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We introduce a class of M x M sample covariance matrices @ which subsumes and generalizes several
previous models. The associated population covariance matrix ¥ = EQ is assumed to differ from the
identity by a matrix of bounded rank. All quantities except the rank of ¥ — Iy may depend on M in
an arbitrary fashion. We investigate the principal components, i.e. the top eigenvalues and eigenvectors,
of Q. We derive precise large deviation estimates on the generalized components (w, &,) of the outlier
and non-outlier eigenvectors §;. Our results also hold near the so-called BBP transition, where outliers
are created or annihilated, and for degenerate or near-degenerate outliers. We believe the obtained rates
of convergence to be optimal. In addition, we derive the asymptotic distribution of the generalized
components of the non-outlier eigenvectors. A novel observation arising from our results is that, unlike
the eigenvalues, the eigenvectors of the principal components contain information about the subcritical
spikes of 3.

The proofs use several results on the eigenvalues and eigenvectors of the uncorrelated matrix Q, satisfying
EQ = I, as input: the isotropic local Marchenko-Pastur law established in [10], level repulsion, and
quantum unique ergodicity of the eigenvectors. The latter is a special case of a new universality result
for the joint eigenvalue-eigenvector distribution.

1. Introduction

In this paper we investigate M x M sample covariance matrices of the form

1 1 N M
Q = A4 = (NZAWAW> , (1.1)
p=1

ij=1

where the sample matriz A = (A;,) is a real M x N random matrix. The main motivation to study
such models stems from multivariate statistics. Suppose we are interested in the statistics of M mean-zero
variables a = (a1, ..., ap)* which are thought to possess a certain degree of interdependence. Such problems
of multivariate statistics commonly arise in population genetics, economics, wireless communication, the
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physics of mixtures, and statistical learning [3,26,33]. The goal is to unravel the interdependencies among
the variables a by finding the population covariance matriz

¥ = Eaa* = (Eaa;)M

i,j=1"

(1.2)

To this end, one performs a large number, IV, of repeated, independent measurements, called “samples”, of
the variables a. Let A;,, denote the value of a; in the p-th sample. Then the sample covariance matrix (1.1)
is the empirical mean approximating the population covariance matrix X.

In general, the mean of the variables a is nonzero and unknown. In that case, the population covariance
matrix (1.2) has to be replaced with the general form

Y = E[(a—Ea)(a— Ea)*].

Correspondingly, one has to subtract from A;, the empirical mean of the i-th row of A, which we denote by
[A]; = & 25:1 A;,. Hence, we replace (1.1) with

1

0 i Al - ee)A = (g (s~ [~ A1) (13)

where we introduced the vector
e = N'2(1,1,...,1)* € RV. (1.4)

Since Q is invariant under the shift Aiy — Ay + my for any deterministic vector (mi)f-vil, we may assume
without loss of generality that EA;, = 0. We shall always make this assumption from now on.

It is easy to check that EQ = ]EQ = Y. Moreover, we shall see that the principal components of Q and Q
have identical asymptotic behaviour. For simplicity of presentation, in the following we focus mainly on Q,
bearing in mind that every statement we make on Q also holds verbatim for Q (see Theorem 2.23 below).

By the law of large numbers, if M is fixed and N taken to infinity, the sample covariance matrix Q
converges almost surely to the population covariance matrix ¥. In many modern applications, however, the
population size M is very large and obtaining samples is costly. Thus, one is typically interested in the
regime where M is of the same order as IV, or even larger. In this case, as it turns out, the behaviour of Q
changes dramatically and the problem becomes much more difficult. In principal component analysis, one
seeks to understand the correlations by considering the principal components, i.e. the top eigenvalues and
associated eigenvectors, of Q. These provide an effective low-dimensional projection of the high-dimensional
data set A, in which the significant trends and correlations are revealed by discarding superfluous data.

The fundamental question, then, is how the principal components of ¥ = EQ are related to those of Q.

1.1. The uncorrelated case. In the “null” case, the variables a are uncorrelated and ¥ = I, is the identity
matrix. The global distribution of the eigenvalues is governed by the Marchenko-Pastur law [30]. More

precisely, defining the dimensional ratio
M
¢ = on = N (1.5)

1/2

the empirical eigenvalue density of the rescaled matrix QQ = ¢~'/2Q has the same asymptotics for large M

and N as

VI =)y — )] .
%\f; Tdz+ (1—¢ 1), 6(da), (1.6)




where we defined
e = @247V 42 (1.7)

to be the edges of the limiting spectrum. Hence, the unique nontrivial eigenvalue 1 of ¥ spreads out into a
bulk spectrum of Q with diameter 4¢!/2. Moreover, the local spectral statistics are universal; for instance,
the top eigenvalue of Q is distributed according to the Tracy-Widom-1 distribution [24,25,42,43]. Finally,
the eigenvectors of Q are uniformly distributed on the unit sphere of RM; following [15], we call this property
the quantum unique ergodicity of the eigenvectors of Q, a term borrowed from quantum chaos. We refer to
Theorem 8.3 and Remark 8.4 below for precise statements.

1.2. Examples and outline of the model. The problem becomes much more interesting if the variables a
are correlated. Several models for correlated data have been proposed in the literature, starting with the
Gaussian spiked model from the seminal paper of Johnstone [25]. Here we propose a general model which
includes many previous models as special cases. We motivate it using two examples.

(1) Let a = Tb, where the entries of b are independent with zero mean and unit variance, and T is a
deterministic M x M matrix. This may be interpreted as an observer studying a complicated system
whose randomness is governed by many independent internal variables b. The observer only has access
to the external variables a, which may depend on the internal variables b in some complicated and
unknown fashion. Assuming that this dependence is linear, we obtain a = Tb. The sample matrix
for this model is therefore A = T'B, where B is an M x N matrix with independent entries of unit
variance. The population covariance matrix is ¥ = TT™*.

(2) Let r € N and set
-
a = 2z-+ Zylul .
=1

Here z € RM is a vector of “noise”, whose entries are independent with zero mean and unit variance.

The “signal” is given by the contribution of r terms of the form y;u;, whereby y1, ..., y, are independent,
with zero mean and unit variance, and uy, ..., u, € RM are arbitrary deterministic vectors. The sample
matrix is

A = Z+ZUIY7a
=1

where, writing Y := [yy,...,y,] € RVX" the (M + r) x N matrix B := (YZ) has independent entries
with zero mean and unit variance. Writing U := [uy,...,u,] € RM*" we therefore have

A =TB, T = (Ipm,U).
The population covariance matrix is X =T7T* = Iy + UU*.

Below we shall refer to these examples as Examples (1) and (2) respectively. Motivated by them, we now
outline our model. Let B be an (M +r) x N matrix whose entries are independent with zero mean and unit
variance. We choose a deterministic M x (M + r) matrix T, and set Q = %TBB*T*. We stress that we
do not assume that the underlying randomness is Gaussian. Our key assumptions are (i) r is bounded; (ii)
3 — Ips has bounded rank; (iii) log N is comparable to log M; (iv) the entries of B are independent, with
zero mean and unit variance, and have a sufficient number of bounded moments. The precise assumptions



are given in Section 1.3 below. We emphasize that everything apart from r and the rank of ¥ — I is allowed
to depend on N in an arbitrary fashion.

As explained around (1.3), in addition to Q we also consider the matrix Q= ﬁTB(IN — ee*)B*T™,
whose principal components turn out to have the same asymptotic behaviour as those of Q.

1.3. Definition of model. In this section we give the precise definition of our model and introduce some
basic notations. For convenience, we always work with the rescaled sample covariance matrix

Q = ¢ '?Q. (1.8)

The motivation behind this rescaling is that, as observed in (1.6), it ensures that the bulk spectrum of @
has asymptotically a fixed diameter, 4, for arbitrary N and M.

We always regard N as the fundamental large parameter, and write M = Mpy. Here, and throughout
the following, in order to unclutter notation we omit the argument N in quantities, such as M, that depend
on it. In other words, every symbol that is not explicitly a constant is in fact a sequence indexed by N. We
assume that M and N satisfy the bounds

NYC < M < N°¢ (1.9)

for some positive constant C.

Fix a constant r = 0,1,2,3,.... Let X be an (M + r) x N random matrix and T an M x (M + r)
deterministic matrix. For definiteness, and bearing the motivation of sample covariance matrices in mind,
we assume that the entries of X and T are real. However, our method also trivially applies to complex-valued
X and T, with merely cosmetic changes to the proofs. We consider the M x M matrix

Q = TXX"T". (1.10)
Since TX is an M x N matrix, we find that @) has
K = MAN (1.11)
nontrivial (i.e. nonzero) eigenvalues.
We define the population covariance matrix
M M
S =01 = IT = Y oivivi = Iy + 62 divivy, (1.12)
i=1 i=1

where {v;}M, is a real orthonormal basis of RM and {o;}, are the eigenvalues of . Here we introduce

the representation
g; = 1 + ¢1/2di

for the eigenvalues o;. We always order the values d; such that
dy 2 dy =2 -+ = du.
We suppose that ¥ is positive definite, so that each d; lies in the interval

D = (—¢p V2 0). (1.13)



Moreover, we suppose that ¥ — I3, has bounded rank, i.e.
R = {i:d; #0} (1.14)

has bounded cardinality, |R| = O(1). We call the couples ((d;, v;))ier the spikes of X.
We assume that the entries X;,, of X are independent (but not necessarily identically distributed) random

variables satisfying
1

VNM
In addition, we assume that, for all p € N, the random variables (NM )1/ 4Xm have a uniformly bounded
p-th moment. In other words, we assume that there is a constant Cj, such that

EX;, = 0, EX}, = (1.15)

E[(NM)Y* X" < Cp. (1.16)

The assumption that (1.16) hold for all p € N may be easily relaxed. For instance, it is easy to check that
our results and their proofs remain valid, after minor adjustments, if we only require that (1.16) holds for
all p < C for some large enough constant C'. We do not pursue such generalizations further.

Our results concern the eigenvalues of @, denoted by

and the associated unit eigenvectors of ), denoted by

51762)~«.a€1\/f € RM

1.4. Sketch of behaviour of the principal components of ). To guide the reader, we now give a heuristic
description of the behaviour of principal components of ). The spectrum of ) consists of a bulk spectrum
and of outliers—eigenvalues separated from the bulk. The bulk contains an order K eigenvalues, which are
distributed on large scales according to the Marchenko-Pastur law (1.6). In addition, if ¢ > 1 there are
M — K trivial eigenvalues at zero. Each d; satisfying |d;| > 1 gives rise to an outlier located near its classical
location

0(d) == ¢'?+¢ 2 +d+d". (1.17)

Any d; satisfying |d;| < 1 does not result in an outlier. We summarize this picture in Figure 1.1. The
creation or annihilation of an outlier as a d; crosses £1 is known as the BBP phase transition [3]. It takes
place on the scale! ||d1| — 1| = K~'/3. This scale has a simple heuristic explanation (we focus on the right
edge of the spectrum). Suppose that di € (0,1) and all other d;’s are zero. Then the top eigenvalue puy
exhibits universality, and fluctuates on the scale K —2/3 around v, (see Theorem 8.3 and Remark 8.7 below).
Increasing d; beyond the critical value 1, we therefore expect py to become an outlier when its classical
location (d;) is located at a distance greater than K ~2/3 from +,. By a simple Taylor expansion of 6, the
condition 6(d;) — 4 > K~2/3 becomes d; — 1 > K~1/3.

Next, we outline the distribution of the outlier eigenvectors. Let p; be an outlier with associated eigen-
vector €,. Then &, is concentrated on a cone [8,31,33] with axis parallel to v;, the corresponding eigenvector

1We use the symbol = to denote quantities of comparable size; see “Conventions” at the end of this section for a precise
definition.
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FIGURE 1.1. A typical configuration of {d;} (above) and the resulting spectrum of @ (below). An order M of the
d;’s are zero, which is symbolized by the thicker dot at 0. Any d; inside the grey interval [—1, 1] does not give rise to
an outlier, while any d; outside the grey interval gives rise to an outlier located near its classical location 0(d;) and
separated from the bulk [y_,y4].

of the population covariance matrix ¥.. More precisely, assuming that the eigenvalue o; = 1 + ¢'/2d; of ¥ is
simple, we have?

(vi, &) ~ uldi), (1.18)
where we defined
g;

= mu —d; % (1.19)

K2

for d; > 1. The function u determines the aperture 2 arccos y/u(d;) of the cone. Note that u(d;) € (0,1) and
u(d;) converges to 1 as d; — oo. See Figure 1.2.

Vi

FIGURE 1.2. The eigenvector &, associated with an outlier u; is concentrated on a cone with axis parallel to v;. The
aperture of the cone is determined by w(d;) defined in (1.19).

1.5. Summary of previous related results. There is an extensive literature on spiked covariance matrices.
So far most of the results have focused on the outlier eigenvalues of Example (1), with the nonzero d;
independent of N and ¢ fixed. Eigenvectors and the non-outlier eigenvalues have seen far less attention.
For the uncorrelated case ¥ = Iy and Gaussian X in (1.10) with fixed ¢, it was proved in [24] for the
complex case and in [25] for the real case that the top eigenvalue, rescaled as K 2/ 3(p1 —v4 ), is asymptotically

2We use the symbol ~ to denote approximate equality with high probability in heuristic statements. In the precise statements
of Section 2, it will be replaced by the more precise notion of stochastic domination from Definition 2.1.



distributed according the Tracy-Widom law of the appropriate symmetry class [42,43]. Subsequently, these
results were shown to be universal, i.e. independent of the distribution of the entries of X, in [36,40]. The
assumption that ¢ be fixed was relaxed in [17,35].

The study of covariance matrices with nontrivial population covariance matrix X # I, goes back to the
seminal paper of Johnstone [25], where the Gaussian spiked model was introduced. The BBP phase transition
was established by Baik, Ben Arous, and Péché [3] for complex Gaussian X, fixed rank of ¥ — Iy;, and fixed
¢. Subsequently, the results of [3] were extended to the other Gaussian symmetry classes, such as real
covariance matrices, in [11,12]. The proofs of [3,34] use an asymptotic analysis of Fredholm determinants,
while those of [11,12] use an explicit tridiagonal representation of X X*; both of these approaches rely heavily
on the Gaussian nature of X. See also [13] for a generalization of the BBP phase transition.

For the model from Example (1) with fixed nonzero {d;} and ¢, the almost sure convergence of the outliers
was established in [4]. It was also shown in [4] that if |d;| < 1 for all ¢, the top eigenvalue p; converges to 4.
For this model, a central limit theorem of the outliers was proved in [2]. In [1], the almost sure convergence
of the outliers was proved for a generalized spiked model whose population covariance matrix is of the block
diagonal form ¥ = diag(A,T"), where A is a fixed r x r matrix and 7" is chosen so that the associated sample
covariance matrix has no outliers.

In [8], the almost sure convergence of the projection of the outlier eigenvectors onto the finite-dimensional
spike subspace was established, under the assumption that ¢ and the nonzero d; are fixed, and that B and
T are both random and one of them is orthogonally invariant. In particular, the cone concentration from
(1.18) was established in [8]. In [33], under the assumption that X is Gaussian and ¢ and the nonzero d; are
fixed, a central limit theorem for a certain observable, the so-called sample vector, of the outlier eigenvectors
was established. The result of [33] was extended to non-Gaussian entries for a special class of ¥ in [39].

Moreover, in [9,32] result analogous to those of [8] were obtained for the model from Example (2). Finally,
a related class of models, so-called deformed Wigner matrices, have been the subject of much attention in
recent years; we refer to [27,29,37,38] for more details; in particular, the joint distribution of all outliers was
derived in [27].

1.6. Overview of results. In this subsection we give an informal overview of our results.

We establish results on the eigenvalues p; and the eigenvectors &, of Q). Our results consist of large
deviation bounds and asymptotic laws. We believe that all of our large deviation bounds from Theorems
2.3, 2.7, 2.11, 2.16, and 2.17 are optimal (up to the technical conditions in the definition of < given in
Definition 2.1). We do not prove this. However, we expect that, combining our method with the techniques
of [27], one may also derive the asymptotic laws of all quantities on which we establish large deviation
bounds, in particular proving the optimality of our large deviation bounds.

Our results on the eigenvalues of @) consist of two parts. First, we derive large deviation bounds on the
locations of the outliers (Theorem 2.3). Second, we prove eigenvalue sticking for the non-outliers (Theorem
2.7), whereby each non-outlier “sticks” with high probability and very accurately to the eigenvalues of a
related covariance matrix satisfying ¥ = Iy and whose top eigenvalues exhibit universality. As a corollary
(Remark 8.7), we prove that the top non-outlier eigenvalue of @ has asymptotically the Tracy-Widom-1
distribution. This sticking is very accurate if all d;’s are separated from the critical point 1, and becomes
less accurate if a d; is in the vicinity of 1. Eventually, it breaks down precisely on the BBP transition scale
|d; — 1| < K~'/3, at which the Tracy-Widom-1 distribution is known not to hold for the top non-outlier
eigenvalue. These results generalize those from [29, Theorem 2.7].

Next, we outline our results for the eigenvectors &; of Q. We consider the generalized components (w, &;) of
¢,, where w € RM is an arbitrary deterministic vector. In our first result on the eigenvectors (Theorems 2.11
and 2.16), we establish large deviation bounds on the generalized components of outlier eigenvectors (and,



more generally, of the outlier spectral projections defined in (2.11) below). This result gives a quantitative
version of the cone concentration from (1.18), which in particular allows us to track the strength of the
concentration in the vicinity of the BBP transition and for overlapping outliers. Our results also establish
the complete delocalization of an outlier eigenvector £, in any direction orthogonal to the spike direction v,
provided the outlier p; is well separated from the bulk spectrum and other outliers. We say that the vector
&, is completely delocalized, or unbiased, in the direction w if (w,&;)? < M~ where “<” denotes a high
probability bound up to powers of M€ (see Definition 2.1).

If the outlier u; approaches the bulk spectrum or another outlier, the cone concentration becomes less
accurate. For the case of two nearby outlier eigenvalues, for instance, the cone concentration (1.18) of the
eigenvectors breaks down when the distributions of the outlier eigenvalues have a nontrivial overlap. In order
to understand this behaviour in more detail, we introduce the deterministic projection

My = wviv], (1.20)
€A

where A C {1,..., M}. Then the cone concentration from (1.18) may be written as [II;&;[> ~ u(d;)|€;]*.
In contrast, in the degenerate case d; = da > 1 and all other d;’s being zero, (1.18) is replaced with

(€ 2y€5) = dijuldi)l€]1€51 (1.21)
where i,j € {1,2}. We deduce that each &, lies on the cone
M 2y&l* ~ u(di)l€ (1.22)

and that IIg; 21&; L Il 2)&,. Moreover, we prove that §; is completely delocalized in any direction orthog-
onal to v and vo. The interpretation is that &; and &, both lie on the cone (1.22), that they are orthogonal
on both the range and null space of Il 2y, and that beyond these constraints their distribution is unbiased
(i.e. isotropic). Finally, we note that the preceding discussion remains unchanged if one interchanges &, and
v;. We refer to Example 2.15 below for more details.

In our second result on the eigenvectors (Theorem 2.17), we establish delocalization bounds for the
generalized components of non-outlier eigenvectors &;. In particular, we prove complete delocalization of
non-outlier eigenvectors in directions orthogonal to any spike v; whose value d; is near the critical point
1. In addition, we prove that non-outlier eigenvectors away from the edge are completely delocalized in all
directions. The complete delocalization in the direction v; breaks down if |d; —1| <« 1. The interpretation of
this result is that any spike d; near the BBP transition point 1 causes all non-outlier eigenvectors &; near the
upper edge of the bulk spectrum to have a bias in the direction v}, in contrast to the completely delocalized
case where &, is uniformly distributed on the unit sphere.

In our final result on the eigenvectors (Theorem 2.20), we give the asymptotic law of the generalized
component (w, &) of a non-outlier eigenvector &;. In particular, we prove that this generalized component
is asymptotically Gaussian and has a variance predicted by the delocalization bounds from Theorem 2.17.
For instance, we prove that if |d; — 1| > K~'/3 then

e =9 g 1.23

<VJ ’£z> M(dJ o 1)2 ’ ( . )
for all non-outlier indices ¢ that are not too large (see Theorem 2.20 for a precise statement). Here © is a
random variable that converges in distribution to a chi-squared variable. If §; were completely delocalized in
the direction v, the right-hand side would be of order M ~'. Suppose for simplicity that ¢ is of order one.



The bias of §; in the direction v; emerges as soon as |d; — 1| < 1, and reaches a magnitude of order M ~1/3

for d; near the BBP transition. This is much larger than the unbiased M ~'. Note that this phenomenon
applies simultaneously to all non-outlier eigenvectors near the right edge: the right-hand side of (1.23) does
not depend on ¢. Note also that the right-hand side of (1.23) is insensitive to the sign of d; —1. In particular,
the bias is also present for subcritical spikes. We conclude that even subcritical spikes are observable in the
principal components. In contrast, if one only considers the eigenvalues of the principal components, the
subcritical spikes cannot be detected; this follows from the eigenvalue sticking result in Theorem 2.7.

Finally, the proofs of universality of the non-outlier eigenvalues and eigenvectors require the universality
of @ for the uncorrelated case ¥ = I; as input. This universality result is given in Theorem 8.3, which is
also of some independent interest. It establishes the joint, fixed-index, universality of the eigenvalues and
eigenvectors of ) (and hence, as a special case, the quantum unique ergodicity of the eigenvectors of Q
mentioned in Section 1.1). It works for all eigenvalue indices i satisfying i < K'~7 for any fixed 7 > 0.

We conclude this subsection by outlining the key novelties of our work.

(i) We introduce the general models @ from (1.10) and @Q from (2.23) below, which subsume and generalize
several models considered previously in the literature>. We allow the entries of X to be arbitrary
random variables (up to a technical assumption on their tails). All quantities except r and the rank
of ¥ — Iy may depend on N. We make no assumption on 7" beyond the bounded-rank condition of
TT* — Ips. The dimensions M and N may be wildly different, and are only subject to the technical
condition (1.9).

(ii) We study the behaviour of the principal components of @ near the BBP transition and when outliers
collide. Our results hold for generalized components (w, &;) of the eigenvectors in arbitrary directions
w.

(iii) We obtain quantitative bounds (i.e. rates of convergence) on the outlier eigenvalues and the generalized
components of the eigenvectors. We believe these bounds to be optimal.

(iv) We obtain precise information about the non-outlier principal components. A novel observation is
that, provided there is a d; satisfying |d; — 1| < 1 (i.e. Q is near the BBP transition), all non-outlier
eigenvectors near the edge will be biased in the direction of v;. In particular, non-outlier eigenvectors,
unlike non-outlier eigenvalues, retain some information about the subcritical spikes of 3.

