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We develop a new method for deriving local laws for a large class of random matrices. It is
applicable to many matrix models built from sums and products of deterministic or independent
random matrices. In particular, it may be used to obtain local laws for matrix ensembles that are
anisotropic in the sense that their resolvents are well approximated by deterministic matrices
that are not multiples of the identity. For definiteness, we present the method for sample
covariance matrices of the form @ := TXX*T*, where T is deterministic and X is random
with independent entries. We prove that with high probability the resolvent of @ is close to a
deterministic matrix, with an optimal error bound and down to optimal spectral scales.

As an application, we prove the edge universality of ) by establishing the Tracy-Widom-Airy
statistics of the eigenvalues of @) near the soft edges. This result applies in the single-cut
and multi-cut cases. Further applications include the distribution of the eigenvectors and an
analysis of the outliers and BBP-type phase transitions in finite-rank deformations; they will
appear elsewhere.

We also apply our method to Wigner matrices whose entries have arbitrary expectation, i.e. we
consider W + A where W is a Wigner matrix and A a Hermitian deterministic matrix. We prove
the anisotropic local law for W 4+ A and use it to establish edge universality.

1. Introduction

1.1. Local laws. The empirical eigenvalue density of a large random matrix typically converges
to a deterministic asymptotic density. For Wigner matrices this law is the celebrated Wigner
semicircle law [39] and for uncorrelated sample covariance matrices it is the Marchenko-Pastur
law [29]. This convergence is best formulated using Stieltjes transforms. Let @ be an M x M
Hermitian random matrix, normalized so that its eigenvalues are typically of order one, and denote
by R(z) := (Q — zIy)~! its resolvent. Here z = E + in is a spectral parameter with positive
imaginary part 1. Then the Stieltjes transform of the empirical eigenvalue density is equal to
M~ Tr R(z), and the convergence mentioned above may be written informally as
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7T R(2) = M;Rﬁ(z) ~ m(z) (1.1)

*ETH Ziirich, knowles@math.ethz.ch.
TUniversity of Wisconsin, jyin@math.wisc.edu.



for large M and with high probability. Here m(z) is the Stieltjes transform of the asymptotic
eigenvalue density, which we denote by p. We call an estimate of the form (1.1) an averaged law.

As may be easily seen by taking the imaginary part of (1.1), control of the convergence of
M~!Tr R(z) yields control of an order nM eigenvalues around the point E. A local law is an
estimate of the form (1.1) for all n > M~!. Note that the approximation (1.1) cannot be correct
at or below the scale < M ™!, at which the behaviour of the left-hand side of (1.1) is governed by
the fluctuations of individual eigenvalues. Such local laws have become a cornerstone of random
matrix theory, starting from the work [16] where a local law was first established for Wigner
matrices. Well known corollaries of a local law include bounds on the eigenvalue counting function
as well as eigenvalue rigidity. Moreover, local laws constitute the main tool needed to analyse
(a) the distribution of eigenvalues (including the universality of the local spectral statistics), (b)
eigenvector delocalization, (c) the distribution of eigenvectors, and (d) finite-rank deformations of
Q.

In fact, for all of the applications (a)—(d), the averaged local law from (1.1) is not sufficient. One
has to control not only the normalized trace of R(z) but the matrix R(z) itself, by showing that
R(z) is close to some deterministic matrix depending on z, provided that 7 > M~!. Such control
was first obtained for Wigner matrices in [19], where the closeness was established in the sense of
individual matrix entries: R;;j(z) = m(z)d;;. We call such an estimate an entrywise local law. More
generally, in [7,25] this closeness was established in the sense of generalized matrixz entries:

(v,R(z)w) ~ m(z){v,w), n > M1, [v],lw| < 1. (1.2)

Analogous results for uncorrelated sample covariance matrices were obtained in [7,32]. The estimate
(1.2) states that for large M the resolvent R(z) is approximately isotropic (i.e. proportional to the
identity matrix), and we accordingly call an estimate of the form (1.2) an isotropic local law. We
remark that the basis-independent control in (1.2) is crucial for many applications, including the
distribution of eigenvectors and the study of finite-rank deformations of Q.

Unlike in the case of Wigner matrices and uncorrelated sample covariance matrices mentioned
above, the resolvent R(z) is in general not close to a multiple of the identity matrix, but rather to
some general deterministic matrix P(z). In that case (1.2) is to be replaced with

(v,R(z)w) ~ (v,P(z)w), n> M1, v, lw| < 1. (1.3)

We call an estimate of the form (1.3) an anisotropic local law. The goal of this paper is to develop
a method yielding (anisotropic) local laws for many matrix models built from sums and products
of deterministic or independent random matrices. Applications include all the four (a)—(d) listed
above, some of which we illustrate in this paper.

1.2. Sample covariance matrices. For definiteness, and motivated by applications to multi-
variate statistics, in this paper we focus mainly on sample covariance matrices. (In Section 12,
we also explain how to apply our method to deformed Wigner matrices.) We consider sample
covariance matrices of the form Q = N~'AA*, where A is an M x N matrix. The columns of A
represent NV independent and identically distributed observations of some random M-dimensional
vector a. We shortly outline the statistical interpretation of @), and refer e.g. to [8] for more de-
tails. A fundamental goal of multivariate statistics is to obtain information on the population
covariance matrix ¥ := Eaa* from N independent samples A = [a(l) co.aly )] of the population
a. Then @ corresponds to ¥ with the expectation replaced by the empirical average over the



N samples. If the entries a do not have mean zero, then the population covariance matrix
reads E(a — Ea)(a — Ea)*, and the sample covariance matrix is accordingly obtained by subtract-
ing the empirical average % Zl],V:l A, from each entry A;,. We may therefore write the sample
covariance matrix as Q = (N — 1) A(Iy — ee*)A*, where we introduced the normalized vector
e = N_1/2(1, 1,...,1)* € RN, Since (@ is invariant under the deterministic shift Aiy = Aj + i,
we may without loss of generality assume that EA;, = 0. We shall always makes this assumption.

For the sample vector a we take a linear model a = T'b, where T is a deterministic M x M matrix
and b is a random M-dimensional vector with zero expectation. We assume that the entries of b
are independent. This model includes in particular the usual linear (or “signal + noise”) models
from multivariate statistics; see [7, Section 1.2] for more details. Note that, in addition to the
assumption Eb; = 0, we may without loss of generality assume that E|b;|?> = 1 by absorbing the
variance of b; into the deterministic matrix 7. Hence, without loss of generality, throughout the
following we make the assumptions Eb; = 0 and E|b;|? = 1.

Letting X be an M x N matrix of independent entries satisfying EX;, = 0 and E\XWP =N"1,
we may therefore write the matrices Q and Q as

Q = TXX*'T*, Q = %TX(IN —ee*) X*T* . (1.4)
It is easy to check that in both cases the associated population covariance matrix is ¥ = EQ = EQ =
TT*. The matrix @ was first studied in the seminal work of Marchenko and Pastur [29], where it
was proved that the Stieltjes transform m of the asymptotic density o may be characterized as the
solution of an integral equation, (2.11) below, depending on the spectrum of ¥. In the language
of free probability, the asymptotic density o is the free multiplicative convolution of the famous
Marchenko-Pastur law with the empirical eigenvalue density of 3.

1.3. Outline of results. For simplicity, we focus on the matrix ), bearing in mind that similar

results also apply for @) (see Section 11.2). We assume that the three matrix dimensions M, M , N
are comparable, and that the entries of v/ NX possess a sufficient number of bounded moments.
Moreover, we assume that ||X]|| is bounded, and that the spectrum of ¥ satisfies certain regularity
conditions, given Definition 2.7 below, which essentially state that the connected components of
the support of ¢ are separated by some positive constant, and that the density of o has square root
decay near its edges in (0,00). Note that we do not assume that 7" is square, and in particular 7'
may have many vanishing singular values; this allows us to cover e.g. the general linear model of
multivariate statistics.
Our main result is the anisotropic local law for Q). Roughly, it states that (1.3) holds with

P(z) = —(2(Im —i—m(z)Z))_l,

where m(z) is the Stieltjes transform of the asymptotic density o. In fact, we prove a more general
anisotropic local law that is more useful in applications. Its formulation is most transparent under
the additional assumption that 7= T* = X1/2 although this assumption is a mere convenience
and may be easily removed (see Section 11.1). We prove an anisotropic local law of the form

(v,G(z)w) = (v,TI(z)w), (1.5)
for n>> M~! and |v|,|w| < 1, where we defined



A simple application of Schur’s complement formula to (1.5) yields the anisotropic local law for the
resolvent of ) = T X X*T* and a similar result for the resolvent of the companion matrix X*T*T X.
The estimate (1.5) holds with high probability, and we give an explicit and optimal error bound.
We remark that the anisotropic local law holds under very general assumptions on the distribution
of X, the dimensions of X and T, and the spectrum of TT*. In particular, we make no assumptions
on the singular vectors of T. We remark that, previously, an anisotropic global law, valid for n < 1,
was derived in [22] for a different matrix model.

As an application of the anisotropic local law, we prove the edge universality of the eigenvalues
near the soft spectral edges, whereby the joint distribution of the eigenvalues is asymptotically
governed by the Tracy-Widom-Airy statistics of random matrix theory. More precisely, we prove
that the asymptotic distribution of the eigenvalues near the soft edges depends only on the nonzero
spectrum of TT™. This may be regarded as a universality result in both the distribution of the
entries of X and the (left and right) singular vectors of 7', including their dimensions. We then
conclude that the Tracy-Widom-Airy statistics hold near the soft edges by noting that they have
been previously established [11,21,26,30] for Gaussian X and diagonal 7.

We comment briefly on the history of edge universality for sample covariance matrices of the
form Q. The Tracy-Widom-Airy statistics were first established near the rightmost spectral edge
in the case of complex Gaussian X in [11,30]. In [5], this result was extended to general complex X
under the assumption that X is diagonal, i.e. the population vector a is uncorrelated. Very recently,
in [21] the Tracy-Widom-Airy statistics were established near all soft edges in the case of complex
Gaussian X. Moreover, in [26], building on a new comparison method developed in [27], the Tracy-
Widom-Airy statistics near the rightmost edge were established also in the case of real Gaussian
X, or general real X and diagonal ¥. We remark that all proofs from [11,21,30] crucially rely on
the integrable structure of @) in the complex Gaussian case (the Harish-Chandra-Itzykson-Zuber
formula and the determinantal form of the eigenvalue process); this structure is not available in
the real case, and the method of [26] is different from that of [11,21,30].

We also prove the rigidity of eigenvalues, as well as the complete delocalization of the eigenvec-
tors with respect to an arbitrary deterministic basis. Further applications of the anisotropic local
law, such as the distribution of the eigenvectors and an analysis of the outliers and BBP-type phase
transitions in finite-rank deformations, will appear elsewhere.

Finally, we also apply our method to deformed Wigner matrices of the form W + A, where W is
a Wigner matrix and A a bounded Hermitian matrix. This model describes Wigner matrices whose
entries may have arbitrary expectations. As for @), we establish the Tracy-Widom-Airy statistics
near the spectral edges of W + A. More precisely, we prove that the asymptotic distribution of the
eigenvalues near the edges depends only on the asymptotic spectrum of A, which may be regarded
as a universality result in the distribution of W and the eigenvectors of A. We then conclude that
the Tracy-Widom-Airy statistics hold near the edges by noting that they have been previously
established [27] for diagonal A.

1.4. Overview of the proof. We conclude this section by outlining some ideas of the proof of
the anisotropic local law. Roughly, the proof proceeds in three steps: (A) the entrywise local law
for Gaussian X and diagonal ¥, (B) the anisotropic local law for Gaussian X and general ¥, and
(C) the anisotropic local law for general X and general 3. Steps (A) and (B) may be performed
by adapting the methods of [7], and we do not comment on them any further.

The main argument, and the bulk of the proof, is Step (C). Its core is a self-consistent comparison
method, which yields the anisotropic local law for general X assuming it has been proved for



Gaussian X. Up to now, all interpolation or Lindeberg replacement arguments in random matrix
theory have crucially relied on a local law as input. Since the local law is exactly what we are
trying to prove, a different approach is clearly needed — one that does not need a local law to work.
Our method yields a new way of deriving local laws for general random matrices expressed as
polynomials of deterministic and random matrices whose entries are independent. It relies on two
key novel ideas: (a) continous Green function comparison argument where the errors are controlled
self-consistently, and (b) a bootstrapping of the Green function comparison on the spectral scale 7.

In the remainder of this subsection we give a few details of our method, and in particular
explain the ideas (a) and (b) in more detail. We construct a continuous family (X 6)96[0’1] of
matrices, whereby X© is a Gaussian ensemble and X! is the ensemble in which we are interested.
Then we operate in the (6, n)-plane and perform simultaneously a continuous interpolation in 6 and
a discrete bootstrapping in 7. (See Figure 1.1 below.)

Interpolation methods have been extensively used in random matrix theory, in the form of both
discrete Lindeberg-type replacement schemes [10,19,20,36] and continuous interpolations [26-28].
Moreover, Dyson Brownian motion, as used e.g. in [17, 18,26, 27|, may be regarded as a form of
continuous interpolation for the case that X° is Gaussian. The usual choice of interpolation, as
used in [26,28] and also resulting from Dyson Brownian motion, is X¢ = /1 -0 X%+ A X', In
this paper, we instead interpolate using i.i.d. Bernoulli random variables:

X0 = XL+ 1 -x0)x], (1.6)

where a = (4, 1) indexes the matrix entries and (x?) is a family of i.i.d. Bernoulli-§ random variables.
The choice (1.6) is convenient for our purposes, since the expectation of a function of X% = (X?)
is particularly easy to differentiate in 6, resulting in explicit formulas that are the starting point of
our analysis. Indeed, as explained in Section 7 (see Remark 7.18), for any smooth enough function
F and ¢ € N we have an identity of the form

%EF X% = ZZ (axe) FE+&, .

n=1 «o

where sza is defined through the formal power series

EetXa — EetXa
0 .
Z KTL,OZ tn = Eeth ) (18)
n=>1
and the error term & is negligible for large enough /. In particular, K , depends only on the first

n moments of X0 and X}, and vanishes if the first n moments of X0 0" and X! match. We remark
that the interpolation method from (1.6)—(1.8) can be used to simplify several previous comparison
arguments in random matrix theory, especially the proofs of edge universality in [13,20].

Next, we explain the basic strategy behind the self-consistent comparison method mentioned in
(a) above. We choose a function

FJ(X,z) = [{v,(G(z) —T(2))v)["

that controls the error in the anisotropic low. Here v is a deterministic vector on the unit sphere
S and p a fixed integer. Our goal is to prove that |<v, (G(z) — H(z))v>| < N°WW(z) with high



probability, where W is an explicit error parameter defined in (3.8) below. By Markov’s inequality,
it suffices to prove EF? (X, z) < N°MW(2)? for large but fixed p. Since we know (by assumption
on the Gaussian case) that EFY(X?, z) < N°MW(2)P, it suffices to estimate the derivative as
%EF‘I,’ (X?,2) < N°DW(2)P. In fact, by Gronwall’s inequality, it suffices to establish the weaker
self-consistent estimate
iIEFgJ(X@, 2) < N°OW(2)P + Csup EFL (XY, 2). (1.9)
dé weS
Note that (1.9) is self-consistent in the sense that the right-hand side depends on the quantities to
be estimated. Most of the work is therefore to estimate the right-hand side of (1.7) with F := F¥
by the right-hand side of (1.9). The derivatives on the right-hand side of (1.7) are polynomials
of generalized matrix entries of G. Their structure has to be carefully tracked, which we do in
Sections 7 and 8 by encoding them using an appropriately constructed family of words.

It turns out, however, that in general these polynomials involve factors that cannot be estimated
by either term on the right-hand side of (1.9). To handle these bad terms, as mentioned in (b)
above, we make use of a bootstrapping in the spectral scale 1. The basic idea is to perform the
interpolation from 6 = 0 to € = 1 on a spectral scale 7, and to use the obtained anisotropic local
law at scale 7 to deduce rough a priori bounds on the generalized entries of GG on the smaller spectral
scale 1. The bootstrapping is started at n = 1, where the trivial a priori bound n~! = 1 on the
entries of G is sufficient. The bootstrapping proceeds in multiplicative increments of N~9, where
d > 0 is a fixed small exponent. Hence, the bootstrapping iteration needs to be performed only an
order O(1) times. (We remark that this bootstrapping is different from the stochastic continuity
arguments commonly used to establish local laws for Wigner matrices [14-16], which propagate
much more precise estimates but have to be iterated an order N times.)

At each step of the bootstrapping, we use the anisotropic local law on the scale 77 = N%) and
simple monotonicity properties of G to obtain a priori bounds on |Gyw| and Im Gy on the scale
1. Roughly, the smallness that allows us to propagate the bootstrapping arises from a certain
structure of summation indices in the polynomials, which yields factors of Im Gy . It is important
to ensure that a sufficiently large number of such factors is generated, and that the a priori bound
on them is close to optimal. In contrast, the a priori bound that one can use for general entries
|Gyw| is very rough. Figure 1.1 gives a schematic representation of the self-consistent comparison
method, which combines a continuous interpolation in 6 and a discrete bootstrapping in 7. We
refer to Sections 7.1 and 8.1 for a more detailed outline of the proof.

The next section is devoted to the definition of the model and the statement of results. We give
an outline of the structure of the paper in Section 3.5 below.

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 pa-
rameters and whose value may change from one expression to the next. Similarly, we use ¢ to
denote a generic small positive constant. If a constant C' depends on some additional quantity «,
we indicate this by writing C,,. For two positive quantities Ay and By depending on N we use the
notation Ay =< By to mean C~'Ay < By < CAy for some positive constant C. For a < b we set
[a,b] := [a,b] N Z. We use the notation v = (v(i))"_; for vectors in C", and denote by |-| = |- [|2
the Euclidean norm of vectors. We use || || to denote the Euclidean operator norm of a matrix.
We often write the k x k identity matrix I simply as 1 when there is no risk of confusion.
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FIGURE 1.1. A schematic overview of the self-consistent comparison method. The horizontal axis depicts
the interpolation parameter 6 € [0,1], with § = 0 corresponding to the Gaussian case and § = 1 to the
general case. The vertical axis depicts the spectral scale 7, with 7 = 1 corresponding to the macroscopic
scale and 7 = N~! the microscopic scale. The self-consistent comparison argument takes place in the (6,7)-
plane, and follows the horizontal lines from left to right and top to bottom, i.e. (0,1) — (1,1),(0, N7%) —
(1, N79),(0, N=2%) — (1, N~%),.... The diamonds on the vertical axis indicate that the anisotropic local
law is known at (0,7). The circle indicates the goal (0,7) = (1, N~1).

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 constants may C,c¢ depend
on 7, and we neither indicate nor track this dependence.

2. Model

In this section we define our model, list our key assumptions, and explain the basic structure of
the asymptotic eigenvalue density o.

2.1. Definition of the model. We consider the M x M matrix @ := TXX*T*, where T is a

deterministic M x M matrix and X a random M x N matrix. We regard N as the fundamental
parameter and M = My and M=M ~ as depending on N. Here, and throughout the following,
we omit the index N from our notation, bearing in mind that all quantities that are not explicitly
constant (such as the constant 7) may depend on N. For simplicity, we always make the assumption
that

—

M =< M =< N. (2.1)

(This assumption may relaxed to log M = log M= log N with some extra work; see [8]. We do not
pursue this direction here.) We introduce the dimensional ratio



Note that (2.1) implies
r< <t (2.3)

provided 7 > 0 is chosen small enough.
We assume that the entries X;, of the M x N matrix X are independent (but not necessarily
identically distributed) real-valued random variables satisfying

1
EX;, = 0, E|X;,? = - (2.4)

N
for all i and . In addition, we assume that, for all p € N, the random variables v/N. Xy have a
uniformly bounded p-th moment. In other words, we assume that for all p € N there is a constant

C) such that
E[VNX;,|" < G, (2.5)

for all 7 and p. The assumption that (2.5) 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 (2.5) holds for all p < C for some large enough constant C'. We do not pursue such
generalizations.

For definiteness, in this paper we focus mostly on the real symmetric case (5 = 1), where all
matrix entries are real. We remark, however, that all of our results and proofs also hold, after
minor changes, in the complex Hermitian case (5 = 2), where X;, € C and in addition to (2.4) we
have IEXZ?M = 0.

The population covariance matrix is defined as
¥ = EQ = TT".
We denote the eigenvalues of 3 by

o1 =2 09 =2 - 2oy = 0.
Let
| M
Toi= MZ% (2.6)
i=1
denote the empirical spectral density of ¥. We suppose that
op < 771 (2.7)
and that
©([0,7]) < 1—7. (2.8)

This latter assumption means that the spectrum of ¥ cannot be concentrated at zero.
Sometimes it will be convenient to make the following stronger assumption on 7"

M=MandT=T"=%"2>0. (2.9)

The assumption (2.9) will frequently simplify the presentation and the proofs. Thanks to our
general assumptions (2.7) and (2.8), it will always be relatively easy to remove (2.9). In particular,
we emphasize that the assumption X > 0 is purely qualitative in nature, and is made in order to
simplify expressions involving the inverse of 3. The case of ¥ > 0 may always be easily obtained
by considering 3. + €Ijs and then taking € | 0 at fixed N. We refer to Section 11.1 below for the
details on how to remove the assumption (2.9).

To avoid repetition, we summarize our basic assumptions for future reference.



ASSUMPTION 2.1. We suppose that (2.1), (2.4), (2.5), (2.7), and (2.8) hold.

2.2. Asymptotic eigenvalue density. Next, we define the asymptotic eigenvalue density of
X*T*TX, o, via its Stieltjes transform, m. Let C, denote the complex upper-half plane.

LEMMA 2.2. Let m be a compactly supported probability measure on R, and let ¢ > 0. Then for
each z € Cy there is a unique m = m(z) € Cy satisfying

1

Moreover, m(z) is the Stieltjes transform of a probability measure o with bounded support in [0, 00).

PrOOF. This is a well-known result, which may be proved using a fixed point argument in C;
the function m(z) is the Stieltjes transform of the multiplicative free convolution of 7 and the
Marchenko-Pastur law with dimensional ratio (2.2). See e.g. [34, Section 5] and [3] for more
details. O

DEFINITION 2.3 (ASYMPTOTIC DENSITY). We define the deterministic functionm = my ny : C4 —
C+ as the unique solution m(z) of (2.10) with ¢ defined in (2.2) and 7 defined in (2.6). We denote
by 0 = ox. N the probability measure associated with m, and call it the asymptotic eigenvalue density.

The rest of this subsection is devoted to a discussion of the basic properties of the asymptotic
eigenvalue density p. Much this discussion is well known; see e.g. [1,21,35]. The reader interested
only in the principal components of @), i.e. its top eigenvalues, can skip this subsection and proceed
directly to the results in Theorem 3.14 (with k£ = 1) and Corollary 3.19 (i).

Let n := |[supp 7 \ {0}| be the number of distinct nonzero eigenvalues of ¥, and write

suppm \ {0} = {s1 >s2>--- > s,}.
Let z € C4. Then m = m(z) may also be characterized as the unique solution of the equation
z = f(m), Imm >0, (2.11)

where we defined

fla) = ¢Z miss’} (2.12)

In Figures 2.1 and 2.2, we illustrate the graph of f for the cases ¢ < 1 and ¢ > 1 respectively. In
Figure 2.3 we plot the density of o for the examples from Figures 2.1 and 2.2. The behaviour of o
may be entirely understood by an elementary analysis of f.

It is convenient to extend the domain of f to the real projective line R = RU{co} = S!. Clearly,
f is smooth on the n 4 1 open intervals of R defined through

n
I = (—s71,0), L = (—s;t,—s7Y) (i=2,...,n), Iy = @\UE
i=1

Next, we introduce the multiset C C R of critical points of f, using the conventions that a nonde-
generate critical point is counted once and a degenerate critical point twice, and if ¢ = 1 then oo is
a nondegenerate critical point. The following three elementary lemmas are proved in Appendix A.
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FIGURE 2.1. The function f(z) for ¢m = 0.01 519 + 0.01 05 + 0.0561 5 + 0.036;. Here, ¢ = 0.1 and we have
p = 3 connected components. The vertical asymptotes are located at —o~! for o € supp 7. The support of
o is indicated with thick blue lines on the vertical axis. The inverse of m|R\Supp o is drawn in red.

