

constant C' > 0,

(C.62)

ft(\/ E+(taa) _Eaa)dE

[:(t, ) — EJ?

max [¢{”| <n®  with high probability. (C.64)
1>n%a

Next, we define a long range cut-off of u. Fix a small

constant §, > 0 and let v be the solution to the following

homogeneous equation

O =L, v;(n”P) =u;(n")L{1cipmnsny. (C.65)

Then, we have the following proposition, which essentially
states that the u;’s with indices far away from the edge have
a negligible effect on the solution.

Proposition 1: With high probability, we have

sup sup |ui(t,a) — v;(t,a)| < n 1%,

n=Co<t<10t; 1<i<e3
One can see that Proposition 1 is an immediate consequence
of the following finite speed of propagation estimate, whose
proof is postponed to Section C-D.
Lemma 24: For any small constant § > 0, we have that for
a > 03n2 and b < 3n?d,

sup [L{(fb(s, t) + Z/{bﬁa(s, t)] <n P

n~C0<s<t<10t,

with high probability for any large constant D > 0.

Remark 12: In fact, we have U~ (s,t) > 0 and UE (s, t) >
0 by maximum principle. More precisely, define v;(t) =
exp(— f(f Vi(s)ds)u;(t). Then v = (v; : 1 < i < p) satisfies
the equation d;v = Bu. If v;(s) > 0 for all 7 at time s, we
claim that v;(¢) > 0 for all ¢ at any time ¢ > s. To see this, at
any time ¢’ € [s, ], suppose v;(t') = min{v;(¥') : 1 <i < p}
is the smallest entry of v(¢'). Then with (C.61), we can check
that 0,v,(t") = (Bv(t')); > 0, i.e. the smallest entry of v will
always increase. Hence the entries of v can never be negative
at any time ¢ > s.
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Proof of Proposition 1: Fix a n=C% < t < 10ty, by
Duhamel’s principle we have that

u(t, a) — v(t,a) = U (n= ) [u(n= 9, a)
+:/:C UE (5,6)C0 (s)ds.

Since u;(n=%,a) — v;(n~%% a) = 0 for i < ¢3n’ and
Ci(o) (s) = 0 for i < n“, we can conclude the proof using
Lemma 24 and (C.64). O

Another key ingredient is the following energy estimate. We
postpone its proof until we complete the proof of Theorem 7.
Here we have fixed the starting time point to be n~ 0, but
the same conclusion holds for any other starting time by the
semigroup property.

Proposition 2: For any small constant ; > 0, consider a
vector w € RP with w; = 0 for ¢ > ¢3n%. Then, for any
constants €, > 0 and fixed ¢ > 1, there exists a constant
C; > 0 independent of € and 7 such that for all on~Co <t <
2t17

- v(nfco, a)]

U= (0=, t)wl| oo
annJre 3(1-6n)/q
< C(g,n) (W)

With all the above preparations, we are now ready to give
the proof of Theorem 7.
Proof of Theorem 7: Fix any 1 < ¢ < a, by (C.26)
and (C.27) we have that with high probability,
[[Xi(t1) — Ex(ta)] = [pi(t) — Eu(t)]]
< [zi(t, 1) = 2i(t1, 0) + [ By (1, 1) — Ex(t1)]
+ [Ey(t1,0) — Eu(ty)]
< |Zi(t1,1) = Zi(t1,0)| + n~ 237

lw]lq- (C.66)

for some small constant 7 > 0. Recalling (C.34), we have that

|Zi(t1,1) — Zi(t1, 0)]

< [gi(t1, 1) = 5i(ts, 0)] (2 Ey(t1,0) - yi(tl,O))

+ [t DI [2VEr (00 1) - it 1)
2/ (12,0) + (11, 0)|

S It 1) = Gt 0) [ +0< (n711)
where in the second step we used (B.23) and the rigidity
estimate (C.30). Together with Lemma 23, we obtain that with
high probability,

[Aa(t2) = Ba(t)] = [a(t) — Bu(t1)]]

S [Gilt1, 1) — Gilt1,0)] + 0237 (C.67)

for some small constant 7 > 0. Now, we write that

1
Bt ) - 5.0 = [ it )do.
0
Applying Proposition 1 (together with a simple stochastic
continuity argument to pass to all 0 < o < 1), we get that

1
/ v;(t1, o)dav
0

9:(t1,0) — Gi(t1,1)| < n =50+ . (C.68)

6711

with high probability. By (C.10) and (C.12), we have that at
t=0, for 1 <j<nd,

|2j(t = 0,0) = 2t = 0,1)] < n~ /370 4 j=1/3p72/3,

where §, > 0 is a small enough constant. Moreover, at ¢t =
n~C the eigenvalues are perturbed at most by n~¢°/2, so we
can calculate that for 0 < o < 1,

|\v(n700, Oé)||4 < n72/37w0 (£3n5’v)1/4 + n*2/3 < 27’L72/3.