(v) We establish the joint, fixed-index, universality of the eigenvalues and eigenvectors for the case ¥ = I.
This result holds for any eigenvalue indices 4 satisfying ¢ < K'~7 for an arbitrary 7 > 0. Note that
previous works [28,41] (established in the context of Wigner matrices) required either the much stronger
condition i < (log K)¢1°81°8 K or a four-moment matching condition.

We remark that the large deviation bounds derived in this paper also allow one to derive the joint
distribution of the generalized components of the outlier eigenvectors; this will be the subject of future work.

Conventions. The fundamental large parameter is N. All quantities that are not explicitly constant may
depend on N; we almost always omit the argument N from our notation.

We use C to denote a generic large positive constant, which may depend on some fixed parameters and
whose value may change from one expression to the next. Similarly, we use ¢ to denote a generic small
positive constant. For two positive quantities Ay and By depending on N we use the notation Ay =< By

3In particular, the current paper is the first to study the principal components of a realistic sample covariance matrix (1.3)
instead of the zero mean case (1.1).



to mean C~ 1Ay < By < CAy for some positive constant C. For a < b we set [a, b] := [a,b] N Z. We use
the notation v = (v(7))M, for vectors in RM, and denote by |-| = ||-||2 the Euclidean norm of vectors and by
[I|| the corresponding operator norm of matrices. We use Ips to denote the M x M identity matrix, which
we also sometimes write simply as 1 when there is no risk of confusion.

We use 7 > 0 in various assumptions to denote a positive constant that may be chosen arbitrarily small.
A smaller value of 7 corresponds to a weaker assumption. All of our estimates depend on 7, and we neither
indicate nor track this dependence.

2. Results

In this section we state our main results. The following notion of a high-probability bound was introduced
in [18], and has been subsequently used in a number of works on random matrix theory. It provides a simple
way of systematizing and making precise statements of the form “A is bounded with high probability by B
up to small powers of N”.

DEFINITION 2.1 (STOCHASTIC DOMINATION). Let
A= (AN w): NeNueUMN),  B=(B™M(u):NeNueU™M)

be two families of nonnegative random variables, where UN) is a possibly N-dependent parameter set. We
say that A is stochastically dominated by B, uniformly in u, if for all (small) ¢ > 0 and (large) D > 0 we
have

sup P{A(N)(u) > NEB(N)(u)} < NP (2.1)

u€UNN)

for large enough N > Ny(e, D). Throughout this paper the stochastic domination will always be uniform in
all parameters (such as matriz indices) that are not explicitly fized. Note that Ny(e, D) may depend on the
constants from (1.9) and (1.16) as well as any constants fized in the assumptions of our main results. If A
is stochastically dominated by B, uniformly in u, we use the notation A < B. Moreover, if for some complex
family A we have |A| < B we also write A = O<(B).

REMARK 2.2. Because of (1.9), all (or some) factors of N in Definition (2.1) could be replaced with M
without changing the definition of stochastic domination.

2.1. Eigenvalue locations. We begin with results on the locations of the eigenvalues of ). These results will
also serve as a fundamental input for the proofs of the results on eigenvectors presented in Sections 2.2 and
2.3.

Recall that @ has M — K zero eigenvalues. We shall therefore focus on the K nontrivial eigenvalues
w1 = -+ = ug of Q. On the global scale, the eigenvalues of ) are distributed according to the Marchenko-
Pastur law (1.6). This may be easily inferred from the fact that (1.6) gives the global density of the
eigenvalues for the uncorrelated case ¥ = Is, combined with eigenvalue interlacing (see Lemma 4.1 below).
In this section we focus on local eigenvalue information.

We introduce the set of outlier indices

O = {iecR:|d|>1+K 3}, (2.2)

As explained in Section 1.4, each i € O gives rise to an outlier of @ near the classical location 6(d;) defined
in (1.17). In the definition (2.2), the lower bound 1+ K ~'/3 is chosen for definiteness; it could be replaced

10



with 14 aK~1/3 for any fixed a > 0. We denote by
s+ = |{i € O:+d; >0} (2.3)

the number of outliers to the left (s_) and right (sy) of the bulk spectrum.
For d € D\ [-1,1] we define

00 2 < d < —1

Ald) == ¢ (d—1Y2 ifl<d<?2
Lt gt ifd>2.

The function A(d) will be used to give an upper bound on the magnitude of the fluctuations of an outlier
associated with d. We give such a precise expression for A in order to obtain sharp large deviation bounds
for all d € D\ [-1,1]. (Note that the discontinuity of A at d = 2 is immaterial since A is used as an upper
bound with respect to <. The ratio of the right- and left-sided limits at 2 of A lies in [1, 3].)

Our result on the outlier eigenvalues is the following.

THEOREM 2.3 (OUTLIER LOCATIONS). Fiz 7> 0. Then for i € O we have the estimate
lwi — 0(d;)| < A(dy) K~/? (2.4)

provided that d; >0 or |¢p — 1| > 7.
Furthermore, the extremal non-outliers pis, 1 and px_s_ satisfy

oy 11— v < K722, (2.5)
and, assuming in addition that |¢ — 1| > T,
ks —y-| = K723, (2.6)

REMARK 2.4. Theorem 2.3 gives large deviation bounds for the locations of the outliers to the right of the
bulk. Since 7 > 0 may be arbitrarily small, Theorem 2.3 also gives the full information about the outliers
to the left of the bulk except in the case 1 > ¢ = 1+ o(1). Although our methods may be extended to this
case as well, we exclude it here to avoid extraneous complications.

REMARK 2.5. By definition of s_ and D, if ¢ > 1 then s_ = 0. Hence, by (2.6), if ¢ > 1 there are no outliers
on the left of the bulk spectrum.

REMARK 2.6. Previously, the model from Example (1) in Section 1.2 with fixed nonzero {d;} and ¢ was
investigated in [2,4]. In [4], it was proved that each outlier eigenvalue p; with i € O convergences almost
surely to 6(d;). Moreover, a central limit theorem for p; was established in [2].

The locations of the non-outlier eigenvalues u;, i ¢ O, are governed by eigenvalue sticking, whereby
the eigenvalues of @) “stick” with high probability to eigenvalues of a reference matrix which has a trivial
population covariance matrix. The reference matrix is @ from (1.10) with uncorrelated entries. More
precisely, we set

H =YY", Y = (Iy,0)0X, (2.7)
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where O = O(T) € O(M + r) is a deterministic orthogonal matrix. It is easy to check that EH =
(NM )_1/ 2Inr, so that H corresponds to an uncorrelated population. The matrix O(T) is explicitly given
in (8.1) below. In fact, in Theorem 8.3 below we prove the universality of the joint distribution of non-
bulk eigenvalues and eigenvectors of H. Here, by definition, we say that an index i € [1, K] is non-bulk
if i ¢ [K'"7, K — K'~7] for some fixed 7 > 0. In particular, the asymptotic distribution of the non-bulk
eigenvalues and eigenvectors of H does not depend on the choice of O. Note that for the special case r =0
the eigenvalues of H coincide with those of X X*. We denote by

AL 2 A 2 0 2 Ay
the eigenvalues of H.
THEOREM 2.7 (EIGENVALUE STICKING). Define

o = 1£1<nM|di F1. (2.8)

Fiz 7 > 0. Then we have for alli € [1,(1 — 7)K]

1
itsy — Ai . 2.
ey =Nl % o (29)
Similarly, if |¢ — 1| = 7 then we have for alli € [TK, K]
1
ims_ — i - 2.1
iee =M < e (2.10)

REMARK 2.8. As outlined above, in Theorem 8.3 below we prove that the asymptotic joint distribution of
the non-bulk eigenvalues of H is universal, i.e. it coincides with that of the Wishart matrix Hyisp, = X X*
with 7 = 0 and X Gaussian. As an immediate corollary of Theorems 2.7 and 8.3, we obtain the universality
of the non-outlier eigenvalues of @ with index i < K'~7a?}. This condition states simply that the right-hand
side of (2.9) is much smaller than the scale on which the eigenvalue \; fluctuates, which is K ~2/31/3. See
Remark 8.7 below for a precise statement.

REMARK 2.9. Theorem 2.7 is analogous to Theorem 2.7 of [29], where sticking was first established for
Wigner matrices. Previously, eigenvalue sticking was established for a certain class of random perturbations
of Wigner matrices in [6,7]. We refer to [29, Remark 2.8] for a more detailed discussion.

Aside from holding for general covariance matrices of the form (1.10), Theorem 2.7 is stronger than
its counterpart from [29] because it holds much further into the bulk: in [29, Theorem 2.7], sticking was
established under the assumption that i < (log K ) loglos K

REMARK 2.10. The edge universality following from Theorem 2.7 (as explained in Remark 2.8) generalizes
the recent result [5]. There, for the model from Example (1) in Section 1.2 with fixed nonzero {d;} and ¢, it
was proved that if d; < 1 for all ¢ and ¥ is diagonal, then p; converges (after a suitable affine transformation)
in distribution to the Tracy-Widom-1 distribution.

2.2. Outlier eigenvectors. We now state our main results for the outlier eigenvectors. Statements of results
on eigenvectors requires some care, since there is some arbitrariness in the definition of the eigenvector &, of
Q. In order to get rid of the arbitrariness in the sign (or, in the complex case, the phase) of €, we consider
products of generalized components,

(v, &€, w).

12



It is easy to check that these products characterize the eigenvector &, completely, up to the ambiguity of
a global sign (or phase). More generally, one may consider the generalized components (v, (-)w) of the
(random) spectral projection
Py= Y (211)
€A
where A C O.

In the simplest case A = {i} the generalized components of P4 characterize the generalized components
of &;. The need to consider higher-dimensional projections arises if one considers degenerate or almost de-
generate outliers. Suppose for example that d; = dy and all other d;’s are zero. Then the cone concentration
(1.18) fails, to be replaced with (1.21). The failure of the cone concentration is also visible in our results
as a blowup of the error bounds. This behaviour is not surprising, since for degenerate outliers d; = ds
it makes no sense to distinguish the associated spike eigenvectors vi and vs; only the eigenspace matters.
Correspondingly, we have to consider the orthogonal projection onto the eigenspace of the outliers in A. See
Example 2.15 below for a more detailed discussion.

For i € [1, M] we define v; > 0 through

st s s
minjeald; —d;| ifi¢ A.

In other words, v;(A) is the distance from d; to either {d;}ica or {d;};¢4, whichever it does not belong to.
For a vector w € RM we also introduce the shorthand

w; = (v, W)

to denote the components of w in the eigenbasis of .

For definiteness, we only state our results for the outliers on the right-hand side of the bulk spectrum.
Analogous results hold for the outliers on the left-hand side. Since the behaviour of the fluctuating error
term is different in the regimes pu; — y4 < 1 (near the bulk) and p; — v4 > 1 (far from the bulk), we split
these two cases into separate theorems.

THEOREM 2.11 (OUTLIER EIGENVECTORS NEAR BULK). Fiz 7 > 0. Suppose that A C O satisfies 1 +
K13 <d; <771 for all i € A. Define the deterministic positive quadratic form

(W, Zw) = Zu(dz)wf,
i€A

where we recall the definition (1.19) of u(d;). Then for any deterministic w € R™ we have

2

9 M 9 1/2
w; o;W; o;W*
W, Paw) = (w,Zaw) + O i + T (w, Zaw) 2 (S T
(W, Paw) (W, Zaw) = ieZAMI/Q(di 1)1/2 ;Z\[Vi(A)Z (W, Zaw) ;n[Vi(A)Q

(2.12)
Note that the last error term is zero if w is in the subspace Span{v;};,ca or orthogonal to it.

REMARK 2.12. Theorem 2.11 may easily also be stated for more general quantities of the form (v, Pyw).
We omit the precise statement; it is a trivial corollary of (5.2) below, which holds under the assumptions of
Theorem 2.11.
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We emphasize that the set A in Theorem 2.11 may be chosen at will. If all outliers are well-separated,
then the choice A = {i} gives the most precise information. However, as explained at the beginning of this
subsection, the indices of outliers that are close to each other should be included in the same set A. Thus,
the freedom to chose |A| > 2 is meant for degenerate or almost degenerate outliers. (In fact, as explained
after (2.14) below, the correct notion of closeness of outliers is that of overlapping.)

We consider a few examples.

ExXAMPLE 2.13. Let A = {i} and w = v;. Then we get from (2.12)

1 g;

2 __
<Vi7€i> - u(d7) +O-< Ml/g(dl — 1)1/2 + Ml/? .

(2.13)

This gives a precise version of the cone concentration from (1.18). Note that the cone concentration holds
provided the error is much smaller than the main term wu(d;), which leads to the conditions

di—1> K3 and v > (d;—1)"YV2K"Y2, (2.14)

here we used that d; < 1 and M < (14 ¢)K.

We claim that both conditions in (2.14) are natural and necessary. The first condition of (2.14) simply
means that p; is an outlier. The second condition of (2.14) is a non-overlapping condition. To understand
it, recall from (2.4) that y; fluctuates on the scale (d; — 1)'/2K /2. Then p; is a non-overlapping outlier if
all other outliers are located with high probability at a distance greater than this scale from p;. Recalling
the definition of the classical location 6(d;) of u;, the non-overlapping condition becomes

i N 0(d; /212
je%l\?i}W(d]) 0(d;)| > (d; —1)"/*K . (2.15)
After a simple estimate using the definition of 0, we find that this is precisely the second condition of (2.14).
The degeneracy or almost degeneracy of outliers discussed at the beginning of this subsection is hence to be
interpreted more precisely in terms of overlapping of outliers.

Provided p; is well-separated from both the bulk spectrum and the other outliers, we find that the error

in (2.13) is of order M~1/2,
EXAMPLE 2.14. Take A = {i} and w = v; with j # ¢. Then we get from (2.12)
2 9j
i) R ———. 2.16
<V] 52) M(dz —dj)2 ( )
Suppose for simplicity that ¢ =< 1. Then, under the condition that |d; —d;| < 1, we find that §; is completely
delocalized in the direction v;. In particular, if v; < 1 then §; is completely delocalized in any direction
orthogonal to v;.

As d; approaches d; the delocalization bound from (2.16) deteriorates, and eventually when p; and p;
start overlapping, i.e. the second condition of (2.14) is violated, the right-hand side of (2.16) has the same
size as the leading term of (2.13). This is again a manifestation of the fact that the individual eigenspaces
of overlapping outliers cannot be distinguished.

EXAMPLE 2.15. Suppose that we have an |A|-fold degenerate outlier, i.e. d; = d; for all 4, j € A. Then from
Theorem 2.11 and Remark 2.12 (see the estimate (5.2)) we get, for all i,j € A,

1 g;

M2(d, — 1)1 T Mu (A2

<Vi,PAVj> = 5ZJU(dl) + O<
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Defining the [A| x |A] random matrix M = (M;;); jea through M;; := (v;,§;), we may write the left-hand
side as (MM*);;. We conclude that u(d;)~"/?M is approximately orthogonal, from which we deduce that
u(d;)~Y/2M* is also approximately orthogonal. In other words, we may interchange the families {v;};c4 and

{&,}ica. More precisely, we get

1 ag;

M2(d;, —1)12 | Mui(A)?

<€i’HA€j> = (M*M)” = 5”u(d1)+0<

This is the correct generalization of (2.13) from Example 2.13 to the degenerate case. The error term is the
same as in (2.13), and its size and relation to the main term is exactly the same as in Example 2.13. Hence
the discussion following (2.13) may be taken over verbatim to this case.

In addition, analogously to Example 2.14, for ¢ € A and j ¢ A we find that (2.16) remains true. This
establishes the delocalization of €, in any direction within the null space of 11 4.

These estimates establish the general cone concentration, with optimal rate of convergence, for degenerate
outliers outlined around (1.22). The eigenvectors {,};ca are all concentrated on the cone defined by
ITT4£)% = u(d;)|€|? (for some immaterial i € A). Moreover, the eigenvectors {€,};ca are orthogonal on both
the range and null space of I14. Provided that the group {d;};ca is well-separated from 1 and all other d;’s,
the eigenvectors {&;}ica are completely delocalized on the null space of I14.

We conclude this example by remarking that a similar discussion also holds for a group of outliers that
is not degenerate, but nearly degenerate, i.e. |d; — d;| < |d; — d| for all i, € A and k ¢ A. We omit the
details.

The next result is the analogue of Theorem 2.11 for outliers far from the bulk.

THEOREM 2.16 (OUTLIER EIGENVECTORS FAR FROM BULK). Fizx 7 > 0. Suppose that A C O satisfies
d; > 1471 for alli € A, and that there exists a positive da such that Tda < d; < 77 da for alli € A. Then
for any deterministic w € RM we have

1 9 p/2d% l oiw?
(W, Paw) = (w,Zaw) + O MG 1 dy) i;mwi + (1+ ¢1/2+dA> ; Mui(A)2
J 1/2 w2 2
A 2 (B}
L . (217
¢1/2+dA (iEZAU w ) <Z¢ZA MVZ-(A)2> ] ( )

We leave the discussion on the interpretation of the error in (2.17) to the reader; it is similar to that of
Examples 2.13, 2.14, and 2.15.

2.3. Non-outlier eigenvectors. In this subsection we state our results on the non-outlier eigenvectors, i.e.
on &, for a ¢ O. Our first result is a delocalization bound. In order to state it, we define for a € [1, K] the
typical distance from pg to the spectral edges v+ through

Ko = K723anN(K+1-a)??. (2.18)

This quantity should be interpreted as a deterministic version of |ug —y—| Alpe — V4| for a ¢ O; see Theorem
3.5 below.
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THEOREM 2.17 (DELOCALIZATION BOUND FOR NON-OUTLIERS). Fiz 7> 0. Fora € [1,(1 —7)K]\ O and
deterministic w € RM we have

9 |w|? oiw?
—_ . 2.19
(W,€,)° < — Jri:El V((ds — 1) + 5) (2.19)
Similarly, if |¢ — 1| > 7 then for a € [TK, K]\ O and deterministic w € RM we have

(wg)? < W

w|?
. 2.2
+ZM d+1 +h;a) (220)

For the following examples, we take w = v; and a € [1,(1 — 7)K] \ O. Under these assumptions (2.19)
yields
1 ag;

(w,&,)* < RS TR e (2.21)

EXAMPLE 2.18. Fix 7 > 0. If |d; — 1| > 7 (d; is separated from the transition point) or a > 7K (i, is in
the bulk), then the right-hand side of (2.21) reads (14 o;)/M. In particular, if the eigenvalue o; of ¥ is
bounded, £, is completely delocalized in the direction v;.

EXAMPLE 2.19. Suppose that a < C (j, is near the edge), which implies that x, = K~2/3. Suppose
moreover that d; is near the transition point 1. Then we get

g;

MO (NS 1S )

Therefore the delocalization bound for €, in the direction of v; becomes worse as d; approaches the critical
point (from either side), from (1 + ¢)'/2M~" for d; separated from 1, to (1 4+ ¢)~/SM~1/3 for d; at the
transition point 1.

Next, we derive the law of the generalized component (w,&,) for non-outlier a. In particular, this
provides a lower bound complementing the upper bound from Theorem 2.17. Recall the definition (2.8) of
a4 .

THEOREM 2.20 (LAW OF NON-OUTLIERS). Fiz 7 > 0. Then, for any deterministic a € [1, K'"7a3]\ O and
w € RM | there exists a random variable ©(a, w) = Oy (a,w) satisfying

ZMd ~ 1) O(a,w)

and
9(0/7 W) — X%

in distribution as N — oo, uniformly in a and w. Here X3 is a chi-squared random variable (i.e. the square
of a standard normal).
An analogous statement holds near the left spectral edge provided |¢ — 1| = 7; we omit the details.
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REMARK 2.21. More generally, our method also yields the asymptotic joint distribution of the family

(:ulh’ <o Mags <u1’€b1><£b1 7W1>v IR <u7€’€bk><£bk 7wk>> (2'22)

(after a suitable affine rescaling of the variables, as in Theorem 8.3 below), where aq,...,a,b1,...,bx €
[1,K'"7a3] \ O. We omit the precise statement, which is a universality result: it says essentially that
the asymptotic distribution of (2.22) coincides with that under the standard Wishart ensemble (i.e. an
uncorrelated Gaussian sample covariance matrix). The proof is a simple corollary of Theorem 2.7, Proposition
6.2, Proposition 6.3, and Theorem 8.3.

REMARK 2.22. The restriction a < K'~ "o is the same as in Remarks 2.8 and 8.7. There, it is required
for the eigenvalue sticking to be effective in the sense that the right-hand side of (2.9) is much smaller than
the scale on which the eigenvalue A, fluctuates. Here, it ensures that the distribution of the eigenvector &,
is determined by the distribution of a single eigenvector of H (see Proposition 6.2).

Finally, instead of @ defined in (1.10), we may also consider

. N

where the vector e was defined in (1.4). All of our results stated for @ also hold for Q.

THEOREM 2.23. Theorems 2.3, 2.7, 2.11, 2.16, 2.17, and 2.20 hold with p; and §; denoting the eigenvalues
and eigenvectors of @ instead of Q. For Theorem 2.7, \; denotes the eigenvalues of %Y(IN —ee")Y™*
instead of YY™* from (2.7).

3. Preliminaries

The rest of this paper is devoted to the proofs of the results from Sections 2.1-2.3. To clarify the presentation
of the main ideas of the proofs, we shall first assume that

r=0 and T =XxY2, (3.1)

We make the assumption (3.1) throughout Sections 3-7. The additional arguments required to relax the
assumption (3.1) are presented in Section 8. Under the assumption (3.1) we have

Q = 22X x*xnl/?, (3.2)

Moreover, the extension of our results from @ to ), and hence the proof of Theorem 2.23, is given in Section
9.
For an M x M matrix A and v,w € R™ we abbreviate

Avw = (v, Aw).

We also write

ij s

Avei = Avi7 Aeiv = AiV7 AeieJ = A

where e; € RM denotes the i-th standard basis vector.
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3.1. The isotropic local Marchenko-Pastur law. In this section we collect the key tool of our analysis: the
isotropic Marchenko-Pastur law from [10].

It is well known that the empirical distribution of the eigenvalues of the N x N matrix X*X has the
same asymptotics as the Marchenko-Pastur law

_ Vellz -
27

im ~ O Ge 4 (1— 9, 6(da), (3.3)

0¢(dx) :

where we recall the edges 4 of the limiting spectrum defined in (1.7). Similarly, as noted in (1.6), the
empirical distribution of the eigenvalues of the M x M matrix X X* has the same asymptotics as g4-1.