LEMMA 2.4 (CRITICAL POINTS). We have |CNIy| = |[CNI1| =1 and |CNL;| € {0,2} fori=2,...,n.

We deduce from Lemma 2.4 that |C| = 2p is even. We denote by z1 > x9 > -+ > x9,_1 the
2p — 1 critical points in [1 U --- U I, and by w2, the unique critical point in Iy. For £ =1,...,2p
we define the critical values ay, := f(zg).

LEMMA 2.5 (ORDERING OF THE CRITICAL VALUES). We have a1 > ag > -+ > agp. Moreover, for
k=1,...,2p we have ay, = f(xx) and x = m(ay), where m is defined on R by continuous extension
from C4, and we use the convention m(0) := oo for ¢ = 1. Finally, under the assumptions (2.3)
and (2.7) there exists a constant C (depending on T) such that ay, € [0,C] for k=1,...,2p.

The following result gives the basic structure of o.
LEMMA 2.6 (STRUCTURE OF p). We have
P
supp 0N (0,00) = (U [a2k, a2k1]> N (0,00). (2.13)
k=1

Our assumptions on 7 (i.e. on the spectrum of ¥) take the form of the following regularity
conditions.

DEFINITION 2.7 (REGULARITY). Fiz T > 0.

10
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FIGURE 2.2. The function f(x) for ¢m = 019 + d5 + 51,5 + 301. Here, ¢ = 10 and we have p = 1 connected
component. The vertical asymptotes are located at —o~! for o € supp m. The support of ¢ is indicated with
a thick blue line. The inverse of m|g\gsupp , is drawn in red.
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FIGURE 2.3. The densities of p for the examples from Figures 2.1 (left) and 2.2 (right).

(i) We say that the edge k =1,...,2p is regular if
ap = T, rlr;éi’?\ak—aﬂ > T, minlzy, + s, > 7. (2.14)
(2
(ii)) We say that the bulk component k = 1,...,p is regular if for any fixzed 7/ > 0 there exists

a constant ¢ = ¢y > 0 such that the density' of o in [ag + 7', ask_1 — 7'] is bounded form
below by c.

!This means the density of the absolutely continuous part of o. In fact, as explained after Lemma 4.10 below, o
is always absolutely continuous on R\ {0}.

11



The edge regularity condition from Definition 2.7 (i) has previously appeared (in a slightly
different form) in several works on sample covariance matrices. For the rightmost edge k = 1, it
was introduced in [11] and was subsequently used in the works [5,26,30] on the distribution of
eigenvalues near the top edge a;. For general k, it was introduced in [21]. The second condition of
(2.14) states that the gap in the spectrum of ¢ adjacent to the edge aj does not close for large N;
the third condition of (2.14) ensures a regular square-root behaviour of the spectral density near
ar, and in particular rules out outliers.

The bulk regularity condition from Definition 2.7 (ii) imposes a lower bound on the density of
eigenvalues away from the edges. Without it, one can have points in the interior of supp ¢ with
an arbitrarily small density, and our results can be shown to be false. Such points may be easily
constructed by taking m with a degenerate critical point x, which corresponds to two components
of ¢ touching at a = f(x). Then it is not hard to check that one can construct an arbitrarily small
perturbation 7 of 7w such that the point a is well-separated from the edges of the support of the
associated density g, and the density ¢ at a is an arbitrarily small positive number. The condition
from Definition 2.7 (ii) is stable under perturbation of 7; see Remark A.7 below.

We conclude this subsection with a couple of examples verifying the regularity conditions of
Definition 2.7.

EXAMPLE 2.8 (Bounded number of distinct eigenvalues). We suppose that n is fixed, and that
S1y...,5n and ¢m({s1}),...,om({sn}) all converge in (0,00) as N — oo. We suppose that all
critical points of limy f are nondegenerate, and that limy a; > limy a;41 for i = 1,...,2p. Then it
is easy to check that, for small enough 7, all edges kK =1,...,2p and bulk components k =1,...,p
are regular in the sense of Definition 2.7.

EXAMPLE 2.9 (Continuous limit). We suppose that ¢ converges in (0,00) \ {1}. Moreover, we
suppose that 7 is supported in some interval [a, b] C (0, 00), and that 7 converges in distribution to
some measure T, that is absolutely continuous and whose density satisfies 7 < dmoo (E)/dE < 771
for E € [a,b]. It is easy to check that in this case p = 1, and that the two edges and the single bulk
component are regular in the sense of Definition 2.7.

3. Results

In this section we state our main results for the sample covariance matrix () defined in Section 2.
To ease readability, we state the anisotropic local law under three different sets of increasingly weak
assumptions. In Section 3.2, we assume that all edges and bulk components are regular in the sense
of Definition 2.7. In Section 3.3, we assume only regularity of a single edge or bulk component, and
state the anisotropic local law in the vicinity of the corresponding edge or bulk component. As an
application, we prove the edge universality near a regular edge. Finally, in Section 3.4 we give a
general anisotropic law, where the concrete regularity assumptions from Definition 2.7 are replaced
with a more general but abstract stability condition. The reader interested only in the principal
components of @) can proceed directly to the results in Theorem 3.14 (with & = 1) and Corollary
3.19 (i).

3.1. Basic definitions. In this preliminary subsection we introduce some basic notations and
definitions. Our main results take the form of local laws, which relate the resolvents

Ry(z) == (X*T"TX — 2" and  Ru(z) = (TXX*T* —2)~} (3.1)
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to the Stieltjes transform m of the asymptotic density o. These local laws may be formulated in
a simple, unified fashion under the assumption (2.9) using an (M + N) x (M + N) block matrix,
which is a linear function of X.

DEFINITION 3.1 (INDEX SETS). We introduce the index sets
Iy = [1,M], Iy = [M+1,M + N]J, T :=TIyUIy = [1,M+ N]J.

We consistently use the letters i, € Iy, u,v € Iy, and s,t € Z. We label the indices of the
matrices according to

X = (Xsp i€y, p€ln), Y= (% :i,5 € Ty).

DEFINITION 3.2 (LINEARIZING BLOCK MATRIX). Under the condition (2.9) and for z € C4 we
define the T x T matriz

—x-tox\7!
G(z) = G*(X,z) : < X+ —z) . (3.2)
The motivation behind this definition is that, assuming (2.9), a control of G immediately yields

control of the resolvents Ry and Rj; via the identities
Gy = (z3'PRy%Y?); (3.3)

for i, € Tps and
GHV = (RN)W (3.4)

for u,v € In. Both of these identities may be easily checked using Schur’s complement formula.
Next, we introduce a deterministic matrix II, which we shall prove is close to G with high
probability (in the sense of Definition 3.4 (iii) below).

DEFINITION 3.3 (DETERMINISTIC EQUIVALENT OF (). For z € Cy we define the ITxT deterministic

matrix
M(z) = I5(2) = <—2(1+781(2)2) ! m?g)) , (3.5)

We also extend ¥ to an 7 x 7 matrix

y = (% (1)) , (3.6)

We consistently use the notation z = E + in for the spectral parameter z. Throughout the
following we regard the quantities F(z) and 7(z) as functions of z and usually omit the argument
unless it is needed to avoid confusion. The spectral parameter z will always lie in the fundamental
domain

D = D(r,N) == {2€Cy:|z| =7, |E| <7, N"HT <<t} (3.7)

where 7 > 0 is a fixed parameter.

The following notion of a high-probability bound was introduced in [12], and has been subse-
quently used in a number of works on random matrix theory. It provides a simple way of system-
atizing and making precise statements of the form “¢ is bounded with high probability by ¢ up to
small powers of N”.
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DEFINITION 3.4 (STOCHASTIC DOMINATION). (i) Let
¢ = (EMw:NeNuet™), ¢ = ((W@:NeNuecu®)

be two families of nonnegative random variables, where UN) is a possibly N -dependent pa-
rameter set.

We say that £ is stochastically dominated by ¢, uniformly in w, if for all (small) € > 0 and
(large) D > 0 we have

sup Pl¢™(w) > N(M(w)] < NP
ueU V)

for large enough N > Ny(g, D). Throughout this paper the stochastic domination will always
be uniform in all parameters (such as matriz indices, deterministic vectors, and spectral
parameters z € D) that are not explicitly fized. Note that Ny(e, D) may depend on quantities
that are explicitly constant, such as T and C), from (2.5).

(ii) If € is stochastically dominated by C, uniformly in u, we use the notation £ < (. Moreover, if
for some complex family & we have |§| < ¢ we also write § = O<(().

(iii) We extend the definition of O<(-) to matrices in the weak operator sense as follows. Let A be
a family of complex square random matrices and ¢ a family of nonnegative random variables.
Then we use A = O<(C) to mean |(v, Aw)| < C|v||w| uniformly for all deterministic vectors
v and wW.

REMARK 3.5. Because of (2.1), all (or some) factors of NV in Definition 3.4 could be replaced with
M or M without changing the definition of stochastic domination.

3.2. The full spectrum. As explained at the beginning of this section, we first state the
anisotropic local law for all arguments z under the assumption that all edges and bulk compo-
nents are regular in the sense of Definition 2.7. In the next subsection, we relax these assumptions
by restricting the domain of z to the vicinity of an edge or bulk component, and only requiring the
regularity of the corresponding edge or bulk component.

Our main result is the following anisotropic local law. We introduce the fundamental control
parameter

U(z) = Imj\%(z) + 1\177 (3.8)

and the Stieltjes transform of the empirical eigenvalue density of X*T*T X,
1
my(z) = N Z (BN ) ppu(2) - (3.9)
HELN

THEOREM 3.6 (ANISOTROPIC LOCAL LAW). Fiz 7 > 0. Suppose that (2.9) and Assumption 2.1
hold. Suppose moreover that every edge k = 1,...,2p satisfying ar > T and every bulk component
k=1,...,p is reqular in the sense of Definition 2.7. Then

£71(G(E) - ()2 = 0L(¥(2) (3.10)
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and
1
mpy(z) —m(z) = O (N77> (3.11)
uniformly in z € D.

(Note that the presence of the factors ¥ in (3.10) strengthens the result; by (2.7), they can be
trivially dropped to obtain a weaker estimate. They ensure that the control of the error is stronger
in directions where the covariance ¥ is small.)

Outside the support of the asymptotic spectrum, one has stronger control all the way down to
the real axis.

THEOREM 3.7 (ANISOTROPIC LOCAL LAW OUTSIDE OF THE SPECTRUM). Fiz 7 > 0. Suppose that
(2.9) and Assumption 2.1 hold. Suppose moreover that every edge k = 1,...,2p satisfying a, > T
is reqular in the sense of Definition 2.7 (i). Then

ng

(@) - T(E)s T = o<< W) (3.12)

uniformly in z € [r,77] x (0,77'] satisfying dist(E,supp o) > N~2/3+7.
An explicit expression for the error term in (3.12) may be obtained from (A.7) below.

REMARK 3.8. Theorem 3.7 can be used to obtain a complete picture of the outlier eigenvalues of Q)
in the case where a bounded number of eigenvalues of ¥ are changed to some arbitrary values (in
particular possibly violating the regularity assumption from Definition 2.7 (i)). We note that the
outliers may also lie between bulk components of p. The analysis is similar to the one performed
in [8] for the case 3 = Is; we omit the details.

In the remainder of this subsection, we state several corollaries of Theorem 3.6 where the
assumption (2.9) is removed. From Theorem 3.6 it is not hard to deduce the following result on
the resolvents Ry and Ry, defined in (3.1).

COROLLARY 3.9 (ANISOTROPIC LOCAL LAWS FOR X*T*TX AND TXX*T*). Fiz 7 > 0. Suppose
that Assumption 2.1 holds. Suppose moreover that every edge k = 1,...,2p satisfying ar > 7 and

every bulk component k =1,...,p is reqular in the sense of Definition 2.7. Then
Ry —m(z) = O<(¥(2)) (3.13)
and
12 <RM - M) 22 = 0L(¥(2) (3.14)

uniformly in z € D. Moreover, (3.11) holds uniformly in z € D.

REMARK 3.10. Theorem 3.7 has an analogous corollary for Ry and Ry, for z satisfying dist(E, supp o) >
N~—2/3+7 whereby the right-hand sides of (3.13) and (3.14) are replaced with the right-hand side
of (3.12); we omit the precise statement.
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REMARK 3.11. The following consistency check may be applied to the deterministic matrices on
the left-hand sides of (3.13) and (3.14). If, in the identity 77 Tr Ry = £ Tr Ry + %%, we replace
Tr Ry and Tr Ry with the corresponding deterministic matrices from the left-hand sides of (3.13)
and (3.14), we recover (2.11).

We conclude this subsection with another consequence of Theorem 3.6 — eigenvalue rigidity. We
denote by

A1 = A2 = 0 = AuaN
the nontrivial eigenvalues of Q, and by v1 > 72 > -+ > yman the classical eigenvalue locations
defined through
oo
N do = i—1/2. (3.15)
Vi
If p > 1, it is convenient to relabel A\; and ~; separately for each bulk component £k =1,...,p. To
that end, for £k = 1,...,p we define the classical number of eigenvalues in the k-th bulk component
through
a2k —1
N, = N/ do. (3.16)
asg

In Lemma A.1 below we prove that Ny, e Nfor k=1,...,p. Fork=1,...,pandi=1,..., N, we
introduce the relabellings

Aki = Nipy,_ N ki = Yiey, N € (a2, azk-1).

Note that we may also characterize v ; through N f;z’f‘l do=1i-1/2.

ki

THEOREM 3.12 (EIGENVALUE RIGIDITY). Fiz 7 > 0. Suppose that Assumption 2.1 holds. Suppose
moreover that every edge k = 1,...,2p satisfying ar > 7 and every bulk component k =1,...,p is
reqular in the sense of Definition 2.7. Then we have for allk =1,...,p andi =1,..., Ny satisfying
Vi = T that

. N\ —1/3
ki =il < (A (N +1—10) " PN23, (3.17)
REMARK 3.13. As in [7, Theorem 2.8], Corollary 3.9 and Theorem 3.12 imply the complete de-

localization, with respect to an arbitrary deterministic basis, of the eigenvectors of T X X*T™* and
X*T*TX associated with eigenvalues \; satisfying ~v; > 7.

Note that Theorem 3.12 in particular implies an exact separation of the eigenvalues into con-
nected components, whereby the number of eigenvalues in the k-th connected component is with
high probability equal to the deterministic number N;. This phenomenon of exact separation was
first established in [1,2].

3.3. Individual spectral regions and edge universality. In this subsection we elaborate on
the results of Subsection 3.2 by only requiring the regularity of the edge or bulk component near
which the spectral parameter z lies. To that end, for fixed 7,7’ > 0 we define the subdomains

D{ = D§(r,7,N) = {z eD(r,N): E€lay— 7, as —1—7'/]} (k=1,...,2p),

D} = Dj(r,7,N) = {€D(r,N): E€ [agp + 7 ag—1 — 7]}  (k=1,...,p),

D° = D°(r,7',N) := {z € D(r,N) : dist(E,suppo) > 7'} .
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The superscripts e, b, and o stand for “edge”, “bulk”, and “outside”, respectively.

Roughly, the results from Section 3.2 hold in each one of these smaller domains (instead of the
full domain D) provided that just the associated edge (for z € D§) or bulk component (for z € D%)
is regular. Results outside of the spectrum (for z € D°) do not need any regularity assumption.

THEOREM 3.14 (REGULAR EDGE). Fiz 7 > 0. Suppose that Assumption 2.1 holds. Suppose that
the edge k = 1,...,2p is reqular in the sense of Definition 2.7 (i). Then there exists a constant
7' >0, depending only on T, such that the following holds.

(1) Under the assumption (2.9) the estimates (3.10) and (3.11) hold uniformly in z € DY.

(i1) The estimates (3.13) and (3.14) hold uniformly in z € Df.

(iii) Let k = |(k+1)/2] be the bulk component to which the edge k belongs. Then for all i =

1,..., Ny satisfying v ; € [a — 7' ar, + 7'] we have
. A\ —1/3 o
|)\fm —"}/fw.’ < (2/\(]\7]%4-1 —Z)) / N~2/3,

THEOREM 3.15 (REGULAR BULK). Fiz 7,7" > 0. Suppose that Assumption 2.1 holds. Suppose that
the bulk component k = 1,...,2p is reqular in the sense of Definition 2.7 (ii).

(i) Under the assumption (2.9) the estimates (3.10) and (3.11) hold uniformly in z € DE.

(i) The estimates (3.13) and (3.14) hold uniformly in z € DY.

(iii) Suppose that at least one of the two edges 2k and 2k—1 is regular in the sense of Definition 2.7
(i). Then foralli=1,..., Ny satisfying Vi, € [aok+7, ask—1—7'] we have |Ap;—vyki| < N1

THEOREM 3.16 (OUTSIDE OF THE SPECTRUM). Fiz 7,7 > 0. Suppose that Assumption 2.1 holds.
(i) Under the assumption (2.9) the estimates (3.10) and (3.11) hold uniformly in z € D°.
(i) The estimates (3.13) and (3.14) hold uniformly in z € D°.

REMARK 3.17. As in Section 3.2, if dist(E, supp ¢) > N~2/3*7 then the error parameters ¥(z) on
the right-hand sides of (3.10), (3.13), and (3.14) in (i) and (ii) of Theorems 3.14 and 3.16 can be
replaced with the smaller quantity y/Imm(z)/(Nn) and the lower bound 1 > N~'*7 relaxed to
1 > 0. (See Theorem 3.7.) We omit the detailed statement.

Finally, as a concrete application of the anisotropic local law, we establish the edge universality
of Q. For a regular edge k = 1,. .., 2p we define @y, := (|f”(x1)|/2)"/3, which has the interpretation
of the curvature of the density of ¢ near the edge k. In Lemma A.3 below we prove that if k is
a regular edge then wy < 1. For any fixed [ € N and bulk component & = 1,...,p we define the
random vectors

N2/3
_ = )\l—ag_l... A — agk—1
A2g—1,1 w%_l( k, k—15--+y Ak k )7
N2/3
QoK1 = — (/\k,Nk — A2k -y AENp—I+1 — a2k) .
W2k

The interpretation of q, is the appropriately centred and normalized family of [ extreme eigenvalues
of () near the edge k.
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THEOREM 3.18 (EDGE UNIVERSALITY). Fiz 7 > 0 and [ € N. Suppose that Assumption 2.1 holds.
Suppose that the edge k = 1, ..., 2p is reqular in the sense of Definition 2.7 (i). Then the distribution
of qi; depends asymptotically only on . More precisely, for any fized continuous bounded function
h € Cy(R!) there exists b(h,m) = by (h, ), depending only on w, such that limpy o0 (ER(q,) —
b(h,7)) = 0.

Theorem 3.18 says in particular that the asymptotic distribution of q;; does not depend on the
distribution of the entries of X, on the left and right singular vectors of T', or on the dimensions of
T. In particular, we may choose the entries of X to be Gaussian and T' = T* to be diagonal. We
remark that Theorem 3.18 also holds for the joint distribution at several regular edges, i.e. for the
random vector (qy;)rex, where each k € K is a regular edge.

Combining Theorem 3.18 with the works [11,21,26,30] on the Gaussian case, we deduce con-
vergence of qi; to the Tracy-Widom-Airy random vector qlﬁ, where § = 1,2 is the customary
symmetry index of random matrix theory, equal to 1 in the real symmetric case and 2 in the com-
plex Hermitian case (see Section 2.1). Explicitly, qf may be expressed as the limit in distribution
of the appropriately centred and scaled top [ eigenvalues of a GOE/GUE matrix:

NP =2, ol -2) S5 qf (N o0),

where ,uﬂ > uﬁ =2 ,uﬂ denote the eigenvalues of GOE (8 = 1) or GUE (5 = 2). For instance,
1 2 N

q’f € R is a random variable with Tracy-Widom-3 distribution [37,38].

COROLLARY 3.19 (TRACY-WIDOM-AIRY STATISTICS NEAR A REGULAR EDGE). Fiz 7 > 0 and
[ € N. Suppose that Assumption 2.1 holds.

(i) Suppose that the rightmost edge k = 1 is reqular in the sense of Definition 2.7 (i). Then, for

real symmetric Q (8 = 1) or complex Hermitian Q (8 = 2), the random vector q; ; converges
B

in distribution to the Tracy- Widom-Airy random vector q .

(ii) Suppose that the edge k = 1,...,2p is regular in the sense of Definition 2.7 (i). Then, for
complex Hermitian Q (B = 2), the random vector qy, converges in distribution to the Tracy-
Widom-Airy random vector q?.

Like Theorem 3.18, Corollary 3.19 (ii) also holds for the joint distribution at several regular
edges. In particular, for the case § = 2 and under the assumption that the top and bottom edges
of ¢ are regular, we obtain the universality of the condition number of Q.

Corollary 3.19 (i) for 5 = 1,2 was previously established in [26] under the assumption that 3
is diagonal, corresponding to uncorrelated population entries. Before that, Corollary 3.19 (i) for
B = 2 and diagonal 3 was established in [5], following the results of [11,30] in the complex Gaussian
case. Corollary 3.19 (ii) was recently established for Gaussian X in [21].

3.4. The general anisotropic local law. In this subsection we conclude the statement of our
results with a general anisotropic local law, which takes the form of a black box yielding the
anisotropic local law for () assuming it has been established for a much simpler matrix. This latter
result may be proved independently. In particular, this black box formulation may be used to
establish the anisotropic local law in cases where the regularity assumptions from Definition 2.7
fail; we do not pursue such generalizations here. Aside from its great generality, this black box
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formulation also makes precise the three Steps (A) — (C) mentioned in the introduction, which
constitute the basic strategy of our proof.
We begin by introducing some basic terminology.

DEFINITION 3.20 (LOCAL LAWS). We call a subset S = S(N) C D(r,N) a spectral domain if for
each z € S we have {w € D : Rew = Rez,Imw > Imz} C S.
Let S C D be a spectral domain.

(i) We say that the entrywise local law holds with parameters (X, %, S) if

(Z7(GE) -T)=™) | = 0«(¥() (3.18)

st

uniformly in z € S and s,t € T.

(ii) We say that the anisotropic local law holds with parameters (X, 3, S) if
SG(:) - ME)ZT = 0<(¥(2) (3.19)
uniformly in z € S.

(i1i) We say that the averaged local law holds with parameters (X, X, S) if

m(z) = m(z) = o(z\}n)

uniformly in z € S.

The main conclusion of this paper is that the anisotropic local law holds for general X and T
provided that the entrywise local law holds for Gaussian X and diagonal T. This latter case may
be established independently, as we illustrate in Section 5 and Appendix A.

Aside from Assumption 2.1, the only assumption that we shall need is

11 +m(z)oi| > 7 forall ze Sand i € Iy, . (3.20)

This assumption holds for instance under the regularity assumptions of Definition 2.7 (see Lemmas
A4, A6, and A.8 below). Clearly, we always have |1 + m(z)o;| > 0 (see (2.11)), and (3.20) is
a uniform version of this bound. Generally, the assumption (3.20) is necessary to guarantee that
the generalized matrix entries of (Q — z)~! (or, alternatively, of G(z)) remain bounded. Indeed,
in Corollary 3.9 we saw that the generalized entries of (Q — z)~! are close to those of —z71(1 +
m(z)¥)~ L.

THEOREM 3.21 (GENERAL LOCAL LAW). Fiz 7 > 0. Suppose that X and ¥ satisfy (2.9) and
Assumption 2.1. Let XG2S be q Gaussian matric satisfying (2.4). Let S C D be a spectral
domain, and suppose that (3.20) holds. Define the diagonalization of ¥ through

D = D(¥) := diag(o1,09,...,00:) . (3.21)

(i) If the entrywise local law holds with parameters (XG2S D S), then the anisotropic local law
holds with parameters (X, 3, S).
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(i3) If the entrywise local law and the averaged local law hold with parameters (XG2S D, S), then
the averaged local law holds with parameters (X,%,S).

The next theorem shows that the hypotheses in (i) and (ii) of Theorem 3.21 may be verified
under a stability condition on the spectrum of ¥, made precise in Definition 5.4 below.

THEOREM 3.22 (GENERAL CONDITIONS FOR LOCAL LAW WITH DIAGONAL X). Fiz 7 > 0. Let
S C D be a spectral domain. Suppose that 3 is diagonal and that (2.9), (3.20), and Assumption 2.1
hold. Moreover, suppose that the equation (2.11) is stable on S in the sense of Definition 5.4 below.
Then the entrywise local law holds with parameters (X, %, S), and the averaged local law holds with
parameters (X, %, S).