Finally, using Proposition 2 with ¢ = 4, we find that

1
/ v (t1, o)dev
0

Inserting it into (C.68) and further into (C.67), we conclude
the proof. O
The proof of Proposition 2 is almost the same as the one
for Lemma 3.11 in [51], so we only give an outline of it.
Proof of Proposition 2: The proof relies on Lemma 24
and the estimates in the following lemma.

Lemma 25: Fix a constant 0 < §; < wy — w;. Let w € RP
be a vector such that w; = 0 for ¢ > £3n% . For any constants
n,€ > 0, there is a constant C' > 0 independent of ¢ and 7,
and a constant ¢, > 0 such that the following estimates hold
with high probability for all n=% < s <t < 5t;:

< p2/3—w1/2

U= (s, tywl|2 < <ﬂ)%(l_ﬁm wlly, (C.69)
’ ~ \eynt/3(t —s) ’
and
nCnte 3(1-6n)
@) il < (=) e €70

Proof: The proof is very similar to the ones for
[51, Lemma 3.13], [12, Proposition 10.4] and [36, Section
10]. More precisely, our operator £ is almost the same as the
operator £ in [51, Lemma 3.13], where the only difference is
the form of V. However, the V;’s in (C.62) and (C.63) satisfy
exactly the same estimates as the V;’s in [51]. So we omit the
details of the proof. O

Now, we complete the proof of Proposition 2. Fix constants
0 < 01 < 02 < wp — wi. We define the indicator function
X2(i) = ly1<i<spe2y and let Ao be the associated digonal
operator. For any v € R? with |jv]|; = 1, we decompose that

<U£w,v) = (w, (UC)TU>
= (w, U") " Xyv) + (w, (U T (1 = Xa)v),

where we have abbreviated U~ = U* (n~° ). For the second
term, with Lemma 24, we obtain that

[(w, @) T (1 = X)) <™ fwlli||vll < n™*wll2]oll

with high probability. For the first term, with Lemma 25
and Cauchy-Schwarz inequality, we get that for any constant
n >0,

(w, UF) T Xpv) < J|wlla]|@F) T ]2

nCn-{-e %(17677)
< ||lw - V|1
<l (rn—ay) ol
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By ¢'—¢* duality and using t > 2n~°°, we find that

nCn-{-e %(17677)
[[wll2

£ -
il < ) (S

Consequently, by the semigroup property, we find that

24 (= twlloe = [UE(2t/3, U (0™, 2t /3)wl|o

nCn-{-e %(17677)
<C(n) <m>

L Cmey 301-60)
<cw<——) Jeoll,

nl/3t
where we used Lemma 25 again in the last step. Finally,
the estimate (C.66) for general ¢ follows from a standard
interpolation argument. O

e (n= 0, 2t /3)wl|2

D. Proof of Lemma 24

Finally, in this section, we prove the finite speed of prop-
agation estimate, Lemma 24. For simplicity of notations, we
shift the time such that the starting time point is ¢ = 0. We
first prove a result for fixed s.

Lemma 26: Fix a small constant 0 < § < wy — wy. For any
a > 83715, b < €3n5/2 and fixed 0 < s < 10¢;, we have that
for any large constant D > 0, with high probability,

sup (U5 (s,t) + UL (s,1)] <n P
t:5<t<10t;

We postpone its proof until we complete the proof of
Lemma 24. We need to use the following lemma in order
to extend the result in Lemma 26 to all 0 < s < ¢t < 10ty
simultaneously.

Lemma 27: Let u € R? be a solution of d;u = Lu with
u;(0) > 0 for 1 < i < p. Then, for 0 <t < 10¢1, we have

1
LY w0 < Y0 < Yo
Proof: Summing over 7 and using ), (Bu); = 0, we get

that
8t Zui = Z Viui.