Note that (3.3) is normalized so that its integral is equal to one. The Stieltjes transform of the Marchenko-

Pastur law (3.3) is

A e Y B )
¢ ' T —z 2¢~12 4 ’
where the square root is chosen so that mg is holomorphic in the upper half-plane and satisfies mg(z) — 0
as z — 0o. The function m, = my(z) is also characterized as the unique solution of the equation
1

+ 2+ 20 2m — (¢L/2 — ¢ 1/2)
satisfying Imm(z) > 0 for Imz > 0. The formulas (3.3)—(3.5) were originally derived for the case when
¢ = M/N is independent of N (or, more precisely, when ¢ has a limit in (0,00) as N — o). Our results

allow ¢ to depend on N under the constraint (1.9), so that my and g4 may also depend on N through ¢.
Throughout the following we use a spectral parameter

(3.4)

=0 (3.5)

z = E+1in,
with n > 0, as the argument of Stieltjes transforms and resolvents. Define the resolvent
G(z) == (XX*—2)7t.
For z € C, define k(z) to be the distance from E = Re z to the spectral edges v+, i.e.
k= w(2) = e — Bl Ay — B, (3.6)

Throughout the following we regard the quantities E(z), n(z), and x(z) as functions of z and usually omit
the argument unless it is needed to avoid confusion.
Sometimes we shall need the following notion of high probability.

DEFINITION 3.1. An N-dependent event = = Zpn holds with high probability if 1 — 1(Z) < 0.
Fix a (small) w € (0,1) and define the domain
S =SwK) = {zeC:r<w ", K" <n<w™, 2| 2w}. (3.7)

Beyond the support of the limiting spectrum, one has stronger control all the way down to the real axis. For
fixed (small) w > 0 define the region

S S(w,K) := {ZG(C:E¢[7_,7+},K72/3+‘*’§/£<w71,|z\>w,0<n<w71} (3.8)

—2/34w

of spectral parameters separated from the asymptotic spectrum by K , which may have an arbitrarily
small positive imaginary part 1. Throughout the following we regard w as fixed once and for all, and do not
track the dependence of constants on w.
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THEOREM 3.2 (ISOTROPIC LOCAL MARCHENKO-PASTUR LAW [10]). Suppose that (1.15), (1.9), and (1.16)

hold. Then
Immg-1(2) 1

[(v,G(2)W) — my-1(2) (v, w)| < My + T (3.9)

uniformly in z € S and any deterministic unit vectors v,w € RM. Moreover,

Immgy-1(2)

e = 1+¢(“+")_1/4K_1/2 (3.10)

|<V,G(z)w> — m¢71(z)<v,w>‘ =

uniformly in z € S and any deterministic unit vectors v,w € RM,

REMARK 3.3. The probabilistic estimates (3.9) and (3.10) of Theorem 3.2 may be strengthened to hold

simultaneously for all z € S and for all z € S, respectively. For instance, (3.10) may be strengthened to

P[ﬂ{‘<V,G(z)W> —m¢—1<z)<v’w>‘ < N51+¢

(K+n)_1/4K_1/2}] 2 1—N_D7
ze§
foralle >0, D >0, and N > Ny(e, D). See [10, Remark 2.6].

The next results are on the nontrivial (i.e. nonzero) eigenvalues of H := X X* as well as the corresponding
eigenvectors. The matrix H has K nontrivial eigenvalues, which we order according to

AL 2 A2 2 Ak (3.11)
(The remaining M — K eigenvalues of H are zero.) Moreover, we denote by

C15C2a"'aCK ERM (312)

the unit eigenvectors of H associated with the nontrivial eigenvalues A\ > X > ... > Ak.

THEOREM 3.4 (ISOTROPIC DELOCALIZATION [10]). Fiz 7 > 0, and suppose that (1.15), (1.9), and (1.16)
hold. Then for i € [1, K] we have
(¢iv)? < M! (3.13)

if eitheri < (1—71)K or|¢p—1| > 7.

The following result is on the rigidity of the nontrivial eigenvalues of H. Let v1 > 72 > -+ > vk be the
classical eigenvalue locations according to o4 (see (3.3)), defined through

/OO 06(dz) = % (3.14)

THEOREM 3.5 (EIGENVALUE RIGIDITY [10]). Fiz 7 > 0, and suppose that (1.15), (1.9), and (1.16) hold.
Then for i € [1, M] we have

N =] < (A (K +1—0) PR3 (3.15)
fi<(1—-7)K or|lo—1|>7.
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3.2. Link to the semicircle law. It will often be convenient to replace the Stieltjes transform mg(z) of gg(dx)
with the Stieltjes transform wg(z) of the measure

¢ Pw04 (dx) = *\/ ) (74 — @)]+ dz. (3.16)
Note that this is nothing but Wigner’s semicircle law centred at ¢'/2 + ¢~1/2. Thus,

/¢1/2xg¢ dx) ¢1/2(1+Zm¢71(z)) ¢1/2+¢ 1/27z+1\/zf Y(v+ — 2) (3.17)

T—z 2 ’

where in the last step we used (3.4). Note that

w¢ = w¢71.
Using wg we can write (3.5) as
2= (1=¢7Puw;)(? — wy). (3.18)
LEMMA 3.6. For z € S and ¢ > 1 we have
Img(2)] < |wg(2)] < 1, 11 —wy(2)?| < VE+7, (3.19)
as well as
VE+1n ifE €[y,
Immg(z) < Imwy(z) =< : K Zf b= +] (3.20)
Vo ZfE¢['777'7+]'
Similarly,
1_ 4 if B € [y,
Remgy(z) — I(z) < Rewy(z) — I(z) =< VAN " Zf b= 4] (3.21)
VEFN  ifEE [v-,v4],

where I1(z) := —1 for E > ¢*/? + ¢=Y2 and I(2) := +1 for E < ¢/? + ¢~ /2. Finally, for = € S we have

Immy-1(z) = %Imm¢(z). (3.22)

(All implicit constants depend on w in the definition (3.7) of S.)

PROOF. The estimates (3.19) and (3.20) follow from the explicit expressions in (3.4) and (3.17). In fact,
these estimates have already appeared in previous works. Indeed, for my the estimates (3.19) and (3.20)
were proved in [10, Lemma 3.3]. In order to prove them for wg, we observe that the estimates (3.19) and
(3.20) follow from the corresponding ones for the semicircle law, which were proved in [20, Lemma 4.3]. The
estimates (3.21) follow from (3.20) and the elementary identity

E — ¢1/2 _ ¢—1/2

R = -
©Ws 1+n/Imwy

which can be derived from (3.18); the estimates for my are derived similarly. Finally, (3.22) follows easily
from

mon(s) = 3 (mo)+ 1 2). (3.23)

z
which may itself be derived from (3.5). O
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In analogy to wg (see (3.17)), we define the matrix-valued function
F(z2) == ¢* (14 2G(2)). (3.24)
Theorem 3.2 has the following analogue, which compares F' with m.

LEMMA 3.7. Suppose that (1.15), (1.9), and (1.16) hold. Then

I 1
(v, F(2)w) — wy(2) (v, w)| = m;?;(z) + % (3.25)
uniformly in z € S and any deterministic unit vectors v,w € RM. Moreover,
I
v, Fw) — ws(a) v w] < ([P (i (3.26)

uniformly in z € S and any deterministic unit vectors v,w € RM,

Proor. The proof is an easy consequence of Theorem 3.2 and Lemma 3.6, combined with the fact that for
z€SorzeS we have |z| < ¢/ for ¢ > 1 and |z| < ¢~ /2 for ¢ < 1. O

3.3. Extension of the spectral domain. In this section we extend the spectral domain on which Theorem
3.2 and Lemma 3.7 hold. The argument relies on the Helffer-Sjostrand functional calculus [16]. Define the
domains

S = S(w,K) = {zE(C:Egﬁ[7,,7+},/£>K_2/3+‘”777>0}, B = B(w) == {z€C:|z| <w}.
PROPOSITION 3.8. Fiz w,7 € (0,1).

(i) If $ <1 — 7 then

1 ~1/2
[(v,G(z)w) — mg-1(2) (v, w)| < (H+77)2+(K+77)1/4K (3.27)

uniformly for z € S and any deterministic unit vectors v,w € RM.
(ii) If |¢ — 1| < 7 then (3.27) holds uniformly for = € S\ B and any deterministic unit vectors v, w € RM.

(ii5) If ¢ > 1+ 7 then

\% Z)W) —mg-1(2)(V,W 1 —1/2
7, G =me G Wl = Gy = e 325

uniformly for z € S \ {0} and any deterministic unit vectors v,w € RM,

PROOF. By polarization and linearity, we may assume that w = v. Define the signed measure

M

pR(de) = D (v, C)(¢in V) bx,(de) — 0p-1(da), (3.29)

=1

21



so that

Ad
m(z) = / % = (v,G(2)v) —mg-1(2).
The basic idea of the proof is to apply the Helffer-Sjostrand formula to the function

fu(2) = 1 _ 1

r—2 x9—2

where z( is chosen below. To that end, we need a smooth compactly supported cutoff function x on the
complex plane satisfying x(w) € [0,1] and |0z x(w)| < C(w, 7). We distinguish the three cases ¢ < 1 — 7,
lp—1] < 7,and ¢ > 14 7.

Let us first focus on the case ¢ < 1—7. Set ¢ := ¢'/24+¢~/? and choose a constant w’ = w'(w,7) € (0,w)
small enough that y_ > 4w’. We require that x be equal to 1 in the w’-neighbourhood of [y_,~4] and 0
outside of the 2w’-neighbourhood of [y_,v;]. By Theorem 3.5 we have supp p® C {x = 1} with high
probability. Now choose z satisfying dist(z, [y—,v+]) = 3w’. Then the Helffer-Sjostrand formula [16] yields,

for « € supp p>,
1 [ 0g
fo(x) = — / M dw (3.30)
™ Jc r—w
with high probability, where dw denotes the two-dimensional Lebesgue measure in the complex plane. Noting
that [ dp® = 0, we may therefore write

mAZ: AJ’J z:l w *wmA'lU'lU .
) = [0 f@) = ¢ [ £ axw)m® w)a (331)

with high probability, where in second step we used (3.30) and the fact that f, is holomorphic away from
z. The integral is supported on the set {dgx # 0} C {w : dist(w, [v—,v4]) € [, 2w']}, on which we have
the estimates | f.(w)| < C(k(2) +n(z))~2 and |m?(w)| < K~1/2, as follows from Theorem 3.10 applied to
S(w’, K) and (3.22). Recalling Remark 3.3, we may plug these estimates into the integral to get

m® ()| < (k) 2K,

which holds for dist(z, [y—,v+]) = 3w’. (Recall that |0z x(w)] < C.) Combining this estimate with (3.10),
the claim (3.27) follows for z € S.

Next, we deal with the case |¢—1| < 7. The argument is similar. We again choose x 1= ¢'/24-¢~1/2. We
require that x be equal to 1 in the w-neighbourhood of [0, v, ] and 0 outside of the 2w-neighbourhood of [0, v ].
We may now repeat the above argument almost verbatim. For dist{z,[0,v4+]} > 3w and w € {9gzx # 0}
we find that |f,(w)| < C(k(z) +n(2))~2 and |m*(w)| < K~'/2. Hence, recalling (3.10), we get (3.27) for
z€8S \ B.

Finally, suppose that ¢ > 1 + 7. Now we set xg := 0. We choose the same w’ and cutoff function y as
in the case ¢ < 1 — 7 above. Suppose that dist(z, [y_,v+]) = 3w’ and z # 0. Thus, (3.30) holds with high
probability for = € supp p> \ {0}. Since f,,(0) = 0, we therefore find that (3.31) holds. As above, we find
that for w € {Jdgx # 0} we have

C¢1/2
f(w)] € —————
Sl S L) + )
and |m®(w)| < ¢~ K~/2. Recalling (3.10), we find that (3.28) follows easily. O

Proposition 3.8 yields the following result for F' defined in (3.24).

22



COROLLARY 3.9. Fiz w,7 € (0,1).
(i) If ¢ <1 —7 then

¢1/2|Z| K12
(k+m)?+ (5 + )11

(v, F(2)w) — wy(2) (v, w)| < (3.32)

uniformly for z € S and any deterministic unit vectors v,w € RM.
(i) If |¢ — 1| < 7 then (3.32) holds uniformly for z € §\B and any deterministic unit vectors v,w € RM,

(i1i) If ¢ > 1+ 7 then

(v, F(2)w) — wy(2)(v, w)| < ) +1(,€+77)1/4K_1/2 (3.33)

uniformly for z € S and any deterministic unit vectors v,w € RM.

3.4. Identities for the resolvent and eigenvalues. In this section we derive the identities on which our
analysis of the eigenvalues and eigenvectors relies. Recall the definition of the set R from (1.14). We write
the population covariance matrix 3 from (1.12) as

Y = 1+¢Y2VDV*,

where D = diag(d;);er is an invertible diagonal |R|x |R| matrix and V' = [v;];cr is the matrix of eigenvectors
v; of ¥ indexed by the set R. Note that V' is an N x |R| isometry, i.e. V satisfies V*V = Iz
We use the definitions

G(z) == (H—-2)"", G(z) == (Q—2)"1, F(z) = ¢1/2(1+2G(z)),
where H = XX* and Q = SY/2H¥/2. We introduce the |R| x |R| matrix
W(z) == V*F(2)V.

We also denote by o(A) the spectrum of a square matrix A.

The following lemma collects the basic identities for analysing o(Q) and G. We remark that versions of
its part (i) have already appeared in several previous works on finite-rank deformations of random matrix
ensembles [2,6,29,37].

LEMMA 3.10. (i) Suppose that u ¢ o(H). Then p € o(Q) if and only if
det(D™'+ W (p) = 0. (3.34)
(ii) We have

¢1/22

21/25(Z)21/2 = G(z) — G(Z)Vm

VEG(2). (3.35)
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PRrROOF. To prove (i), we write the condition 4 € 0(Q) as
0 = det(SV2HEY?2 — p) = det(H — pX7Y) det(E) = det(1+ G(p)(1 — Z71p) det(H — ) det(%)
where we used that u ¢ o(H). Using

D

—1 _
=

v,
the matrix identity det(1 + XY') = det(1 + Y X), and det(X) # 0, we find

0 = det(l + uV*G(,u)V) ,

D
¢~12+D

and the claim follows.
To prove (ii), we write

SV2G()8Y? = (H—x7"2)" = (H—24+(1-x"1)2)7".
The claim now follows from the identity

(A+SBT)™' = A7 — A7 'S(B~ + TA™'S) " 'TA™! (3.36)
with A=H — 2, B=D(¢p""?+ D), S=V,and T = 2V*. O

The result (3.35), when restricted to the range of V, has an alternative form (3.37) which is often easier
to work with, since it collects all of the randomness in the single quantity W (z) on its right-hand side.

LEMMA 3.11. We have

~ 1 V14 ¢'2D 1 V1+¢/2D
V*G(2)V = —— (D' = +é — +¢ . (3.37)
o2z D D=1+ W (z) D
ProoFr. From (3.35) we get
~ 1
(1+¢'2D)2V*GV (1+¢'2D)'/? = V*GV - V*GV VGV

(DT + 37/ (:6"7) + VGV

Applying the identity
A—A(A+B)'A =B-B(A+B)'B

to the right-hand side yields

1
(;51/22

ot
D=1+ W

(1+¢1/2D)1/2 V*év (1 +¢1/2D)1/2 _ (D—l +¢1/2 _ (D_l +¢1/2) (D—l +¢1/2)> ,

from which the claim follows. O
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4. Eigenvalue locations

In this section we prove Theorems 2.3 and 2.7. The arguments are similar to those of [29, Section 6], and
we therefore only sketch the proofs. The proof of [29, Section 6] relies on three main steps: (i) establishing
a forbidden region which contains with high probability no eigenvalues of Q; (ii) a counting estimate for the
special case where D does not depend on N, which ensures that each connected component of the allowed
region (complement of the forbidden region) contains exactly the right number of eigenvalues of @; and (iii)
a continuity argument where the counting result of (ii) is extended to arbitrary N-dependent D using the
gaps established in (i) and the continuity of the eigenvalues as functions of the matrix entries. The steps
(ii) and (iii) are exactly the same as in [29], and will not be repeated here. The step (i) differs slightly from
that of [29], and in the proofs below we explain these differences.

We need the following eigenvalue interlacing result, which is purely deterministic. It holds for any
nonnegative definite M x M matrix H and any rank-one deformation of the form Q = (1 + dvv*)'/2H (1 +
dvv*)'/? with d > —1 and v € RM,

LEMMA 4.1 (EIGENVALUE INTERLACING). Let |R| =1 and D =d € D. For d > 0 we have
poZ A= pe = 2 Am-1 2 pM 2 Au

and for d < 0 we have
Al 2 2 A 2 2 M- 2 A 2 M-
PRrROOF. Using a simple perturbation argument (using that eigenvalues depend continuously on the matrix
entries), we may assume without loss of generality that A1,..., Ay are all positive and distinct. Writing
¥ =1+ ¢'/2dvv*, we get from (3.35) that
1
b(2)"t 4+ Gyy(2)’

z

_ 2 2 2
Gyv(2) = a°Gyv(2) — a°Gyy(2) T r o121

a = (57, b) =

Note that a > 0. Thus we get
1 a?

—— +b(2) = = .

va(z) ( ) GVV(Z)

Writing this in spectral decomposition yields

<Z w>_l - (Z w>_lb(z)- (4.1)

%

As above, a simple perturbation argument implies that we may without loss of generality assume that all
scalar products in (4.1) are nonzero. Now take z € (0,00). Note that b(z) and d have the same sign.

To conclude the proof, we observe that the left-hand side of (4.1) defines a function of z € (0, 00) with
M — 1 singularities and M zeros, which is smooth and decreasing away from the singularities. Moreover,
its zeros are the eigenvalues A1,...,Ap;. The interlacing property now follows from the fact that z is an
eigenvalue of @ if and only if the left-hand side of (4.1) is equal to —b(2). O

COROLLARY 4.2. For the rank-|R| model (1.10) we have
Hi € [)\i+r7 )\ifr] (’L € [[L M]]) )

with the convention that A; =0 fori > K and \; = oo fori < 1.
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We now move on to the proof of Theorem 2.3. Note that the function 6 defined in (1.17) may be extended
to a biholomorphic function from {¢ € C: |¢| > 1} to {z € C: z — (¢!/? + ¢~ /?) ¢ [-2,2])}. Moreover,
using (3.18) it is easy to check that for |¢| > 1 we have

we(z) = ~z = z = 6(C). (4.2)

Throughout the following we shall make use of the subsets of outliers
OF == {i:+d; > 1+ K /37)
for 7 > 0. Note that O = (93' U0y, .

PROOF OF THEOREM 2.3. The proof of Proposition 2.3 is similar to that of [29, Equation (2.20)]. We focus
first on the outliers to the right of the bulk spectrum. Let € > 0. We shall prove that there exists an event
= of high probability (see Definition 3.1) such that for all i € OF. we have

L(E)|pi — 0(di)| < CA(d)K~V/*e (4.3)
and for i € [|Of| + 1,|O0L.| + 7] we have
L&) — 4| < CK72/3%8<, (4.4)

Before proving (4.3) and (4.4), we show how they imply (2.4) for d; > 0 and (2.5). From (4.4) we get for
i satisfying K—1/3 < d; — 1 < K—1/3+4e

L&) i —0(di)] < LE) (i — 74| +10(di) = 7+]) < K707 < CA(d)K™#9 . (4.5)

Since £ > 0 was arbitrary, (2.4) for d; > 0 and (2.5) follow from (4.3) and (4.5).

What remains is the proof of (4.3) and (4.4). As in [29, Proposition 6.5], the first step is to prove that
with high probability there are no eigenvalues outside a neighbourhood of the classical outlier locations 0(d;).
To that end, we define for each i € OF the interval

I;(D) := [Q(di) — A(di)[(*l/%re7 0(d;) + A(di)K71/2+e} .

Moreover, we set Iy := [0,0(1 + K—1/3+2¢)].

We now claim that with high probability the complement of the set I(D) := Io U J;co+ 1i(D) contains
no eigenvalues of . Indeed, from Theorem 3.5 and Corollary 3.9 combined with Remark 3.3 (with small
enough w = w(¢)), we find that there exists an event Z of high probability such that |\; — v, | < K—2/3+¢
for i € [1,2r] and

LW - wala)] < £la) K22

for all x ¢ Iy, where we defined

L

(U 58s) if k() > 1.

In particular, we have 1(Z)\; < 6(1 + K~/3¢). Hence we find from (3.34) that on the event = the value
x ¢ Iy is an eigenvalue of @ if and only if the matrix

I(E)(D*1+W(x)) = 1(5)(D71—|—w¢(x)—|—0(5(z)[(*1/2+5/2))
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is singular. Since —d; ' = wy(0(d;)) for i € OF, we conclude from the definition of I(D) that it suffices to
show that if « ¢ I(D) then

min lwe (x) — we(6(d;))| > E(x)K~1/*Fe/2 (4.6)
€O/

We prove (4.6) using the two following observations. First, wg is monotone increasing on (v, 00) and
we(x) =< (df =1)7" (z e Li(D)),
as follows from (4.2). Second,

L E0W)
A) = 1 @)

We omit further details, which may be found e.g. in [29, Section 6]. Thus we conclude that on the event E
the complement of I(D) contains no eigenvalues of Q.

The next step of the proof consists in making sure that the allowed neighbourhoods I;(D) contain exactly
the right number of outliers; the counting argument (sketched in the steps (ii) and (iii) at the beginning of
this section) follows that of [29, Section 6]. First we consider the case D = D(0) where for all i # j € OF
we have d;(0),d;(0) > 2 and |d;(0) — d;(0)| > 1, and show that each interval {I;(D(0)) : i € OF} contains
exactly one eigenvalue of @ (see [29, Proposition 6.6]). We then deduce the general case by a continuity
argument, by choosing an appropriate continuous path (D(t))¢c[o,1) joining the initial configuration D(0) to
the desired final configuration D = D(1). The continuity argument requires the existence of a gap in the set
I(D) to the left of Uieojs I;(D). The existence of such a gap follows easily from the definition of I(D) and
the fact that |R| is bounded. The details are the same as in [29, Section 6.5]. Hence (4.3) follows. Moreover,
(4.4) follows from the same argument combined with Corollary 4.2 for a lower bound on p;. This concludes
the analysis of the outliers to the right of the bulk spectrum.

The case of outliers to the left of the bulk spectrum is analogous. Here we assume that ¢ < 1 — 7. The
argument is exactly the same as for d; > 0, except that we use the bound (3.32) to the left of the bulk
spectrum as well as |\; — y_| < K~2/3%¢ for i € [K — 2r, K] with high probability. O

= (df = 1)EO(d)) -

PROOF OF THEOREM 2.7. We only give the proof of (2.9); the proof of (2.10) is analogous. Fix ¢ > 0. By
Theorem 2.3, Theorem 3.5, Theorem 3.2, Lemma 3.7, and Remark 3.3, there exists a high-probability event
= = En/(e) satisfying the following conditions.