Thus, the Steps (A) — (C) outlined in the introduction may be expressed as follows. Let S be a
spectral domain (e.g. S = D, for some edge k). First, we prove that (3.20) holds and that (2.11) is
stable on S in the sense of Definition 5.4 below. Then we use Theorem 3.22 to obtain the entrywise
and averaged local laws with parameters (X %% D(¥), S). We then feed this result into Theorem
3.21 to obtain the anisotropic and averaged local laws with parameters (X, %, S).

3.5. Outline of the paper. The bulk of this paper is devoted to the proof of the anisotropic
local law, which is the content of Sections 4-8. For clarity of presentation, we first give all proofs
under the assumption (2.9), and subsequently explain how to remove it. In Section 4 we collect the
basic tools that we shall use throughout the proofs; they consist of basic identities and estimates
for the matrix G. In Section 5 we perform Step (A) of the proof, by proving the entrywise local
law under the assumption that ¥ is diagonal (Theorem 3.22). In Section 6 we perform Step (B) of
the proof, by proving the anisotropic local law for general ¥ and Gaussian X (Theorem 3.21 (i) for
Gaussian X). The main step, Step (C), of the proof is the content of Sections 7 and 8. In Section 7
we explain the main ideas of the self-consistent comparison method and complete the proof under
the additional assumption that ]EX?# = 0. In Section 8 we give the additional arguments needed
to complete the proof for general X. Together, these two sections complete the proof of Theorem
3.21 (i) for general X.

Having completed the proof of the anisotropic local law, we prove the averaged local law (The-
orem 3.21 (ii)) in Section 9. This will conclude the proof of Theorems 3.21 and 3.22. At the end of
Section 9, we explain how to deduce Theorem 3.6, Corollary 3.9, and Theorems 3.14 (i)-(ii), 3.15
(i)—(ii), and 3.16.

In Section 10 we prove the rigidity of the eigenvalues (Theorems 3.12, 3.14 (iii), and 3.15 (iii))
and the universality of their joint distribution near the edges (Theorem 3.18). Next, in Section
11 we explain how to remove the assumption (2.9) and how to extend all of our results from the
matrix @Q to the matrix Q.

In Section 12, as a further illustration of the self-consistent comparison method, we present and
prove analogous results for deformed Wigner matrices.

The first part of Appendix A is devoted to the proof the basic properties of the asymptotic
eigenvalue density o stated in Section 2.2. In the second part of Appendix A, we establish the two
key assumptions of Theorem 3.22 — (3.20) and the stability of (2.11) — on each subdomain D¢, D%,
and D? separately, under the regularity assumptions from Definition 2.7.
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4. Basic tools

The rest of this paper is devoted to the proofs. In this preliminary section we collect various
identities from linear algebra and simple estimates that we shall use throughout the paper.
We always use the following convention for matrix multiplication.

DEFINITION 4.1 (MATRIX MULTIPLICATION). We use matrices of the form A = (Ag : s € I(A),t €

r(A)), whose entries are indexed by arbitrary finite subsets of [(A),r(A) C N. Matriz multiplication
AB is defined for s € [(A) and t € r(B) by

(AB)o = Y.  AyqBa.
ger(A)Ni(B)

DEFINITION 4.2. Suppose (2.9). Define the T x T matrices

z

_y—1
Gz) = HE)™,  H(z) = ( >0 X )
X _
as well as the Iy x Ty matriz
Gu(z) = (-3 1427 1XX4) 7 = 22 (22X X2 - ) TIpl? (4.1)

and the Iy x In matrix
Gn(z) == (X*SX —2)7 L. (4.2)

Throughout the following we frequently omit the argument z from our notation.

Since H(z) and G(z) are only defined under the assumption (2.9), we shall always tacitly assume
(2.9) whenever we use them. Note that under the assumption (2.9) we have Ry = Gy

DEFINITION 4.3 (MINORS). For S C T we define the minor H) = (Hy : s,t € T\ S). We
also write G := (H)~1. The matrices GE{?) and Gg\i) are defined similarly. We abbreviate

({s}) = (s) and ({s,t}) = (st).

LEMMA 4.4 (RESOLVENT IDENTITIES). (i) We have

o - (EXGNX'E - BXGN\ _ Gu Gy X (4.3)
a GNX*X Gn o Z_IX*GM Z_2X*GMX—Z_1 ’ ’
(i1) For € Iy we have
1
= . (x*qW

G z— (X*@ X)W, (4.4)

and for u #v € Iy
G = —Guu(X*GW) = -G (GVX) , = GuGH (X" GW™X) . (4.5)
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(iii) Suppose that ¥ is diagonal. Then for i € Ty we have

1 1
&= (XGWx").., (4.6)

and for i # j € Iy

Gij = —Ga(XGD), = —G(GVX");; = GuGY) (XGUX™) . (4.7)

(iv) Fori € Iy and p € Iy we have

Gip = —Guu(GWX),,,  Gu = —Gu(X*6W) .. (4.8)

In addition, if 3 is diagonal, we have
Gip = ~Gi(XGW)iy = GGl (=X + (XGOIX) ), (4.9)
G = —Gi(GD X = GGl (=X + (X" G X)) (4.10)

(v) Forr € T and s,t € Z\ {k} we have
G0 = g, — GG (4.11)

G’I"I‘
(vi) All of the identities from (i)—(v) hold for G\ instead of G if S C Iy or S C T and ¥ is
diagonal.

PROOF. The identities (4.3), (4.4), and (4.6) follow from Schur’s complement formula. The remain-
ing identities follow easily from resolvent identities that have been previously derived in [13,19];
they are summarized e.g. in [14, Lemma 4.5]. O

Next, we introduce the spectral decomposition of G. We use the notation

MAN
SPX = > Vg
k=1
for the singular value decomposition of 212X where

M =2 A2 2 Auany 2 0 = Ayan+1r = 0 = Anvir,

and {€, 1, and {¢;,}I_, are orthonormal bases of RZ™ and RZ¥ respectively. Then for u,v € Iy
we have

(1) (v)
k
Z Ak_z (4.12)
and for 4,5 € Ty
M (5126, () S PE)G) M (26 ()T )
Gy = ZZ £r) s §)l) _ _Eij+z k( Sk)\)k(zz(z €k)(])‘ (4.13)
k=1 k=1
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Moreover, for ¢ € Iy and u € Zy we have

Gy = 3 V) (DG MEA:N VARG ETE0) (D) (4.14)
v k=1 Ak — 2 7 )\k —z ' '

Summarizing, defining

w = 1(k < M)V &, c RZ,

1(k < N) ¢
we have
NVM
G =-S+x? Z Tk 53172 (4.15)

k;—Z

DEFINITION 4.5 (GENERALIZED ENTRIES). For v,w € R%, s € Z, and an T x T matriz A, we
abbreviate

Avw = <V7AW> , Ays = <V7Aes> s Asv = <es y AV> 5
where es denotes the standard unit vector in the coordinate direction s.

We sometimes identify vectors v € RT™ and w € RZ¥ with their natural embeddings (B’) and
(‘?V) in RZ. The following result is our fundamental tool for estimating entries of G.

LEMMA 4.6. Fiz 7 > 0. Then the following estimates hold for any z € D. We have
H;—l/?G;—l/QH < 077_1, “;—1/282G2—1/2H < 077_2 ) (416)
Furthermore, let v € RT™™ and w € RIN. Then we have the bounds

Im Gww

Y Gl = —, (4.17)
HEIN U
O x*X

Z\GviIQ < MImGW4—2(22)‘,‘,, (4.18)
Z‘GI]M

Y IGwil® < CIXX Y |Gwal?, (4.19)
(SIAVS uEIN

D G < CIXTX| Y |Gl (4.20)
HEIN 1€

Finally, the estimates (4.16)—(4.20) remain true for G instead of G if S C Iy or S C T and ¥
1s diagonal.

PROOF. The estimates (4.16) follow from (4.15), using ||A]| = sup{|(x, Ay)|: ||, |y| < 1}, (2.7),
and |Ax|/|\x — 2| < Cn~! which follows from the bound |z| < 1. Moreover, (4.17) easily follows
from (4.2), (4.3), and the spectral decomposition (4.12).

In order to prove (4.18), we use (4.3) to write

STIGvl? = Y [(BXGX D)y — Suif® < 2CXGX T2XG X D)vy +2(52) vy
i€L Ny 1€Ln

C||X*X
< O X* X|[(EXGNGH X E) vy + 22y = clxxyl IM(EXGX*Y) vy +2(2%) vy
= M Im Gyv + 2(22)vv ’
n
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which is the claim.
In order to prove (4.19), we use (4.3) and (4.12) to get

D |Gwil* = (GX*'S’XG)ww < C(GX*XG*)yw < C|X* X[ (GNGR)ww -

i€Lng

The estimate (4.20) is proved similarly:

Y Gl = |22 (GXX*GY) , < ClIX*X(GuGis)vw -

HELN

vv

Finally, the same estimates for G instead of G follow using a trivial modification of the above
argument. O

DEFINITION 4.7. We say that an event = holds with high probability if 1 — 1(Z) < 0.

The following result may be used to estimate the factors || X*X]|| in Lemma 4.6 with high
probability. It follows from [7, Theorem 2.10].

LEMMA 4.8. Under the assumptions (2.1), (2.4), and (2.5), there exists a constant C' > 0 such that
| X*X|| < C with high probability.

Using Lemma 4.8, we observe that we may improve (4.16) provided we settle for a high-
probability instead of a deterministic statement.

LEMMA 4.9. We have the bounds
IS @+ < ClX X, 5 .6E | < Ol X |y
for all z € D.

PROOF. The claim is an easy consequence of the first identity of (4.3) combined with (4.2). O

We conclude this section with the following basic properties of m, which can be proved as in [5]
and the references therein.

LEMMA 4.10 (GENERAL PROPERTIES OF m). Fix 7 > 0 and suppose that (2.3), (2.7), and (2.8)
hold. Then there exists a constant C > 0 such that

C™t < Im(2)] € C (4.21)

and
Imm(z) > C 'y (4.22)
for all z € Cy satisfying 7 < |z| < 771,

In particular, from the upper bound in (4.21) we deduce that ¢ has a bounded density on [r, c0).
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5. Entrywise local law for diagonal X

In this section we prove Theorem 3.22, hence performing Step (A) of the proof mentioned in the
introduction. The proof of Theorem 3.22 is similar to previous proofs of local entrywise laws,
such as [7,32]. We follow the basic approach of [7, Section 4], and only give the details where the
argument departs significantly from that of [7].

The main novel observation of this section is that the equation (2.11) arises very easily from
the random matrix model by a double application of Schur’s complement formula. Heuristically,
this may be seen using the identities (4.4) and (4.6). Indeed, suppose that G, = m for u € Zy.
We ignore the random fluctuations in (4.4) to get

1 1 . 1 1
— N~ e = —z— (X G(“)X)W ~ —z—NzGEf) ~ _Z_NZG“" (5.1)
1222 i€l €L

Similarly, ignoring the random fluctuations in (4.6), we get
1 1 , 1 1 : 1 1 1
- = (@) x* N_7_7§: (z)N_7_7§: ~N

G,, o O
it i ueln i pETn )

Plugging (5.2) into (5.1) yields (2.11). In this section we give a rigorous justification of these
approximations.

5.1. Weak entrywise law. In this subsection we establish the following weaker version of The-
orem 3.22. It is analogous to [7, Proposition 4.2].

PROPOSITION 5.1 (WEAK ENTRYWISE LAW). Suppose that the assumptions of Theorem 3.22 hold.
Then A < (Nn)~Y/* uniformly in z € S.

The rest of this subsection is devoted to the proof of Proposition 5.1. For each ¢ € Zj; we define

—0;
g = . 5.3
i 1+ mao; ( )

Recalling (2.11), we find that the functions m and m; satisfy

1 1 1 1
— = —z— = m; — = ———m
m N | v myg 0
ZGI]M
Note that (3.20) implies
|m;| < Co; forz€Sand i €Zy. (5.4)

Next, we define the random control parameters

A = max|(S71(G(2) — ()2 7).,

o -1 -1
Ao = max |(ETIGGIZT),

We extend the definitions of o; and m; for i € Iy, by setting o, := 1 and m,, :=m for u € Iy. We
may therefore write

’Gst‘
A = max———— | A, = max —— .
s,tel 050t SH#LEL Tg0¢
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Moreover, we define the averaged control parameters

1 1
O = @M+@N7 @M = ‘M Z(G“—mz) ; @N = N Z (Guu—m)‘ = ]mN—m .
i€y nELN
We have the trivial bound
0 < CA. (5.5)
For s € 7 we introduce the conditional expectation
Esl-] == E[-|H®]. (5.6)
Using (4.6) we get for i € Zys
1 1 1 (i) ,
— = ———_T -7 Z;i = (1—E;)(XGDX*) .
Gii o, N rGy 7 ! ( i) (XG )”’ (5.7)

and using (4.4) we get for p € Iy

oo neW oz, oz, = 1-E)(xGWx)

e ~ (5.8)
o

Hp

In analogy to [7, Section 4], we define the z-dependent event = := {A < (log N)~'} and the

control parameter
[Imm + ©
Yg = _.
© N77

The following estimate is analogous to [7, Lemma 4.4].

LEMMA 5.2. Suppose that the assumptions of Theorem 3.22 hold. Then for s € Z and z € S we

have
1(E)(1Zs| + M) < Vo (5.9)

as well as
1(n = 1)(|Zs] + No) < Pe. (5.10)

PROOF. The proof relies on the identities from Lemma 4.4 and large deviation estimates, like that
of [7, Lemma 4.4] and [32, Theorems 6.8 and 6.9]. Note first that (5.4), combined with (4.21) and
(5.3), yields

|ms| < o5 (seI). (5.11)

Using (4.11) and a simple induction argument, it is not hard to conclude that
—_ S
13®)|6Y)] = o, (5.12)

for any S C Z and t € 7\ S satisfying |S| < C.
Let us first estimate A, in (5.9). We shall in fact prove that

(5.13)

Imm—{—@—i—Ag)l/Q

1(E)|Gst‘ =< 0'50't< N?]
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for all s # ¢ € Z. From (5.13) it is easy to deduce that 1(Z)A, < Ve.
Let us start with G;; for i # j € Zp. Using (4.7), (5.12), and a large deviation estimate
(see [7, Lemma 3.1]), we find

1(2)|Gij| < 1(E) \G“G > X GlXy

wVvELN

1/2
< 1(2)0,0, <]\1[ pE2 }) . (5.14)

I'L7VEIN

The term in parentheses is

Hl )
&5z 2 6 ()

wVEIN /JGIN HEIN

1 A2 Imm + On + A2
Z G < o D Im Gyt g2 < e

where in the first step we used (4.11) and (5.12). This yields (5.13) for s,t € Zyy.

Next, 1(2)Gp, for p # v is estimated similarly, using (4.5), (4.18), (4.22), and the bound
Imm; < Co?Imm for all i € Ty, as follows easily from (5.3). Finally, 1(2)G;, with i € Ty
and pu € Zy is estimated similarly, using (4.9), (4.19), Lemma 4.8, and (4.17). This concludes the
estimate of 1(E)A,.

An analogous argument for Zs (see e.g. [14, Lemma 5.2]) completes the proof of (5.9).

In order to prove (5.10), we proceed similarly. For nn > 1, we proceed as above to get |Z4| <
N~1/2 where we used that |G()|| < C by (4.16). Similarly, as in (5.14) we get

‘Gz]’ uG()‘ Z X; GZJ)X*

M:VEIN

< |GuGY)|INTV2,

where in the last step we used that Im G(i S < C, by (4.16). Moreover, from (4.1) and (4.3) we

get immediately that |G| < Coy, and a sumlar argument for G implies that |G( )] < Coj. This
concludes the proof. O

Recall the definition of my from (3.9). From (5.7) combined with (4.11) and Lemma 5.2 we
get, for ¢ € Zpy and z € S,

—0;

15)G; = 1(E . 5.15
(2)Cs S myo; + 0:Z; + O<(0; V%) (5.15)

Similarly, from (5.8) we get, for u € Zy and z € S,

1 _ 1 2

18— = 10|25 > G~ Zu+02(93) | (5.16)

fup -

’LGI}W
As in [7, Lemma 4.7], it is easy to derive from (5.16) and Lemma 5.2 that

1(E)|Gup —mn| < Yo (5.17)

for p € Iy and z € S. Hence, expanding G, = my + (G —mn) and using (4.21) yields

1 1 1
1(2)— — = 1(=)— T2).
@y 2 G, = M5y +OHR)
N
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Plugging this and (5.15) into (5.16) yields

1 ! 2 1
1(E)— = 1E)| -2+ l T Aol
my Niezz;w L+myoi +0iZ; + O<(0;V3) NuGZI:N T
(5.18)

From (5.18), Lemma 5.2, and the estimate 1(Z)[1+mpyo1| > ¢ (as follows from (3.20)), we conclude
the following result.

LEMMA 5.3. Suppose that the assumptions of Theorem 3.22 hold. Define

1 1 o2
Z = — E Z Z = — E — 7
2N N a [Z]m N (14+mpyo;)?
neln €1y

Then for z € S we have

1E)(f(mw) = 2) = 1E)(ZIv + [Z]u + 0<(¥8)) . (5.19)
where f was defined in (2.12).

Next, we give the precise stability condition for the equation (2.11). Roughly, it says that if
f(u(2)) — z is small and u(Z) —m(Z) is small for 2 := 2z +iN~?, then u(z) — m(z) is small. (Recall
that f(m(z)) —z=0.)

DEFINITION 5.4 (STABILITY OF (2.11) ON S). Let S C D be a spectral domain (see Definition
3.20). We say that (2.11) is stable on S if the following holds for some large enough constant
C > 0. Suppose that § : S — (0,00) satisfies N2 < 6(z) < (logN)™! for = € S and that §
is Lipschitz continuous with Lipschitz constant N2. Suppose moreover that for each fized E, the
function n — §(E+in) is nonincreasing for n > 0. Suppose that u : S — C is the Stieltjes transform
of a probability measure supported in [0,C]. Let z € S and suppose that

|f(u(2)) — 2| < d(2).

If Im z < 1 suppose also that
co

u—m|  ———
‘ ’ Imm—i-\/g

(5.20)

holds at z +iN—°. Then (5.20) holds at z.

This condition has previously appeared, in somewhat different guises, in the works [5, 7, 32],
where it was established under various assumptions on 7. For instance, in [5], it was established for
S = D{ under the assumption that the edge k = 1 is regular (see Definition 2.7 (i)). In Appendix
A, we establish it for each of the subdomains D¢, D?, and D° separately, under the regularity
assumptions from Definition 2.7.

In accordance with the assumptions of Theorem 3.22, we suppose throughout this section that
(2.11) is stable on S. Using (5.10) and (4.16), it is easy to obtain the following result, which is
analogous to [7, Lemma 4.6].

LEMMA 5.5. Suppose that the assumptions of Theorem 3.22 hold. Then we have A < N—1/4
uniformly in z € S satisfying n > 1.
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Exactly as in [7, Section 4], we use a stochastic continuity argument to estimate A, using
Lemmas 5.3 and 5.5. The major input is the stability of (2.11) on S in the sense of Definition 5.4,
which is analogous to [7, Lemma 4.5]. Proposition 5.1 now follows by estimating the right-hand
side of (5.19) by O<(¥g), as follows from Lemma 5.2. In its proof, the error 1(Z)(G,, —m) is
controlled using (5.17) by © + ¥g; similarly, the error 1(Z)(Gi; —m;) is controlled using (5.15) by
02-2\11@. We omit further details. This concludes the proof of Proposition 5.1.

5.2. Fluctuation averaging and proof of Theorem 3.22. The weak law, Proposition 5.1,
may be upgraded to the strong law, Theorem 3.22, using improved estimates for the averaged
quantities [Z]as and [Z]n. We follow the arguments of [7, Section 4.2] to the letter. The key input
is the following result, which is very similar to [7, Lemma 4.9], combined with the observation that
Zs=(1- IES)G%S for s € Z, as follows from (5.7) and (5.8).

LEMMA 5.6 (FLUCTUATION AVERAGING). Suppose that the assumptions of Theorem 3.22 hold.
Suppose that Y is a positive, N -dependent, deterministic function on S satisfying N~Y2 < T < N—¢
for some constant ¢ > 0. Suppose moreover that A < N=¢ and A, <Y on S. Then on S we have

1 1
v 2 (1=E)z— = 0<(1?) (5.21)
LEIN K
and )
1 o 1
— i 1-F;)— = 1?). 22
M ; (1 + mNU@')2 ( )G“ O<( ) (5 )
3 M

PRrROOF. The estimate (5.21) is a trivial extension of [7, Lemma 4.9] and [14, Theorem 4.7]. The

estimate (5.22) may be proved using exactly the same method, explained in [14, Appendix B]. The
2
only complication in the proof is that the coefficients (Hnj#)g are random and depend on i. Using

(4.11), this is dealt with in the proof of [14, Appendix B| by writing, for any j € Zy,

1 j 1 Guj G
my o= 2L Gty 2 T

LEIN neEIN
and continuing in this manner with any further indices k,l,--- € Iy that we wish to include as
superscripts of G,,,. We refer to [14, Appendix B] for the full details. O

Using Lemmas 5.6 and (5.2) combined with (5.19) we get 1(Z)|f(mn)—z| < ¥3. Then we may
follow the argument [7, Section 4.2] verbatim to get © < (Nn)~! on S. This concludes the proof
of the averaged local law in Theorem 3.22. Moreover, the entrywise local law follows immediately
from Proposition 5.1, Lemma 5.2, (5.15), and (5.17). This concludes the proof of Theorem 3.22.

6. Anisotropic local law for Gaussian X

We now begin the proof of Theorem 3.21, which consists of Sections 6-9. In this section we perform
the first step of the proof, by establishing Theorem 3.21 for the special case that X = XGauss jg
Gaussian. This corresponds to Step (B) of the proof mentioned in the introduction.

PROPOSITION 6.1. Theorem 3.21 holds if X = XG2S js Gaussian.
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The rest of this section is devoted to the proof of Proposition 6.1. We shall in fact prove the
following result.

LEMMA 6.2. Suppose that the assumptions of Theorem 3.21 hold and that X = XG2S s Gaussian.
If the entrywise local law holds with parameters (X, D,S), then the entrywise local law holds with
parameters (X, %,S). (Recall the definition of D = D(X) from (3.21).)

Before proving Lemma 6.2, we show how it implies Proposition 6.1. In order to prove the
anisotropic local law, we have to estimate the left-hand side of (3.19). We split v = vy + vy
and w = wjr + wy, where vas, war € RIM and vy, wy € RV, Plugging this into the left-hand
side of (3.19), we find that it suffices to control, for arbitrary deterministic orthogonal matrices
Oy € O(M) and Oy € O(NN), the entries of the matrix

Ov O (O 0\ a4 ~o,%0
<O 0N>G (0 07v> 4 GOwEOy, | 6.1)

where we used that X = OMX Oy since X is Gaussian. Applying Lemma 6.2 to the matrices
> = OuX0;; and D = D(Y) = D(Z), we obtain the anisotropic local law with parameters
(X,%,S). Moreover, the averaged local law follows by writing ¥ = UDU* and setting Oy; = U*
and Oy =1 in (6.1). This concludes the proof of Proposition 6.1.

PROOF OF LEMMA 6.2. In this proof we abbreviate G” = G. Using (6.1) with Oy = U* and
Opn =1, we find that it suffices to prove

(D0 D DI D], oo

st
for all s,t € Z. In components, this reads

-
PR 5 (6.2)
OLO]
kJl€Tys
Gk
> U S D Uk < T, (6.3)
kGI]V[ kGI]V[
}Gw_éuvmu‘ < ¥, (6.4)

for i,5 € Zpr and p,v € Iy.

The estimate (6.4) is trivial by assumption. What remains is the proof of (6.2) and (6.3). It is
based on the polynomialization method developed in [7, Section 5]. The argument is very similar
to that of [7], and we only outline the differences.