We now bound (C.62) and (C.63). Using (C.30) and
Lemma 23, we have that with high probability, for 1 < ¢ <
n¥ and E € Z¢(t,0),

EL(t,0) - 4i(t, a

Together with the estimate p;(E (¢,0) —
that for 1 < i < n%e,

B~ B4 (t,0) + )P 2 B R

E,0) ~ VE, we get

0<-V; < / \/E
~ I‘~ £,0) |E+n—2/3+2w5|2

We can get the same bound for (C.63). Then, applying
Gronwall’s inequality to

— (C’nl/?’*“”') Zui < 0 Zui <0,

we can conclude the proof. OJ
Now, we can complete the proof of Lemma 24.

dE < nl/3-wr,
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Proof of Lemma 24: Fix any constant 0 < € < J, a >
31?9 and b < £3n°. By the semigroup property, we have

Zubj S tuﬁ 700,8)

> Uba(sv t)u(ﬁ( 7C0a S)'

UL (= 1)

(C.71)

By Lemma 27, we find that Y, U5 (n=°,s) > 1/2. More-
over, by Lemma 26 we have that L{(ﬁ(n’CO, 5) < n~100 for
any i < (3n°t¢. This implies that there exists an i, > 3n%+¢
such that U5 (n=%,s) > (4n)~'. However, by Lemma 26
we have that U5 _(0,t) < n=P for any large constant D > 0.
Thus picking i = i. in (C.71), we get that U£ (s, t) < n=P+2.
This finishes the proof for the estimate on U (s,t). The
estimate on % (s, t) can be proved in a similar way. O

It remains to prove Lemma 26. The strategy was first
developed in [14], and later used in [50], [51] to study the
symmetric DBM for Wigner type matrices. Our proof is
similar to the ones for [50, Lemma 4.2] and [51, Lemma 4.1],
so we will not write down all the details.

Proof of Lemma 26: We focus on the case s = 0 and
the general case can be dealt with similarly using a simple
time shift. Let ¢» be a smooth function satisfying the fol-
lowing properties: (i) 1(z) = —x for |z| < (2n=2/3+2/3,
(i) ' (z) = 0 for |z| > 202n=2/3+20/3_(iii) 1 is decreasing,
() |0(2) Y (y)] < lo—y|and [¢/(@)] < 1, and (v) 9" ()] <
Cl0—2n?/3-20/3 for some constant C' > 0. Similar to
[51, Lemma 4.1], we now consider a solution of

of = Lf, with f;(0) =4y,

for any q, > q := £3n°. Let v > 0 be a fixed constant and
define the functions

¢r 1= exp [V’l/)(]?k(t, a) - ;V\q(tv a))] s Uk = Ok frs

and
k

For our proof, we will choose a specific v later. By Ito’s
formula, we find that I satisfies the SDE

dF == Y Bij(vi—v;)’dt+2) Vioidt  (C.72)
(i,5)€A i
o)
+ Bijviv; < + L~ >dt (C.73)
5 (42
J)EA
+2v Z viY' (G = A) (G — a) (C.74)

~ 127N
_'Yq)]Q"‘Ew (Ui

+;ﬁ(;W@

where we denoted

- %)) dt, (C.75)

B — 1 1
Y 2n (@\i(taa) _gj(taa))Q.
Now, we choose a proper stopping time. Let 7; be the stopping

time such that for ¢ < 71, Lemmas 19 and 23 hold true for a
sufficiently small constant 0 < e < §/100. Note that 77 > 10¢;
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with high probability. Let 72 be the first time such that /' > 10.
Then, we define the stopping time

7 := min{7y, 72, 10¢1 }.

For the rest of the proof, we only consider times with ¢ < 7.
We will show that with a suitable choice of v, we actually
have 7 = 10¢; with high probability.

We now deal with each term in (C.72)-(C.75). First, (C.72)
is a dissipative term, so it only decreases the size of F'(¢). By
Corollary 4, we see that 1’ (3; —7,) = 0 when i > C"¢3n°
for a large enough constant C’ > 0. Moreover, if i < C"¢*n®
and (i,7) € A, then j < C¢*n° for some constant C' >
0 depending on C’. Thus the nonzero terms in (C.73) must
satisfy that 4,7 < C¢3n? for a large enough constant C' > 0.
Then, by Corollary 4, for i,j < C¢3n? satisfying (i, j) € A,
we have

|Z/J\z _ Z/jjl S €2n—2/3+6/3.
Now, with the Taylor expansion of e~ 4 e” — 2, we get that
if

pPn 2308 < oy (C.76)
for some constant C; > 0, then
2
v
(CTHEE 3 (02 + )1 gy
(i,§)eA
23,,26/3
<25 R, (C.77)
The term (C.75) can be easily bounded as
V2 vl—2
(C.75) < (; + W) F(t)dt. (C.78)