(i) We have

L&) psye1 =l < K720 1E)N -l < iTPKTAE L (<(1-1)K). (47)

(ii) For z € S(e, K) we have

1(3)|[|W(z) —ws(2)|| < K€< W+I§?7> (4.8)
and
max|(vi, G(2)v;) — myms ()61 | < K( SV *AZ) (49)
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For the following we fix a realization H € =. We suppose first that
oy > KUt (4.10)
and define 7 := K~1*25a". Now suppose that = satisfies
€ [vy—Lys+ K_2/3+25] , dist(z,0(H)) > n. (4.11)

We shall show, using (3.34), that any z satisfying (4.11) cannot be an eigenvalue of Q. First we deduce from
(4.8) that
HW(x) —W(x+ in)“ < C(1+ ¢) maxIm Gy,v,(z + in) . (4.12)
K3

The estimate (4.12) follows by spectral decomposition of F(-) together with the estimate 2|\, — z| >
V(A — )2+ n? for all i. We get from (4.12) and Lemma 3.6 that

Wi(z) = w¢(x+in)+0<1mw¢(x+in)+g7> = —1+O(\/@+ \/ﬁ—FK_sa;l),

where we use the notation A = B + O(t) to mean ||A — BJ|| < Ct. Recalling (3.34), we conclude that on the
event = the value z is not an eigenvalue of @) provided

min|l/d; — 1] > Ka/Q(\/H(LU) +n+ K_Eall) .
It is easy to check that this condition is satisfied if
K(z)+n < CK a7,

which holds provided that
k(z) < CK a3,

where we used (4.10). Recalling (4.7), we therefore conclude that for i < K'~%a? the set
{x € Nicr—1,74 + K_2/3+26} cdist(z,0(H)) > K_1+28a;1}

contains no eigenvalue of Q.

The next step of the proof is a counting argument (sketched in the steps (ii) and (iii) at the beginning
of this section), which uses the eigenvalue interlacing from Lemma 4.1. They details are the same as
in [29, Section 6], and hence omitted here. The counting argument implies that for i < K 1_250& and
assuming (4.10) we have

Hivs, —Ni| < CK~ 't (4.13)

What remains is to check (4.13) for the cases oy < K~1/3+¢ and i > K'72¢a3.
Suppose first that ay < K~1/3+¢. Then using the rigidity from (4.7) and interlacing from Corollary 4.2
we find
"u/iJrer _ )\’L| < Ci_l/gK_2/3+E < CK—l—Q—ZEOé:Ll’

where we used the trivial bound ¢ > 1. Similarly, if i > .7(1_2‘5&3+ satisfies ¢ < (1 — 7) K, we may repeat the
same estimate.

We conclude that (4.13) under the sole assumption that ¢ < (1 —7)K. Since e > 0 was arbitrary, (2.9)
follows. O
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5. Outlier eigenvectors

In this section we focus on the outlier eigenvectors &,, a € O. Here we in fact prove Theorem 2.11 under the
stronger assumption
1+ K734 < d; < 771 (i€ A) (5.1)

instead of 1 4+ K~1/3 < d; < 1. How to improve the lower bound from 1+ K~1/3+7 10 the claimed K —1/3
requires a completely different approach, relying on eigenvector delocalization bounds, and is presented in
Section 6 in conjunction with results for the non-outlier eigenvectors &,, a ¢ O.

The proof of Theorem 2.16 is similar to that of Theorem 2.11; one has to adapt the proof to cover the
range d; € [1+7,00) instead of d; € [1+ K /3 771, The key input is the extension of the spectral domain
from Corollary 3.9. For the sake of brevity we omit the details of the proof of Theorem 2.16, and focus solely
on Theorem 2.11.

The following proposition is the main result of this section.

PROPOSITION 5.1. Fiz 7 > 0. Suppose that A satisfies (5.1). Then for alli,j =1,..., M we have
1(i,j € A)
(di _ 1)1/4(dj _ 1)1/4M1/2

VOio; (1 1ie A\ /1 1(j €A 1(ie€ A)1(j ¢ A)(d: — 1)'/2 /55
M (+ )(VjJr dj—1 >+ (1+ @)t/ 4y M2

<Vi,PAVj> = 5”1(2 S A)u(dz) —+ O<

v; dz—l

+@<5l, (6.2

where the symbol (i <> j) denotes the preceding terms with ¢ and j interchanged.

Note that, under the assumption (5.1), Theorem 2.11 is an easy consequence of Proposition 5.1. As
explained above, the proof of Theorem 2.11 in full generality is given in Section 6, where we give the
additional argument required to relax (5.1).

The rest of this section is devoted to the proof of Proposition 5.1.

5.1. Non-overlapping outliers. We first prove a slightly stronger version of (5.2) under the additional non-
overlapping condition

vi(A) > (d; —1)"V2K /20 (5.3)

for all i € A, where § > 0 is a positive constant. This is a precise version of the second condition of (2.14),
whose interpretation was given below (2.14): an outlier indexed by A cannot overlap with an outlier indexed
by A€. Note, however, that there is no restriction on the outliers indexed by A overlapping among themselves.
The assumption (5.3) will be removed in Section 5.2. The main estimate for non-overlapping outliers is the
following.

PROPOSITION 5.2. Fiz 7 > 0 and § > 0. Suppose that A satisfies (5.1) and (5.3) for alli € A. Then for all
i,7=1,..., M we have

1(i,5 € A)
(di _ 1)1/4(dj _ 1)1/4M1/2

VIO (1 1Ge A\ (1 1(ed)) 16ie€ALG ¢ A)(d -1V /55

(vi, Pavj) = 0i1(i € A)u(d;) + O<

v; dl—l

Vj dj—].
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REMARK 5.3. The only difference between (5.2) and (5.4) is the term proportional to 1(j ¢ A) on the last
line. In order to prove (5.2) without the overlapping condition (5.3), it is necessary to start from the stronger
bound (5.4); see Section 5.2 below.

The rest of this subsection is devoted to the proof of Proposition 5.2. We begin by defining w := 7/2 and
letting € < min{7/3,d} be a positive constant to be determined later. We choose a high-probability event
E =En(e,7) (see Definition 3.1) satisfying the following conditions.

(i) We have
L(E)|[Wij(2) — we(2)di5| < |z — | VK124 (5.5)

for i,j € R, large enough K, and all z in the set

{z€C:Rez >y + K23 2| <w™!}. (5.6)

(ii) For all ¢ satisfying 1 + K13 < d; < w™! we have

1(2)|us — 0(di)| < (di — )YV2 K72 (5.7)

(iii) We have
1S s, 41— s ] < K23+ (5.)

Note that such an event = exists. Indeed, (5.7) and (5.8) may be satisfied using Theorem 2.3, and (5.5)
using Theorem 3.7 combined with Remark 3.3.

For the sequel we fix a realization H € = satisfying the conditions (i)—(iii) above. Hence, the rest of the
proof of Proposition 5.2 is entirely deterministic, and the randomness only enters in ensuring that = has
high probability. Our starting point is a contour integral representation of the projection P4. In order to
construct the contour, we define for each 7 € A the radius

v; A dl —1
o vnt), -
We define the contour I' := Y as the boundary of the union of discs T := ;.4 By, (d;), where B,(d)

is the open disc of radius p around d. We shall sometimes need the decomposition I' = (J,. 4 I's, where
I :=T'N0B,,(d;). See Figure 5.1 for an illustration of I'.

We shall have to use the estimate (5.5) on the set §(T). Its applicability is an immediate consequence of
the following lemma.

LEMMA 5.4. The set 6(T) lies in (5.6).

PROOF. It is easy to check that 8(¢) < w™! for all ¢ € Y. In order to check the lower bound on Re6((), we
note that for any a € (0,1) there exists a constant ¢ = ¢(a, 7) such that

Ref(C) > 74 +c(Re¢ — 1)2

for Re¢ > 1, [Im¢| < a(Re¢ — 1), and |[¢| < 71, Now the claim follows easily from Re( > 1+ K ~1/3+7/2
for all ¢ € T, by choosing a = 1//3. O

LEMMA 5.5. Each outlier {{1;}ica lies in 0(T), and all other eigenvalues of Q lie in the complement of ().
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FiGURE 5.1. The integration contour I' = UieA T";. In this example I' consists of two components, and we have
|R| = 6 with A = {2,3,4,5}. We draw the locations of d; with ¢ € A using black dots and the other d; using white
dots. The contour is constructed by drawing circles of radius p; around each d; for i € A (depicted with dotted lines).
The piece I'; consists of the points on the circle centred at d; that lie outside all other circles.

ProoF. It suffices to prove that (a) for each ¢ € A we have p; € 6(B,,(d;)) and (b) all the other eigenvalues
wj satisfy p; ¢ 0(B,,(d;)) for all i € A.
In order to prove (a), we note that

% (d; —1)"V2RK—1Y/240 (5.10)
for i € A, as follows from (5.3) and (5.1). Using

pi =

'Ol = [¢=1]  Re¢>1,[¢I<77h), (5.11)

it is then not hard to get (a) from (5.10) and (5.7).

In order to prove (b), we consider the two cases (i) 1+ K~'/3 < d; < w™! with j ¢ A, and (ii) and
j = s+ + 1. In the case (i), the claim (b) follows using (5.7), (5.11), and (5.3). In the case (ii), the claim (b)
follows from (5.8) and the estimate

0() =+ = [C=12  Re¢>1L[¢I<77Y). (5.12)
This concludes the proof. O]

Using the spectral decomposition of é(z), Lemma 5.5, and the residue theorem, we may write the

projection P4 as
Pa= oo d G = o 4 GO0 (O dC.

27 6(I) 2mi T
Hence we get from (3.37) that

cpv _ g1 L [ V102D 1 V1T 672D ()
VP4V = ¢ 2m]€ 5 5 dc. (5.13)

D=1+ W(6(C)) 0(¢)

This is the desired integral representation of Pj4.
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We first use (5.13) to compute (v;, P4v;) in the case i, j € R, where v; and v; lie in the range of V. In
that case we get from (5.13) that

ooy 1 1 0'(¢)
<Vi’PAVj> B ¢1/2didj M?€“<D_l + W(Q(O)>zj dC.

We now perform a resolvent expansion on the denominator

DL W(0) = (D7t we(0) —AW0),  A®B) = wg() — W (). (5.14)
Thus we get
(vi, Pav;) = ﬁ%(sggus;;usg», (5.15)
where we defined
g . 1 < 1 ) (9 ¢, 5.16
v am DT e ), 00 (519
D = o b rrrne O ), 710 47
s@ .= L <1A0 L A ! ) ACYSNERE
P = 5 b e O e O ) g0 61
We begin by computing
R S S N (S PN S
S0 = husg (), e € = At e NG (5.19)
where we used Cauchy’s theorem, (4.2), and the fact that d; lies in Y if and only if ¢ € A.
Next, we estimate
 _ ., 1 i3 (§) i 2 (<)
Si;0 = did, %é (Cfd;)(cfdj) ¢,  fi(Q) = ¢ A(G(O)e(g) 7 (5.20)
using the fact that f;; is holomorphic inside I' and satisfies the bounds
£ (O < CoM2(1+ )M —1V2ETV2R (O < ColP(L+¢) ¢ — 1R L (5.21)

The first bound of (5.21) follows from (5.5), (5.11), and (5.12). The second bound of (5.21) follows by
plugging the first one into
f0) = = S5
271 Je (€ —-0)

where the contour C is the circle of radius | — 1]/2 centred at {. (By assumptions on ¢ and w, the function
fij is holomorphic in a neighbourhood of the closed interior of C.)

In order to estimate (5.20), we consider the three cases (i) i, € A, (i) i€ A, j ¢ A, (ili) i ¢ A4, j € A.
Note that (5.20) vanishes if ¢, j ¢ A. We start with the case (i). Suppose first that i # j and d; # d;. Then
we find

g,

|did;|
|d; — dj|

G Cldid;|¢'/?
/d 'f““)'dt‘ S T4 ) - )i — D7

SO = |did| fij(ds) — fij (dj)
17 ?

K71/2+E )
d,—d,
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A simple limiting argument shows that this bound is also valid for d; = d; and ¢ = j. Next, in the case (ii)
we get from (5.21)
|did; fij(di)| _ Cldid;|6'/?(di — 1)1/2K*1/2+5.

|di — dj (1+¢)|ds — dj

A similar estimate holds for the case (iii). Putting all three cases together, we find

C1(i,j € A)|did;|o*/? K_1/2+8+Cl(i € A)1(j ¢ A)|did;|¢'/?(d; — 1)/?
(L+9)(ds = 1)V/4(d; = 1)/ (1+¢)ld; — dj

1
155 =

ij

51 < Ko ).

(5.22)
What remains is the estimate of Si(j?). Here residue calculations are unavailable, and the precise choice
of the contour I' is crucial. We use the following basic estimate to control the integral.

LEMMA 5.6. Forke A, 1l € R, and { € T'y, we have
IC—di] < pr+|de —di .

PROOF. The upper bound |(—d;| < p+|dr—d;] is trivial, so that we only focus on the lower bound. Suppose
first that [ ¢ A. Then we get |¢ — d;| > |d — di| — pk, from which the claim follows since |dy — d;| > 2pi by
(5.9).

For the remainder of the proof we may therefore suppose that [ € A. Define 6 := |dy — d;| — pr — pi, the
distance between the discs D,, (di) and D, (d;) (see Figure 5.1). We consider the two cases 49 < |di — d]
and 49 > |dj — d;| separately.

Suppose first that 46 < |dx — d;|. Then by definition of § we have |dj — dj| < %(pk + p1). Now a simple
estimate using the definition of p; yields pir/5 < p; < 5py, from which we conclude |d — d;| < 8p;. The
claim now follows from the bound |¢ — d;| = p;.

Suppose now that 46 > |di — d;|. Hence pi + p; < %\dk — di|, so that in particular py < |dg — d;|. Thus
we get

(|dk —d| +,0k) .
This concludes the proof. O

1
IC—di| = |dp —di] —pr —p1 > Z|dk—dl\ >

ool —

From (5.18), (5.5), (5.11), and (5.12) we get
159 < ¢ f 012 |d;dy | K712
K r (14 ¢)I¢ — dil|C — d;

where we also used the estimate |8(¢)| =< ¢~ /2(1 + ¢) for ¢ € T.
In order to estimate the matrix norm, we observe that for { € 'y we have on the one hand

[W(0) —ws(0)]| < (di — 1)_1/2](—1/2-1-6

e (] L

(5.23)

from (5.5) and on the other hand
we(0) —di | = (|G —di| A1) = e|l¢—di| = cpp = c(dy — 1)K

for any I € R, where in the last step we used (5.10). Since € < §, these estimates combined with a resolvent
expansion give the bound

1 1
HD1+W<0<<>>H S minserwa(0) — d; | — [W(0) — wo(0)]

C
< —
Pk
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for ¢ € I'y. Decomposing the integration contour in (5.23) as I = | J,c 4 'k, and recalling that I'y has length
bounded by 27p, we get from Lemma 5.6

1/2|d'd‘|K_1+25 ¢1/2‘dd ‘K_1+2E
S <y sup ¢ |did; C 5.24
| DY Cwrarsy o e B S ey g e e ) R
We estimate the right-hand side using Cauchy-Schwarz. For i ¢ A we find, using (5.9),
1 1 C
< < . (5.25)
L Gra el < AP <
For i € A we use (5.9) and the estimate py + |d; — di| > p; for all k € A to get
1 C C C
Z—<*<*+7 (5.26)
—dN2 2 3 —
= (o + die — dil) pi v (di—1)?
From (5.24), (5.25), and (5.26), we get
Co'?|didj| K= 2 (1 1(i€ A 1 1(jed
152 < ¢ ldid;| L e L IGEAN (5.27)
1+ Qb v; dz -1 vj dj -1

Recall that M = (1 + ¢)K. Hence, plugging (5.19), (5.22), and (5.27) into (5.15), we find
1(i,j € A)K®
(s~ DV — DT

Vi K* (1 1€ A\ /1  1(j€A) 1(i e A)1(j ¢ A)(d; —1)V2 /oK
M M (l/i+ d; — 1 )(1/J+ d;j —1 >+ (1+¢)1/4‘di—dj|M1/2 + (@)

<Vi , PAVj> = 5ij1(i S A)u(dl) + O

(5.28)

We have proved (5.28) under the assumption that i, j € R. The general case is an easy corollary. For general
i,j € [1, M], we define R := R U{i,j} and consider

i = 1—}—@151/2‘713‘7*, ‘7 = [vk]ke’ﬁ’ ﬁ = diag(c?k)keﬁ,

where dy, := dj, for k € R and dj, € (0,1/2) for k € R \ R. Since |R| < r+ 2 and D is invertible, we may
apply the result (5.28) to this modified model. Now taking the limit dp — 0 for k € R\ R in (5.28) concludes
the proof in the general case. Now Proposition 5.2 follows since € may be chosen arbitrarily small. This
concludes the proof of Proposition 5.2.

5.2. Removing the non-overlapping assumption. In this subsection we complete the proof of Proposition
5.1 by extending Proposition 5.2 to the case where (5.3) does not hold.

PROOF OF PROPOSITION 5.1. Let § < 7/4. Wesay that i, j € OF, overlap if |d;—d;| < (di—1)""/2K /%0
or |d; —d;| < (dj —1)"Y2K /29 For A C OF we introduce sets S(A), L(A) C Oj/2 satisfying S(A) C A C
L(A). Informally, S(A) C A is the largest subset of indices of A that do not overlap with its complement.
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It is by definition constructed by successively choosing k € A, such that k overlaps with an index of A€,
and removing k from A; this process is repeated until no such k exists. One can check that the result is
independent of the choice of k at each step. Note that S(A) may be empty.

Informally, L(A) D A is the smallest subset of indices in Oj/z that do not overlap with its complement.

It is by definition constructed by successively choosing k € O:r/2 \ A, such that k overlaps with an index
of A, and adding k to A; this process is repeated until no such k exists. One can check that the result is
independent of the choice of k at each step. See Figure 5.2 for an illustration of S(A) and L(A). Throughout
the following we shall repeatedly make use of the fact that, for any A C O, Proposition 5.2 is applicable
with (7, A) replaced by (7/2,S5(A)) or (7/2,L(A)).

| g// \ {/ / } ) g
A ‘ — .

1 O QXD

~
4
2N
)
)

4

VY N
N %
A g

ya
®
A
C
A

ye

A gmn
S — ) { :
W 1 O \ \ \J

AT
N %
AT
®
N g
.

FIGURE 5.2. The construction of the sets S(A) and L(A). The black and white dots are the outlier indices
{di:i € Oj/Q}, contained in the interval [1,00). Around each outlier index d; we draw a grey circle of radius

(di — 1)_1/ 2K ~Y/2+% By definition, two dots overlap if one is contained in the grey circle of the other. The three
pictures depict (from top to bottom) the sets A, S(A), and L(A), respectively. In each case, the given set is drawn
using black dots and its complement using white dots.

After these preparations, we move on to the proof of (5.2). We divide the argument into four steps.

(a) i =j ¢ A. We consider two cases, i ¢ L(A) and i € L(A). Suppose first that ¢ ¢ L(A). Using that |R]
is bounded, it is not hard to see that v;(A4) < v;(L(A)). We now invoke Proposition 5.2 and get

0 T4

i Pavi) < (vi, P, i < . 2
(vi, Pavi) < (vi, Ppayvi) < Moi(L(A)? CMVZ-(A)Q (5.29)
In the complementary case, i € L(A), a simple argument yields
vi(4) < C(d; —1)"V2KRY# < Cu(L(A)), (5.30)
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as well as 0; < 1 + ¢!/2. From Proposition 5.2 we therefore get

di—1 1 14 ¢l/2 14 ¢t/2
iy Pavi) < (v, P, i
(Vi, Pavi) (vi, PLiayvi) < 1+ ¢l/2 + (d; — 1)1/2M1/2 + Mu;(L(A)? " M(d; — 1)
di —1 14 ¢1/? o
< K2617 < K257 < K2571
¢ 14 ¢1/2 ¢ Mv;(A)? ¢ Muy;(A)2°
where we used that M =< (1 + ¢)K. Recalling (5.29), we conclude

G Pavi) < KPP — T (i ¢ A). 31
i Pav) < K90 (¢ 4) (531)

(b) i =j € A. We consider the two cases i € S(A) and i ¢ S(A). Suppose first that i € S(A). We write
(Vi, Pavi) = (vi, Pgcayvi) + (Vi, Pa\g(a)Vi) - (5.32)
We compute the first term of (5.32) using Proposition 5.2 and the observation that v;(A) =< v;(S(A)):

(Vi, Pscayvi) = u(d;) + O

1 ag; 1 1
-2 M(m(AP - 1>2) |

In order to estimate the second term of (5.32), we note that v;(A) < v;(A\ S(A)). We therefore apply (5.31)
with A replaced by A\ S(A) to get

i P DR —L—
<V 3 A\S(A)v> = MI/Z(A)Z
Going back to (5.32), we have therefore proved that
1 o 1 1
. N — wuld 2%, |1 o
(vi, Pav;) = u(d;) + KO YR 7 (l/i(A)2 + = 1)2)] (5.33)

for i € S(A).
Next, we consider the case i ¢ S(A). Now we have (5.30), so that Proposition 5.2 yields

1 o; 1 1
(ioPr) < {va Puayed < )+ gy + 57 (s + =77

By (5.30) and M =< (1 + ¢)K, we have

1
(d; — 1)1/2M1/27

gi

= — " (1-d7% < 2
¢1/29(di)(1 d;°) < CK

(3

from which we deduce (5.33) also in the case i ¢ S(A).
(c)i#jandi¢ A orjé¢ A. From cases (a) and (b) (i.e. (5.31) and (5.33)), combined with the estimate
(v Pavi)|” < (vi Pavi) (v, Pavy).

we find, assuming i ¢ A or j ¢ A, that (5.2) holds with an additional factor K2 multiplying the right-hand
side.
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(d)i#j and i,j € A. We now deal with the last remaining case by using the splitting
(vi, Pavj) = (vi, Psayvj) + (vi, Pa\s(a)vj) - (5.34)

The goal is to show that

K2 JTi0; 1 1 1 1
. Pavi K2 J . )
[(vi. Pavy)| < (d, — )V/A(d, — )/Ae M (VZ-(A) tas 1> <yj(A) A 1) (5.35)

Note that here ; < o; < 1+ ¢'/2. We consider the four cases (i) i,j € S(A), (ii) i € S(A) and j ¢ S(A),
(iii) ¢ ¢ S(A) and j € S(A), and (iv) i,5 ¢ S(A).

Consider first the case (i). The first term of (5.34) is bounded using Proposition 5.2 combined with
v;(A) < v;(S(A)) and v;(A) < v;(S(A)). The second term of (5.34) is bounded using (5.2) from case (c)
combined with v;(A) < Cy;(A\ S(A)) and v;(A) < Cyvj(A\ S(A)). This yields (5.35) for (v;, Pav;) in the
case (i).