Let us begin with (6.2). By the assumption |Gy —my| < ¥o? and orthogonality of U, we have

G 0
Z Uy 2K~ kUK U

Gkkz My le
Uik———0, U; U, = Ox(V)+ Z,
> g Z k P k]*Z r——Ui; <(¥) +

J
OO,
ot kOl

where we defined Z := Zk#(akal)_lUikalUlj. We need to prove that |Z| < ¥, which, following [7,
Section 5], we do by estimating the moment E|Z|P for fixed p € 2N. The argument from [7, Section
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5] may be taken over with minor changes. We use the identities (4.11),

N (o) WG Uy = Y (o) UG G (XGEDIXY) (6.5)
kALETM\T kALETM\T
for T' C Zps (which follows from (4.7)), (4.6), and
o _ —Ji _ Lz:lmlf—&-l((XG(iT)X*)“ —m)£+0 (U3L+1\I,L)
i L+ moi + o (XGUDX*);; —m) &= B R ’

as follows from (4.6), (5.4), and (XGUT)X*);; —m = O (0?W¥) (which may itself be deduced from
(4.6)). We omit further details.

Finally, the proof of (6.3) is similar to that of (6.2). Writing 2" := 37, 7 ;. Uik Gy, we
estimate E|Z'|P for p € 2N using the method of [7, Section 5]. Instead of (6.5) we use

Z UEIUz'ngL) = - Z ak_lUikGl(cjl;) (XG*), .
keZy\T k€T \T
The rest of the argument is the same as before. O

7. Self-consistent comparison I: the main argument

In this section we establish Theorem 3.21 (i) under the additional assumption that the third moment
of all entries of X is zero.

PROPOSITION 7.1. Suppose that the assumptions of Theorem 3.21 hold. Suppose moreover that X
satisfies the additional condition
EX;, = 0. (7.1)

If the anisotropic local law holds with parameters (X525 ¥ S), then the anisotropic local law holds
with parameters (X, %, S).

The rest of this section is devoted to the proof of Proposition 7.1. This is the heart of the proof
of the anisotropic local law.

7.1. Sketch of the proof. Before giving the full proof of Proposition 7.1, we outline the key
ideas of the self-consistent comparison argument on which it relies. For simplicity, we ignore the
factors X! on the left-hand side of (3.19) (hence obtaining a weaker bound; see (2.7)), so that by
polarization it suffices to estimate Gyy — Ilyy for a deterministic unit vector v € RZ.

We introduce a family of interpolating matrices (X 9)96[0,1] satisfying X0 = GGauss and X! = X.
In order to prove |Gyy(X1!) — IIyy| < ¥, it suffices to prove a high moment bound E‘GW(Xl) —
va’p < (NOOW)P for any fixed p € N and 6 > 0, and large enough N. Since, by assumption, this
moment bound holds for X' replaced by X, using Grénwall’s inequality it suffices to prove that

%E\GW(X@) —Tw|” < (NPU)P + CE|Gyv(X?) — My |”. (7.2)
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Note that we estimate the derivative of the quantity E‘GVV(X oy — va|p in terms of itself. It is
therefore important that the arguments X? are the same on both sides. In particular, a Lindeberg-
type replacement of the matrix entries one by one would not work, and a continuous interpolation
is necessary. A common choice of continuous interpolation of random matrices, arising for example
from Dyson Brownian motion, is X = VX! + /1 — 60X, where X? and X' are defined on a
common probability space and are independent. With this choice of interpolation, however, the
differentiation on the left-hand side of (7.2) leads to Very complicated expressions that are hard to
control. Instead, we interpolate by setting Xf = XZMX 1l +(1- XfM)XZOM, where (Xfu) is a family
of i.i.d. Bernoulli random variables, independent of X° and X', satisfying P(X?M =1) = 0 and
P(Xfu =0) = 1 — 6. This may also be interpreted as a linear interpolation between the laws of X?
and Xilu. It gives rise to formulas that are simple enough for our comparison argument to work. In
fact, after some calculations we find that it suffices to prove

NS SR () 16w )

€L HEIN

< (NOUP 4+ CE|Gue (X?) Ty [” (7.3)

foralln=4,...,4p.
Computing the derivatives on the left-hand side of (7.3) leads to a product of terms of the form

(i) |va - va‘ ) (ii) th Gv;u GiV7 Guv ) (iii) Gi/u G;u’ s (74)

and their complex conjugates (here we omit the argument X?). Terms of type (i) are simply kept
as they are; they will be put into the second term on the right-hand side of (7.3). Terms of type
(ii) are the key to the gain that allows us to compensate losses from several other terms, such as
the terms of type (iii) (see blow). The gain is obtained in combination with the summation over ¢
and g on the left-hand side of (7.3), according to estimates of the form

I va
N Z |sz‘2 = i 77 (75)
ZGIM n

Note that the right-hand side of (7.5) cannot be estimated by either N“°W or |Gy — Ilyy|, so that
a further ingredient is required to obtain (7.3). This ingredient takes the form of an a priori bound

ImGyy < Imm+ NOW, (7.6)

which allows us to estimate the right-hand side of (7.5) by N“°W2. The a priori bound (7.6) will
be obtained from a bootstrapping, as explained below.

An estimate similar to (7.5) may be obtained for + > ity |Gvil by a simple application of
Cauchy-Schwarz to (7.5). However, for % ZiezM’GVi|d with d > 3, we have to estimate d — 2
factors |Gy;| pointwise to recover (7.5). The trivial bound |Gy;| < n~! is far too rough for small 7.
A more reasonable attempt is to write |Gy;| < |Gvi — Hyi| + |Tyi| < MaX|y|— |Gww — Hww| + 1, by
polarization and [II]| < C. This, however, leads to bounds of the form Emax|y—1|Gww — Ilww/?,
which are not affordable. Note that, as explained in (1.9), bounds of the form maxy|—1 E|Gww —
ITww[? would be affordable, and in fact we shall need such more general bounds in Section 8.

The correct way to deal with the pointwise estimate of |Gy;| is a second type of a priori bound,

Gyy| < N, (7.7)
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where x and y are deterministic unit vectors. As (7.6), the estimate (7.7) will follow from the
bootstrapping explained below. The need for an a priori bound of the form (7.7) on the entries of
G is also apparent for terms of type (iii), which are also estimated using (7.7).

The preceding discussion was rather cavalier with the various constants C' in the factors N¢°.
In fact, some care has to be taken to ensure that the factors of N¢° arising from the use of the
a priori bounds (7.6) and (7.7) are compensated by a sufficiently large number of factors of the
form (7.5). Moreover, in order to be able to iterate this argument from large to small scales, as
explained in the next paragraph, we need an explicit bound of the constant C' in (7.3) in terms of
the constant C in (7.6).

Finally, we outline the bootstrapping. The above argument can be carried out for n = 1 using
the trivial a priori bounds where the right-hand sides of (7.6) and (7.7) are replaced by 1. The
idea of the bootstrapping is to fix a small exponent § > 0 and to proceed from larger scales n to
smaller scales in multiplicative increments of N, i.e. n = 1, N~ N=20  N~!. Suppose that
we have proved the anisotropic local law at the scale n = N 9. In particular, since Hxy| < C, we
have proved for n = N~ that |Gxy (X, E+in)| < 1 for any X satisfying the assumptions (2.4) and
(2.5). Starting from this bound, it is not hard to derive the a priori bound (7.7) at z = E +iN .
Similarly, by using simple monotonicity properties of the Stieltjes transform, we obtain the other
a priori bound (7.6) at z = E +iN~°7. These estimates hold for X = X? for all 6 € [0, 1], since
XY satisfies the assumptions (2.4) and (2.5) uniformly in . Note that this bootstrapping on 7
is different from the stochastic continuity argument commonly used in establishing local laws (see
e.g. [7, Section 4.1]), since the multiplicative steps of size N~° are much too large for a continuity
argument to work; all that they provide are the rather crude a priori bounds, (7.6) and (7.7).

Since § > 0 is fixed, the bootstrapping consists of O(§~1) steps. The resulting estimates contain
an extra factor N, Since § > 0 can be made arbitrarily small, the claim will follow on all scales.

7.2. Bootstrapping on the spectral scale. We now move on to the proof of Proposition 7.1.
By polarization, it suffices to prove that for any deterministic unit vector v € R% we have

(v,57H(G(2) —(2))27v) = 0x(¥(2)) (7.8)

for z € S. In fact, we shall prove (7.8) for all z € S in some discrete subset S C S. We take S to
be an N~10-net in S (i.e. for every z € S there is a w € S such that |z — w| < N710) satisfying
IS| < N0, The function z — S71(G(z) = (2)) X! is Lipschitz continuous (with respect to the
operator norm) in S with Lipschitz constant (C' + || X*X||)N?2, as follows from Lemma 4.9 and the
bound (3.20). Using Lemma 4.8 it is therefore not hard to see that (7.8) for all z € S follows
provided we can prove (7.8) for all z € S.

The proof consists of a bootstrap argument from larger scales to smaller scales in multiplicative

increments of N—9. Here
5 € (0, 22{)) (7.9)

is fixed, where Cy > 0 is a universal constant that will be chosen large enough in the proof (Cy = 25
will work). For any n > N~! we define no < n1 < ... < 1y, where

L = L(n) = max{l e N:yN°=D <11 (7.10)

through
m =N  (1=0,...,L—1), n = 1. (7.11)
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Note that L < 51 + 1. ~
We shall always work with a net S satisfying the following condition.

DEFINITION 7.2. Let S be an N~ net of S satisfying |§\ < N2 gnd the condition
E+ineS =  E+igeS for I=1,....L(n).

The bootstrapping is formulated in terms of two scale-dependent properties, (A,,) and (C,,),
formulated on the subsets
S, = {z €S:Imz > N_‘Sm}.

We denote by S := {v € R : |v| = 1} the unit sphere of RZ, and abbreviate
vi=3xlv (7.12)
for v € S.
(A,,) Forall z € Spm, all deterministic v € S, and all X satisfying (2.4) and (2.5), we have
Im Gey(2) < Imm(z) + NOW(z). (7.13)

(Cpm) For all z € S,,,, all deterministic v € S, and all X satisfying (2.4) and (2.5), we have
|Gov(2) — Myw(2)] < NOOU(2). (7.14)

The bootstrapping is started by the following result.
LEMMA 7.3. Property (Ag) holds.

PROOF. Using the definition of II, the assumption (3.20), and Lemmas 4.9 and 4.8, we find for
z €8y
Im Gy (2) < ImIlge(2) + |27 (G(z) —(2))27!| < 1.

The claim now follows from Lemma 4.10. O
The key step is the following result.

LEMMA 7.4. Under the assumptions of Proposition 7.1, for any 1 < m < 6%, property (Am_1)
implies property (C,,).

Using the definition of IT and the assumption (3.20), it is easy to see that property (C,,) implies
property (A,,). We therefore conclude from Lemmas 7.3 and 7.4 that (7.14) holds for all z € S.
Since § can be chosen arbitrarily small under the condition (7.9), we conclude that (7.8) follows for
all z € §, and the proof of Proposition 7.1 is complete.

What remains is the proof of Lemma 7.4. We shall estimate the random variable

F(X,2) = |Gev(z) — ve(2)], (7.15)

where v € S is deterministic. By Markov’s inequality and Definition 3.4, we conclude that (7.14)
follows provided we can prove the following result.

LEMMA 7.5. Fiz p € 2N and m < 6~ 1. Suppose that (7.1) and (Ap—1) hold. Then we have
EF?(X,z) < (NOOW(2))P

for all z € S, and all deterministic v € S.
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7.3. Interpolation. We use the interpolation outlined in Section 7.1.

DEFINITION 7.6 (INTERPOLATING MATRICES). Introduce the notations X0 := G&2% gnd X! := X

Foru € {0,1}, i € Zps, and p € Iy, denote by piy, the law of X}, For § € [0, 1] we define the law
pzeu = epzlu + (1 - e)p?u :

Let (X, X% XY be a triple of independent Ipy x Iy random matrices, where for u € {0,60,1} the

matriz X" = (X},) has law
[T II Piaxs)
€N HEIN

Forie Iy, p €Iy, and A € R we define the matrix

(XG,)\) L {A if (]71/):<Z7/’L)
(ip)) ju = 0 e )
— le/ if (]7”)#(%”)‘
We also introduce the matrices

0 e % 0 0,\ . 0,\
G (Z) =G (X 72)7 G(zp,)( ) : G (X(’LM) )’

(recall the notation (3.2)).

Throughout the following we shall need to deduce bounds of the form E{ < I from £ < T". This
is the content of the following lemma, whose proof is a simple application of Cauchy-Schwarz.

LEMMA 7.7. Let T' be deterministic and satisfy T > N~ for some constant C > 0. Let £ be a
random variable satisfying € < T' and E€2 < N€. Then E€ < T.

In the following applications of Lemma 7.7, we shall often not mention the assumption E&? <
N it may be always easily verified using rough bounds from Lemma 4.9.

We shall prove Lemma 7.5 by interpolation between the ensembles X° and X'. The bound for
the Gaussian case X° is given by the following result.

LEMMA 7.8. Lemma 7.5 holds if X is replaced with X°.

PROOF. By assumption of Proposition 7.1, we have F(XY, z) < ¥P. In order to conclude the proof
using Lemma 7.7, we need a rough bound of the form E(FF (X0, 2))2 < N for some constant C),
depending on p. This easily follows from the first identity in (4.3) combined with the bound

S (-Z+ 21 +mED) s <
We omit further details. O

The basic interpolation formula is given by the following lemma, which follows from the funda-
mental theorem of calculus.

LEMMA 7.9. For F : RIM>XIN 5 C we have

EF(XY) - EF(X°) = / oS [EF( : W)—JEF(XZ’S?"” (7.16)

1€l HEIN

provided all the expectations exist.
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We shall apply Lemma 7.9 with F(X) = FJ(X, z), where Fy (X, z) was defined in (7.15). The
main work is to derive the following self-consistent estimate for the right-hand side of (7.16). We
emphasize that our estimates are always uniform in quantities, such as v, X, 6, and z, that are not
explicitly fixed.

LEMMA 7.10. Fiz p € 2N and m < 6~1. Suppose that (7.1) and (A,,_1) hold. Then we have

1621;4 uEZZN [EFE,’ (X(ei’:?“, z) —EF? <X(6i’:§?u7 z)} = O((Ncoéq,)p + fvlé%EF‘%(Xg’ z)) (7.17)

for all 0 € ]0,1], all z € §m, and all deterministic v € S.

Combining Lemmas 7.8, 7.9, and 7.10 with a Gronwall argument, we conclude the proof of
Lemma 7.5, and hence of Proposition 7.1. Note that for this Gronwall argument to work, it is
essential that the error term supy.s EFn(X?, 2) on the right-hand side of (7.17) be multiplied by
a factor that is bounded (as is implied by the notation O(-)). Even a factor log N multiplying
Supyes EFn(X?, 2) would render (7.17) useless.

We remark that, in the proof Proposition 7.1 developed in the rest of this section, we in fact
obtain a stronger version of (7.17) where the quantity supy,cs EF (X%, 2) on the right-hand side
of (7.17) is replaced with EFY(X?, 2). However, we keep the more general form (7.17) because it

will be needed for the proof of Proposition 8.1 in Section 8.
6,X0 0,x1 .
In order to prove Lemma 7.10, we compare the ensembles X (w)”‘ and X (w)”‘ via X Zﬁ). Clearly,

it suffices to prove the following result.

LEMMA 7.11. Fiz p € 2N and m < =1, Suppose that (7.1) and (A,,—_1) hold. Then there exists
some function A(-,z) such that for u € {0,1} we have

% [EFg(XZ’ﬁ,z) —EA(Xé’g),zﬂ - 0((N005\1/)P+supEF@(X",z)) (7.18)

1€Ln HEIN weS

for all 0 € [0,1], all z € S, and all deterministic v € S.

In the remainder of this section, we prove Lemma 7.11 for uv = 1. In order to make use of the
assumption (AAm_l), which involves spectral parameters in S,,_1, to obtain estimates for spectral
parameters in S,,, we use the following rough bound.

LEMMA 7.12. For any z = E+in € S and x,y € RT we have

L(n)
|Gy (2) = Ty (2)] < N (Im Cxx (B +im) + Im Gyy (B + im)) +12x||Zy ],
=1

where we recall the definitions of L(n) and n; from (7.10) and (7.11).

PROOF. From (3.5) and (4.15) we get

o wu;  (mX*(1+mXE)"t 0
¢ H_Zk:)\k—z < 0 In/) -
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Using (3.20) we therefore get

<X7uk Y7uk
Gy (2) ~ ey ()] & 32 E 52 ) sy
k k

It suffices to estimate the first term. Setting n_; := 0 and 7741 := oo, we define the subsets of

indices

= {k:m <|\—E|<n} (1=0,1,...,L+1).

We split the summation
L+1

2 \fk‘i’“z, 2 Z k_z,

=0 kel

and treat each [ separately. For [ =1,..., L we find

2 2 2
Z (x,uy) < Z (x,ug) 7721 <2 Z <X711k2> 7712
kel Ak = 2] kel (Ax — E) kel Ak = E)? + iy

2
< M I Gax (B +imi—1) < 2N Tm G (B + i1 |

N—-1

where the third step easily follows from (4.15). Using that the map y — yIm Gxx(E + iy) is
nondecreasing, we find for [ = 1,..., L that

2
Z (x,u) < 2N251mGXX(E+imv1)>
: Ak — 2|

as desired.
Next, we estimate

2

2
5 Geome)® Z W2 o G (Bt in) < 2N Tm (B + i)
kelo =zl ( !

Finally, we estimate

T (x,uy)? <2 Y (x, w)?| A\, — Elng S (x, ug)?ny

\I Gxx E‘|‘
e =2 v — B+ 03 OBy S mCulE i),

kEUL+1 kEUL+1 keUL+1

where in the second step we used that A\; < 1, as follows from (2.7) and Lemma 4.8. This concludes
the proof. 0

LEMMA 7.13. Suppose that (Ay,—1) holds. Then we have
L7 (G(2) —II(2))Z7! = O<(N%) (7.19)
for all z € §m Moreover, for any deterministic v € S we have
ImGeo(2) < N (Imm(z) + N9OU(z)) (7.20)

for all z € §m
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PROOF. Let E +in € S,,. Then we have E +in € Sp_q for [ = 1,... ,L(n). Therefore (7.13)
yields, for any deterministic v € S,

Im Goo(E +in) < 29>+ Im(v,II(E +ip)v) < ClZv]* = C,

where in the second step we used (3.20) and the definition of II from (3.5). The estimate (7.19)
now follows easily using Lemma 7.12.

In order to prove (7.20), we remark that if s(z) is the Stieltjes transform of any probability
measure, the map 7 + nIms(E + in) is nondecreasing and the map n — n~'Ims(E + in) is
nonincreasing. Abbreviating z = E +in € §m and zy = E +1im € §m_1, we therefore find

ImGee(2) < N2ImGyes(z1) < N°(Imm(z1) + N9OU(z)) < N?(Imm(z) + N©°U(2)),
where in the second step we used the assumption (A,,—1). O

7.4. Expansion. We now develop the main expansion which underlies the proof of Lemma 7.11.
Throughout the rest of this section we suppose that (A,,—1) holds. The rest of the proof is
performed at a single z € §m, and from now on we therefore consistently omit the argument z from
our notation.

Let i € Zps and p € Zn. Define the 7 x Z matrix Af\iu) through

(Af\i#))st = )\(52'55;“ + )‘52'?55/15 .

Thus we get the resolvent expansion, for A\, \' € R and any K € N,

Glimy = Clim ZG@ e Glin) " + Gl (A% Gl) ™ (7.21)
The following result provides a priori bounds for the entries of GZ?;:).
LEMMA 7.14. Suppose that y is a random variable satisfying |y| < N~'/2. Then
SHGH —METt = O<(N%) (7.22)

for alli € Tpr and p € In.

0,

ProOF. We use (7.21) with K := 10, ) := y, and X := X! | so that Giy = = G’ By (3.20), we

i)
have
IO+ I < C. (7.23)

By assumption (A,,_1), the conclusions of Lemma 7.13 hold for the matrix ensemble X? (since it

satisfies (2.4) and (2.5)). Hence, (7.22) holds for y = A, and in particular 2*1(}((917;‘) = O (N?°) and
G?{%Zfl = O (N?). Plugging these estimates into (7.21) and using that |A — X| < N=1/2 it is
easy to estimate the contribution to (7.22) of all terms of (7.21) except the rest term. In order to
handle the rest term, we use the rough bounds Z_IG?ZZ:; = O<(N) and G?Z?;‘;;_l = O<(NN), which
may be deduced from Lemma 4.9 and a simple modification of Lemma 4.8. O
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To simplify notation, we introduce the function

FamN) = FR(X(), (7.24)

where we omit the dependence on 6, p, v, and z from our notation. (Recall that p is fixed and all
estimates are uniform in z € S,,,,v € S, and 6 € [0,1].) We denote by f((;;)) the n-th derivative of
Fn)-

The following result is easy to deduce from (7.21) and Lemma 7.14.

LEMMA 7.15. Suppose that y is a random variable satisfying |y| < N=Y2. Then for any fired n € N
we have

10 ()] < N2, (7.25)
By Taylor expansion, we therefore have
p .
o) = 3 LA (0) + 0<(97).

From Lemma 7.15 and Lemma 7.7, we get

[EF‘Z,’(XZ’S}“) EF? <X(W))}

E[fiw (Xi) = fw (0)]

= Bf(0) + 5 E S +Z —EfG OE(XL)" + 0 (),
(7.26)

where we used that X}“ has vanishing first and third moments, by (7.1), and its variance is equal
to 1/N. Recalling our goal (7.18), we therefore find that we only have to prove

NN STRSE)O)] = O((NPw)P 4 sup EFE(X7)) (7.27)

1€Ln HEIN weS

for n =4,...,4p. Here we used the bounds (2.5).
In order to obtain a self-consistent estlmate in terms of the matrix X% on the right-hand side
of (7.27), we need to replace the matrix X in f,)(0) = F(X 2’3)) (and its derivatives) with

0,X

X=X (l’ﬂ)“‘ We shall do this by an other apphcatlon of (7.21).

LEMMA 7.16. Suppose that

N2 Z Z ‘Ef(m w = ((Ncoéw)p =+ sup EFV{),(XG)) (7.28)

i€Ln HEIN weS
holds for n =4,...,4p. Then (7.27) holds for n =4, ..., 4p.

PROOF. To simplify notation, we abbreviate f(;,) = f and Xfu = ¢. The proof consists of a
repeated application of the identity

+ OL(N'2wp) (7.29)
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for [ < 4p, which follows from Lemmas 7.7 and 7.15. Fix n =4,...,4p. Using (7.29) we get

E¢h
EF(0) = B — Y0 1n + k< p)BEf00) 5 1 0 (v2un)
k1>1 1
Rk
= EfM(©) ~ Y Un+h <4p)ESOTI© 2
kq!
ki>1
ki o cke
TS At bk < Ap R ) BB (ymizge)
kil kol
k1,ka>1
4p—n q
— i = Z (_1>q Z 1 (n + Z kj < 4p>Ef(n+Ejk H Nn/2\I/p)
q=0 K1,k 21 j j=1
The claim now follows easily using (2.5). O

What therefore remains is to prove (7.28). Since it only involves the matrix ensemble X, for
the remainder of the proof we abbreviate X? = X. Recalling the notation (7.24), we find from
Lemma 7.16 that it suffices to prove the following result.

LEMMA 7.17. for any n =4, ...,4p we have
v Y S (e ) FO0| = o((v e s spER (). (130
1€Ln HEIN wEeS

REMARK 7.18. We conclude this subsection with a general digression on the algebra of the Bernoulli
interpolation method underlying the proof of Proposition 7.1, and in particular establish the formula
(1.8) from the introduction. Let (X9), and (X}), be arbltrary independent finite families of
independent random variables. Define X% = (X?), as in (1.6). Then we get

%EF(X") - %:[EF<XZ§3) —EF( fj )}

where X% (@) denotes the farnlly obtained from X? by replacing X? with z. Fix a and abbreviate

f(z) = F(X(a)) ¢ =X)L ¢ = X0 and ¢ := X?. We may assume that ¢, ¢/, and ¢ are
independent. We want to compute the difference

Since we are only interested in the algebra of the interpolation, we assume for simplicity that all
random variables have finite exponential moments and that f is analytic. (Otherwise, as in the
computations above, the expansions have to be truncated.) Repeating the steps of the proof of
Lemma 7.16, we find

Egk

E(f(Q) = f(0) = > (-7 > Ef(”““*"'““q)(f)fﬂ

q>0 Nk, kg =1 Toj=1

= Y Kn((OEf™(2),

m>=1
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where

E n 4q ]E k?] 1 d m
D 3 L S e | = )

m!
q=0 n,k1,...,kg=1

Eel¢ — 1
o Eelt =

t=

Together with the same computation for the difference E(f(¢") — £(0)), this yields the identity (1.8)
from the introduction, with K9, , := K, (X}, X9) — K;n (X3, X5).