It remains to control (C.74). Since ¢’ (y; — (;) # 0 only when
i < Cl3n® <« n¥e, thus 7; satisfies the SDE (C.37), which
gives that
d[5i(t, o) = 74(t, )]
A, (4)
dB; 1 1
=—— 4+ — — — dt
vn o 2n zj: Yit, o) = y;(t, )

(WERERY S, n-p
dt dt 2nE, (t,0)

Cn E+ (t, 0)pt (E+ (t, 0) — E‘7 0)

-\ 20y
Z8(t,0) E - E+ (ta O)+( E+(ta O) - yi(t7 a))Q

dt.

(C.79)

By Burkholder-Davis-Gundy inequality and Markov’s inequal-
ity, we find that for any constant € > 0,

! 1 ~ dBi
/Ozizvfw (%—%)W

with high probability. Moreover, with the same arguments for
(4.17) of [51], we obtain that

nw1/2
<nv

<nve (C80)

sup v
0<t<t

20/ (G — A B,
vy uvlBio ) ooy B,
n 4 Yi— Y 4 100
(i,5)€A (i,5)€A
V’I’Lwé V2n3wg+25/3
+C (nl/g +— ) F(t) (C81)
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for large enough constant C' > 0. The main difference from
the argument in [51] is about the term

dyE;(t,0)  dFe(t,e) n—p
dt dt 2n+/E(t,0)
— e / EJr(taO)pt(EJr(taO) — E,O)
" Jzet0) E = By (£,0) + (VE4 (£,0) = Gi(t, a))?

= e VE+(1,0) [mt (( B (t,0) — Gilt, a))2 ,o>

—mi (E4(t,0),0) |
E+ (ta 0)/)15 (E+ (ta 0) — Ea 0)

dE

+ cn/ — dE
7,t,0) B — E4(t,0) + (V E4+(t,0) — 5i(t, )2
- W +O(), (C.82)

where we used (C.18) and ¢(;(F(£,0),0) = EL(t,0) + O(¢)
in the derivation. By the square root behavior of m; around
the right edge, we have that

|mt(( EJr(tv 0) - Z/J\i(ta a))Qa 0) - mt(EJr(tv O)a 0)|
SVt )] Sn7V/ETeetoss

with high probability, where we used (C.30) in the last step.
For the second term on the right-hand side of (C.82), it can
be bounded in the same way as (C.56) and we can get that

/ EJr(tvO)pt(EJr(tvO) —E,O)
Zi(t,0) E - E+ (ta O) + ( E+(ta O) - :l/j\z(t, a))Q
< /3 +wetd/3

dE

with high probability. Finally, we know that 7,(t, «) satisfies

Aq(t,00)
~ q ~
[ At e =1, ) = (VL) - Boa)
0
Taking the derivative of this equation, we get

~ p— /’?(I(tvo()
dy(t,0) _ -1 / oyt E)E.
di p(tv')/q(tvo‘)) 0

It is trivial to check that d;p(t, E) = O(1), and we have

p(t,7g) ~ /Aq(t,a) by (B.12). Thus, we obtain from the
above equation that

‘dﬁq(ta a) < ﬁq(t a) < n71/3+w1{+5/3
~ ) ~ .

dt
Combining the above estimates, we get
[(C.82)] = O(n~1/3+wetd/3y,

Now, combining (C.77), (C.78),(C.80), (C.81) and (C.83), we
find that if v satisfies the condition of (C.76), then with high
probability,

(C.83)

L2 3wi+28/3

we+6/3
8tF(t)§C( v ) ¢

n nl/3

Then, by Gronwall’s inequality, we get that

sup F(s) < F(0)+C

0<s<7

V2n3w;+25/3+w1 + Vnw/'+w1+6/3
n4/3 n2/3
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with high probability. Hence, choosing v = n

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 68, NO. 10, OCTOBER 2022

2/3—20.)[—(5/3, we

obtain by continuity that 7 = 10¢; with high probability, i.e.,

sup F(s) <10,
0<5<10t;

with high probability.

Now, notice that if i < (1% /2, we have that

v[gi(t, a) =74 (t, )| Z 7,

/3 with high probability.

Then, by the definition of F'(¢) and Markov’s inequality, we
obtain that ¢ (0,¢) < n~? for any large constant D > 0 if
1 < £3n5/2 and g, > 03n®. The proof for L{ii is the same by
setting ¢ — —1). O
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