Next, consider the case (ii). For the first term of (5.34) we use the estimates

vi(S(A)) =< vi(A), vi(A) < C(d;j — 1) V2KV < Ovi(S(A)), vi(A) < C|d; —d;|. (5.36)
Thus we get from (5.4)

14+ ¢1/2 1+ ¢1/2 (dz o 1)1/2
[(vi. Pscayvi)| < 7z
Mri(S(A)v,(S(A)) * Muy(S(A)(di — 1)~ M2ld; — )
1+ ¢t/? 1+ ¢l/2 (d; —1)1/2 (5.37)
= MVZ'(A)Z/J'(A) MZ/J(A)(dl—l) M1/2|dlfdj| ' '
In order to estimate the last term, we first assume that d; < d; and d; — 1 < 2|d; — dj|. Then we find
S 1)1/2
(d:i 1) 7" 2 2 (5.38)

< < .
M12|d; — dj| M2(d; —1)1/2 M12(d; — 1)1/4(d; — 1)1/4
Conversely, if d; < dj or d; — 1 > 2|d; — d;|, we have d; — 1 < 2(d; — 1). Therefore, using (5.36) and the
estimate M =< (1 + ¢)K, we get
(di =DV C(d; =)V _ 5 1402
Ml/z‘di—dﬂ = M1/2I/i(A) = MI/Z(A)Z/J(A) ’

(5.39)

Putting (5.37), (5.38), and (5.39) together, we may estimate the first term of (5.34) in the case (ii) as

1+¢1/2 s 1+¢1/2 N 1
My;(A)v;(A) My;(A)(di = 1)~ MYV2(d; — 1)V/4(d; — 1)V

‘<Vi,Ps(A)Vj>‘ < (540)

For the second term of (5.34) in the case (ii) we use the estimates
WANS(A) = w(d),  1(A) < Cuy(A\S(A) < C(d; — 1) V2KV y(4) < Clds—

Thus we get from case (c) that

[(vi, Paysayv)| <

1+¢1/2( 1 1 >+ (dj —1)1/2

M (M) \vy(A) " d,—1) T3 — a0
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where the last term is bounded by K‘S#;;(A). Recalling (5.40), we find (5.35) in the case (ii). The case

(iii) is dealt with in the same way.
What remains therefore is case (iv). For the first term of (5.34) we use the estimates

vi(A) < Cui(S(A4)),  v(A) < Cuy(S(A)).

Thus we get from (5.4) that
14¢'/2

. ] S oA
(Vi, Psayvj) < Muv;(A)v;(A)

For the second term of (5.34) we use the estimates
vi(A) < Cui(A\S(A)) < C(d; —1)"YV2K=Y20 - yi(A) < Cri(A\S(A) < C(d;j—1)"Y2K=1/2+
Therefore we get from case (c) that

- 1/2
d; —1 1 1+¢ ( 1 1 ><

(Vi, Pavsayvi) =<

1+ o/2 + (d; — 1)1/2M1/2 T M vi(A\ S(A))2 * (di —1)2

and a similar estimate holds for (v, P4\s(4)v;). Thus we conclude that

1_|_¢1/2
|(vi, Pavscayvy)| < <Vz'aPA\S(A)Vi>1/2 <VjaPA\S(A)Vj>1/2 < CK25W7

which is (5.35). This concludes the analysis of case (iv), and hence of case (d).

Conclusion of the proof. Putting the cases (a)—(d) together, we have proved that (5.2) holds for arbitrary
i,j with an additional factor K?® multiplying the error term on the right-hand side. Since § > 0 can be
chosen arbitrarily small, (5.2) follows. This concludes the proof of Proposition 5.1. O

6. Non-outlier eigenvectors

In this section we focus on the non-outlier eigenvectors £,, a ¢ O, as well as outlier eigenvectors close to
the bulk spectrum. We derive isotropic delocalization bounds for £, and establish the asymptotic law of the
generalized components of §,. We also use the former result to complete the proof of Theorem 2.11 on the
outlier eigenvectors.

In Section 6.1 we derive isotropic delocalization bounds on &, for dist{d,,[~1,1]} < 1+ K~Y/3*7. In
Section 6.2 we use these bounds to prove Theorem 2.11 and to complete the proof of Theorem 2.17 started
in Section 5. Next, in Section 6.3 we derive the law of the generalized components of &, for a ¢ O. This
argument requires two tools as input: level repulsion (Proposition 6.3) and quantum unique ergodicity (see
Section 1.1) of the eigenvectors ¢, of H (Proposition 6.6). Both are explained in detail and proved below.

6.1. Bound on the spectral projections in the neighbourhood of the bulk spectrum. We first consider
eigenvectors near the right edge of the bulk spectrum. Recall the typical distance from p, to the spectral
edges, denoted by k, and defined in (2.18).
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PROPOSITION 6.1 (EIGENVECTORS NEAR THE RIGHT EDGE). Fiz 7 € (0,1/3). Fora € [sy +1,(1 —7)K]
we have

2 gi
— . 6.1
Vi) < T I SRy (6.1)
Moreover, if a € [1,s.] satisfies dy <1+ K~Y/3+7 then

1 ;

2 37 i
i:84)" < K| — : 6.2
(vi: €a) <M+M(|di—12+lia)) (6.2)

Proposition 6.1 has a close analogue for the left edge of the bulk spectrum, which holds under the
additional condition |¢ — 1] > 7; we omit its detailed statement.

PROOF OF PROPOSITION 6.1. Suppose first that i € R. Let ¢ > 0 and set w := /2. Using (3.25), Remark
3.3, Theorem 2.3, and (3.15), we choose a high-probability event = satisfying (4.7), (4.8), and

1(E) s — 0(di)| < (di —1)YV2EV2+ Q14+ K Y3 <dy <1+ K71/3+7), (6.3)

For the following we fix a realization H € =. We choose the spectral parameter z = u, + 7, where n > 0 is
the smallest (in fact unique) solution of the equation Imwg(u, +in) = K~1+%n~1. Hence (4.8) reads

K?s
(W (2) —we(2)[| < - (6.4)
| o(2)] Kn
Abbreviating k = k(uq), we find from (3.20) that
K% 2/3+4
~ - 154
1= KRt K (o <74+ + K ) (6.5)
and
n = K—1/2+36H1/4 (,U/a 2 o +K—2/3+4€) . (66)

Armed with these definitions, we may begin the estimate of (v;,&,)2. The starting point is the bound

<Via€a>2 < nlmévwi(z)v (6.7)

which follows easily by spectral decomposition. Since i € R, we get from (3.37), omitting the arguments z
for brevity,

~ 1 0 1
1/2 _ 1
QS/ZGViV'L - dl—dQ(Dl-i-W)”
1

1
+
A7t Fwy  (d7 +wg)? (

m(“@ - W)>

where the last step follows from a resolvent expansion as in (5.14). We estimate the error terms using

(wy — W) + (wg — W)

] , (6.8)

i

Kﬁs KQs
Kn > Kn

min|dj-_1+w¢| > Imwy = z W —wsl,
J
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where we used the definition of 7 and (6.4). Hence a resolvent expansion yields

1 2
— 2K1—66
HDl—i-WH Imwg K
We therefore get from (6.8) that
~ _ /2 ) K2¢
V2, = wy— 97 of_—_“% -~ ) 6.9
0772 Gvivs 1+ dywyg * |1+ dwg|? Kn (6.9)

Next, we claim that for any fixed 6 € [0,1/3 — ) we have the lower bound
11+ dwg| > c(K2°|d — 1|+ Imwy) (6.10)

whenever p, € [0(0),0(1 + K~1/3+9+)]. To prove (6.10), suppose first that |d — 1| > 1/2. By (3.21), there
exists a constant ¢y > 0 such that for x < ¢ we have |Rewy + 1| < 1/4. Thus we get, for k < ¢o,

[1+dwy| > |1 +dRewy| =< |d—1]+Imwy,

where we used that Imwg < C by (3.19). Moreover, if K > ¢o we find from (3.20) that Imwg > ¢, from
which we get
11+ dwy| > |1+dRewy|+ |d|Imwy > (14 |d]) < |d—1]+Imwy,
where in the second step we used |[Rewy| < C as follows from (3.19). This concludes the proof of (6.10) for
the case |[d — 1] > 1/2.
Suppose now that |d — 1| < 1/2. Then we get

14 dwg| < |14+ dRewy|+ |[d|Imwy > (|d— 1| — [Rewy + 1|)+ +Imwg.
We shall estimate this using the elementary bound

if y< Mz for some M > 1. (6.11)

For u, € [0(0),6(1)] we get from (6.11) with M = C, recalling (3.20) and (3.21), that |1 4+ dwg| > ¢(|d —
1|+ Imwy). By a similar argument, for p, € [0(1),0(1 4+ K~/39%¢)] we set M = K2 and get (6.10) using
(6.5) and (6.6). This concludes the proof of (6.10).

Going back to (6.7), we find using (6.9)

_ pl/2 Co; K>

4 o < _1/21 W ¢ v -

(vi, )" < n¢” /“Im 20+ dwg) ) T T+ dowgl? Kn
UN ¢ —wy  pa wy — ¢/ Coi K=

= R —_—. 6.12
¢1/2|Z‘2 ¢ 1+ diwy ¢1/2|z|2 o 1+dﬂU¢ +q§1/2|z||1+diw¢|2 K ( )

Using |z| < g < ¢~ 1/2 + /2 and (6.10), we estimate the first term on the right-hand side of (6.12) as

2 /2 _ 2 2 3 126435
n Re¢ Yo n < Ul <ol K < CL,
/2|2 1+ diwe (14 @)1+ dywy| (14 ¢)Imwy 1+¢ M

where in the last step we used that 7 < K~2/3+4%9 a5 follows from (6.5) and (6.6).
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Next, we estimate the second term of (6.12) as

NHa We — Pt/? Nia oilmwy oinImwg Co,; K%

/22| o L+diwg Y222 1+ diwg|2 — (14 @)L+ diwg|2 ~ M1+ dwy|?

We estimate the last term of (6.12) as

C(Tz' KQE < CO’¢K2E
¢1/2|z||1—|—diw¢|2 K = M|1—|—diw¢|2'

Putting all three estimates together, we conclude that

K126+35 N CO.iK(%s
M M1+ dywg|?”

(vi€,)? < (6.13)

In order to estimate the denominator of (6.13) from below using (6.10), we need a suitable lower bound
on Imwg(pe +1in). First, if @ > sy + 1 then we get from (4.7), Corollary 4.2, (6.5), and (3.20) that

Imwg(pe +1n) = cv/Ka
in which case we get by choosing § = 0 in (6.10) that

Kl?a N CO}'KGE
M " M(ldi =12 + ka)

(vi, &) < (6.14)

Next, if a < s, satisfies d, < K~/3+7 we get from (6.5), (6.6), and (3.20) that
Imwg(pa +1in) = e/ > cK~1/3+%,
In this case we have u, < 0(1 + K~/3+7+¢) by (6.3), so that setting § = 7 in (6.10) yields

12e+3 6e+2
K e+3T1 CO’I'KEJFT

2
. < .
<V17€a> M + M(ldi_1|2+’ia)

(6.15)

Since € > 0 was arbitrary, (6.1) and (6.2) follow from (6.14) and (6.15) respectively. This concludes the
proof of Proposition 6.1 in the case i € R.

Finally, the case ¢ ¢ R is handled by replacing R with R:=RU {i} and using a limiting argument,
exactly as after (5.28). O

6.2. Proof of Theorems 2.11 and 2.17. We now have all the ingredients needed to prove Theorems 2.11 and
2.17.

PROOF OF THEOREM 2.17. The estimate (2.19) is an immediate corollary of (6.1) from Proposition 6.1.
The estimate (2.20) is proved similarly (see also the remark following Proposition 6.1). O

PROOF OF THEOREM 2.11. We prove Theorem 2.11 using Propositions 5.1, 5.2, and 6.1. First we remark
that it suffices to prove that (5.2) holds for A C O satisfying 1 + K~1/3 < dp < 77! for all k € A. Indeed,
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supposing this is done, we get the estimate
w? ow?

(s Paw) = (. Zaw) + O<| X 373, —17 * 2 7a(a, 17

icA
M g U)2 g ’lU2 12
Wy 1/2 (et}
+;Mu§+<w’z‘4w> (Z My.2> ]

igA

from which Theorem 2.11 follows by noting that the second error term may be absorbed into the first,
recalling that o; < 14 ¢'/2 for i € A, that M =< (1+ ¢)K, and that d; — 1 > K~/3.

Fix € > 0. Note that there exists some s € [1,|R]|] satisfying the following gap condition: for all k& such
that d, > 14 sK /3% we have dj, > 1 + (s + 1)K ~/3+¢. The idea of the proof is to split A = Ay L Ay,
such that dj, < 1+ sK /3% for k € Ag and dj, > 1+ (s + 1)K ~/3+¢ for k € A;. Note that such a splitting
exists by the above gap property. Without loss of generality, we assume that Ay # () (for otherwise the claim
follows from Proposition 5.1).

It suffices to consider the six cases (a) 4,5 € Ag, (b) i € Ag and j € Ay, (¢) i € Ag and j ¢ A, (d)
i,je A, (e)i€ Ayand j ¢ A, (f) i, ¢ A.

(a)i,j € Ag. We split
<Vi,PAVj> = <Vi,PAOVj>+<Vi,PA1Vj>. (6.16)

We apply Cauchy-Schwarz and Proposition 6.1 to the first term, and Proposition 5.1 to the second term.
Using the above gap condition, we find

K3 [Gi0; \/c?o—j<1+ 1 >(1 1 )

M|dz—1||dj—1| M v; dz—l Z+dj—1

1 T AR Y A
(dl - 1)1/4(dj — 1)1/4M1/2 M 123 d1 -1 Vj dj —1 ’

where the last step follows from d; — 1 < CK~1/3+e,

(b) i € Ay and j € A;. For this case it is crucial to use the stronger bound (5.4) and not (5.2). Hence, we
need the non-overlapping condition (5.3). To that end, we assume first that (5.3) holds with § := . Thus,
by the above gap assumption (5.3) also holds for A;. In this case we get from (6.16) and Propositions 5.2
and 6.1 that

|<Vi,PAVj>| =<

= 5iju(di) +K*0

R ST (L LY (L ) e

Mid—1d, —1 M \n g -1)\5 " 11 6V d, —d;| M2

‘<Vi,PAVj>‘ < vj dj—l

Clearly, the first two terms are bounded by the right-hand side of (5.2) times K3¢. The last term is estimated

as
(d; — )* /o _ (i -n2 1
(L4 @U)|d; — dy[ M2 Jd; — dy[ M2 (dy = 1)H4(d; — 1)VAML/2?

where we used that d; — 1 < d;j — 1 < C|d; — d;| be the above gap condition. This concludes the proof in the
case where the non-overlapping condition (5.3) holds.

If (5.3) does not hold, we replace A; with the smaller set S(A;) defined in Section 5.2. Then we proceed
as above, except that we have to deal in addition with the term (v;, P4,\s(a,)). The details are analogous
to those of Section 5.2, and we omit them here.
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(c), (e), (f) j € A. We use the splitting (6.16) and apply Cauchy-Schwarz and Proposition 6.1 to the first
term, and Proposition 5.1 to the second term. Since v;(A;) < |d; — 1| in all cases, it is easy to prove that
(6.16) is bounded by K3 times the right-hand side of (5.2).

(d)i,j € A;. From (6.16) and Propositions 6.1 and 5.1 we get
<Vi,PAVj> = (S”’U,(dz)
K3 /5,0, 1 Voo (1 1 1 1
+ 04 4+ : ( + ) ( ) :

Mid, —1d; —1] " (=0, —yvanz T \m 4 1)\ g o1

From which we get (5.2) with the error term multiplied by K3¢.

Conclusion of the proof. We have proved that, for all i, € [1, M] and A satisfying the assumptions of
Theorem 2.11, the estimate (5.2) holds with an additional factor K3¢ multiplying the error term. Since e
was arbitrary, we get (5.2). This concludes the proof. O

6.3. The law of the non-outlier eigenvectors. For a < K/2 define
A, = K723q71/3 (6.17)

the typical distance between A\,41 and \,. More precisely, the classical locations 7, defined in (3.14) satisfy
Ya — Yat1 < Qg for a < K/2.

We may now state the main result behind the proof of Theorem 2.20. Recall the definitions (2.8) of o
and (2.3) of sy, the number of outliers to the right of the bulk spectrum. Recall also from (3.11) and (3.12)
that {\,} and {¢,} denote the eigenvalues and eigenvectors of H = X X*.

PROPOSITION 6.2. Let s; + 1< a < Kl’Tai and define b :=a — s4. Define the event
Q= Qup, = {Wm | S KA, for b — b < 1} N {|)\b/ — M| = KTT/OA, for | — b = 1}.

Then

2

K—1/3+T/5 1/3
ey

1@)w.€)* = 10|(S v )

ZMd )2 ] (6.18)

Informally, Proposition 6.2 expresses generalized components of the eigenvectors of ) in terms of gener-
alized components of eigenvectors of H, under the assumption that Q has high probability. We first show
how Proposition 6.2 implies Theorem 2.20. This argument requires two key tools. The first one is level
repulsion, which, together with the eigenvalue sticking from Theorem 2.7, will imply that Q indeed has high
probability. The second tool is quantum unique ergodicity (See Section 1.1) of the eigenvectors of H, which
establishes the law of the generalized components of the eigenvectors of H.

The precise statement of level repulsion sufficient for our needs is as follows.

PROPOSITION 6.3 (LEVEL REPULSION). Fiz 7 € (0,1). For any € > 0 there exists a § > 0 such that for all
a < K'=7 we have

P(|Aa — Aat1] S ALK ) < K°. (6.19)
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The proof of Proposition 6.3 consists of two steps: (i) establishing (6.19) for the case of Gaussian X and
(ii) a comparison argument showing that if X*) and X(?) are two matrix ensembles satisfying (1.15) and
(1.16), and if (6.19) holds for XM, then (6.19) also holds for X(*). Both steps have already appeared, in
a somewhat different form, in the literature. Step (i) is performed in Lemma 6.4 below, and step (ii) in
Lemma 6.5 below. Together, Lemmas 6.4 and 6.5 immediately yield Proposition 6.3.

LEMMA 6.4 (LEVEL REPULSION FOR THE GAUSSIAN CASE). Proposition 6.3 holds if X is Gaussian.

PROOF. We mimic the proof of Theorem 3.2 in [14]. Indeed, the proof from [14, Appendix D] carries over
almost verbatim. The key input is the eigenvalue rigidity from Theorem 3.5, which for the model of [14]
was established using a different method than Theorem 3.5. As in [14], we condition on the eigenvalues
{\i 4> K177}, On the conditioned measure, level repulsion follows as in [14]. Finally, thanks to Theorem
3.5 we know that the frozen eigenvalues {\; : i > K!~7} are with high probability near their classical
locations. Note that for ¢ = 1, the rigidity estimate (3.15) only holds for indices ¢ < (1 — 7)K; however,
this is enough for the argument of [14, Appendix D], which is insensitive to the locations of eigenvalues at a
distance of order one from the right edge v;. We omit the full details. O

LEMMA 6.5 (STABILITY OF LEVEL REPULSION). Let X(Y) and X®) be two matriz ensembles satisfying (1.15)
and (1.16). Suppose that Proposition 6.8 holds for XU Then Proposition 6.3 also holds for X (2.

The proof of Lemma 6.5 relies on Green function comparison, and is given in Section 7.4.

The second tool behind the proof of Theorem 2.20 is the quantum unique ergodicity of the eigenvectors
¢, of the matrix H = X X*, stated in Proposition 6.6 below. As noted in Section 1.1, quantum unique
ergodicity is a term borrowed from quantum chaos that describes the complete “flatness” of the eigenvectors
of H. Here “flatness” means that the eigenvectors are asymptotically uniformly distributed on the unit
sphere of RM. The first result on quantum unique ergodicity of Wigner matrices is [28], where the quantum
unique ergodicity of eigenvectors near the spectral edge was established. Under an additional four-moment
matching condition, this result was extended to the bulk. Subsequently, this second result was derived using
a different method in [41]. Recently, a new approach to the quantum unique ergodicity was developed in [15],
where quantum unique ergodicity is established for all eigenvectors of generalized Wigner matrices. In this
paper, we adopt the approach of [28], based on Green function comparison. As compared to the method
of [15], its first advantage is that it is completely local in the spectrum, and in particular when applied near
the right-hand edge of the spectrum it is insensitive to the presence of a hard edge at the origin. The second
advantage of the current method is that it is very robust and may be used to establish the asymptotic joint
distribution of an arbitrary family of generalized components of eigenvectors, as in Remark 6.7 below; we
remark that such joint laws cannot currently be analysed using the method of [15]. On the other hand, our
results only hold for eigenvector indices a satisfying a < K'~7 for some 7 > 0, while those of [15] admit
T =0.

Our proof of quantum unique ergodicity generalizes that of [28] in three directions. First, we extend
the method of [28] to sample covariance matrices (in fact to general sample covariance matrices of the form
(1.10) with ¥ = TT* = I,; see Section 8). Second, we consider generalized components (w,(,) of the
eigenvectors instead of the cartesian components (,(¢). The third and deepest generalization is that we
establish quantum unique ergodicity much further into the bulk, requiring only that ¢ < K'~7 instead of
the assumption a < (log K)¢1°81°8 K from [28].

PROPOSITION 6.6 (QUANTUM UNIQUE ERGODICITY). Fiz 7 € (0,1). Then for any a < K=" and deter-

ministic unit vector w € RM we have
M<Wa Ca>2 i X% ) (620)
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in the sense of moments, uniformly in a and w.

REMARK 6.7. For simplicity, and bearing the application to Theorem 2.20 in mind, in Proposition 6.6 we
establish the convergence of a single generalized component of a single eigenvector. However, our method
may be easily extended to yield

(M1 Ca) € W) o MUV G ) G W) 2 (Zse s Z0)

for any deterministic unit vectors vi,...,v;,wq,...,wr € RM and a; < --- < ap < K'7, whereby we
use the notation Ay 4 By to mean that Ay and By are tight, and limy_, o E(f(Anx) — f(Bn)) = 0 for
all polynomially bounded and continuous f. Here (Z1, ..., Zy) is a family of independent random variables
defined by Z; = A;B;, where A; and B; are jointly Gaussian with covariance matrix

(g )

The proof of this generalization of Proposition 6.6 follows that of Proposition 6.6 presented in Section 7,
requiring only heavier notation. In fact, our method may also be used to prove the universality of the joint
eigenvalue-eigenvector distribution for any matrix @ of the form (1.10) with ¥ = TT* = I,;; see Theorem
8.3 below for a precise statement.

The proof of Proposition 6.6 is postponed to Section 7.
Supposing Proposition 6.2 holds, together with Propositions 6.3 and 6.6, we may complete the proof of
Theorem 2.20.

PrOOF OF THEOREM 2.20. Abbreviating b := a — s and

VW
Zd—l Vi,

we define

P2y 7C 2
O(a,w) = M<u|u|§>.