7.5. Introduction of words and conclusion of the proof. In order to prove (7.30), we shall
have to exploit the detailed structure of the derivatives in on the left-hand side of (7.30). The
following definition introduces the basic algebraic objects that we shall use.

DEFINITION 7.19 (WORDS). We consider words w € W of even length in the two letters {i,pu}. We
denote by 2n(w) the length of the word w, where n(w) =0,1,2,.... We always use bold symbols to
denote the letters of words. We use the notation

w = t1S2t2S3 cee tnsn_H (731)

for a word of length 2n = 2n(w). For n = 0,1,2,... we introduce the subset W,, := {w € W :
n(w) = n} of words of length 2n. We require that each word w € W, satisfy t;s;+1 € {ip, pi} for
alll <l <n.
Neat, we assign to each letter * its value [¥] = []; , € T through
i =i,  [p] = p.

(Our choice of the names of the two letters is suggestive of their value. Note, however, that it is
important to distinguish the abstract letter from its value, which is an index in T and may be used
as a summation indez.)

Finally, to each word w € W we assign a random variable Ay ; ,(w) as follows. If n(w) = 0
(i.e. w is the empty word) we define

Av’i7u(’lﬂ) = va — H{,{, .
If n(w) > 1 with w as in (7.31) we define
Avip(w) = Got))Glsylita] * * Clsnl[tn] Glsnsalv - (7.32)

Definition 7.19 is constructed so that

<a§iu>n(G00HVV) = (=1)" ) Ayipu(w)

wEWn
for any n =0,1,2,.... This may be easily deduced from (7.21). Using Leibnitz’s rule we conclude
that
0 an(X): Y oD (et =n _n
0Xi,) Y T [1, nelny!

nl,...,np/220ﬁl,...,ﬁp/2>0 r

. H( DS A<>A<>)

T wr EWh,. WrEWrp,.
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To prove (7.30), it therefore suffices to prove that

p/2
N2 S S B IT (vt A ()| = o((VSwp s ER()) (39
1€y peZn' r=1 w

for 4 < n < 4p and words w,,w, € W satisfying (n(wr) + n(u?r)) = n. To avoid irrelevant
notational complications arising from the complex conjugates, we in fact prove that

n/2z Z H VULwT)

€Ly peIn' r=1

-0 ((NC(’é\If)p + sup EF@(X)) (7.34)

weS

for 4 < n < 4p and words w, € W satisfying >, n(w,) = n. (The proof of (7.33) is the same with
slightly heaver notation.) Treating words w, with n(w,) = 0 separately, we find that it suffices to
prove

n/2z ZE

1€ly pEIN

viu(wo)P e H Avip(wy)| = O((NC°5\IJ)p + sup EF&(X)) (7.35)

weS

for 4 <n <4p, 1 < g < p, and words w, € W satisfying > n(w,) = n, n(wy) = 0, and n(w,) > 1
for r > 1. Note that we also have the bound ¢ < n.
In order to estimate (7.35), we introduce the quantity
Rs = |Gys| + |Gsvl .
LEMMA 7.20. For w € W we have the rough bound
[ Avip(w)] < N2OEFL (7.36)
Moreover, for n(w) > 1 we have
|Av,ip(w)] < (R} + RZ)NZ)=1), (7.37)
Finally, for n(w) =1 we have the sharper bound
[Av,iu(w)] < RiRy. (7.38)

PROOF. The estimates (7.36) and (7.37) follow easily from Lemma 7.13 and the definition (7.32).
The estimate (7.38) follows from the constraint t; # so in Definition 7.19. O

In addition to the high-probability bounds from Lemma 7.20, we have the rough estimate
E|Ayip(w)* < N€ (7.39)

for some C' > 0 and all w € W satisfying n(w) < 4p; this follows easily from Definition 7.19 and
Lemma 4.9.
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By pigeonholing on the words appearing on the left-hand side of (7.35), if n < 2¢ — 2 then there
exist at least two words w, satisfying n(w,) = 1. Using Lemma 7.20 we therefore get

q
‘Av,i7u (UJO)piq H Av,i,u (wr)

r=1

< N20(a) pra x) (1(n >2¢—1)(R?+ R%) + 1(n < 2q — 2)R3R}i) . (7.40)

From Lemma 4.6 combined with Lemma 4.8 we get

1 o 1 2, ImGes +7 25 Imm + NP Co+2)5 g;2
NZR“LNZR#L< N < N N < N(CoFog2 (7.41)
1€ nELN

where in the second step we used (7.20), and in the last step the definition of W. Inserting (7.41)
into (7.40), we get using Lemma 7.7 and (7.39) that the left-hand side of (7.35) is bounded by

N2 N3 g Fr-a( x) (1(n > 2g — 1)(N920)? 4 1(n < 2¢ — 2)(N005/211:)4) .
Using that ¥ > ¢N~/2, we find that the left-hand side of (7.35) is bounded by

NI HOEFr=a(x) (1(n > 2¢ — 1) (NCO29)"? L 1(n < 29 — 2)(NCO5/2\IJ)")

< EF},"%X)(l(n > 29 — 1) (N(Co/21289) "2 4 15y < 9 — 2)(N(Co/2+12)6\p)n> ’

where we used that ¢ < n and n > 4. Choose Cy > 25. Then, by assumption (7.9) on § we have
N(Co/2+12)0y < 1, Moreover, if n > 4 and n > 2¢ — 1 then n > ¢ + 2. We conclude that the
left-hand side of (7.35) is bounded by

EFP~1(X)(NOw)?, (7.42)

Now (7.35) follows using Young’s inequality. This concludes the proof of (7.30), and hence of
Lemma 7.11. The proof of Proposition 7.1 is therefore complete.

8. Self-consistent comparison II: general X

In this section and the next we prove the following result, which is Proposition 7.1 without the
condition (7.1).

PRrROPOSITION 8.1. Suppose that the assumptions of Theorem 3.21 hold. If the anisotropic local law
holds with parameters (X525 %2, S), then the anisotropic local law holds with parameters (X, %, S).

8.1. Overview of the proof of Proposition 8.1. The proof of Proposition 8.1 builds on that
of Proposition 7.1. Throughout this section, we take over the notations of Section 7 without further
comment. In particular, as in (7.9), Cj is some large enough constant (which may depend only on
7) and ¢ > 0 is fixed and small, satisfying (7.9).
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As in Section 7.4, we suppose that (A,,—1) holds, and we fix z € S, which we consistently
omit from our notation. From the assumption (A,,—1) and Lemma 7.13 we get the bounds (7.19)
and (7.20), which we summarize here for easy reference:

SHGE-I)E™ = Ox(N®),  ImGyv < N*(Imm+ N9°D) (8.1)

for all deterministic v € S.

The assumption (7.1) was used in the proof of Proposition 7.1 only in (7.26), where it ensured
that the summation over n starts from 4 instead of 3. Without the assumption (7.1), we in addition
have to estimate the term n = 3 in (7.26). It therefore suffices to prove the following result.

LEMMA 8.2. Let z € §m, and suppose that (8.1) holds at z. There exists a constant Cy such that,
for any 0 satisfying (7.9), the estimate (7.27) holds for n = 3.

We shall in fact prove a slightly stronger bound than (7.27), where the term sup,,cs EF&(X?, 2)
on the right-hand side of (7.27) is replaced with sup{EF% (X, z) : w € {v} U{e, : p € In}}. How-
ever, (7.27) is simpler to state and strong enough for our purposes.

As in Lemma 7.16, one may easily replace the matrix Xf /;0 in the definition of fl(i)(O) with X,

As in Lemma 7.17, from now on we abbreviate X? = X. Thus, we find that in order to prove
Lemma 8.2 it suffices to prove the following result, which complements Lemma 7.17.

LEMMA 8.3. Let z € §m, and suppose that (8.1) holds at z. There exists a constant Cy such that,
for any § satisfying (7.9), the estimate (7.30) holds for n = 3.

Next, recall the definition of words from Definition 7.19. As in (7.33)—(7.35), Lemma 8.3 is
proved provided we can show the following result, which is analogous to (7.35).

LEMMA 8.4. Let z € §m, and suppose that (8.1) holds at z. Let 1 < q < 3 and choose words
wi, ..., wp € W satisfying n(w,) > 1 forr < ¢, n(w,) =0 forr >q+1, and ), n(w,) = 3. Then
(7.34) holds with n = 3.

We now explain some key ingredients of the proof of Lemma 8.4. The first main difficulty
is to extract an additional factor N~'/2 from the left-hand side of (7.34) with n = 3, so as to
obtain in total a factor N2 that will cancel the number of terms in the summation. The second
main difficulty is to extract a factor ¥? from the expectation, so as to apply estimates of the form
E|Ay i (wo)P~9| ¥ < (NYOW)P + EFY(X). In order to extract the factor N~1/2) we analyse the
dependence of each factor Ay ; ,(w,) on the p-th column of X, i.e. the variables X, := (X;,)iez,,-
We express each term, up to negligible error terms, as a polynomial in X, whose coefficients
are independent of X, (i.e. X (“)—measurable). Hence we may take the conditional expectation
E(-|X ) of the product of the variables X,,, which results in a partition of all entries of X,,. The
extra factor of N~/2 then follows using a parity argument similar to the one first used in [7]: the
degree of the polynomial is odd, so that a perfect matching, which would give a contribution of
order NV, is not possible.

Beyond the factor of N~1/2, the need to obtain the bound from (7.34) that is strong enough
to close the self-consistent estimate presents significant difficulties, which we outline briefly. These
difficulties are roughly of two types. (a) The off-diagonal entries of G® are in general not small;
only entries of G —II are small. (b) A priori, using the estimate (7.19), the entries of G(*) are not
bounded by O (1) but by O (N?%). This would yield a bound on the coefficients of the polynomial
in X, that is a high power of NV 20 which may become too large to conclude the proof.
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We deal with difficulty (a) not by estimating individual entries GE,’;) but by exploiting the extra

summations generated by the polynomial expansion, expressing our error bounds in terms of as
many summed entries of the form

1 )id

5 2oy (8.2)

JELM

as possible, where d € N. For instance, similarly to (7.5), if d = 2 then (8.2) may be estimated
by Imcjv#ﬂ, which is much smaller than the naive bound N%°. (See (8.28) below for a precise
statement.) The factor Im Gyy may be estimated using the a priori bound (7.20). The proof relies
on a careful balance of the integers d from (8.2) versus the number of entries of G that cannot be
estimated in this way. We also note that, while d = 2 gives a stronger bound than d = 1 in (8.2),
for d > 3 the bound (8.2) cannot be improved over the corresponding bound for d = 2. In this
sense, powers of d larger than 2 lead to wasted factors of ¥, and we have to make sure that the
final combined power of ¥ and F\ is large enough despite the possibility of indices d larger than 2.

Next, we deal with difficulty (b) by showing that polynomials whose coefficients consist of many
entries of G, each estimated by O~ (N??), also give rise to many factors of the form (8.2) with
large enough d, which compensate the powers of O~ (N??). Hence, controlling the number of factors
of the form (8.2) and the corresponding indices d is crucial to obtain a sufficiently high power of
U + F, and a sufficiently small prefactor. The details of this counting are explained in Section 8.5.

We conclude this sketch by noting that, in order to get rid of the omnipresent upper indices (u)
generated by the expansion in X,,, we use identities from Lemma 4.4, which generate error terms
of the form Fe,(X) in addition to Fy(X) (see (8.10) below). Since y may take any value in Zy, we
need the general self-consistent error term supy,cs EF&(X) on the right-hand side of (7.34) instead
of the simple EFY(X).

8.2. Tagged words. We now move on to the actual proof of Lemma 8.4. The index p € Zy
will play a distinguished role. In a preliminary step, we show that, up to an affordable error, the
random variables Ay ; ,(w) in (7.34) may be replaced with

~ L {G\—,\—, — H{,{, - V(M)2(GHN - HP«N) if n(w) 0
1.

Avi =
(1) Ay ip(w) if n(w) >

The motivation behind the definition of A\v,i,u(w) stems from expansion formula (8.3) below, which
will play a key role in the proof of Proposition 8.1.

LEMMA 8.5. Lemma 8.4 holds provided it holds with A replaced by Ain (7.34).

PROOF. We write, dropping the subscripts from A and using wy to denote the empty word,

p

H A(wy) — H A\(wr)

r=1 r=1

q

(A(wo)P~ — A(wo)”~?) ] Alwr)

r=1

q
< p(|A®wo)| + [Awo) )™ |G — W (1) T 1A wy)]
r=1

< (Fo(X) + Fo, (X)) ™" Fo,, (X)v () [[1ACwy)] -
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Next, from Definition 7.19 we conclude, analogously to the proof of Lemma 7.20, that if n(w,) >
1for 1 <r<qand ! n(w,) =3 then

q
S [[IA@w) < D7 NPRITH < NNO(N/2g)rt

i€l r=1 €L\

where in the last step we used (7.41). We therefore conclude using Lemma 7.7 that

p p
NN S R[] Aw) - T Atwr) |
1€Ly HEIN r=1 r=1
- = - —q—1
< NONT2 N 9(u)(NOPO) TR (Fy (X) + Fo, (X)) Fe, (X)
HELN
< (NCHGO2g)P 4 qup BFE (X)),

weS
where in the last step we used Young’s inequality and the estimate N~1/2 < U. Here we also used
that >0 7. v(u)? < 1, as follows from the definition of ¥ from (7.12) and (3.6). This concludes
the proof. 0

Next, we introduce a family of tagged words, which refine the words w from Definition 7.19.
They are designed to encode formulas which refine the definition of Ay ; ,,(w) from Definition 7.19.
In order to state them, we shall need a decomposition of entries Gx, into three pieces, denoted by
[Gxy]?, [Gxy]!, and [Gxy]?. The identity behind this decomposition is

Gxy = X(M)Y(N)GW'FG%) +Guu(G(#)X)xu(X*G(H))uy_X(H)Guu(X*G(#))uy_Y(N)Guu(G(#)X)xu J

(8.3)
which follows from Lemma 4.4. (Recall that an expression of the form Gx’;) is by definition equal
to x*GMWy, where the matrix multiplication is performed according to Definition 4.1.)

DEFINITION 8.6. Let x,y € {V,e,, e;} with x and y not both equal to v. Then the quantities
[Gxyl?, [Gxyl', and [Gxy|? are uniquely defined by requiring that they do not contain factors of G,
or v(u), and that (8.3) reads

Cry =[Gy + GGy ]! + V(1) GGy 2. (5.4
In particular, [Gxy]® is X -measurable.

Explicitly, this decomposition reads
GV# = V(M)Gw - Guu(G(H)X)\’m = {’(U)Guu[GW]Q + Guu [Gw]l )
Goi = GY 4 Guu(GWX)gu(X*GW) i — V(1) Goup(X*GW) i = [Gil® + GGl + V(1) Gl |Gl
Gip = _GM#(G(M)X)W = Guu[Giu]l )
Gii = GY + Guu(GX)iu (X*GW)ys = [Giil” + GuulGail

Throughout the following we abbreviate Zj, := [0, k — 1].
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DEFINITION 8.7 (TAGGED WORDS). Let w € W be a word from Definition 7.19. A tagged word

is a pair (w,o), where o = (o’(l))?z(lf)Jrl € Zg(w)ﬂ. We assign to each tagged word (w,o) with

w € W, of the form (7.31) a random variable Ay ; ,,(w,o) according to the following construction.

(i) If n =0 (i.e. w is the empty word) we define

Av,i,u(w,O) = G(“) _ H(#)

Ayin(w,1) == (GWX)g (X*GW),q,
Avipn(w,2) = —(X*GW),5 — (GWX)q,,

where we introduced the matriz TIH := (I : s,t € 2\ {u}).

(ii) If n > 1 we define
Avip(w,o) = [G\‘r[tl]]a(l) [G[SQ][tQ}]U@) E [G[sn][tn}]a(n) [G[sn+1]v]o(n+l) : (8.5)

(iii) We define
ol = D 1) 21), ol = D Lo()=2).

l l
(Note that the choice of indices p and v is merely suggestive of the meaning of |- |, and |- |v;

these quantities clearly do not depend on p and v.)

(i) By construction, Ay ; .(w,0) is a homogeneous polynomial in the variables { Xy, }rez,,, whose
coefficients are X W -measurable. We use deg (Av,iu(w,0)) € N to denote its (total) degree.

From (8.4), (8.3), and Definition 8.7 we find that for w € W,, we have
Avin(w) = Y7 Avip(w,0) (Gl v(p)lh. (8.6)
oczitt

Recalling Lemma 8.5, we conclude that, in order to prove Lemma 8.4, it suffices to prove the
following result.

LEMMA 8.8. Suppose that (8.1) holds. Let 1 < ¢ < 3 and choose words w,...,w, € W satisfying
n(wy) = 1 forr < ¢, n(w,) =0 forr > q+1, and ), n(w,) =3. Forr=1,...,pleto, € Zg(wr)ﬂ.
Then we have for all v €S

P
NN E((Gw)d“ \_/'(/J,)d"HAV,i,M(wr,O'r)>‘ = O((NC°5\If)p+supEF£(X)), (8.7)
€L HEIN r=1 wes
were we abbreviated
P
de = du(on,...,0p) == Y |0 (8.8)
r=1

forx = p,v.
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8.3. Preliminary estimates and the entries GG,,;,. We shall require the following rough bounds,
which refine those of Lemma 7.20.

LEMMA 8.9 (RoUuGH BOUNDS ON Ay, (w,0)). Suppose that (8.1) holds. Let (w,o) be a tagged
word. Then
|Aviu(w,0)] < NPCEIFD, (8.9)

Moreover, if n(w) = 0 then
[Avip(w,0)| <= NG 4 F (X)) + F, (X). (8.10)

PRrROOF. Using a large deviation estimate (see [7, Lemma 3.1]) combined with Lemmas 4.6 and 4.8
we get

(1)

(GWX)g 24 (X*G" Gw _|_ G- w w (8.11)
s J J N
]GIM JGIM "

for any deterministic w satisfying |w| < C. Using (8.3) with x = y = W, (8.11), (8.1), ¥ > cN~1/2,
and the trivial estimate |w(p)| < 1, we find

Im G
ImG(“) = ImGww + O (ImGW + N m]v\‘zlim ;
n
We conclude that
Im G%x)fv < Im Gyw + MGy + NPT < NP Imm + NC0+20g
where in the second step we used (8.1). Therefore,

Im GE,—ff‘),—v
Nn

Now (8.10) with o > 1 follows easily from (8.11) and (8.12) with w = v. Moreover, (8.10) with
o = 0 follows using (8.3) and (8.1).

Next, in order to prove (8.9), we deduce Definition 8.6 and (8.1), as well as from (8.11) and
(8.12) with w = v, e, Xe;, that

< N(Co+2)og2, (8.12)

[Goil| + |[Giol”| + [[Goul”| + |[Gpuw) | + [ [Ginl | + |Gl < N*, (8.13)
for all o = 0, 1,2. This concludes the proof. O

In order to analyse the left-hand side of (8.7), we need to exhibit the precise X-dependence of
the factor (G,,)%. To that end, we write, using (4.4), Gy, = (—2 — Y, — Z,,) "%, where we defined

Zy, = (X*G(“)X)W—Yy, v, = E (X*G(M)X)##‘X(M)} — % Z G;lj).
JEIM

Using the large deviation estimates from [7, Lemma 3.1], we find |Z,| < N=7/2+% Since |G .| <
N by (8.1), we therefore deduce using —7/2 + 25 < —2§ that

|—2 Y, |7t < N%. (8.14)
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Hence there exists a constant K = K (7) such that

K
Gup = Z(_Z - Yu)ikilzﬁ +O(N71).
k=0

Plugging in the definition of Z,,, we find

K
Gup = Y Vur(X*GWX)E + O (N1, (8.15)
k=0

where the coefficients ), are X (#)_measurable and satisfy the bound Vil < N €9 Here we
used (8.14) and the estimate |G§‘;)| < N2 which follows from (8.1), (8.3), (8.11), and (8.12) with
w = x =y = e;. The precise form of V), is unimportant. In order to apply Lemma 7.7 in the
following, we shall also need the rough bound

EYilt < N (8.16)

for all ¢ € N, which may be easily deduced from E(|Y,| + |-z — Y,|71)¢ < N for any ¢ < 16K.
This latter estimate follows easily from the deterministic estimate |Y,|+|—2z — Y,|™! < CN, where
we used that Im(—z —Y,) < Im(—2z) < —N~L

Now we replace the factors G, on the left-hand side of (8.7) with the leading term in (8.15).
From (8.15), (7.19), (8.16), and Lemma 7.7 we get

p
~ NONWUE T Av,ip(wr, 00)]
r=1

p
E H ’Av,i,u(wm 0'7‘)‘

r=1

K du
(Guu)d” - (Z yu,k (X*G(“)X)ﬁu>

k=0

~< N*7((N<00/2+4>5\11)” + sup EF@(X)) ,

weS

where in the last step we used d, < p, Lemma 8.9 and that at most three r € [1,p] satisfy
n(w,) = 1. We conclude that, to prove Lemma 8.8, it suffices to prove under the assumptions of
Lemma 8.8 that

P K G
N—3/2 Z Z \_I(u)d" E HAv,i,u(wrvar) (Z y#,k(X*G(u)X)Zﬂ>

1€y neELN r=1 k=0

- O((N005W)p + sup IEFVTf,(X)) . (8.17)

weS

Next, we expand

K dﬂ Kdu
(Z V(X GWX L’iu) = D Zur(X"GUIX),,
k=0 k=0

where the coefficients Z,,  are X (#)_measurable and satisfy the bound

|2k < NCOWI, (8.18)
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Moreover, for any tagged word (w, o) we split

Ayvip(w,o) = A (w,a)A+

Vi, Vi,

(w,0), (8.19)

where Ag’i’“(w, o) is equal to Agﬂ-’#(w, 0) if n(w) = 0 and contains all factors [Gxy]" from (8.5) if
n(w) > 1. Hence, Ag}i,”(w, o) is X #)-measurable and Aj,i,u(w’ o) is a product of terms of the form
(GWX)y, or (X*GW), where x€ {¥,e}. (8.20)

From (8.17), Lemma 7.7 and (8.18), we conclude that, to prove Lemma 8.8, it suffices to prove
under the assumptions of Lemma 8.8 and for any nonnegative & < C'd,, that

- o((NC’oﬁ\If)usupEFg(X)), (8.21)

weS

N_?’/QNCd“‘S Z Z V(u)d"E<

1€Ln pEIN

p
E, (H A, (wy, m) (X*GWX)k

r=1

p
H Ag,i,u(wm or)
r=1

where we recall the definition of the conditional expectation E, from (5.6). (Here the applicability
of Lemma 7.7 may be checked using the estimates |G| < CN and E|Z,,;|® < NC. The letter
estimate follows from (8.16).)

8.4. Degree counting. For the following we choose ¢, wi,...,w,, and o1,...,0, as in Lemma
8.8. We introduce the abbreviation

p p
dx = dx(wi,01,...,wp,0p) = Zdeg(Aw’H(wr,ar)) = Zdeg(Aj}i?#(wr,ar)). (8.22)

r=1 r=1

(Recall the definition of deg(-) from Definition 8.7 (iv).) By definition, the polynomial given by

b Aj,i,u(w“ o,) is a product of dx factors from the list

(GW X, (XTGP, (GWX)ee,  (X°GW) L. (8.23)

LeEMMA 8.10. If dy = 0 then dx is odd.

PrOOF. This may be checked directly using Definitions 8.6 and 8.7. The condition dy, = 0
means that we only take factors [-]° and [-]! in (8.5). The key observation is that the parity
of deg(Av,iu(wr,0,)) for n > 1 is the same as that of the number of indices p appearing on the
right-hand side of (8.5). The claim then follows from the observation that in [[?_; Ay ; ,(w,), which
is a product of entries of G, the index u appears exactly three times. O

We may now estimate the conditional expectation E,(-) in (8.21).

LEMMA 8.11. Under the assumptions of Lemma 8.8 and for nonnegative k < Cd,, we have

< NHE=0)/2 (N (Co/240)5 ) dxHBCIUR=0) (g o)

P
E, <H Aj/_,i,u(wrv Ur)) (X*G(N)X>ﬁu

r=1
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PROOF. To streamline notation, we abbreviate d := dx. Recalling the form of A™(w,,o,) from
(8.20), we find that

p d+2k
<HAj,i,u(wrvUT)> (X~ G x )MM = Z Gjr.wda9iasr dasan H X (8.25)

r=1 J1yeJd+2k €N =1

where Gj, _j, is the product of d terms in {G]lx, G . 1e [1,d],x € {v,e;}} and QMH o 18

XJi

the product of k terms in {G] g b ' € [d+1,d;]}. In particular, gjdﬂ.,,jd% is H*)-measurable

and satisfies the bound \gjd+1,,,]d+2k} < N2k Since E, X, = 0, the contribution of the indices
Ji,- -, dqyor after taking the conditional expectation E,, (- ) is nonzero only if each index appears at
least twice. We classify the summation on the right-hand side of (8.25) according to the coincidences
of the indices, which results in a sum over partitions of the set {1,...,d + 2k} whose blocks have
size at least two. We denote by L the number of blocks (i.e. independent summation indices). For
a block b C {1,...,d + 2k} we define d; := |bN[1,d]| and kp := [bN [d + 1,d + 2k]|. The number
dp denotes the number of coinciding summation indices in the block b that originate from the
first factor on the left-hand side of (8.25), and the number dj, the number of coinciding summation
indices in the block b that originate from the second factor. Indexing the blocks as [1, L] (and hence
writing d; and k; with [ € [1, L] instead of dj, and kp) and renaming the independent summation
indices j1,...,j1, we therefore get

p
EN (H Aj/_,i,u(wrﬂ U”')) (X G( ) )pp,
r=1

< C,N%* mgx%?iir{r}ﬁzﬁ(ﬁ;L H(E|X | (}Gvﬂ‘ + ’G]lv} + ‘Gm |+ |Gm D ) , (8.26)

where the maxima are taken over L € N and d;, k; > 0 satisfying

Nodp=d, D k=2, d+hk > 2. (8.27)

Here the constant C), accounts for the immaterial constants depending on p arising from the com-
binatorics of all partitions. For L, {d;}, and {k;} as above, we may estimate

d;
N Y H(ElX (G £ 1] + 6] + ) )
J1,--Jr =1
26k n7—d/2—k - (e ()
< GNPRNPHTT S (0w + e+ 6|+ 161) )
=1\ j

where we used (2.5). Now we use the estimate

S JGUI < NN g a 529
JELNM
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which follows from (8.11), (8.12), and (8.1). Hence we get

p
E, (H A+(wr,ar)> X*GWx)k,
r=1

< maxmax max N_d/2_k+LN25kN26 Zl[dl_2]+ (N(Co/Q—l—l)(S\I,)Zl(Q/\dl) (829)
L {di} {k} ’

where the maxima are subject to the same conditions as above.
Next, from ) ,(d; + ki) = 2k + d and d; + k; > 2 we deduce that

d 1
= k+2—2§l:[dl+k,—2]+

Together with ) ,[d; — 2|4 < ), d; = d, this gives

N —d/2—k+L \j26k £726 Yy [di—2]+ (N(Co/2+1)6\1,)21(2/\dz)

< N20(R) (N (Co/200)3 ) 2 CAD) N3 Syl thi=2ls (8 30)

Suppose first that dy = 0. From Lemma 8.10 and (8.27) we find that > ,[d; + k; — 2]+ > 1.
Using ¥ > N~1/2, we therefore get

N —d/2—k+L £r25k np28 3 [di—2]+ (N(Co/2+1)6‘1,)21(2/\dz)
< N20(d+k) N=1/2 (N(co/2+1)5\1,>21(2Adz)+21[dz+k1—2}+—1
< N28(d+k) \r—1/2 (N(C’O/2+1)6\Ij>d—1(d>3)

where in the last step we used that [d; + k& — 2]+ > [d; — 2]4, and > ,(2 A dy) + > [d; — 2]+ = d.
For the case d = 1, we also used that > ,(2Ad;) + > )[di +k — 2] —1> 1.
Next, we claim that

dy < d+6. (8.31)

This follows from ||, < deg(Av,;u(w,0)) +21(n(w) > 1), which may be checked using Definition
8.7. Since k < Cd,,, we deduce that k < Cd, and therefore conclude the proof of (8.24) for the case
dy = 0.

Finally, if dy > 1 then we only have the trivial lower bound ) ;[d; + k; — 2]+ > 0, from which
(8.24) may be obtained by a minor modification of the above argument. O

We conclude that the left-hand side of (8.21) is bounded by

N—3/2-1(dv=0)/2 Z v (u ’dv Z

H AY w o (N(CO/2+C)6\I/)dxfl(dx>3)1(dv:0)
V’L;,L T 7‘

HELN ZEIM r=1
< N A N(CO/2+C)§‘IJ dx —1(dx>3)1(dv=0)+1(dv>2) 39

where we used (8.31) with d = dx and ¥ > N—1/2,
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Next, we define f; to be the number of factors of the form [Gy;]° or [Gig]® in the polynomial
[T2_, Ay.i(wr, 0p) (vecall Definition 8.7 (ii)). (Here we use the letter f instead of d to emphasize
that the definition of f; is not analogous to that of d,,.) Then we get from (8.9), (8.11), and (8.12)
that

NTUY

q
[T A% u(wr )| < NONTLN" (JGW1A2 4 |G 1A02) < NOO(N(Co/2e 03 g) A0,

€Ly Ir=1 i€y
(8.33)
Moreover, by (8.10) we have
P 0 Co/2+1)§ p*q*Z€:q+1|UT|M
T A%, (wr 00| < (N( 02108y 4 Fy(X) +Fe#(X)> (8.34)
r=q+1
Plugging (8.33) and (8.34) into (8.32), and recalling Lemma 7.7, yields
LHS of (8.21) < (N(Co/2+C)0 ) tx 1A= =011 (dv =)+ /32
—4= =g palovl
% supE(N(C°/2H)5\I/+FW(X)>p q erilrlu (8.35)

weS

where we absorbed the factor N¢° on the right-hand side of (8.33) into the parentheses on the first
line using that dx + fi; > 0, as follows from Defnition 8.7 and the assumptions of Lemma 8.8.

Recalling that N(Co/2+C0y 4 N=39F (X)) < N~9 for small enough § by (8.1), we find using
Young’s inequality that in order to prove (8.21), it suffices to prove

p
dx — 1(dx 2 3)1(dy =0)+ 1(dy 2 2) + fiA2—q— Y |ov|u > 0. (8.36)
r=q+1

8.5. Power counting: proof of (8.36). The proof of (8.36) requires precise information about
the structure of the factors of Ay ; ,(wr,o0,). To that end, we introduce the quantities

q P
dx = Zdeg(Av,W(wr,ar)), dg = Z deg(Av.iu(wy, 0v))
r=1 r=q+1

and

q P
s = Z|0T|*a d; = Z o«
r=1

r=q+1

for x = p,v. Hence, d, = df + d7 for * = p,v,X. (Recall the definitions (8.8) and (8.22).)
Moreover,
(8.37)

v

> > > > >
20 = dx +dy, d; >d

as may be easily checked from Definition 8.7. (Recall that n(w,) =0 for r > ¢+ 1.) We conclude
that (8.36) holds provided we can show that

dx + fiN2—q—1(dx > 3)1(dy =0)+ 1(dy >2) > 0. (8.38)
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The following arguments rely on the algebraic structure of Ay ; ,(w,) and Ay ; ,(wy,o,) from Defi-
nitions 7.19 and 8.7 respectively, to which we refer tacitly throughout the rest of the proof.
We claim that
Qs+ fi > 1. (8.39)

0 contributes

To see this, we note that each factor [Gy;]! contributes one to d5 and each factor [Gy;]
one to fi; the same holds for [G;y]* (where x = 0,1). Since there are exactly three indices i in the
factors of [[?_; Ay (wy), we find that [[?_; Ay, ,(w,) must contain at least one of the factors
Gvi, Giv, Giy, or Gp;. We therefore conclude that, no matter the choice of o1,..., 0., we always
have (8.39).

Furthermore, if ¢ = 3 then there are exactly three factors Gy; or Gy in [[7_; Ay . (w,). We

deduce that (8.39) may be improved to
dx + fin2 = 14+1(g=3).

We conclude that (8.38) holds provided that (i) dy > 2 or (ii) dy =1 and ¢ = 1.

Next, as noted above, each factor Gy; or Giv of [[!_; Ay (wr) contributes one to dx + f;.
Moreover, each factor Gy, or G5 contributes one to d)<( + d5. Since the number of factors Gy,
Giv, Gyu or Gy in [[2_; Avipu(wy) is exactly 2¢, we find

dx + in2+1(fi=3)+ds > 2¢,
where we used that f; < 3. We conclude that (8.38) holds provided that
q—dy —1(fi =3) — 1(dx = 3)1(dy =0) > 0, (8.40)

which is easy to check in the case dy < 1 and g > 2.

All that remain therefore is the case dy = 0 and ¢ = 1. In that case we have f; < 2 and d5 =0,
so that (8.40) holds also in this case. This concludes the proof of (8.36).

The proof of (8.21), and hence of Lemma 8.8, is therefore complete. This concludes the proof
of Lemma 8.4.

We have hence proved Proposition 8.1. Recalling Proposition 6.1, we conclude the proof of
Theorem 3.21 (i).

9. Averaged local law

In this section we complete the proof of Theorem 3.21 by proving its part (ii). Bearing applications
to eigenvalue rigidity in Section 10 below in mind, we in fact prove a somewhat stronger result.
Recall the definition of my from (3.9). We generalize Definition 3.20 (iii) by saying that the
averaged local law holds with parameters (X,%,S, ®) if [my(2) — m(z)| < ®(z) uniformly in z € S.
Here @ : S — (0, 00) is a deterministic control parameter satisfying

W2 < ® < N2 (9.1)

for some constant ¢ > 0. In particular, we recover Definition 3.20 (iii) by setting ® = (Nn)~!. In
this section we prove the following result, which also completes the proof of Theorem 3.21.
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PROPOSITION 9.1. Suppose that the assumptions of Theorem 3.21 hold. Let ® satisfy (9.1). Sup-
pose that the entrywise local law holds with parameters (XGa“SS,D, S) and that the averaged local
law holds with parameters (XGaUSS,D,S,d)). Then the averaged local law holds with parameters
(X,%,S,9).

PROOF. The proof is similar to that of Propositions 7.1 and 8.1, and we only explain the differences.
Note that now there is no bootstrapping, since the necessary a priori bounds are obtained from the
anisotropic local law. In analogy to (7.15), we define

F(X,2) == |mn(2) — ‘N > Gulz) —m(z)|.

veln

Following the argument leading up to (7.30) and Lemma 8.3 to the letter, we find that it suffices
to prove that

n
—n/2 FPx)| = (N5\If2p EﬁM{)
> ¥ e(57,) P - of(wery s
1€y pELN
for any n =3,...,4p and z € S. Here § > 0 is an arbitrary positive constant. We use the words w

from Definition 7.19. Analogously to (7.34) and Lemma 8.4, it suffices to prove, for alln = 3,...,4p,
that

VY Y

1€Ln HEIN

EH(;] > Ae,,,i,#(wr)>| = 0((N5xp2)”+EﬁP(X)) for ) n(w,)=n.

r=1 veEIN T )
(9.2

Next, from the part (i) of Theorem 3.21 we get |Gg — | < U for s,t € Z and z € S. From
(7.32) we deduce that

< 2 for n(w)>1. (9.3)

% Z Aeu,i,u(w)

veIN

For n > 4, the claim (9.2) easily follows from (9.3) and an application of Young’s inequality to the
factors r satisfying n(w,) = 0 and n(w,) > 1; we omit the details. What remains, therefore, is to
verify (9.2) for n = 3.

Let n = 3. As in Lemma 8.5, it is easy to check that it suffices to prove (9.2) with Ae, ; .(wr)
replaced by geyyi,u(wr). This means that we replace the sum -, .7 with }° 7 \;,;- From (8.6)
and Definition 8.7, we conclude that it suffices to prove that

p

NOESS Y BT e il 0) (G

1€LN pEIN V1,...,VPEZM\{M} r=1

— O((N'w?)’ + EF?(X)),

where ) n(w,) = 3, n(w,) > 1 for r € [1,¢] and n(w,) =0 for r > ¢+ 1, and o, € Zn(wr)+1

Here we recall the index d, defined in Lemma 8.8. Note that, since v, # p, in (8.4) we have

_ . c Zg(wr)—l-l

V(p) = 6, = 0, so that we only need to consider o,

e Z2@t I

instead of o,
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other words, we always have dy = 0. As in (8.21), we find that it suffices to prove, under the same
assumptions and for any k£ < Cd,,

SRR v o D SN |1 P A1 RN SRS
r=1

1€y pEIN V1, p €I \{p} \7=1

_ 0((N5x1/2)” +EﬁP(X)) . (9.4)

where we abbreviated A*(r) = Azw,i,u(“’“ oy) for x =0, +.
Next, note that each factor AT (r) is a product of factors (GWX)s, and (X*GW),s where
s € {i,v,}. We denote by dx i, the number of factors of AT (r) for which s = ¢, and abbreviate
dxi:= Y r_,dx;i,. It is not hard to check that dx; < 3. Recall the definition of dx from (8.22).

We claim that »
E, (H A+(r)> (X*GWx)k
r=1

which may be regarded as an improvement of Lemma 8.11. The proof of (9.5) is similar to that of
Lemma 8.11, and we merely give a sketch. We have to estimate an expression of the form

=< N—I/Q\I,dx—l(dx,izg) , (95)

dx
E, (H(G(“)X)giu(X*G(“))L;b’) (X*G(M)X)Z“ ’
1=1
where s; € {i,v1,...,vp} and b; € {0,1}. (This is simply the general form of a polynomial in X of
the correct degree.) The proof of (9.5) relies on the crucial observations that, by Theorem 3.21 (i),

GW W] < v and o S GW]Y) < v
JE€Lm

for a € N. Using that dx is odd by Lemma 8.10 (recall that dy, = 0), it is not hard to conclude (9.5).
(Note that, thanks to the a priori information provided by Theorem 3.21 (i), the estimate (9.5),
including the exponent on the right-hand side, is sharper than Lemma 8.11. This improvement will
prove crucial for the conclusion of the argument.)

Next, let r > ¢ + 1 satisfy o, = 0, so that the left-hand side of (9.5) does not depend on v;,.
There are p — ¢ — Y i_, 1|0s| such indices r, and for each such r we find

% Z A(r) = ﬁ(X) +04(9?). (9:6)
vr€In\{p}

Here we wrote A°(r) = G,,,, —I,4, — Ae,, ipu(wy, 1) and estimated the term Ae, ; ,(w;,1) using

(8.11) and (8.12). For the remaining Y %_ . |os| indices 7 > ¢ + 1 we have A%(r) = 1. Moreover,

for r < ¢ it is easy to verify directly using Definition 8.7 that
|A%(r)] < W) (9.7)

where we abbreviated dx , := deg(A™(r)). From (9.5), (9.6), and (9.7) we find that the left-hand
side of (9.4) is bounded by

N o \dex—l(dx,i:3) \I;Zf—:1(2—dx,r)+ E(ﬁ(X) + \1,2)p*quzz=q+1|0r\ )
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As in the argument following Lemma 8.11, we conclude that the claim holds provided that

q

p
dx —1(dx;i=3)+> (2—dx,)+—2¢—-2 > l|o,| > 0. (9.8)
r=1 r=q+1

In order to establish (9.8), we make the following observations about dx j,, which may be
checked case by case directly from Definition 8.7. First, if n(w,) = 0 then dx;, = 0. Second, if
n(wy) € [1,3] we have the implication

dX,r < 2 = dX,i,r < l(n(wr) > 2) .

We conclude that if dx; = 3 then there exists an r < ¢ such that dx , > 3. Hence, to establish
(9.8) it is enough to establish

q p
dx +) (2—dx,)=2¢—2 Y o >0,
r=1 r=q+1

which is trivial by the identity

p q p
dx = deﬂ, = deﬂ, + 2 Z ’07«‘ .
r=1 r=1

r=q+1

This concludes the proof. ]

This concludes the proof of Theorem 3.21. We conclude this section by drawing consequences
from Theorems 3.21 and 3.22.

PROOF OF THEOREMS 3.14 (i), 3.15 (i), AND 3.16 (i). From Lemma A.4 we find that (A.7) and
(A.8) hold on Df. From (A.8), after a possible decrease of 7, we find that (3.20) holds. Moreover,
from Lemma A.5 we find that (2.11) is strongly stable on D{, in the sense of Definition A.2. Using
(A.7), we deduce that (2.11) is stable on D, in the sense of Definition 5.4. We may therefore invoke
Theorems 3.21 and 3.22 to conclude Theorem 3.14 (i).

Similarly, Theorems 3.15 (i) and 3.16 (i) follow from Lemmas A.6 and A.8 respectively, combined
with Theorems 3.21 and 3.22 O

PROOF OF THEOREM 3.6. Let 7/ > 0 be chosen so that the conclusions of Theorem 3.14 (i) hold
fork=1,...,2p. Since D = Uipzl D{UJ;_, DS UD®, we obtain Theorem 3.6 from Theorems 3.14
(i), 3.15 (i), and 3.16 (i). O

PROOF OF COROLLARY 3.9 AND THEOREMS 3.14 (ii), 3.15 (ii), AND 3.16 (ii) ASSUMING (2.9).
These follow immediately from Theorem 3.6 and Theorems 3.14 (i), 3.15 (i), and 3.16 (i) respec-
tively, combined with (3.3), (3.4), and (3.5). O

How to remove the assumption (2.9) in the above proof is explained in Section 11.1.
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10. Eigenvalue rigidity and edge universality

In the first part of this section we establish eigenvalue rigidity (Theorems 3.12, 3.14 (iii), and 3.15
(iii)). As a consequence of Theorem 3.6 we prove Theorem 3.7. In the second part of this section
we establish the edge universality from Theorem 3.18. We assume (2.9) throughout this section;
how to remove it is explained in Section 11.1 below.

10.1. Eigenvalue rigidity assuming (2.9). For simplicity, we first prove Theorem 3.12, i.e. we

assume that all edges and bulk components are regular. The proof consists of three steps. First,

we prove that with high probability there are no eigenvalues at a distance greater than N—2/3+¢

from the support of p. Second, we prove that a neighbourhood of the k-th bulk component of o

contains with high probability exactly Nj eigenvalues (recall the definition (3.16)). Third, we use

the averaged local law from Theorem 3.6 together with the first two steps to complete the proof.
We begin with the first step. We define the distance to the spectral edge through

k = k(E) := dist(E,dsupp o). (10.1)
LEMMA 10.1. Fiz e € (0,2/3). Under (2.9) and the assumptions of Theorem 3.12 we have
spec(Q) N {E > 7 : dist(F,supp o) > N72/3+5} =0
with high probability (recall Definition 4.7).

PROOF. The argument is similar to that of the previous works [20,32], and we only explain how to
adapt it. From [7, Theorem 2.10], we find that || X*X || < Cp with high probability for some large
enough constant Cp > 0 depending on 7. From (2.7) we therefore deduce that A\; < C with high
probability for some constant C' > 0 depending on 7. It therefore suffices to prove that, after a
possible decrease of T,

spec(@) N {E € [r, 771 : dist(E, supp o) > N_2/3+5} =0 (10.2)

with high probability. For the remainder of the proof we use a spectral parameter z = E + in
where E € [r, 7] satisfies dist(E,supp o) > N~2/3%¢ and 5 := N~1/2-¢/41/4 We omit z from
our notation.

In order to prove (10.2), it suffices to prove that Immy < N~%/2(N5)~!. By (A.7) and Lemmas
A4, A6, and A.8, we have

Imm = n(k+n)""2. (10.3)
We conclude that it suffices to prove
imy —m| < (k4+n)"202, (10.4)

It is easy to check that the control parameter on the right-hand side of (10.4) satisfies (9.1), so
that by Proposition 9.1 and Theorem 3.6 it suffices to prove (10.4) for diagonal 3. The proof is
identical to that of Section 5, except that we use the strong stability of (2.11) from Definition A.2,
which is established in Lemmas A.5, A.6, and A.8. This concludes the proof of (10.4), and hence
of (10.2).
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With applications to the deformed Wigner matrices in Section 12 in mind, we give another
proof of (10.2), which is based on [1, Section 6]. Using a partial fraction decomposition, one easily
finds that there exist universal constants C), j such that

1 L 1 " N ,
Il G grre = O ™ ), s Ein = Vi,
i k=1 k=1

(10.5)
Similarly, we have (with the same C,, , and zy)
. 1 - —2n+1
/ H Yy R o(dz) = ch,kn Imm(zg) . (10.6)
i1 (7 B)P Ak pat

Let E > v, + N~2/3%¢ and set 7 := N~%k. It is not hard to deduce from (10.4) that, for any fixed
n € N, we have
N—¢/2
N
for all k =1,...,n. Setting n := [2/¢]|, we get from (10.5) and (10.6) that

[Tm my (2) — Imm(z)| < (10.7)

n

1 1 / - 1 ez _om
- = —————— o(dx) + Ox(N~"/*n
N;H(AiE)2+kn2 l}_[l(xE)2+kn2 (dz) + O<( )

— O< (N—l—a/Qn—2n> ’

where in the last step we used that |z — E| > k for x € supp . This immediately implies that with
high probability there is no eigenvalue in [E — n, E + 7). O

The second step represents most of the work. It is a counting argument, based on a continuous
deformation of the matrix @) to another matrix for which the claim is obvious. Since the eigenvalues
depend continuously on the deformation parameter and each intermediate matrix satisfies a gap
condition from Lemma 10.1, we shall be able to conclude that the number of eigenvalues in a
neighbourhood of the i-th component does not change under the deformation. We shall in fact
need two deformations: one which deforms the original matrix @ to a Gaussian one, Q52" with
the same expectation ¥ as @Q, and another which deforms the Gaussian matrix Q%" to another
Gaussian matrix where some eigenvalues of 3 have been increased.

For k=1,...,p— 1, we introduce the number of eigenvalues to the right of the k-th gap,

& a2k +a
2k + A2k+1
T, = Z 1<)\i> 2*)
i=1
PROPOSITION 10.2. Under (2.9) and the assumptions of Theorem 5.12 we have Ty = ;. N with
high probability.

As explained above, the first step in the proof of Proposition 10.2 is a deformation of the general
matrix X to a Gaussian one.

LEMMA 10.3. Let X be general and XG55 o Gaussian matriz of the same dimensions. Suppose
that (2.9) and the assumptions of Theorem 3.12 hold. If Ty =>4 Ni with high probability under

the law of XG2S then Y} = Zlgk Ny with high probability under the law of X.
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PROOF. Let X1 := X and X := X% be independent. For ¢t € [0,1] define X (t) := VtX; +
V1 —tXy and denote by A;(t) the eigenvalues of X (t)XX (¢)*. We also write Ty (t) for T defined
in terms of \;(¢t). Note that Lemmas 4.8 and 10.1 hold for X (¢) uniformly in ¢ € [0, 1]. Recalling
(2.7), we deduce that there exists a constant C' > 0 such that

IAi(t) — Xi(s)] < C/|t—s| (10.8)

with high probability, uniformly in ¢, s € [0,1] and i. The claim now follows by considering ¢ in the
lattice 0,1/K,2/K,...,1, where K is chosen large enough that CK /2 < (ag, — ag11)/10 and C
is the constant from (10.8). Indeed, suppose Yy (t) = >, N; with high probability. Then we use
(10.8) and the gap from Lemma 10.1 to deduce that Yj(t+ K1) = 37, N; with high probability.
The claim for t = 1 = K/K therefore follows by induction. O

Using Lemma 10.3, in order to prove Proposition 10.2 it suffices to prove the following result.

LEMMA 10.4. Suppose that (2.9) and the assumptions of Theorem 3.12 hold, that X is Gaussian,
and that 3 is diagonal. Then Yy = Elgk N; with high probability.

PROOF. Abbreviate dj := > ;. IV;. We write the diagonal matrix ¥ = diag(o1, 09,...,0n) in the
block form ¥ = diag(X;,39), where ¥; contains the dj top eigenvalues of ¥. We introduce the
deformed covariance matrix X(t) := diag(t¥1, ¥2). In particular, ¥(1) = 3. The idea is to increase
t until the claim for ¥ replaced by ¥(t) may be deduced from simple linear algebra. Then we use
a continuity argument to compare X(¢) to .