Then, by assumption on a, we may rewrite (6.18) as
1(Q)(w,€,)* = LQ)ul* Ba,w) + O (K7 [uf’).

Moreover, by Theorem 2.7 and Proposition 6.3, we have P(Q2) > 1 — K¢ for some constant ¢ > 0. Finally,
by Proposition 6.6 we have ©(a,w) — x7 in distribution (even in the sense of moments). The claim now
follows easily. O

The remainder of this section is devoted to the proof of Proposition 6.2.

PROOF OF PROPOSITION 6.2. We define the contour T'y as the positively oriented circle of radius K ~7/°A,
with centre X\,. Let € > 0 and 7 := 1/2, and choose a high-probability event = such that (4.7), (4.8), and
(4.9) hold. For the following we fix a realization H € QN E. Define

Y.(w) = —ng d)l/zzéww(z)dz.

2mi
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By the residue theorem and the definition of 2, we find
Yo(w) = ¢"%pa(w,&,)%. (6.21)
To simplify notation, suppose now that ¢ € R and consider w = v;. From (3.37) we find that
o; 1 1
Yo (v;) = — — — ) d=. 6.22
() di 2mi Fa,<D1 +W(Z)>u : (622

In order to compute (6.22), we need precise estimates for W on I',. Because the contour I', crosses the
branch cut of wg, we should not compare W(z) to wg(z) for z € T',. Instead, we compare W (z) to wg(z0),
where

zo = Ap+in, n = K 7/5A,.

We claim that
IW(z) —we(z0)| < CK~"Fep~t. (6.23)

for all z € T';. To see this, we split
W (2) —we(20)[| < [[W(2) = W(20)ll + [[W(20) — wg(20)]| - (6.24)

We estimate the first term of (6.24) by spectral decomposition, using that dist(z,o(H)) > ¢n, similarly to
(4.12). The result is

W (z) = W(zo)ll = C(1+ ¢) maxImGy,v, (20)

< C(l + ¢) (Imm¢1(zo) + Wl)
14+ ¢ Kn

< CImuwy(z0) + CK 1 ep~t

< CK— et

where we used (4.7), (4.9), and Lemma 3.6. Moreover, we estimate the second term of (6.24) using (4.8) as
IW (20) = w(z0)]| < K=~

This concludes the proof of (6.23).
Next, we claim that
|1 + dzw¢5(20)| 2 C|di — 1| . (625)

The proof of (6.25) is analogous to that of (6.10), using (4.7) and the assumption on a; we omit the details.
Armed with (6.23) and (6.25), we may analyse (6.22). A resolvent expansion in the matrix wey(z9) — W (2)
yields

Ya (VZ)

_ o 1 1 we(20) = Wii(z) | (wg(20) — W(z) 1 wg(20) — W(z) s
o d% 2mi T, (d;l +w¢(20) + (dz_l —|—’LU¢(Z()))2 + ( dl_l +UJ¢(Z()) D71 + W(Z) d;l +UJ¢(ZO) >u> @

(6.26)
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We estimate the third term using the bound

1 C
= ol s —- 6.27
D1 + W(Z) ‘ Qo ( )
To prove (6.27), we note first that by (6.25) we have
1+d; . ldi —
min|d; ' + wy(z0)| > min|+deZO)| > cmm| ] | > cag
7 2 i T 7

By (6.23) and assumption on a, it is easy to check that
minld; ! +wg(z0)] > KW (2) — wa(z0)ll,
from which (6.27) follows.

We may now return to (6.26). The first term vanishes, the second is computed by spectral decomposition
of W, and the third is estimated using (6.27). This gives

(bl/za'i)\b 2 a; KQE
V(v = 2 it o
2(v) (1+d¢w¢(20))2<v“<7b> O d; — 12K Knoy )’

where we also used (6.25).
Recalling (6.21) and (4.7), we therefore get

72’)\ . 75 K—1/3+2a+7—/5 1/3
<Via£a>2 b/ <”7ﬁacb>2 C “ )
i z i
(14 d;wg(z0))? |d; — 1|2 M o

where we used ¢'/?1, =< 1+ ¢.
In order to simplify the leading term, we use

] 1 -1/3+e1/3
= o2 —27),
1+diwg(20)  di—1 < |di — 1oy )

as follows from
we(z0) + 1] < CV/k(z0) +n < K~H/3 </,

where we used Lemma 3.6. Moreover, we use that
No/pa = 1+O(K %),

Using that = has high probability for all € > 0 and recalling the isotropic delocalization bound (3.13), we
therefore get for any random H that

1 Q)(vi,&,)* = 1(Q)

; . K—1/3+7/5,1/3
7 ? a ) . (6.28)

(di — 1)2 |d2 — 1|2M a4
We proved (6.28) under the assumption that ¢ € R, but a continuity argument analogous to that given

after (5.28) implies that (6.28) holds for all ¢ € [1, M]. The above argument may be repeated verbatim to
yield

0i0; 0i0; —1/3+7/5,1/3
1(Q)(vi, € (€0, vs) = 1<Q>V<vi,cb><cb,vj>+o<< voiT; K )

(Vi Cb>2 + O <

(dl - 1)(dj - 1) |dl - 1||dj - 1|M a4
Since we may always choose the basis {v;}}, so that at most |R|+ 1 components of (wy,...,wys) are
nonzero, the claim now follows easily. O
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7. Quantum unique ergodicity near the soft edge of H

This section is devoted to the proof of Proposition 6.6.
LEMMA 7.1. Fiz 7 € (0,1). Let h be a smooth function satisfying
W (2)] < C+ ) (7.1)

for some positive constant C. Let a < K'~" and suppose that \, satisfies (6.19) with some constants € and
d. Then for small enough 61 = §1(g,8) and d2 = d2(e,6,01) the following holds. Defining

n = AJK %, E* = ExEK%, I := [y,—K2A,, 7, +K2A,], (7.2)

we have

Eh(M(w,(,)?) —Eh(A:/Imwa(E+in)X(E) dE> = O(K %/?), (7.3)

I
where we defined x(E) :=1(Aqyx1 <K E7 < \y).

PROOF. By the assumption (7.1) on h, rigidity (3.15), and delocalization (3.13), we can write

M77 <W,C >2 —61/2
Eh(M(w,(,)? Eh( / —Tonal R ) + O(K %/ 7.4
(M )?) = 7 Jioges) & -2 112 ( ) (7.4)
provided that
a <A, B=A,

where we defined A* := \, & K%1. For the following we choose
= A\, AN, B = A

Now from (6.19) we get P(Af,; > A\;) < K9 for §; < e. For §; < § Ae, we therefore get

h(M|(w,¢)Y) = Eh (M"/IMX(E) dE) +O(K /%) (7.5)

™

In order to obtain (7.3), we have to rewrite the integrand on the right-hand side of (7.5) in terms of

77<W7Cb>2 + 77<W5Ca>2
E-2?+7 " (E=A)? 17

ImGww(E +in) = Z
b#a

(7.6)

Hence (7.5) and (7.6) combined with the mean value theorem imply that the left-hand side of (7.3) is bounded
by

Mn (w,¢)? -
K°”E Y — / CESWE b e X(E)dE + CK~%/? (7.7)
b#a

for any fixed d2 € (0,01). When applying the mean value theorem, we estimated the value of h'(-) using
(7.1), the fact that all terms on the right-hand side of (7.6) are nonnegative, and the estimate

M / Im Gyw(E +in)dE < K% . (7.8)
I
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The proof of (7.8) follows by using the spectral decomposition from (7.6) with the delocalization bound
(3.13); for |b — a| > K% we use the rigidity bound (3.15), and for |b — a| < K% we estimate the integral
using [ oz de = 7. We omit the full details.

Next, using the eigenvalue rigidity from (3.15), it is not hard to see that there exists a constant Cy such
that the contribution of |b — a| > K% to (7.7) is bounded by K~°2. In order to prove (7.3), therefore, it
suffices to prove

Mn / (w,¢,)? o
E g — | ———2=22——— x(E)dE = O(K 2/ ). (7.9)
)2 42
bta:|b—a| <K C182 1 (B =X)2+1
For b > a, we get using (3.13) that
Mn / (w,¢p)? o) o n
3 E[ WS _\(g)dE < KO E dE
— )2 42 — T 3
b>aslb—al<KC1%2 1 (B =)+ ay (B =Aag1)® +1

< CK0152—61/2 ,
which is the right-hand side of (7.9) provided ds is chosen small enough. Here in the first step we replaced
Ap with Ay 41 using the estimates A\p < A1 < E — K‘;ln valid for b > a and FE in the support of x.
For b < a, we partition I = I1 U Iy with Iy NIy = () and
I = {Ee] c3b<a, |b—al <K% |B - N <nK51}.

As above, we find

2
> e[ U map < gono,
b<a:|b—a|<KC1%2 I2< - b) +n

Let us therefore consider the integral over I;. One readily finds, for A\, < A\,_1 < Ay, that

1 l(Ef <) ) o K201 - K261
(E - )‘b)2 + 772 S ()‘b - )‘a>2 + 772 h ()‘a+1 - )‘a>2 + TIQ .

Using delocalization (3.13) we therefore find that

Mn / (W, )’ C165+26 >
b<a;|b_aZ<Kclag I (B =) +n? A1 — Xa)? + 72

The expectation E (/\ailf’ﬁ in (7.10) is bounded by P(|[Aq—1 — Aa| < A K ¢) + O(K~¢). Using (6.19),
we therefore obtain

Mn / (w,¢,)? C1524251—6
—E ——2 —y(E)dE < K%rorreaTo,
> : (E_/\b)2+172x( )

b<a:|b—a|<KC192

This concludes the proof. O

49



In the next step, stated in Lemma 7.2 below, we replace the sharp cutoff function x in (7.3) with a
smooth function of H. Note first that from Lemma 7.1 and the rigidity (3.15), we get

M -
Eh(M(w,(,)?) —E h< /Im Gww(E +in) 1(N(E™,E) = a) dE) = O(K—%/?), (7.11)
™ Jr
where E := v, + 1 and N(E~,E) := |{i : E- < \; < E}| is an eigenvalue counting function.
Next, for any E1, Es € [y— — 1,74 + 1] and 77 > 0 we define f(\) = fg, g,.7(A) to be the characteristic
function of [E1, Es] smoothed on scale 7j: f =1 on [Ey, Es], f =0on R\ [Ey — 7, E; + 7] and |f'| < C7~ L,
|f”| < C#H~2. Moreover, let ¢ = ¢, : R — R, be a smooth cutoff function concentrated around a, satisfying

gx) =qo(z)=1 if |r—a|<1/3, q(z) =0 if |z —a|>2/3, l{| < 6. (7.12)

The following result is the appropriate smoothed version of (7.11). It is a simple extension of Lemma 3.2
and Equation (5.8) from [28], and its proof is omitted.

LEMMA 7.2. Let E := v+ + 1 and
= nK° = AK >,

and abbreviate ¢ = q, and fr = fp- 5 7+ Then under the assumptions of Lemma 7.1 we have

Eh(M(w,{,)?) —Eh(M/IImGWW(E—i—in)q(TrfE(H)) dE) = O(K—%/?). (7.13)

™

We may now conclude the proof of Proposition 6.6.

PROOF OF PROPOSITION 6.6. The basic strategy of the proof is to compare the distribution of (w,(,)?
under a general X to that under a Gaussian X. In the latter case, by unitary invariance of H = X X*, we
know that ¢, is uniformly distributed on the unit sphere of RM so that M(w,{,)? — x? in distribution.

For the comparison argument, we use the Green function comparison method applied to the Helffer-
Sjostrand representation of f(H). Using Lemma 7.2 it suffices to estimate

M

(E — EGauss) h( / Im Gyw(E +in) ¢(Tr fe(H)) dE) : (7.14)
™ JI

where ES2USS denotes the expectation with respect to Gaussian X. Now we express f(H) in terms of Green

functions using Helffer-Sjostrand functional calculus. Recall the definition of &, from (2.18). Let g(y) be a

smooth cutoff function with support in [—kq, #4], with g(y) = 1 for |y| < ke/2 and [|g™ ||e < Ck; ™, where

g™ denotes the n-th derivative of g. Then, similarly to (3.30), we have (see e.g. Equation (B.12) of [21])

feE(\) =

L [ iofbelte) + el @) = ol ) o,
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Thus we get the functional calculus, with G(z2) = (H — 2)~1,

Tr fr(H) | (i07()9(0) +ife(e)g () = 0 fis(e)g/(0)) Tr Gle +i0) dedo

2

2 |, (U500 () = 0 ()9 (9)) Te Gle + o) dedo

—i—L dog(o /de (e)o TrG(e +1i0)
|o|>7K—de

K~ de

+— do/de fele)oTrG(e+io). (7.15)
2 —fK— de

As in Lemma 5.1 of [28], one can easily extend (3.9) to n satisfying the lower bound n > 0 instead of
n > K17 in (3.7); the proof is identical to that of [28, Lemma 5.1]. Thus we have, for e € [y, — 1,74 + 1]
and o € (0,1),

cTrGle+io) = 0<(1). (7.16)
Therefore, by the trivial symmetry ¢ — —o combined with complex conjugation, the third term on the
right-hand side of (7.15) is bounded by

. ﬁdea
! da/de fr(e) o TrGle+io) = OL(K~%), (7.17)

2w —fjK—de

where we used that [|f7(e)|de = O(7~!). Next, we note that (3.9) and Lemma 3.6 imply
M : 3e
— [ ImGww(E +in)dE = O<(K>*). (7.18)
™ JrI

Recalling (7.1) and using the mean value theorem, we find from (7.13), (7.17), and (7.18) that for large
enough d, in order to estimate (7.14), and hence prove (6.20), it suffices to prove the following lemma. Note
that in it we choose X1 to be the original ensemble and X to be the Gaussian ensemble. O

LEMMA 7.3. Suppose that the two M x N matriz ensembles XV and X2 satisfy (1.15) and (1.16). Suppose
that the assumptions of Lemma 7.1 hold, and recall the notations

= A K%, i o= A3, E* = E+ K%y, E = v, +1, (7.19)

as well as
fE = fE' Eﬁ I = [’ya_K(hAa) 7@+K§2Aa]7 (720)
where fp- g 5 was defined above (7.12). Recall ¢ = qq from (7.12). Finally, suppose that e > 461 and

51 > 452
Then for any d > 1 and for small enough € = e(1,d) > 0 and d3 = d2(e, d, 61) we have

I

[ED —E®)] h[/x(E)q(y(E))dE = O(K™%), (7.21)

where we defined

z(E) = %Imwa(EHn) (7.22)
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and

y(E) = % . iofr(e)g(o) TrG(e+ig)1(|g| N ﬁK—de) de do
+ % - (ifE(e)g/(g) — O'f/E(e)g,(J)) TrG(e+io)dedo. (7.23)

The rest of this section is devoted to the proof of Lemma 7.3.

7.1. Proof of Lemma 7.3 I: preparations. We shall use the Green function comparison method [22,23, 28]
to prove Lemma 7.3. For definiteness, we assume throughout the remainder of Section 7 that ¢ > 1. The
case ¢ < 1 is dealt with similarly, and we omit the details.

We first collect some basic identities and estimates that serve as a starting point for the Green function
comparison argument. We work on the product probability space of the ensembles X and X ). We fix a
bijective ordering map ® on the index set of the matrix entries,

®:{(i,p):1<i<M, 1< pu<N} — [I,MN],

and define the interpolating matrix X, v € [1, M N], through

X5 i @i p) >
(Xy)in = by . )
X if (i, p) <.

T

In particular, Xo = X and X,y = X3 . Hence we have the telescopic sum

B0 591 | [ olE) atu(E) d| - %[E&—I—E&]h[ [aEawmyas| @20

I =1 I

(in self-explanatory notation).

Let us now fix a y and let (b, 8) be determined by ®(b, 8) = . Throughout the following we consider b, 8
to be arbitrary but fixed and often omit dependence on them from the notation. Our strategy is to compare
Xy—1 with X, for each 7. In the end we shall sum up the differences in the telescopic sum (7.24).

Note that X, and X, differ only in the matrix entry indexed by (b, 5). Thus we may write

X'yfl = X+ﬁ, Ui/t = 5zb6uﬁX[§[13)a

Xy = X+U, Uy = dudusXyy. (7.25)

Here X is the matrix obtained from X, (or, equivalently, from X, _1) by setting the entry indexed by (b, 3)
to zero. Next, we define the resolvents

T(z) = (XX*—2)7!, S(z) = (X, XI—z)"". (7.26)

We shall show that the difference between the expectations EX» and EX depends only on the first two

moments of X ISE)’ up to an error term that is negligible even after summation over . Together with same

argument applied to EX>-1, and the fact that the second moments of X éé) and X é;) coincide, this will prove
Lemma 7.3.
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We define x1(FE) and yr(F) as in (7.22) and (7.23) with G replaced by T', and similarly 2¢(F) and ys(F)
with G replaced by S. Throughout the following we use the notation w = (w(i))}, for the components of
w. In order to prove (7.21) using (7.24), it is enough to prove that for some constant ¢ > 0 we have

Eh U xS(E)q(yS(E))dE] —Eh [/ z7(E)q(yr(E)) dE| = EA+O(K ™) (¢ ' K> + K~ Hw(b)[*) , (7.27)
I I

where A is polynomial of degree two in Uz whose coefficients are X-measurable.

The rest of this section is therefore devoted to the proof of (7.27). Recall that we assume throughout
that ¢ > 1 for definiteness; in particular, K = N.

We begin by collecting some basic identities from linear algebra. In addition to G(z) := (X X* —2)~! we
introduce the auxiliary resolvent R(z) := (X*X — z)~!. Moreover, for u € [1, M] we split

X = X[#] + X['u] s (X[p,])zl/ = 1(1/ = M)Xiua (X[H])il/ = 1(V 7é M)qu .

We also define the resolvent G := (XX [H)* — 2)=1 A simple Neumann series yields the identity

Gl x, . x* . qlHl
G = GW - . ()([Z]Cl[‘[‘/f]X)w : (7.28)
Moreover, from [10, Equation (3.11)], we find
ZR,, = — ! . (7.29)
1+ (X*GHX),,
From (7.28) and (7.29) we easily get
GX = —2R,, GMX),y,  X;G = —2R,,X[,G". (7.30)
Throughout the following we shall make use of the fundamental error parameter
W(z) i g mmez) | 1 (7.31)

Nn Nn’

which is analogous to the right-hand side of (3.9) and will play a similar role. We record the following
estimate, which is analogous to Theorem 3.2.

LEMMA 7.4. Under the assumptions of Theorem 3.2 we have, for z € S,
(CGX)wyu| < o740 (7.32)

and
|(X*GX ) — G (1 + 2my)| < ¢'/20. (7.33)

PROOF. This result is a generalization of (5.22) in [36]. The key identity is (7.30). Since GI* is independent
of (X;,)N |, we may apply the large deviation estimate [10, Lemma 3.1] to G[“]XM. Moreover, |R,,,,| < 1,
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as follows from Theorem 3.2 applied to X*, and Lemma 3.6. Thus we get

1/2 172
(CX)wp| < ¢'/? (MN)fl/ziK;[“].\z / = ¢'/* leg[u] /
W wi N/’? "

=1
1 1/2
< ¢1/4<(Imm¢1+¢1\11>> < Co V4w
N

where the second step follows by spectral decomposition, the third step from Theorem 3.2 applied to X ¥
as well as (3.22), and the last step by definition of ¥. This concludes the proof of (7.32).
Finally, (7.33) follows easily from Theorem 3.2 applied to the identity X*GX =1+ zR. O

After these preparations, we continue the proof of (7.27). We first expand the difference between S and
T in terms of V (see (7.25)). We use the resolvent expansion: for any m € N we have

S =T+ Z(—l)’“[T(XU* +UX* +UUNT + (-1 T(XU* + UX* + UU*)|" S (7.34)
k=1
and .
T = S+ [S(XU*+UX* +UUFS + [S(XU* + UX* + UU*)|"H'T. (7.35)
k=1

Note that Theorem 3.2 and Lemma 7.4 immediately yield for z € S
|va - <V,W>TTL¢—1| = ¢_1\Ijv |(SX’Y)V74| =< ¢_1/4\Ijv |(X'>ykSX’Y)#V - 6}“’(1 + Zmd))’ = ¢1/2\Il

Using (7.35), we may extend these estimates to analogous ones on X and T instead of X., and S. Indeed,
using the facts ||R|| < n~', ¥ > N~Y2 and |Upg| < ¢~ /AN"/2 (which are easily derived from the
definitions of the objects on the left-hand sides) combined with (7.35), we get the following result.

LEMMA 7.5. For A€ {S,T} and B € {X.,, X} we have
|Avw — (v, W)mg1| < 6710, |(AB)yi| < ¢V, |(B*AB)u, — 6 (1 + 2my(2))] < ¢Y/20.

The final tool that we shall need is the following lemma, which collects basic algebraic properties of
stochastic domination <. We shall use them tacitly throughout the following. Their proof is an elementary
exercise using union bounds and Cauchy-Schwarz. See [10, Lemma 3.2] for a more general statement.

LEMMA 7.6. (i) Suppose that A(v) < B(v) uniformly inv € V. If [V| < N for some constant C then

Yvev A(v) 22,y Bv).
(i) Suppose that Ay < By and Ay < By. Then A1As < B1Bs.

(iii) Suppose that W > N—C is deterministic and A is a nonnegative random variable satisfying EA?> < N©.
Then A < VU implies that EA < W,
If the above random variables depend on an additional parameter u and all hypotheses are uniform in u
then so are the conclusions.
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7.2. Proof of Lemma 7.3 II: the main expansion. Lemma 7.5 contains the a-priori estimates needed to
control the resolvent expansion (7.34). The precise form that we shall need is contained in the following
lemma, which is our main expansion. Define the control parameter

Uy(2) = ¢ w(b)] + ¥(2),
where we recall the notation w = (w(i))M, for the components of w.

LEMMA 7.7 (RESOLVENT EXPANSION OF z(FE) AND y(FE)). The following results hold for E € I. (Recall the
definition (7.20). For brevity, we omit E from our notation.)

(i) We have the expansion
3
zg—ar = Y @ Ulg+ O (¢_1N_1(¢1/4|w(b)| + \11)2) : (7.36)
=1
where x; s a polynomial, with constant number of terms, in the variables
{Tob, T, Tow, (TX )wp, (X*T) g, (X TX)pp} -

In each term of x;, the index w appears exactly twice, while the indices b and 8 each appear exactly |
times.

Moreover, we have the estimates
|z1| + |zs] < 9TVANGE,, x| < ¢TVENUE 4 NU?, (7.37)
where the spectral parameter on the right-hand side is z = E + in.

(ii) We have the expansion

3
TrS—TeT = Y JiUlz+O(¢7'N7'0?), (7.38)
=1

where Jy is a polynomial, with constant number of terms, in the variables
{Tov, (T, (T? X )o3, (X*T?) 1, (X*TX) g, (X*T? X )} -

In each term of J;, T? appears exactly once, while the indices b and B each appear exactly | times.