We add the argument ¢ to quantities to indicate that they are defined in terms of 3(t) instead
of ¥. Using (A.5) (see also Figure 2.1), it is not hard to find that the gap agi(t) — agg41(t) is
increasing in ¢, and that

agk(t) > Ct, &2k+1(t) < C (10.9)

for some constants ¢,C' > 0. Using that || X(t) — X(s)|| < C|t — s|, we deduce from Lemma 4.8
that ||Q(t) — Q(s)]| < C|t — s| with high probability. Now let T" be a fixed large time to be chosen
later. By a continuity argument using Lemma 10.1 we therefore find that there exists a constant
K = K(T) such that for any ¢ € [1,T] we have

|spec(Q(t)) N (azk(t) — N72/3% c0)| = |spec(Q(t + K1) N (asy(t + K1) — N72/3%¢ o)
(10.10)
with high probability.
It therefore remains to show that there exists a large enough 7', depending only on 7, such that

for t = T the left-hand side of (10.10) is equal to di. Writing X X* = <gn 512> as a block
21 Lo
matrix, we find
1/2 1/2 1/2 1/2
tX)"Enx VS “E1%
t) = DOV2XX*D1)V? = g e ; 2 - 10.11
Q(1) (t) (t) VISV E sl sl sl ( )

From (A.4) we deduce that dy < N — N, < (1 — ¢)N, by the assumption of Theorem 3.12.
From [7, Theorem 2.10], we therefore deduce that ¢ < E1; < C with high probability for some
positive constants ¢, C. Moreover, from Lemma 4.8 we deduce that || E12|| + [|[Fa1|| + ||E2|| < C
with high probability. We conclude that for large enough ¢ (depending on the constants ¢ and C'
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above) the matrix (10.11) has with high probability exactly dj eigenvalues of order < ¢, and all
other eigenvalues are of order O(v/t). Since spec(Q(t)) N [agk+1(t) + N=2/347 qq, — N_2/3+T] =
with high probability by Lemma 10.1, we conclude that for large enough ¢ the left-hand side of
(10.10) is equal to dj with high probability. This concludes the proof. O

Proposition 10.2 follows immediately from Lemmas 10.3 and 10.4. This concludes the second
step outlined above.

Finally, the third step — the conclusion of the proof of Theorem 3.12 — follows from Theorem
3.6, Lemma 10.1, and Proposition 10.2 by repeating the analysis of [20,32] with merely cosmetic
changes, as explained in the proof of Theorem 3.12. This concludes the proof of Theorem 3.12
under the assumption (2.9). Moreover, as explained in Section 11.1, the assumption (2.9) may be
easily removed.

Next, we note that the proof Theorem 3.7 under the assumption (2.9) is an easy consequence
of Theorems 3.6 and 3.12, following the proof of [7, Theorem 3.12]. The key tool is the spectral
decomposition (4.15). We omit further details.

Finally, the proof of Theorems 3.14 (iii) and 3.15 (iii) under the assumption (2.9) is exactly the
same as that of Theorem 3.12. Indeed, one can check that in the proof of Theorem 3.12 only the
weaker assumptions of Theorems 3.14 (iii) and 3.15 (iii) are needed. We omit the details.

10.2. Edge universality assuming (2.9). Finally, we prove the edge universality from Theorem
3.18 under the assumption (2.9).

PROOF OF THEOREM 3.18 ASSUMING (2.9). First, we claim that the joint asymptotic distribution
of qj,; does not depend on the distribution of the entries of X, provided they satisfy (2.4) and (2.5).
This is a routine application of the Green function comparison method near the edge, developed
in [20, Section 6]. The argument of [20, Section 6] may be easily adapted to our case, using the
linearizing block matrix H(z) and its inverse G(z) to write my = & > ety Gup- The key technical
inputs are the anisotropic local law from Theorem 3.6, the eigenvalue rigidity from Theorem 3.14
(iii), and the resolvent identities from Lemma 4.4. We omit further details.

We may therefore without loss of generality assume that X is Gaussian. By orthogonal / unitary
invariance of the law of X, we may furthermore assume that ¥ is diagonal. This concludes the
proof. O

11. General matrices: removing (2.9) and extension to Q

In this section we explain how our results, proved under the assumption (2.9) and for the matrix
@, may be generalized to hold without the assumption (2.9) and for the matrix @ from (1.4) as
well.

11.1. How to remove (2.9). For simplicity, throughout the proofs up to now we made the
assumption (2.9). As advertised, this assumption is not necessary. In this section we explain how
to dispense with it. The argument relies on simple approximation and linear algebra. Roughly, if
> has a zero eigenvalue, we consider X + ¢ instead and let € | 0; if T" is not square, we augment it
to a square matrix by padding it out with zeros. While this extension is simple, we emphasize that
it relies crucially on the fact we do not assume that ¥ has a lower bound (the assumption (2.9)
only requires the qualitative bound ¥ > 0).
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We distinguish the cases M M and M < M. Suppose first that M M. We extend T' to an
M x M matrix by setting T := ( ) Define the M x M matrices

o L 0 0 9 . *
E'_TT_<()E)’ S =TT = T*T.
By polar decomposition, we have T = USY 2 where U is orthogonal. Therefore S = USU*.
Moreover, from (2.11) we get m = my, y = mg \ = mg 5, Which we use tacitly in the following.

We define the (M + N) x (M + N) matrix

G et (T O) (-G X\ (T 0) | (SPRTXXT =) 'S TXRy
AU X = 0o 1) RNX*T* Ry 7

where we used (4.3). Note that @ has the block form

~ 0 0 _ (22'Y2Ry¥Y? TXRy
G = <0 G>, G = ( R X T Ry > (11.1)

Using this representation of G as a block of CA}', it is easy to drop the assumption (2.9). For
example, suppose that Theorem 3.6 has been proved under the assumption (2.9). Applying it to G
and using a simple approximation argument in €, we find the following generalization of Theorem
3.6.

PROPOSITION 11.1. Fiz 7 > 0. Suppose that (2.9) and Assumption 2.1 hold. Suppose moreover
that every edge k = 1,...,2p satisfying ar, > 7 and every bulk component k = 1,...,p is reqular in
the sense of Definition 2.7. Then (3.10) and (3.11) hold for G defined in (11.1) and Ry defined in
(3.1).

In particular, Corollary 3.9 and Theorems 3.12, 3.14, 3.15, 3.16, and 3.18 follow easily from
their counterparts proved under the assumption (2.9). This concludes the discussion for the case
M > M.

Finally, we consider the case M < M. We set T := (T,0) and X := ();), where Y is an

(M - M ) x N matrix, independent of X, with independent entries satisfying (2.4) and (2.5).
Hence, T"is M x M and X is M x N. Now we have TX =T X and we have reduced the problem
to the case M = M , which was dealt with above.

11.2. Extension to Q. In this section we explain how our results have to be modified for Q from
(1.4). For simplicity of presentation, we make the assumption (2.9); it may be easily removed as
explained in Section 11.1.

The matrix @ is obtained from @ by replacing X with X := X (1 — ee*). Generally, a dot on
any quantity depending on X means that X has been replaced by X in its definition. For example,

we have .
: YD G
G - ( > _z> |

As before it is easy to obtain Ry and Ry from G.
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Moreover, in analogy to (3.5) we define II := IT — (m + 2z~ !)ee*. (Recall the convention that
e € R? is the natural embedding of e € R?N obtained by adding zeros.) Let S C D be a spectral
domain. As in Definition 3.20, we say that the anisotropic local law holds for G if

S (G(=) —T(2)) 2! = 0<(U(2)) (11.2)

uniformly in z € S, and that averaged local law for G holds if

i ()= m(z) = 0«57 (11.3)

uniformly in z € S.
The local law for G reads as follows.

THEOREM 11.2 (LOCAL LAWS FOR G). Fiz 7 > 0. Suppose that X and ¥ satisfy (2.9) and
Assqmption 2.1. Let S C D be a spectral domain. Then the entrywise and averaged local laws hold
for G in the sense of (11.2) and (11.3) provided they hold for G in the sense of Definition 3.20 (ii)
and (iit).
PRroOOF. To simplify notation, we omit the factor % in the definition of Q. It may easily be put
back by scaling the argument z. We prove the anisotropic local law by estimating the four blocks
of G individually. Using simple linear algebra and (4.1) and (4.3), we get
. GMXee*X*GM GMXee*X*GM
Gy = G =G :
M M+ z—e*X*GyXe M+ 22e*G e
Since G satisfies the anisotropic local law by assumption, it is easy to deduce from Lemma 4.4 and
(4.21) that

(11.4)

(v, CGuw) = (v, Gaw) + O-(P2Zv]|Swl)

for v, w € R%m,

Next, define the orthogonal projection m := ee* in the space RZN as well as its orthogonal
complement 7 := Iy — . Now the upper-right block of G is equal to
I GuXee*! X "Gy X7
TlGuX = G XT + M MET
z?e*G e

From (4.3) we get X*G X = 22Gx + 2, so that, using the anisotropic local law for G, we conclude
(v, 2 'GyuXw) = OL(¥|v]|w]|)

for v.e RI™ and w € RIV, The lower-left block is dealt with analogously.
Finally, using (4.3) for G as well as (11.4), we get

. s FONTONT
Gy = ZﬁQX*GMX — 7t = TGNT — nz7! + ToNTENT .
e*Gye
Using the anisotropic law for G and Lemma 4.4, we therefore get
(v,Gyw) = (v, (FGNT — w271 )w) + O (V?|v||w]) (11.5)

for v,w € RZN. This concludes the proof of the anisotropic local law.

Moreover, the averaged local law for G is easy to deduce from (11.5) by setting v =w = e,
and summing over u € Zy. In this way, the averaged local law for G follows from the averaged and
anisotropic local laws for G. O
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We also obtain eigenvalue rigidity for the eigenvalues M = Ao > = Ay of Q. For instance,
Theorem 3.12 has the following counterpart.

THEOREM 11.3 (EIGENVALUE RIGIDITY FOR Q) Theorem 3.12 remains valid if A, is replaced with
Ak.

PRrROOF. The proof follows that of Theorem 3.12 to the letter, using Theorem 11.2 as input. In
fact, as explained around (10.4), we need a stronger bound than (11.3) outside of the spectrum;
this stronger bound follows easily from (11.5) and the analogous stronger bound for Gy established
in (10.4). O

Finally, we obtain edge universality for ). The following result is proved exactly like Theorem
3.18, using Theorems 11.2 and 11.3 as input.

THEOREM 11.4 (EDGE UNIVERSALITY FOR Q). Theorem 3.18 remains valid if \; is replaced with
i

12. Deformed Wigner matrices

In this section we apply our method to deformed Wigner matrices as a further illustration of its
applicability. Since the statements and arguments are similar to those of the previous sections, we
keep the presentation concise.

12.1. Model and results. Let W = W* be an N x N Wigner matrix whose upper-triangular
entries (W;; : 1 <7 < j < N) are independent and satisfy the same conditions (2.4) and (2.5) as
Xiu. Let A = A* be a deterministic N x N matrix satisfying [|A|| < 77!. For definiteness, we
suppose that W and A are real symmetric matrices, remarking that similar results also hold for
complex Hermitian matrices.

The main result of this section is the anisotropic local law for the deformed Wigner matriz
W + A, analogous to Theorem 3.21. As an application, we establish the edge universality of
W 4+ A. We remark that the entrywise local law and edge universality were previously established
in [27] under the assumption that A is diagonal. Before that, edge universality was established
in [9,23,33] under the assumption that W is a GUE matrix. A somewhat different direction was
pursued in [4,6,24], where local laws for the sum of two matrices that are invariant under unitary
or orthogonal conjugations were analysed.

In order to avoid confusion with similar quantities defined previously for sample covariance
matrices, we use the superscript W to distinguish quantities defined in terms of the deformed
Wigner matrix W + A. The Stieltjes transform m" of the asymptotic eigenvalue density of W + A
is defined as the unique solution of the equation

1 ~1
w w
- —Tr(— A—
m” (2) N r(—m" (z) + z)
satisfying Imm" (2) > 0 for Imz > 0. (See e.g. [31] for details.) Note that m" only depends
on the spectrum of A and not on its eigenvectors. For simplicity, following [27] we assume that
support of the asymptotic eigenvalue density QW(E) = lim,, o 7 ' Im mW(E + in) is an interval,
which we denote by [L_, L1]. This condition is however not necessary for our method, which may in
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particular easily be extended to the multi-cut case, using an argument similar to the one developed
in the context of sample covariance matrices in Section 10 and Appendix A.

We denote the eigenvalues of W+ A by A\ (W +A) > Ao(W+A) > --- > Ay(W+ A). Moreover,
we define the resolvent G (2) := (W + A — 2)71, as well as

o 1 oW Im mW 1

—-mW +A-2z’ Nn +N777'

The following definition is the analogue of Definition 3.20 for deformed Wigner matrices.

DEFINITION 12.1 (LOCAL LAWS). Define DV := {z:|E| <7 L, N7 <Imz < 771}, and let

S c DV be a spectral domain, i.e. for each z € S we have {w e D" :Rew =Rez Imw > Im z} C
S.

(i) We say that the entrywise local law holds with parameters (W, A, S) if
(GW(Z) - HW(z))St = Og (\IIW(Z))
uniformly in z € S and 1 < s,t < N.
(ii)) We say that the anisotropic local law holds with parameters (W, A, S) if
GW(z) -1 (2) = O (\Ifw(z))
uniformly in z € S.
(iii) We say that the averaged local law holds with parameters (W, A, S) if

% TrGW () —mW (2) = O (N177>

uniformly in z € S.

In analogy to (3.20), we always assume that |—m" (2)+a;—z| > 7 forall z € S and a; € spec(A);
this assumption has been verified under general hypotheses on the spectrum of A in [27]. In
particular, it implies that ||TI]] < 771.

The following result is the analogue of Theorem 3.21. Throughout the following we denote by
WGauss 5 GOE matrix and by D = D4 the diagonalization of A.

THEOREM 12.2 (GENERAL LOCAL LAWS). Let W and A be as above. Fiz 7 > 0 and let S C
DY (7, N) be a spectral domain. Suppose that either (a) EW;} =0 for all i,j or (b) there exists a
constant co > 0 such that W (z) < N~V4=<0 for all z € S.

(i) If the entrywise local law holds with parameters (WS2SS D, S), then the anisotropic local law
holds with parameters (W, A, S).

(i) If the entrywise local law and the averaged local law hold with parameters (WSS D S), then
the averaged local law holds with parameters (W, A, S).

65



Note that the assumptions of Theorem 12.2 depend on both the deterministic matrix A and
the spectral domain S.

The following result guarantees the rigidity of the extreme eigenvalues of H + A. As explained
below, the rigidity of all eigenvalues will be a simple consequence of Theorems 12.2 (ii) and 12.4.

DEFINITION 12.3. We say the extreme eigenvalues of W + A are rigid if [A\(W + A) — L+}+ <
N=23 and [An(W + A)— L_]_ < N72/3,

THEOREM 12.4. Suppose that, for any fired and small enough T > 0, the entrywise local law and
the averaged local law hold with parameters (WGMSS,D,DW(T, N)). Moreover, suppose that the
extreme eigenvalues of WSS 4 D are rigid. Then the extreme eigenvalues of W + A are rigid.

Together, Theorems 12.2 (ii) and 12.4 easily yield the rigidity of the eigenvalues, as explained
in the proof of [20, Theorem 2.2]. We may apply Theorem 12.2 to extend the results of [27] to
arbitrary non-diagonal A. For instance, we obtain the following edge universality result.

THEOREM 12.5 (EDGE UNIVERSALITY). Let W and A be as above. Suppose that the spectrum
D of the matriz A satisfies the assumptions of Theorem 12.4. Then for any fixed | and smooth
f: R = R there is a constant co > 0 such that

f [(N2/3(>\i(W +A) - L+))§:1] —f {(N2/3(Ai(WGauss +D)— L+))j:1} = O(N~@). (12.1)

A similar result holds for the extreme eigenvalues near the left edge.

In [27], the assumptions of Theorem 12.4 were verified for a large class of diagonal matrices D.
Moreover, for such matrices D, it was proved that the limit of the second term on the left-hand
side of (12.1) is governed by the Tracy-Widom-Airy statistics. Theorem 12.5 therefore provides
an extension of [27, Theorem 2.8] to non-diagonal matrices A. We refer to [27] for the detailed
statements about the distribution of the eigenvalues of WG2uss 4 D

Further applications of Theorem 12.2 include a study of the eigenvectors of W + A and the
outliers of finite-rank perturbations of W + A. We do not pursue these questions here.

The rest of this section is devoted to the proof of Theorems 12.2, 12.4, and 12.5. To unburden
notation, from now on we omit the superscripts W, with the understanding that all quantities in
this section are defined in terms of deformed Wigner matrices.

12.2. Proof of Theorem 12.2 (i). Exactly as in Section 6, we first prove that the entry-
wise local law with parameters (WG‘“SS, D,S) implies the anisotropic local law with parameters
(WGauss A S). The proof is very similar to the one from Section 6. As explained there, the details
may be taken over with trivial modifications from [7, Sections 5 and 7], where the proof is given
for A =0.

What remains, therefore, is the proof of the anisotropic local law with parameters (W, 4, S),
starting from the anisotropic local law with parameters (W55, A|S). The basic strategy is similar
to the one in section 7. Define S and S,, as in Section 7, and denote by S € R the unit sphere of
RYN. The following definitions are analogous to (7.13) and (7.14).

(A,,) For all z € S,, and all deterministic v € S we have

Im Gyy(2) < Imm(z) + NOOW(z). (12.2)
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(Cp) Forall z € S, and all deterministic v € S we have

|Gv(2) — Myy(2)] < NOW(z2). (12.3)

Here Cj is a constant that may depend only on 7, and ¢ satisfies (7.9).

Clearly, (Ap) holds, and (C,,) implies (A;,). As in Lemma 7.4, we only need to prove that
(A,,—1) implies (C,,). The necessary a priori bound is summarized in the following result, which
may be proved like Lemma 7.13.

LEMMA 12.6. If (A,,—1) holds then

Im Gyv (2)

G(z) = O<(N%), s

< N(CotDig?2 (12.4)

for all z € §m and deterministic v € S.

Making minor adjustments to the argument of Sections 7.3 and 7.4, we find that it suffices to
prove the following result, which is analogous to Lemma 7.30.

LEMMA 12.7. For v € S define
F,(W,z) = ‘va(z) - va(z)| )

Let z € S and suppose that (12.4) holds. Then we have

Y o \"
v e (2 ) o

i<j

-0 ((Ncoéq/(z))p FEFP(W, z)) (12.5)

for anyn =4,5,...,4p. Moreover, if in addition U(z) < N~Y4=% then (12.5) holds also for n = 3.

Here we also used that the function n — W(E + in) is decreasing, so that if the assumption
U < N~1/4=0 holds at z € S then it also holds for all w € S satisfying Rew = Re z and Imw > Im z.

The rest of this subsection is devoted to the proof of Lemma 12.7. We note that the word
structure describing the derivatives on the left-hand side of (12.5) is very similar to that of (7.30)
(given in Definition 7.19). Hence the proof of Lemma 12.7 is similar to that of Lemma 7.17.

The proof of (12.5) for n > 4 is a trivial modification of the argument given in Section 7.5, whose
details we omit. What remains therefore is the proof of (12.5) for n = 3 under the assumption
¥ < N~1/4=¢_ From now on we omit the arguments z.

The main new ingredient of the proof for deformed Wigner matrices is a further iteration step
at fixed z. Suppose that

G -1 = OL(N%?®) (12.6)

for some ® < 1. Since ||II|| < C, the estimate (12.6) is stronger than the first estimate of (12.4).
Note that, by assumption (12.4), the estimate (12.6) holds for ® = 1. Assuming (12.6), we shall
prove a self-improving bound of the form

N ZE’ <63/,A>3F5(W)' = 0<(NC°6‘P)]” + (N~20)P + EFD(W, z)) : (12.7)

i<y
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Once (12.7) is proved, we may use it iteratively to obtain increasingly accurate bounds for the
left-hand side of (12.3). After each step, we obtain an improved a priori bound (12.6), whereby ®
is reduced by powers of N~=%/2. After O(1/cy) iterations, (12.5) for n = 3 follows.

It therefore suffices to prove (12.7) under the assumptions (12.4) and (12.6). As in Section 7.5,
it suffices to prove

N3/2 < FP=9(W) (N(Co—1)5\1; + N_CO(I))q 7 (12.8)

q
Z Av,i,j (wo)p_q H Av,i,j (wr)
r=1

1<J

where the words w and their values Ay ; ;( - ) are defined similarly to Definition 7.19. More precisely,
abbreviate G := G —II. Then for n(w) = 0 we have Ayij(w) = Gyv, and for n(w) > 1 the random
variable Ay ; j(w) is a product of entries Gvi, Gvj, Gij, Gji, Giv, and G}y, as in (7.32). Clearly, to
prove (12.8) it suffices to prove

> [T Aviitw)

i<y r=1

N73/2 =< (N(Cofl)a\]t] —+ Nfcoé)q . (129)

We discuss the three cases ¢ = 1,2, 3 separately.
The case ¢ = 1. The single factor Ay ; j(w;) is of the form

GViGachdev or GviGachdGiv (12.10)

or a term obtained from one of these two by exchanging ¢ and j; here a,b,c,d € {i,j}. We deal
first with the first expression; the others are deal with analogously. We split it according to

GyiGapGeaGiy = GuillupllegGiy + GyiGapllegG iy + GyillpGeaGiy + GyviGapGeaGiy . (12.11)

We deal with the summation over ¢ using the estimate

1 ImG
N |Gy = =Y < N(GFDoy2 12.12
N ;‘ Vl’ ]\[77 ’ ( )
where in the last step we used (12.4); a similar estimate holds for the summation over j. Using
(12.12), (12.6), and ||TT|| < 77!, we may estimate the second term on the right-hand side of (12.11)
as

N3N 1GyiGalleaGiv| = N7¥2) " NP0|GyiGjy| < NYVENCOT920 < N0,
i,j i,J
provided ¢ is chosen small enough, depending on 7 and ¢g. The third and fourth terms on the
right-hand side of (12.11) are estimated in exactly the same way.

What remains is the first term on the right-hand side of (12.11). Here taking the absolute value
inside the sum is not affordable. Instead, we use the first A priori bound of (12.4) to estimate
|Zm<j GSiHabHCd‘ < NV 2”5, where we used that II is deterministic and satisfies the bound
> illlaplleq| < 772N. Combining this estimate with Y, |G| < N'HC/ZFD0 from (12.12), we
find

N—3/2

S GuillyllgGy| < NG < N(©-Diy

1<J

9

68



provided Cy = 8.

Finally, if Ay j(w,) is the second expression of (12.10), the argument is analogous. In this
case at least one of the terms Gy, and G4 is of the form G;; or Gj;, so that, in the analogue of
the first term on the right-hand side of (12.11), we may use the improved estimate ), |[IgpI1.q| <
73| < 772N1Y2, as follows from ||TI|| < 771

The case ¢ = 2. In this case the product [[?_; Ay j(w,) is of the form
Gvi(GG;v)thviGjiij or sz‘ijGviijGiv s (12.13)

or an expression obtained from one of these two by exchanging ¢ and j. The contribution of the
first expression of (12.13) is estimated using (12.4) and (12.12) by

N—3/2 Z‘GV’LGJVGVZGJZijl = N1/2+(2CO+4)5\I/4 < N(200+4)5—200 ‘112 < \112 ,
12
provided ¢ is chosen small enough, depending on 7 and ¢g.
Next, in order to estimate the contribution of the second expression of (12.13), we split

Y GGy = > Gl + Y GiGj = O(NYH20) 4 O (NTHO2H0ge) | (12.14)
j j j

where we used (12.4), (12.6), and (12.12). Similarly, using (12.4) and (12.12) we get

< N1+ (Co+3)d 32 < N1/2—co (12.15)

Z Gvi Gvi Giv

for small enough §. Putting (12.14) and (12.15) together, it is easy to deduce (12.9).

The case ¢ = 3. Now [[?_; Ay, j(w,) is of the form (GW-GJ-V)3, or an expression obtained by
exchanging ¢ and j in some of the three factors. We estimate, using (12.6) and (12.12),

DGl < A |Gl +4) Ml

< (Gl + M) N¥@ +1 < NUHOHDIg2g 4 N2 41,

(2

where we used that >7;|Tly;|? < 772. Now (12.9) is easy to conclude using ¥ > N—1/2+7/2,

12.3. Proof of Theorem 12.2 (ii). The proof is similar to that from Section 9. As in Section
12.2, it suffices to prove the following result.