Moreover, for z € S we have the estimates

||+ | Js] < ¢ VANT?, |Ja] < N2, (7.39)
(i4i) Defining
- [ (10 7(@)a0) 1) > N "5) +f2(e)g/(0) ~ aFp(e)g (o)) dedo
we have the expansion ,
ys —yr = Y _ Uy + O< (N6~ 'N~?k}/?) (7.40)
=1
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together with the bounds
]+ lys| < oTVINCRYE | < NP (7.41)
Here all constants C' depend on the fived parameter d.

PROOF. The proof is an application of the resolvent expansion (7.34) with m = 3 to the definitions of 2 and
Y.

We begin with part (i). The expansion (7.36) is obtained by expanding the resolvent Sy in the definition
of zg using (7.34) with m = 3. The terms are regrouped according the power, [, of Upg. The error term of
(7.36) contains all terms with [ > 4. It is a simple matter to check that the polynomials z;, for I = 1,2, 3, have
the claimed algebraic properties. In order to establish the claimed bounds on the terms of the expansion,
we use Lemma 7.5 to derive the estimates

[Tws| < ¢ "Wy, (TX)ws| < ¢71/*, Ty| < Co~'/2, (X*TX)gs| = ¢Y/2, (7.42)

and the same estimates hold if T is replaced by S. Note that in (7.42) we used the bound |my-1| = p1/2,
which follows from the identity

man(z) = 5 (mo) + 12

z

and Lemma 3.6. Using (7.42), it is not hard to conclude the proof of part (i).
Part (ii) is proved in the same way as part (i), simply by setting w = e; and summing over ¢ = 1,..., M.
What remains is to prove the bounds in part (iii). To that end, we integrate by parts, first in e and then
in o, in the term containing f7(e), and obtain

/}R2 iofp(e)g(o)Ji(e +io) 1(|o| > 7q) dedos = Z$/ﬁdf§5(e)g(if]d)Jl(e + i) de
+
+ [ (09(0) + 9(0) fe) e + i0) 1(Jo] > ) dedo
RZ

where we abbreviated 7jy := 7N ~%. Thus we get the bound

(B < [ dealfp@Ilate+in)| + [ dedo (15e(e)g' @) + lo o)y @)]) (e +io)

+ /de /ﬁ:o do (olg'(o)| + g(0)) | fE(e)l|Ji(e +i0)| . (7.43)

Using (7.43), the conclusion of the proof of part (iii) follows by a careful estimate of each term on the
right-hand side, using part (ii) as input. The ingredients are the definitions of 7}y and k., as well as the
estimate
VE+ 1 C
¥3(z) < C .
(Z) N’I7 + N27]2

The same argument yields the error bound in (7.40). This concludes the proof. O
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Armed with the expansion from Lemma 7.7, we may do a Taylor expansion of ¢q. To that end, we record
the estimate [}|zr(E)|dE < N, as follows from Lemma 7.5. Hence using Lemma 7.7 and expanding
q(ys(E)) around q(yr(F)) with a fourth order rest term, we get

/ 25(F) q(ys(E)) dE - / rr(B) a(yr(E)) dB
I I

- Y auli+o. ((b*lN*Q*C%}/Q n ¢*1/2N*1+C5Aa|w(b)|2) . (7.44)

lec
where we defined
L= {l=(o,...,lm) €[0,3] x [L,3]" :meN, 1< <3}, [ == 1,
i=0
as well as the polynomial
(m)
A = / € r) <,yT)£Ezoyl1 ey, dE (7.45)
I m.:

where we abbreviated m = m(l). Here we use the convention that xo := zp. Note that £ is a finite set (it
has 14 elements), and for each 1 € £ the polynomial A; is independent of Upg. In the estimate of the error

term on the right-hand side of (7.44) we also used the fact that for E € I we have U(E +in) < NCe/?
—1/2

Next, using lemma 7.7 and NA, < kq ', we find
¢71/4(HC11/2 +(151/2‘10(b)|) it =1
A1l < NS ke’ 4 ki 2012 (b)) if 1] = 2 (7.46)

¢4 (kb + 612 w(b)| + Plw(B)[?) if 1] = 3.

Using (7.44) and (7.46), we may do a Taylor expansion of h on the left-hand side of (7.27). This yields

b Ulzsq(ys) dE} —h [/1qu yr) ] 23: (Ao)<IZ£A1U,l}3>k

k=1
+ O (97 NTEOERL2 4 NTEOS I p)]2 ) (7.4T)

W‘H

where we abbreviated Ag := fI zodE. Since a < N'~7, it is easy to see that, by choosing ¢ small enough
depending on 7, the error term in (7.47) is bounded by N=¢(¢~*N~24+N~1|w(b)|?) for some positive constant
c. Taking the expectation and recalling that |Upg| < ¢~ 1/AN-1/2 | we therefore get

Eh [/xs q(ys) dE] —Eh Uqu(yT) dE} = EA+ O (N—C(¢—1N—1 +N—1\w(b)|2))

I I
3
+]EU§5]EZ%h(k)(AO > <Z|1|3>HAL, (7.48)

k=1 .., lseL \i=1

where EA is as described after (7.27), i.e. it depends on the random variable Uy only through its first two
moments.

57



At this point we note that if we make the stronger assumption that the first three moments of X (1) and
X @) match (which, in the ultimate application to the proof of Proposition 6.6, means that JEXZL = 0), the
proof is now complete. Indeed, in that case we may allow A to be a polynomial of degree three in Uyg with
X-measurable coefficients, and we may absorb the last line of (7.48) into E.A. This completes the proof of
(7.27), and hence of Lemma 7.3, for the special case that the third moments of X® and X @ match.

For the general case, we still have to estimate the last line of (7.48). The terms that we need to analyse
are

he )(AO) (1) ?0,1) (m+n=3), (7.49)
h(2) (A()) (A(Q) + A(O’Q) + A(l,l) + A(07171)) (A(l) + A(O,l)) 5 (749b)
h(D(Ao) (Ag)+ A3 +Aa2 +Aen + A2+ Aan + A1) - (7.49¢)

These terms are dealt with in the following lemma.

LEMMA 7.8. Let Y denote any term of (7.49). Then there is a constant ¢ > 0 such that
EY| < N~¢(¢~Y/4NT1/2 +¢3/4|w(b)\2). (7.50)

Plugging the estimate of Lemma 7.8 into (7.48), and recalling that EUS, < C¢~3/4N—3/2 it is easy to
complete the proof of (7.27), and hence of Lemma 7.3. Lemma 7.8 is proved in the next subsection.

7.3. Proof of Lemma 7.3 III: the terms of order three and proof of Lemma 7.8. Recall that we assume
¢ > 1,1ie. K = N; the case ¢ < 1 is dealt with analogously, and we omit the details.
We first remark that using the bounds (7.46) we find

EY| < NY(kg 20 w(®)? + ¢ w () + 6~ ki/?). (7.51)

=12 How to do so is the

Comparing this to (7.50), we see that we need to gain an additional factor N
content of this subsection.

The basic idea behind the additional factor N~1/2 is that the expectation EY is smaller than the typical
size \/E|Y|? of Y by a factor N —1/2 This is a rather general property of random variables which can be
written, up to a negligible error term, as a polynomial of odd degree in the entries {X;3}™,. A systematic
representation of a large family of random variables in terms of polynomials was first given in [18], and was
combined with a parity argument in [10]. Subsequently, an analogous parity argument for more singular
functions was developed in [44]. Following [44], we refer to the process of representing a random variable Y
as a polynomial in {X;5}*, up to a negligible error term as the polynomialization of Y.

We shall develop a new approach to the polynomialization of the variables (7.49). The main reason is
that these variables have a complicated algebraic structure, which needs to be combined with the Helffer-
Sjostrand representation (7.23). These difficulties lead us to define a family of graded polynomials (given
in Definitions 7.10-7.12), which is general enough to cover the polynomialization of all terms from (7.49)
and imposes conditions on the coefficients that ensure the gain of N~!/2. The basic structure behind these
polynomials is a classification based on the #2- and ¢3-norms of their coefficients.

Let us outline the rough idea of the parity argument. We use the notations X = X[g] + X8 and
TP (2) := (X XP)*—2)~1, in analogy to those introduced before (7.28). A simple example of a polynomial
is

Py = ( B]X ZTZB]XzﬁXjﬂ~
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This is a polynomial of degree two. Note that the coefficients Ti[f] are X [fl-measurable, i.e. independent of

X[ﬁ]. It is not hard to see that EP; is of the same order as \/E|P2|?, so that taking the expectation of P
does not yield better bounds. The situation changes drastically if the polynomial is odd degree. Consider
for instance the polynomial

Py = (X TVX)s(TX)ws = Y T T} Xi X5 Xis .
N

Now we have |[EP3| < N~'/2,/E[P3]2. The reason for this gain of a factor N='/2 is clear: taking the
expectation forces all three summation indices i, 7, k to coincide.

In the following we define a large family of Zs-graded polynomials that is sufficiently general to cover
the polynomializations of the terms (7.49). We shall introduce a notation O .(A), which generalizes the
notation O (A) from (2.1); here * € {even,odd} denotes the parity of the polynomial, and A its size. We
always have the trivial bound O% .(A) = O<(A). In addition, we roughly have the estimates

IEO<,even(14) ,S A, EO<,odd(A) S N*1/2A.

The need to gain an additional factor N~'/2 from odd polynomials imposes nontrivial constraints on the
polynomial coefficients, which are carefully stated in Definitions 7.10-7.12; they have been tailored to the
class of polynomials generated by the terms (7.49).

We now move on to the proof of Lemma 7.8. We recall that we assume throughout that ¢ > 1. We first
introduce a family of graded polynomials suitable for our purposes. It depends on a constant Cy, which we
shall fix during the proof to be some large but fixed number.

DEFINITION 7.9 (ADMISSIBLE WEIGHTS). Let 9 = (g; 1 i € [1,¢N]) be a family of deterministic nonnegative
weights. We say that ¢ is an admissible weight if

1 1/2 1 1/3 ,
2 3 —1/6
W(Zéh) s b W(Zgi) < NTVE (7.52)

7

DEFINITION 7.10 (O< 4(-)). For a given degree d € N let
N
P = Z ViriaXig - Xigp (7.53)
i1yeeyia=1

be a polynomial in X . Analogously to the notation O<(-) introduced in Definition 2.1, we write P = O 4(A)
if the following conditions are satisfied.

(i) A is deterministic and Vi, ...;, is X®l-measurable.

(i) There exist admissible weights 00, . .., ol such that
1 d
Vigoial = Al 0l (7.54)

(i4i) We have the deterministic bound |V;,...;,| < N€o.

The above definition extends trivially to the case d = 0, where P =V is Xl-measurable.
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DEFINITION 7.11 (O< +(+)). Let P be a polynomial of the form

ZV (%5~ 5u2) (7.55)

We write P = O (A) if V; is XPl-measurable, |Vi;| < N, and |V;| < A for some deterministic A.

DEFINITION 7.12 (GRADED POLYNOMIALS). We write P = O even(A) if P is a sum of at most Cy terms
of the form

APy sz', Py = O<20(1), P = O<,0(1),

s=1
where n,m < Cy and A is deterministic. R R
MO’I‘EO'U@T’, we write P = O<,odd( ) pr = Ppeven; where P = O{,l(]-) and Peyen = O<,even(A)'

Definitions 7.10-7.12 refine Definition 2.1 in the sense that
P = 0<x4(A) or P = 0O4.(4) - P = PL(A4). (7.56)

Indeed, let P = O« 4(A) be of the form (7.53). Then a simple large deviation estimate (e.g. a trivial extension
of [19, Theorem B.1 (iii)]) yields

1/2
Pl (We) ™ E Wieal) < 4.

i1,..050d

where the last step follows from the definition of admissible weights. Similarly, if P = O ,(A) is of the form
(7.55), a large deviation estimate (e.g. [19, Theorem B.1 (i)]) yields

1/2
PL< (N2 D) < N <

Note that terms of the form O .(A) satisfy simple algebraic rules. For instance, we have
O<,even (Al) + O<,even <A2) = O<,even (Al + AQ) P
and
O<,odd(A1) O<,cvcn(A2) = O<,odd(A1A2)

after possibly increasing Cj. (As with the standard big O notation, such expressions are to be read from left
to right.) We stress that such operations may be performed an arbitrary, but bounded, number of times. It
is a triviality that all of the following arguments will involve at most Cy such algebraic operations on graded
polynomials, for large enough Cj.

The point of the graded polynomials is that bounds of the form (7.56) are improved if d is odd and we
take the expectation. The precise statement is the following.

LEMMA 7.13. Let P = O oad(A) for some deterministic A < NC. Then for any fired D > 0 we have

[EP| < N~Y244+ N7P
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ProoOF. It suffices to set A = 1 and consider P = 73770 H:;l P;, where 75, Po, and P; are as in Definition
7.12. By linearity, it suffices to consider

d+m 1
= ZW@O iof Z Vigwi 11[3 uﬁ H <ZV(Z)(XZLB N¢1/2>>’
o

..... l=d+1 (7

(0)

0 ?

[Viyoia] < Ql(-ll) ng), and |V, d+l)| < 1forl =

L1

d+1,...,d+m. Here ng) denotes an admissible weight (see Definition 7.9). Thus we have

d+m 1
]E< 08" 'Ldﬁ H ( wB ¢1/2>>
l=d+1

where the term NP comes from the trivial deterministic bound |V;,...;,| < N on the low-probability event
of < (i.e. the event inside P[-] in (2.1)) in (7.54), and analogous bounds for the other X[l-measurable
coefficients.

The expectation imposes that each summation index <g, ..., %4+m coincide with at least one other sum-
mation index. Thus we get

where d = 2n is even. We suppose that |W;, | < o

0 d
EP| < > ool

905 std+m

+ NP,

- (d) 7+ ) 1 _
|EP| < Z QEOO) ..di)f(lo,...,ld+m)W+N D7 (757)

905 sbdtm

where the indicator function I(-) imposes the condition that each summation index must coincide with at
least another one, and we introduced the weight g( ) .= N=1/24=1/4p, Note that

Zéz(‘k) < N1/2¢1/27 Z(@z('k))z <1, Z(égk))q < N-4/6 (¢>3). (7.58)

Here for ¢ > 3 we used the inequality ||6%|lsa < [|6%|¢» for ¢ > p. The indicator function I on the right-
hand side of (7.57) imposes a reduction in the number of independent summation indices. We may write
I =% pIp as asum over all partitions P of the set [0,d + m] with blocks of size at least two, whereby

Ip(iv,...igem) = | 16k =i for all k,1 € p).
peP

Hence the summation over iy, ...,i44., factors into a product over the blocks of P. We shall show that the
contribution of each block is at most one, and that there is a block whose contribution is at most N—1/2.

Fix p € P and denote by S, the contribution of the block p to the summation in the main term of (7.57).
Define s := [pN[0,d]| and ¢ := |[pN[d + 1,d + m]|. By definition of P, we have s+t > 2. By the inequality
of arithmetic and geometric means, we have

< Inaxz Nd)l/Q) .

Using (7.58) it is easy to conclude that
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Moreover, since d is even, at least one block of P satisfies (s,t) # (2,0).
Thus we find that
EP| < Y [[Sp+N" < CoymN24 NP,
P peP

Since d + m < 2C), the proof is complete. O

In order to apply Lemma 7.13 to the terms Y from (7.49), we need to expand Y in terms of graded
polynomials. This expansion is summarized in the following result, which gives the polynomializations of the
coefficients of the terms from (7.49). For an arbitrary unit vector v € RM we define the control parameter

Vo= W (N V)Y, IVl o= maxo(i)].

LEMMA 7.14. Fiz D > 0. Then there exists Co = Co(D) such that for any unit vector v.€ RM we have

Tyy = T‘[ff,] +O<,even(¢_1(\1'v)2)+O<(N_D)v ( )

Ty = O<even(¢™ /%) +O(N7P), (7.60)

Twp, = O<even(¢ W) + O (NP, (7.61)
(TX)vs = O<oaa(¢™/*T¥) + OL(NP), (7.62)
(X*TX)pp = O even(0"/?) + O (NP), (7.63)

uniformly for z € S.

PrOOF. We begin by noting that (3.9) applied to X[* and (3.22) combined with a large deviation estimate
(see [19, Theorem B.1]) yields

(X*GCPX) g5 = ¢ *my1 + O (¢7V/20).
Using (7.35) and Lemma 7.5, it is not hard to deduce that
(XTPIX)55 = ¢ %my + O<(p71/?W).

Thus for any fixed n we may expand

1 1

1+ (X*T[mX)ﬁ@ - 1+ ¢1/2m¢71 — (¢1/2m¢71 — (X*T[ﬁ])z)gﬁ)

- vk Vv k n
= =D (zme)" (0 Pmyr — (X TVIX)g5)" + O (07T
k=0

where in the second step we used (3.5) and (3.23). Now we split

Bl XY . w1/2 _ (8] (6] 1 1 6] _
(XTI X)ps — ¢/ Pmpr = ;TZ XipXp + ZT ( 8 N¢1/2> + Z Nol/2 (Tii" = mg-1)
1F] 7

= O<2(¢7V20) + 02 o (¢67V2) + 02 (07 /2W)
= O—<,even(¢71/2)a
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where in the second step we used the estimates |T1[]B] — Gijmy-1| < ¢TIV and |my-1| < Cp~Y/2. Since
lzmg| < C¢'/2, we therefore conclude that

1
+ (X*T[B]X)gg

= O-<,even(n¢1/2) + O-<(¢1/2\I'n+1) .

From (7.31) and the definition of 7, we readily find that ¥ < N~ for some constant c¢. Therefore choosing
n = n(r, D) large enough yields

1

- = 1/2 1/2 n\7—D
15 (0TI, — O<een(@) +O<(@NTH). (7.64)

Having established (7.64), the remainder of the proof is relatively straightforward. From (7.29) and (7.30)
we get
1

TX)vs = - _
TX)vs = T 0%y,

(T['B]X)vg

Moreover, using ¥ > ¢N~1/2 and T‘[,f] = v(i)my-1 + O<(¢~1W) = O< (¢~ 2|v(i)| + ¢~ 1¥), we find

Npt/2 Z|Tv[€]‘2 < o702, N3/2¢3/4 Z|T[B < N7V2p794(gv)3,

We conclude that
(T X), ZTWX O<1(¢73/40Y) . (7.65)

Now (7.62) follows easily from (7.65) and (7.64).
Moreover, (7.59) and (7.61) follow from (7.28) combined with (7.65) and (7.64). For (7.61) we estimate
the second term in (7.28) by

O< oven (020732 UVT®) = O cven (07 (W + N7V3)2) = O cven(07'0),

where in the last step we used that ¥ > ¢N~1/2. Moreover, (7.60) is a trivial consequence of (7.59). Finally,
(7.63) follows from (7.28) and (7.64) combined with

(X TV X)gs = O<2(1).
This concludes the proof. O

Note that the upper bounds in Lemma 7.14 are the same as those of (7.42), except that W is replaced
with the larger quantity ¥V. In order to get back to ¥ from ¥V, we use the following trivial result.

LEMMA 7.15. We have

o< v
if
U >N o V[ < NV, (7.66)
PROOF. The claim follows immediately from the upper bound ¥ > N~1/2 valid for all z € S. O
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In each application of Lemma 7.14, we shall verify one of the conditions of (7.66). The first condition is
verified for n < N~2/3, which always holds for the coefficients of 21, o, and z3 (recall (7.2)).

The second condition of (7.66) will be verified when computing the coefficients of y;, y2, and y3. To that
end, we make use of the freedom of the choice of basis when computing the trace in the definition of Ji, Js,
and J3. We shall choose a basis that is completely delocalized. The following simple result guarantees the
existence of such a basis.

LEMMA 7.16. There exists an orthonormal basis w1, ..., wyr of RM satisfying
wi ()] < M~1? (7.67)
uniformly in i and j.

PROOF. Let the matrix [wy ---wyy] of orthonormal basis vectors be uniformly distributed on the orthog-
onal group O(M). Then each w; is uniformly distributed on the unit sphere, and by standard Gaus-
sian concentration arguments one finds that |w;(j)| < M~'/2. In particular, there exists an orthonormal
basis wi,...,wys satisfying (7.67). In fact, a slightly more careful analysis shows that one can choose
lwi ()| < (2 +¢)(log M)*2M~1/2 for any fixed ¢ > 0 and large enough M. O

We may now derive estimates on the matrix 72 by writing (72) 5 = >, Tjw; Tw,k, where {w;} is a basis
satisfying (7.67). From Lemmas 7.14 and 7.15 we get the following result.

LEMMA 7.17. Fix D > 0. Then there exists Co = Co(D) such that

T = Tr TP + O even (07 INU?) + O (N7D),
(T = O<even(N¢™10%) + OL(N7P),
(T°X)pp = O oaa(¢”/ANT?) + OL(N7P),
(X*T%X)p5 = O<even(¢"/2NT?) + OL(N7P),

uniformly for z € S.

PRrROOF. We prove (7.70); the other estimates are proved similarly. We choose a basis wq,...,wjs as in
Lemma 7.16, and write

N¢
(T2X)b5 = Z wai (TX)Wiﬁ = Z O<7even (¢_1\P + ¢_1/2|wl(b)|) O<,odd(¢_1/4\y) + O< (N_D) )
i i=1
where we used (7.61) with w replaced by w;, (7.62), and Lemma 7.15. Summing over ¢, and recalling that
U > N—1/2 it is easy to conclude (7.70). O
In particular, as in (7.39) we find
Ji,J3 = 0 oaa(d VANT2) 4+ OL(N7P), Ty = O even(NT?) + O (N7D), (7.72)

where the parity of J; follows easily from its definition.

The estimates from Lemma 7.14 are compatible with integration in the following sense. Suppose that P(s)
depends on a parameter s € S, where S C R¥ has bounded volume, and that P(s) = O .(A(s))+O<(N~P)
uniformly in s € S, where A(s) is a deterministic function of s and x € {even,odd} denotes the parity of
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P. Suppose in addition that P(s) is Lipschitz continuous with Lipschitz constant N¢. Then, analogously

to Remark 3.3, we have
/P(s) ds = O« (/ A(s) ds) +0< (/ A(s) dsND) .
s s s

Lemmas 7.14 and 7.17 are the key estimates of the coefficients appearing in (7.49). We claim that all
estimates of Lemma 7.7, along with (7.42), remain valid, in the sense that an estimate of the form |u| < v

is to be replaced with
u = 0.47*(’()) + O.<(N_D) 5

where x € {even,odd} denotes the parity of polynomialization of u. Indeed, for the estimates (7.37) on x;,
we always have Im z = n < N~2/3, so that by Lemma 7.15 we have ¥V < ¥. Thus we get from Lemma 7.14
that

21,73 = O<oad(¢"/INUW,) + OL(N7P), 25 = OZeven(¢7/2NTE + NU?) + OL(NP),

where the parity of x; may be easily deduced from their definitions. Moreover, for the estimates (7.41) we
use (7.72) to get

Y193 = O<oad(¢VINKL?) + OL(N7P), Yo = O even (N9°KL/2) + O (N7P).

Note that, thanks to Lemmas 7.14 and 7.17, we have obtained exactly the same upper bounds on the
coefficients z; and y; as the ones obtained in Lemma 7.7, but we have in addition expressed them, up to a
negligible error, as graded polynomials, to which Lemma 7.13 is applicable.
In addition to the coefficients z; and y;, we have to control the coefficient ¢™) (y7) in the definition (7.45)
of A;. We in fact claim that
4™ (yr) = O< even(N9) + O(N7P). (7.73)

This follows from the estimate
yr = yrie + O<even(Nha) + O (N7P) = O even(N9%) + O (N7P),
which may be derived from (7.68), combined with a Taylor expansion of ¢™) . Similarly, we find that
A9 (Ag) = O oven(NYS) +OL(N7P)  (k=1,2,3). (7.74)

We may now put everything together. Noting that the degree of the polynomializations of the expressions
(7.49) is always odd, we obtain, in analogy to (7.51) that

Y = O<oaa (NCE (kg 2% |w ()] + ¢/ *|w(b)] + ¢—1/4m3/2)) +O<(N7P)
for Y being any term of (7.49). Hence Lemma 7.8 follows from Lemma 7.13 and Young’s inequality.

7.4. Stability of level repulsion: proof of Lemma 6.5. This is a Green function comparison argument, using
the machinery introduced in Section 7.1. A similar comparison argument was given in Propositions 2.4 and
2.5 of [28]. The details in the sample covariance case and for indices a satisfying a < K1~ follow an argument
very similar to (in fact simpler than) the one from Sections 7.1-7.3. As in the proofs of Propositions 2.4
and 2.5 of [28], one writes the level repulsion condition in terms of resolvents. In our case, one uses the
representation (7.15) as the starting point. Then the machinery of Sections 7.1-7.3 may be applied with
minor modifications. We omit the details.
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8. Extension to general 7' and universality for the uncorrelated case

In this section we relax the assumption (3.1), and hence extend all arguments of Sections 3—7 to cover general
T. We also prove the fixed-index joint eigenvector-eigenvalue universality of the matrix H defined in (2.7),
for indices bounded by K!'~7 for some 7 > 0.

Bearing the applications in the current paper in mind, we state the results of this section for the matrix
H from (2.7), but it is a triviality that all results and their proofs carry over to case of arbitrary @ from
(1.10) provided that ¥ = TT* = I.

8.1. The isotropic Marchenko-Pastur law for YY*. We start with the singular value decomposition of T,
which we write as

T = 0'(A,0)0" = O'A(Iy,0)0"

where O’ € O(M) and O” € O(M + r) are orthogonal matrices, 0 is the M X r zero matrix, and A is an
M x M diagonal matrix containing the singular values of T'. Setting

/
o2 = ONO), O = (00 IO> 0", (8.1)
we have

T = %Y2(I4y,0)0.

We conclude that
Q _ §:1/2]¥§:1/27

where H :=YY* and Y := (I31,0)0X were defined in (2.7). Comparing this to (3.2), we find that to relax
the assumption (3.1) we have to generalize the arguments of Sections 3—7 by replacing X X* with H = YY™.
The generalization of G = (X X* — z)~! is the resolvent of YY*,

G(z) == (YY* —2)"t.

We also abbreviate
G' = (OXX*O* —2)~'.

Throughout the following we identify w € RM with its natural embedding (‘8’) € RM+7 Thus, for example,
for v,w € RM we may write G,

THEOREM 8.1 (LOCAL LAWS FOR YY™). Theorem 3.2 remains valid with G replaced by G. Moreover,
Theorems 3.4 and 3.5 remain valid for {; and A\; denoting the eigenvectors and eigenvalues of YY ™.

PrOOF. It suffices to prove the first sentence, since all claims in the second sentence follow from the isotropic
law (see [10] for more details). We only prove (3.9) for G; the other bound, (3.10) for G, is proved similarly.
To simplify the presentation, we suppose that r = 1; the case r > 2 is a trivial extension. Abbreviate
M := M + 1. Noting that Y;, = 1(i # M)(OX);,, we find from [10, Definition 3.5 and Equation (3.7)] that

~ e e
Gyw = Gy — % (8.2)
MM
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For definiteness, we focus on (3.9) for G; the proof of (3.10) for G is similar. Since G’ = OGO*, we have
Gl w = Goxvo+w. Hence, using (3.9) and (8.2), the proof will be complete provided we can show that

G -G Immy-1(2) 1
vM " Mw ¢ -1
<o, D= n = ¢ 1w, 8.3
‘ Gl ’ M Mn 53

where we recall the definition (7.31) of ¥. In fact, from Lemma 3.6 and (3.23) we find that ®/|mg-1| < N~¢
for some positive constant ¢ depending on 7. Hence (3.9) yields
/ !
‘VGN{_ i ‘ < 8y < .

MM

This concludes the proof. O

Having established Theorem 8.1, all arguments from Sections 3-6 that use it as input may be taken over
verbatim, after replacing G by G. More precisely, all results from Sections 3—6 remain valid for a general
Q, with the exception of Proposition 6.3, Lemmas 6.4 and 6.5, and Proposition 6.6. Therefore we have
completed the proofs of all of our main results except Theorem 2.20.

In order to prove Theorem 2.20, we still have to prove Lemmas 6.4 and 6.5 and Proposition 6.6 for YY*
instead of X X*. Lemma 6.4 is easy: for Gaussian X we have Y < (Inf,0)X = X, where X is the M x N
matrix obtained from X by deleting its bottom r rows.

The proofs of Lemma 6.5 and Proposition 6.6 rely on Green function comparison. What remains, there-
fore, is to extend the argument of Section 7 from H = XX* to H =YY™.

8.2. Quantum unique ergodicity for YY*. In this subsection we prove Proposition 6.6 for the eigenvectors
¢, of H=YY*. As explained in Section 7.4, the proof of Lemma 6.5 is analogous and therefore omitted.
We proceed exactly as in Section 7, replacing G with G. It suffices to prove the following result.

LEMMA 8.2. Lemma 7.3 remains valid if x(E) and y(E) are replaced with T(E) and y(E), obtained from the
definitions (7.22) and (7.23) by replacing G with G.

PrOOF. We take over the notation from the proof of Theorem 8.1, and to simplify notation again assume
that » = 1. As in Section 7, we suppose for definiteness that ¢ > 1. Defining u := Ow and r := Oep; 41, we
have (u,r) = 0 and, using (8.2),

-~ Gvuyr'G(ru -~ (Gz)rr
Gww = Guu— ——, TG = TrG —
" Grr Grr
We conclude that v oG
Z(E) = x(E) — Im<‘“”‘>(E+in).
ﬂ. rr
Recalling (3.9) and (7.31), we find that the second term is stochastically dominated by
¢ 9 1 CN* 1 4e 172 1
M——— < NU° < CN—— = — < CON*gl/2— |
517 Ny T Na, a, S NTR,

where in the second step we used that ¥ < C(Nn)~?, as follows from Lemma 3.6 and the definition of 7 in
(7.2). Recalling the definitions from (7.2), we therefore conclude that for small enough e = &(7) we have

|7 ijg!ff(E) —a(B)| < N~° (8.4)
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for some positive constant ¢ depending on 7.
Similarly, we have for any z € S

TG~ T G| < N¥? < N~} (8.5)

for some positive constant ¢ depending on 7. Plugging (8.5) into the definition of §(F) and estimating the
error term using integration by parts, as in (7.43), we get

sup|§(E) — y(B)| < N~°.
Eel

Using the mean value theorem and the bound |y(F)| < 1, we therefore get

o| [aEra@E) as| = b [ o) auE) as| + o).

I I

Combined with (7.21), this concludes the proof. O
This concludes the proof of Theorem 2.20 for the case of general T'.

8.3. The joint eigenvalue-eigenvector universality of Y'Y * near the spectral edges. In this section we observe
that the technology developed in Section 7 allows us to establish the universality of the joint eigenvalue-
eigenvector distribution of @) provided that ¥ = Ip;. Without loss of generality, we consider the case where
Q is given by H = YY™ defined in (2.7). This result applies to arbitrary eigenvalue and eigenvector indices
which are bounded by K7, and does in particular not need to invoke eigenvalue correlation functions.

This result generalizes the quantum unique ergodicity from Proposition 6.6 and its extension from Remark
6.7 by also including the distribution of the eigenvalues. The universality of both the eigenvalues and the
eigenvectors is formulated in the sense of fixed indices. A result in a similar spirit was given in [28, Theorem
1.6], except that the upper bound on the eigenvalue and eigenvector indices (log K)!°81°8 N from [28] is
improved all the way to K'~7, for any 7 > 0. A result covering all eigenvalue and eigenvector indices,
i.e. with an index upper bound K, was given in [28, Theorem 1.10] and [41, Theorem 8], but under the
assumption of a four-moment matching assumption. Theorem 8.3 is a true universality result in that it does
not require any moment matching assumptions, but it does require an index upper bound of K'~7 instead
of K on the eigenvalue and eigenvector indices.

In addition, Theorem 8.3 extends the previous results from [28] and [41] by considering arbitrary gener-
alized components (¢, ,v) of the eigenvectors. Finally, Theorem 8.3 holds for the general class of covariance
matrices defined in (2.7).

THEOREM 8.3 (UNIVERSALITY FOR THE UNCORRELATED CASE). Fix 7 > 0, k = 1,2,3,..., and r =
0,1,2,.... Choose an observable h € C*(R?*) satisfying

0%h(z)| < C(1+ |z)¢

for some constant C > 0 and for all o € N?* satisfying || < 4. Let X be an (M +r) x N matriz, and define
H through (2.7) for some orthogonal O € O(M + r). Denote by Ay > -+ = Ay the eigenvalues of H and
by €1, ..., ¢ the associated unit eigenvectors. Let EM and E?) denote the expectations with respect to two
laws on X, both of which satisfy (1.15) and (1.16). Recall the definition (6.17) of A,, the typical distance
between A\, and Ag+1, and (3.14) of the classical location 7.
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Then for any indices a1, ..., ax, b1, ...,bx € [1, K1~7] and deterministic unit vectors uy, wy, ..., Uy, Wi, €
RM we have

Aal - Jai Aa — Ja —c
(E<1>_E<2>)h< L R 7k,M<u1,¢b1><¢bl,w1>,...,M<uk,¢bk><gbk,wk>> = O(N™)
al ag

for some constant ¢ = c(7,k,r,h) > 0.

PROOF. The proof is a Green function comparison argument, a minor modification of that developed in
Section 7. We write the distribution of A, — 7, in terms of the resolvent G, starting from the Helffer-
Sjostrand representation (7.15), exactly as in [28, Sections 4 and 5]. We omit further details. O

REMARK 8.4. In particular, Theorem 8.3 establishes the fixed-index universality of eigenvalues with indices
bounded by K'~7. Indeed, we may choose E() to be the expectation with respect to a Gaussian law, in
which case H < XX *. where X is a M x N and Gaussian. (For example, the top eigenvalue of H is
distributed according to the Tracy-Widom-1 distribution, etc.)

We note that even this fixed-index universality of eigenvalues is a new result, having previously only been
established under the four-moment matching condition [28,41] (in the context of Wigner matrices).

REMARK 8.5. We formulated Theorem 8.3 for the real symmetric covariance matrices of the form (2.7), but
it and its proof remain valid for complex Hermitian covariance matrices, as well as Wigner matrices (both
real symmetric and complex Hermitian).

REMARK 8.6. Assuming |¢ — 1| > 7, the condition a < K!'~7 on the indices in Theorem 8.3 may be replaced
with a ¢ [K'"7, K — K'77].

REMARK 8.7. Combining Theorems 8.3 and 2.7, we get the following universality result for Q). Fix 7 > 0,

k=1,2,3,...,and r =0,1,2,.... For any continuous and bounded function h on R* we have
lim |Ep(Fertar ZYar o Hsydar = er )\ | pwish g (Aa Va0 Ae mYa )|
N—o00 A, o A, N, T A,
for any indices a1,...,ar < K'"7a3. Here EV*" denotes expectation with respect to the Wishart case,

where r = 0, T = I, and X is Gaussian. A similar result holds near the left edge provided that |¢p —1| > 7.

9. Extension to Q and proof of Theorem 2.23

In this section we explain how to extend our analysis from @ defined in (1.10) to @ defined in (2.23), hence
proving Theorem 2.23. We define the resolvent

G(z) = (X(l—ee*)X*—z)_l7

which will replace G(z) = (X X* — z)._l when analysing with @ instead of Q. We begin by noting that the
isotropic local laws hold for also for G.

THEOREM 9.1 (LOCAL LAWS FOR X (1 — ee*)X*). Theorem 3.2 remains valid with G replaced by G.

Moreover, Theorems 3.4 and 3.5 remain valid for {; and \; denoting the eigenvectors and eigenvalues of
X(1—ee*)X*.

69



PROOF. As in the proof of Theorem 8.1, we only prove (3.9) for G. Using the identity (3.36) we get

G = (XX*—z—Xee*X*)_l = G—FmGXee*X*G (91)

Using (3.9), the proof will be complete provided we can show that

(GX)ye(X*G)ew
1— (X*GX)ee

< & (9.2)

for unit vectors v, w € RM | where ® was defined in (8.3). Recall the definition R(z) := (X*X — 2)~!. From
the elementary identity X*GX =1+ zR and Theorem 3.2 applied to X ™ instead of X, we get

1

1 C
1— (X*GX)eo

< <
|2llmg| 14+ ¢1/27

where in the last step we used (3.19) and (3.23). Using Lemma 9.3 below with x = e, (9.2) therefore follows
provided we can prove that

¢1/2(1+¢1/2)®2 Cq)

This is an immediate consequence of the estimate (14 ¢)® < C, which itself easily follows from the definition
(3.7) of S and (3.22). O

<
<

Next, we deal with the quantum unique ergodicity of X (1 — ee*)X*. As explained in Section 8.2, it
suffices to prove the following result.

LEMMA 9.2. Lemma 7.3 remains valid if x(E) and y(E) are replaced with #(E) and y(E), obtained from the
definitions (7.22) and (7.23) by replacing G with G.

PROOF. The proof mirrors closely that of Lemma 8.2, using the identity (9.1) instead of (8.2) as input. We
omit the details. O

Using Theorem 9.1 and Lemma 9.2, combined with the results of Section 8.2, we conclude the proof of
Theorem 2.23. To be precise, the arguments of Sections 8 and 9 have to be successively combined so as
to obtain the isotropic local laws and quantum unique ergodicity of the matrix Y (1 — ee*)Y*. This has
to be done in the following order. First, using Theorem 9.1 and Lemma 9.2, one establishes the local laws
and quantum unique ergodicity for X (1 — ee*)X™*. Second, using these results as input, one repeats the
arguments of Section 8, except that X X™* is replaced with X (1 —ee*)X™*; this is a trivial modification of the
arguments presented in Section 8. Thus we get the local laws and quantum unique ergodicity for the matrix

Y(1—ee”)Y* = (Inf,000X (Iy — ee*) X*O*(I11,0)* .

Moreover, we find that Theorem 8.3 also holds if H = YY™* from (2.7) is replaced with Y/(1 — ee*)Y™*.
All that remains is the proof of the following estimate, which generalizes (7.32).

LEMMA 9.3. For z € S and deterministic unit vectors v.€ RM and x € RN, we have
(GX)ox| < 41+ ¢, (9.3)
where ® was defined in (8.3).
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PROOF. In the case where x = e, is a standard unit vector of R, (9.3) is a trivial extension of (7.32)
(which was proved under the assumption that ¢ > 1). For general x, the proof requires more work. Indeed,
writing (GX)vx = >_,(GX)v,u(p) and estimating |(GX)v,| by O (¢Y4(1 + ¢*/?)®) leads to a bound
proportional to the ¢'-norm of x instead of its #2-norm. In order to obtain the sharp bound, which is
proportional to the #2-norm, we need to exploit cancellations among the summands. This phenomenon is
related to the fluctuation averaging from [18], and was previously exploited in [10] to obtain the isotropic
laws from Theorem 3.2. It is best made use of by estimating the p-th moment for an even integer p,

E‘(GX)vx‘p = ‘Z|p Z x(,ul) e l‘(Mp) E(Rmm (G[M]X)vm T Rupup (G[MP]X)VMP) ; (9'4)

His--sip

here we used the first identity of (7.30). A similar argument was given in [10, Section 5]. The basic idea is to
make all resolvents on the right-hand side of (9.4) independent of the columns of X indexed by {p1, ..., tp}
(see [10, Definition 3.7]). As in [10, Section 5], we do this using the identities from [10, Lemma 3.8] for the
entries of R. In addition, for the entries of G we use the identity (in the notation of [10, Definition 3.7])

M
G = G+ 2RI N GUMGE X, X, (9.5)
k,l=1

which follows from (7.28) and (7.29). As in [10, Section 5], the resulting expansion may be conveniently
organized using graphs, and brutally truncated after a number of steps that depends only on p and w (here w
is the constant from S in (3.7)). The key observation is that, once the expansion is performed, we may take
the pairing among the variables {Xy,, : k € [1,N],i € [1,p]}; we find that each independent summation
index p; comes with a weight bounded by z(;)* + N~1, which sums to O(1). We refer to [10] for the full
details of the method, and leave the modifications outlined above to the reader. O

A. A few remarks on applications to statistics

In this appendix we give a few remarks on what our results imply for applications to statistics. We assume
throughout that the population covariance matrix satisfies

for some constant C.

We consider the following simple model problem. Suppose there is some (unknown) set S C {1,..., M}
whose associated variables (ag)kes are strongly correlated. For simplicity, let us assume that the correlations
are given by a single spike in X, i.e.

Y =Iut(o-1vw, o-1=¢"%,

where the spike direction v = (v(k))1L, is given by

—1/2
o(k) = IS| ?fkeS
0 itk¢s.
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(We choose this precise form for v so as to simplify the presentation as much as possible. The following
discussion also holds if v is essentially supported on S, but the magnitude of its entries is not necessarily
constant.) Moreover, for simplicity we assume that 7 = X/2. In components, we have

Y = O + (0’ — 1)U(k)v(l) . (A.2)

The goal is to recover the set S from an observed realization of the sample covariance matrix Q. (In
the more general case where v is not constant on S, one may easily recover its entries from the submatrix
(Qki)k,1es once S has been determined.)

The most naive way to proceed is to compare the entries of Q with those of . Using (A.1) it is not hard
to conclude that

Qu = Su +O<(N7Y2).

We look at the off-diagonal terms of Q and infer that k belongs to S if there exists an index [ such that
Qy is much larger than N~1/2. For this approach to work, we require that |Yy| > N~1/2  which reads
(o — Dw(k)v(l) > N~1/2. We conclude that this naive entrywise approach works provided that
S|
c—1> —. A3
VN (43
In contrast, according to Theorems 2.3 and 2.11, looking at the principal components of Q allows us to
determine S from the top eigenvector &, provided the spike o is supercritical, i.e. gives rise to an outlier
separated by a distance of order one from the bulk spectrum. This gives the condition

o—1> /2. (A.4)

The principal component analysis works and the naive componentwise approach does not if (A.4) holds and
(A.3) does not. These conditions may be written as

1/2 Bl
o-1«x —.
¢ vM
Hence the principal component analysis for this example is very effective when the family of correlated
variables is quite large, |\S| > ¢Y/2/ M.
More generally, the principal component approach may work in the regime

S| > ¢Y/? (A.5)

and cannot work for smaller |S|. Indeed, the assumption (A.1) is satisfied for o < |S], so that in the case
of the strongest possible correlations, o =< |S|, the condition (A.4) reduces to (A.5). On the other hand, if
|S| < ¢'/?, then from (A.2) and the assumption (A.1) we find o — 1 < |S| < ¢'/2, in contradiction to (A.4).

Clearly, by (A.4), for the purposes of statistical inference it is desirable to make ¢ as small as possible.
This means that the number of samples per variables is as large as possible. It is therefore natural to attempt
to make M smaller so as to reduce ¢. Obviously, if we know a priori that S is contained in some subset Y
of {1,..., M} of size M /2, then we simply discard all variables indexed by Y° and consider the correlations
restricted to (a;);cy; we have halved ¢ in the process.

However, if we have no such a priori knowledge about S, discarding half of the variables a; is a bad idea.
In this case, the best one can do is to choose Y at random. Thus, suppose that S is uniformly distributed
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among the subsets of {1,..., M} of size |S|. We cut the sample space {1,..., M} in half by keeping only
the M/2 first elements. We therefore obtain a new family of variables with dimensional parameters

M = M/2, & := ¢/2.

Let & be the M/2 x M/2 matrix obtained from ¥ = 1+ ¢'/2dvv* by restricting it to the first M/2 elements,
ie X:= (Ekl)i\/l/jl. Note that ¥ is again a rank-one perturbation of the identity. We write it in the form

£ = Iy + 6" 2dv",
where v is a unit vector. Since 9|
{550 £ 0} ~ =

with high probability, we find that v(k) ~ v2v(k) for k € S. Picking an entry S = Sy for k1 €
S{1,...,M/2}, we obtain
o2 du(k)v(l) = Y2 dv(k)D(l).

Therefore, B
d ~ d/V2.

We conclude that detecting spikes in the new problem is more difficult than in the original problem, and the
halving of sample space is therefore counterproductive unless one has some good a priori information about
.

We conclude this appendix with a remark about the use of the non-outlier principal components for
statistical inference. Theorem 2.20 implies that the non-outlier eigenvectors near the edge are all biased
in the direction of v; provided that d; is near the BBP transition point 1. Suppose for simplicity that ¢
is bounded. Then Theorem 2.20 implies that for d; near 1 we have (w,€,)? < (d; — 1)72M~! with high
probability. We can therefore detect the spike d; through the resulting bias in the direction v; as long as
|d; — 1] < 1. (Recall that the unbiased, or completely delocalized, case corresponds to (w,€,)? < M~1))
Hence, the non-outlier eigenvectors &, retain information even about subcritical spikes. This is in stark
contrast to the eigenvalues p,, which, by Theorem 2.7, retain no information about the subcritical spikes.

If di < 1 — 7 for some fixed 7, then the principal components of ) contain no information about the
spike d;. We illustrate this using the simple model from (A.2). Suppose we try to determine the set S by
choosing the components of £, that are much larger than the unbiased background value M ~'/2. This works
provided that for k € S we have

La(k)? = (A+9)"Pu(k)” > L
M M
Using v(k)? = |S|~" for k € S, we therefore get the condition (1 + ¢)'/2 > |S|. This however cannot hold,
since we have by assumption (A.1) on X that

C > Y = 1+¢1/2|S‘71.
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