LEMMA 12.8. Let z € S and suppose that the anisotropic local law holds at z. Define ﬁ(W) =
|% Zz Gii — m’ Then we have

N—”/Qg E<83/U>HFP(W)‘ = O<(N5\112)p+ (N]\;;/2>p+Eﬁp(W)> (12.16)

for any n = 4,5,...,4p. Moreover, if in addition ¥(z) < N-1Y/4=co then (12.16) holds also for
n=3.
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The case n > 4 can be easily proved as in covariance case. We therefore focus on the case n = 3
in Lemma 12.8. The proof is similar to the discussion below (12.8). The main difference is that

for each ¢ we have some extra averaging N7 S Sq( -), and we need to extract an extra factor
W4 (or, alternatively, (N—17¢/2p=1¥~1)4) from this average. We take over the notations from
Sections 7.5 and 12.2 without further comment. We consider the three cases ¢ = 1,2, 3 separately,

and tacitly use the anisotropic local law from Theorem 12.2 (i).

The case ¢ = 1. Consider first the case A, ; j(w1) = G5G;;GijGis. We estimate

> GiGyj > Gy
j

J

+OL(NU?) < N2 N |GGy < N2

This gives
l N Y GuGyiGiGis| < N¥202,

s ’-7

as desired. Next, in the case A, ; j(w1) = GG jiGjiGjs we estimate

Y GuGjiGjiGjs| < Y (1Gal* + 1G5 ?)Gil* < NT* < N3/2¢2,
i’j Z'7j

Finally, in the case A, j(w1) = G4G;;GiiGjs we estimate

< NU2 4+ NY2¢ < ONU2,

Using a similar bound for the sum over j, we find Ly Z :G5iGjiGiiGis = O<(N2W1) =
O~(N3/2®2). All other terms are obtained from these three by exchanglng 7 and j.

The case ¢ = 2. In this case N~! D 1.5 [12_, As, 5,44 (wy) is of the form

1 1
ﬁ Z GSl’iGj81G52’iGj’iGj82 or ﬁ Z GslistlGSQiijGisz y (12.17)

81,52 51,82

or an expression obtained from one of these two by exchanging i and j. These may be written as

1
N2 (GQ) G or W(G2)]Z(G2)ZZG‘]] . (12.18)

We estimate the contribution of the first expression by

€ (G*)2,Gji

1 1
—Tr|G* = <
= N2 r’ | NQZ((/\k— 77 N2p SZ >\k_

—coN 2
Aﬂw < 2N?2 1 2\1;2 < 2N3/2<N> )
(Nn)3 (Nn) Nn

Next, we split the contribution of the second expression of (12.18) as

Z N2 G2 JZ(GQ)M 3J Z N2 G2 ]Z(G2 “GJJ "‘Z N2 IL;;5( GQ)J%(GQ)
i, 4,J

2%
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Using the anisotropic local law, it is easy to prove that |(G?);;| < N¥? and }ZJ IL;(G?)ji| <
N3/2y2. Therefore

1
> 2 (G5i(G?iGj| < T(Tx G2 + N2t
1,5
1 N~
= N27\II4+N3/2\II4 < N3/2\I/2 +N3/2\Il4,
N1 Nn
where we estimate Tr|G|* as above. This concludes the proof in the case ¢ = 2.
1 As, 5,05 (wy) is of the form or an expression
[T7_1 As,s,.5(wr) s of the form (G?) pressi

The case ¢ = 3. In this case 251,52,53 2
obtained by exchanging ¢ and j in some of the three factors. We estimate its contribution by

1 213 1 4 32 N~ 202
el 3. R N v
> AT ™ =)

< N2Tr|G[*¥? < N2

which concludes the proof.

12.4. Proof of Theorem 12.4. The proof is analogous to that of Theorem 3.12 in Section 10.
Define the domain

S, = {z N2 L dist(B, (Lo, L)) < 7Y, N™TR(E) <7 < N“S/%(E)} .

From the assumptions on WSS 1 D it is not hard to deduce the estimate

1 Gauss -1 N~°
NTT(W +D —z) m(z):O<<N7]>
for all z € S, where ¢ > 0 is a positive constant that depends only on 7.

Next, from Theorem 12.2 (ii), we have N~ Tr G(z) — m(z) = O<((Nn)™!) for z € S;, which is
not enough to establish the rigidity of the extreme eigenvalues. However, analogously to Proposition
9.1, our proof of Theorem 12.2 (ii) in fact yields a stronger result. Indeed, Lemma 12.8 implies that
—C —C

1 N
—T - p?
N rG(z) —m(z)| < Nu + =< N

for z € S;. We may now repeat the argument starting at (10.5), with trivial modifications, to
deduce that [\;(W 4+ A) — Ly]; < N~2/3. This concludes the proof of Theorem 12.4.

12.5. Proof of Theorem 12.5. Analogously to the proof of Theorem 3.18, the proof is a routine
application of the Green function comparison method near the edge [20, Section 6]. The key
technical inputs are Theorems 12.2 and 12.4. Note that Theorem 12.2 is applicable since the
Creen function comparison argument only involves z satisfying |¥(z)| < N~1/37¢ with some small
constant ¢ > 0. Hence the assumption (b) from Theorem 12.2 is satisfied.

A. Properties of p and Stability of (2.11)

This appendix is devoted the proofs of the basic properties of ¢ and the stability of (2.11) in the
sense of Definition 5.4. In this appendix we abbreviate r; := ¢m({s;}).
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A.1. Properties of o and proof of Lemmas 2.4-2.6. In this subsection we establish the basic
properties of ¢ and prove Lemmas 2.4-2.6.

PrROOF OF LEMMA 2.4. We have

n

/ 1 T 7 —2 - T
flla) = 5= —— 3. f(x)::r;)‘F?;w- (A.1)

x — (z+s;)

From (A.1) we find that (23f”(z))’ >0 on IgU---UI,. Therefore for i = 2,...,n there is at most
one point = € I; such that f”(x) = 0. We conclude that I; has at most two critical points of f.
Using the boundary conditions of f on 01;, we conclude the proof of |[CN ;| € {0,2} fori=2,...n.

From (A.1) we also find that (22 f/(x))’ < 0 for € I;. We conclude that there exists at most
one point x € I; such that f’(z) = 0. Using the boundary conditions of f’ on dI;, we deduce that
ICNL|=1.

Finally, if ¢ # 1 we have f(x) = (¢p—1)2~ 1+ O(272) as x — oo. From the boundary conditions
of f on 0ly we therefore deduce that |[C N Iy| = 1. Moreover, if ¢ = 1 we find from (A.1) that
f'(x) #£0 for all x € Iy \ {oo}. This concludes the proof. O

By multiplying both sides of the equation z = f(m) in (2.11) with the product of all denomi-
nators on the right-hand side of (2.12), we find that z = f(m) may be also written as P,(m) = 0,
where P, is a polynomial of degree n + 1, whose coefficients are affine linear functions of z. (Here
we used that all s; are distinct and that m + sl-_l # 0.) This polynomial characterization of m is
useful for the proofs of Lemmas 2.5 and 2.6.

From Lemma 4.10 we find that the measure p has a bounded density in |7, c0) for any fixed 7 > 0.
Hence, we may extend the definition of m down to the real axis by setting m(E) := lim, ;o m(E+in).

PROOF OF LEMMA 2.5. For i =0,...,n define the subset J; := {z € I; : f’(x) > 0}. The graph of
f restricted to JyU--- U J, is depicted in red in Figures 2.1 and 2.2. From Lemma 2.4 we deduce
that if ¢ = 2,...,n then J; # 0 if and only if I; contains two distinct critical points of f, in which
case J; is an interval. Moreover, we always have Jy # () # Jp.

Next, we observe that for any 0 < i < j < n we have f(J;) N f(J;) = 0. Indeed, if there were
E € f(J;) N f(J;) then we would have |[{z : f(z) = E}| > n+ 1 (see Figure 2.1). Since f(z) = FE
is equivalent to Pg(x) = 0 and Pg has degree n + 1, we arrive at the desired contradiction. We
conclude that the sets f(J;), 0 < i < n, may be strictly ordered.

The claim a1 > a2 > --- > ag, may now be reformulated as

f(:]l) > f(JJ) > f(J[)) ifl1<i<j<n. (AQ)

In order to show (A.2), we use a continuity argument in ¢. Let ¢ € (0,1] and denote by f* the
right-hand side of (2.12) with ¢ is replaced by t¢. We use the superscript ¢ to denote quantities
defined using f? instead of f = f!. Using directly the definition of f?, it is easy to check that (A.2)
holds for small enough ¢ > 0.

We focus on the first inequality of (A.2); the proof of the second one is similar. We have to show
that f(J;) > f(J;) whenever 1 < i < j <n and J; # ) # J;. First, we claim that for 1 <i < n we
have

Ji#0) = J'#£0forallte(0,1]. (A.3)
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To prove (A.3), we remark that if 2 < i < n then J! # ) is equivalent to I; containing two distinct
critical points. Moreover, 9,0, fi(z) < 0 in Io U --- U I,,, from which we deduce that the number
of distinct critical points in each I;, i = 2,...,n, does not decrease as t decreases. Recalling that
It # (), we deduce (A.3).

Next, suppose that there exist 1 < ¢ < j < n satisfying J; # 0 # J; and f(J;) < f(J;). From
(A.3) we deduce that J! # () # J; for all ¢ € (0,1]. Moreover, by a simple continuity argument
and the fact that for each ¢ we have either f!(J}) < ft(JJt.) or fi(J}) > ft(J;), we conclude that
fHIE) < f1(J}) for all t € (0,1]. As explained after (A.2), this is impossible for small enough ¢ > 0.
This concludes the proof of (A.2), and hence also of the first sentence of Lemma 2.5.

Next, we prove the second sentence of Lemma 2.5. Suppose that ¢ # 1 and that E # 0 lies in
the (open) set J f(Ji) = f(UyJi). Then the set {z : f(z) = E} = {z: Pg(z) =0} C R has
n + 1 points. Recall that m(E) is a solution of Pg(m(E)) = 0. Since n + 1 = deg Pg, we deduce
that m(E) is real. Since m is the Stieltjes transform of p, we conclude that E ¢ supp ¢ and that
m'(E) > 0. This means that m|y(,,) is increasing, and is therefore the inverse function of f|;,. We
conclude that f is a bijection from J;'_, J; onto J;"_, f(J;) with inverse function m (here we use the
convention that for ¢ < 1 we have m(0) = co and f(co) = 0). By definition, we have ay = f(z)
and the inverse relation xy = m(ay) follows by a simple limiting argument from C4 to R. The case
¢ =1 is handled similarly; we omit the minor modifications.

Finally, in order to prove the third sentence of Lemma 2.5 we have to show that ag, > 0 and
a; < C. Tt is easy to see that if ag, < 0 then there is an £ < 0 with [{z : f(z) = E}| > n+1, which
is impossible since {z : f(z) = E} = {z : Pg(x) = 0} and deg Pr = n + 1. Moreover, the estimate
a; < C is easy to deduce from the definition of f and the estimates ¢ < 7! and 51_1 >T. O

PROOF OF LEMMA 2.6. In the proof of Lemma 2.5 we showed that if E € (0, 00) NJ;, f(J;) then
E ¢ supp o. It therefore suffices to show that if E € Ji_, (a2, ask—1) then Imm(E) > 0. In that
case the set of real preimages {z : f(z) = E} = {«x : Pg(x) = 0} has n — 1 points (see Figure
2.1). Since Pg has degree n + 1 and real coefficients, we conclude that Pg has a root with positive
imaginary part. By the uniqueness of the root of Pgj, in C; (see (2.11)) and the continuity of
the roots of Pg.i, in 7, we therefore conclude by taking 7 | 0 that Imm(E) > 0. O

For the following counting argument, in order to avoid extraneous complications we assume
that o; > 0 for all i. Recall the definition of N from (3.16).

LeMMA A.1. Suppose that o > 0 for all j. Then No({0}) = (N — M)y and

P
> Ny =N-(N-M)y = NAM. (A.4)
k=1
Moreover, fork=1,...,p— 1 we have
Np = > 1w < —0; ' < w2-1). (A.5)
€L

PROOF. Suppose first that N > M. Then x9, < 0 and ag, > 0 (see Figure 2.1). Let 1 < k < p and
define « as the positively oriented rectangular contour joining the points asi_1 +i and agp +1. Then

we have N = —% 3 m(z)dz. We now do a change of coordinates by writing w = m(z). Define
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7 as the positively oriented rectangular contour joining the points xor_1 £ 1 and a9 1. Since the
imaginary parts of w and z have the same sign, we conclude using Cauchy’s theorem that

N N
—_—— m =

Ny = dz = ——— d
£ T plRde = o miE)de
N n
— o el = 3 Lo < 57 <z w({s})M
27'('1 5 im1

where in the last step we used the definition of f from (2.12). Hence (A.5) follows. Note that
we proved (A.5) also for k = p. Now (A.4) follows easily using o; > 0 for all i. Since suppo C
{0} U [agp, agp—1] U - -+ U [az, a1] (recall Lemma 2.6), we get N = No({0}) + >-¥_; Ni. Therefore
summing over k =1,...,p in (A.5) yields No({0}) = N — M, as desired. This concludes the proof
in the case N > M.

Next, suppose that N < M. Then we deduce directly from (2.12) that o({0}) = 0 (see Figure
2.2). Hence, (A.4) follows. Finally, exactly as above, we get (A.5) for i = 1,...,p — 1. This
concludes the proof. O

A.2. Stability near a regular edge. The rest of this appendix is devoted to the proofs of the
assumption (3.20) and the stability of (2.11) in the sense of Definition 5.4. In fact, we shall prove
the following stronger notation of stability, which will be needed to establish eigenvalue rigidity.
Recall the definition of x from (10.1).

DEFINITION A.2 (STRONG STABILITY OF (2.11) ON S). We say that (2.11) is strongly stable on
S if Definition 5.4 holds with (5.20) replaced by

(&)
\//i+77+\/5‘

That the notion of stability from Definition A.2 it is stronger than that of Definition 5.4 follows

from the estimate
{«/H +n if E €suppo
Imm =<

u—m| <

(A.6)

AT
\/:Tn if E ¢ supp o (A7)

for z € S, which we shall establish under the regularity assumptions of Definition 2.7. Under the
same regularity assumptions, we shall also prove

min|m +s; | > ¢ (A.8)

for z € S and some constant ¢ > 0 depending only on 7. Using Lemma 4.10, we find that (A.8)
implies |1 + mo;| > ¢, which is the estimate from (3.20) (after a possible renaming of the constant

T).

In this subsection we deal with a regular edge; the case of a regular bulk component is dealt
with in the next subsection. We begin with basic estimates on the behaviour of f near a critical
point.

LEMMA A.3. Fiz 7 > 0. Suppose that the edge k is regular in the sense of Definition 2.7 (i). Then
there exists a 7/ > 0, depending only on T, such that

el =< 1, fM@)l < 1, If7(QI < € for [C—a] < 7 (A.9)
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PROOF. From Lemma 2.5 we get x = m(ay). Since by assumption aj € [, C] for some constant
C, we find from Lemma 4.10 that |z;| < C. The lower bound |x;| > ¢ follows from f’(z)) = 0 and
(A.1), using that |s;] < C. This proves the first estimate of (A.9).

Next, from f’(zx) and (A.1) we find

"( = —— A.10

I L Z (z -I- S; ( )

Using the first estimate of (A.9) and (2.14) we find from (A.10) that |f”(zx)| < C. Moreover for

ke {1,2p} (i.e. xx € I U I;) all terms in (A.10) have the same sign, and it is easy to deduce that
[f" ()| = c.

Next, we prove the lower bound |f”(zi)| > ¢ for k = 2,...,2p — 1. Suppose for definiteness

that k is odd. (The case of even k is handled in exactly the same way.) For = € [z}, x}_1] we have
() =20 and

@) = / P ) dy < / Ny M a) dy < CF (o) (anot — o),

Tk Tk

where in the second step we used that (—a3f”(x)) < 0 as follows from (A.1), and in the last step
the estimate |xp| < |xg_1| < 1. We therefore find

Tk—1

Ajp—1 — Q) = / fl(x)dz < Cf"(zp) (21 — $k)2-
Tk

Since ag_1 — ax > 7 by the assumption in Definition 2.7 (i) and xp_1 — 2 < |zp—1| + |2k| < C, we

deduce the lower bound f”(x) > c.

Finally, the last estimate of (A.9) follows easily from the assumption (2.14) and by differentiating
(A.1). O

We record the following easy consequence of (A.9). Recalling that f(zy) = ax and f'(zx) = 0,
we find, using (A.9) and the fact that f is continuous in a neighbourhood of xj, that after choosing
7/ > 0 small enough (depending on 7) we have

#(x1)
2

LEMMA A.4. Fiz T > 0. Suppose that the edge k is regular in the sense of Definition 2.7 (i). Then
there exists a constant 7/ > 0, depending only on T, such that for z € DY, we have (A.7) and (A.8).

z—ap = (m(2) — z) + O(|Im(z) — z)*) for |z —ax| <7’ (A.11)

PrOOF. We first prove (A.7). From (A.11) we find that there exists a 7 > 0 such that for
|E — a| < 7" we have

E—a; = ! (m(E) — m(ak))2(1 + O(Im(E) — m(ax)|)) - (A.12)

From (A.9) we find that |f”(zg)| > ¢. For definiteness, suppose that k is odd. Then Imm(FE) =
0 for E > aj (i.e. E ¢ suppp). From (A.12) we therefore deduce that for £ < aj we have
Imm(E) < \/|E — ag|. We conclude that for |E — ai| < 7/ we have the square root behaviour
Imm(F) < /k(E)1(E € supp p) for the density of p. Now (A.7) easily follows from the definition
of the Stieltjes transform.

Finally, (A.8) follows from the assumption (2.14) and (A.11). O
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LEMMA A.5. Fiz 7 > 0. Suppose that the edge k is regular in the sense of Definition 2.7 (i). Then
there exists a constant 7', depending only on T, such that (2.11) is strongly stable on DY, in the
sense of Definition A.2.

PROOF. We take over the notation of Definition 5.4. Abbreviate w(z) := f(u(z)), so that |w(z) —
z| < 4(2).

Suppose first that Im z > 7 for some constant 7/ > 0. Then, from the assumption 6(z) <
(log N)~! we get Imw(z) > 7//2, and therefore from the uniqueness of (2.11) we find u(z) =
m(w(z)). Hence,

u(z) =m(2)] = |m(w(z)) —m(z)] < /( )\m'(C)HdC\ < 2(r)720(2),

where we used the trivial bound |m/(¢)| < (Im ¢)~2. This yields (A.6) at z.
What remains therefore is the case |z — ax| < 27/, which we assume for the rest of the proof.
We drop the arguments z and write the equation f(u ) f(m)=w—z as

au—m)2+Bu—m) = um(w—z), (A.13)

where )

1‘ m-r;
:_Z s (u+s T 5;:1_;W. (A.14)

Note that « and 8 depend on z, and « also depends on u. We suppose that

|z —ay| < 27, lu—m| < (logN)~'/3. (A.15)
Then we claim that for small enough 7/ we have
la] < 1, 18] < Vk+n. (A.16)

In order to prove (A.16), we note that, by Lemma A.3, the statement of (A.11) holds under the
assumption (A.15) provided 7/ > 0 is chosen small enough. Using (A.15), (A.8) (see Lemma A.3)
, and (A.10) we get

T~ 2
a:ksi T . T B
a = —Zm+0(|m—xk|+(logl\7) 1):?kf/'(xk)+0(|m—xk|+(logN) 1),

Using (A.9) and (A.11) we conclude that for small enough 7/ > 0 we have |a| < 1. This concludes
the proof of the first estimate of (A.16).

In order to prove the second estimate of (A.16), we note that 3 = m?f’(m), so that for small
enough 7/ > 0 we get from (A.11) and Lemma A.3 that

m2p = / "o = / " (F(k) + O(m — zi)) dC = (m — ) f" (k) + O(jm — 2 ?)

Using (A.11) and Lemmas A.3 and (4.10), we conclude for small enough 7/ > 0 that

1B < Im—xzp| < ]z —ar| X VE+n,
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This concludes the proof of the second estimate of (A.16).

Using (4.21) and the estimate |w — z| < 6, we write (A.13) as a(u — m)? + B(u —m) = O(6).
We now proceed exactly as in the proof of [7, Lemma 4.5], by solving the quadratic equation for
u — m explicitly. We select the correct solution by a continuity argument using that (A.6) holds
by assumption at z +iN 5. The second assumption of (A.15) is obtained by continuity from the
estimate on |u — m| at the neighbouring value z + iN~°. We refer to [7, Lemma 4.5] for the full
details of the argument. (Note that the fact o depends on u does not change this argument. This
dependence may be easily dealt with using a simple fixed point argument whose details we omit.)
This concludes the proof. ]

A.3. Stability in a regular bulk component. In this subsection we establish the basic es-
timates (A.7) and (A.8) as well as the stability of (2.11) in a regular bulk component k, i.e. for
z € Dz.

LEMMA A.6. Fiz 7,7 > 0 and suppose that the bulk component k = 1,...,p is reqular in the sense
of Definition 2.7 (ii). Then for z € DY we have (A.7) and (A.8). Moreover, (2.11) is strongly
stable on Dg in the sense of Definition A.2.

PROOF. The estimates (A.7) and (A.8) follow trivially from the assumption in Definition 2.7 (ii),
using k < C' as follows from Lemma 2.5.

In order to show the strong stability of (2.11), we proceed as in the proof of Lemma A.5.

Mimicking the argument there, we find that it suffices to prove that |a] < C and |B] < 1 for
z € DY, where o and 8 were defined in (A.14) and u satisfies |u — m| < (log N)~1/3.

Note that Definition 2.7 (ii) immediately implies that Imm > ¢ for some constant ¢ > 0. The
upper bound |a| + || < C easily follows from the definition (A.14) combined with Lemma 4.10.
What remains is the proof of the lower bound |3| > ¢. To that end, we take the imaginary part of
(2.11) to get
Imm

rim/[> m|*n
Zﬁzl—i. (A.17)

Using that Imm > ¢, a simple analysis of the arguments of the expressions (m + s; 1)2 on the
left-hand side of (A.17) yields

‘Z m+s;

where in the last step we used (A.17). Recalling the definition of 5 from (A.14), we conclude that
|B] = c. This concludes the proof. O

. 2
< Zimml —c¢ < 1—c,
A

1’2

REMARK A.7. The bulk regularity condition from Definition 2.7 (ii) is stable under perturbation
of m. To see this, define the shifted empirical density m; = M ! Zf\i 190,+t, and the associated
Stieltjes transform m;(E) and function f;(z). Differentiating fi(m:(E)) = E in t yields (0;m)(E) =
—(0cf)e(me(E)) /(02 f)e(me(E)). Using that

1 M
(9:f)o(m N i) oo = OO

z*l
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by (A.8), and (0.f):(m¢(E)) = m(E)"2B(E), we find from |3(E)| < |m(F)| < 1 that (9ym)o(E) =
O(1) for E € [agx + 7', a1 — 7']. A simple extension of this argument shows that if Definition
2.7 (ii) holds for 7 then it holds for all 7; with ¢ in some ball of fixed radius around zero.

A.4. Stability outside of the spectrum. In this subsection we establish the basic estimates
(A.7) and (A.8) as well as the stability of (2.11) outside of the spectrum, i.e. for z € D°.

LeEMMA A.8. Fiz 7,7 > 0. Then for z € D° we have (A.7) and (A.8). Moreover, (2.11) is strongly
stable on D in the sense of Definition A.2.

PROOF. Since m is the Stieltjes transform of a measure ¢ with bounded density (see Lemma 4.10),
we find that

Imm =< n (A.18)

on D°. This proves (A.7).

We first establish (A.8) for z = E € R satisfying dist(E,supp o) > 7’. For definiteness, let
z = F € [ag, agyy1] for some [, and let i = 2,...,n satisfy {ag, a1} = f(0J;), where we recall
the set J; := {x € I; : f'(x) > 0} from the proof of Lemma 2.5. Then there exists an x € J; such
that E = f(x). Moreover, from (A.1) we get f'(y) < y~2 for y € R, so that for y € J; we have
0 < f'(y) < C by (A.9). Since dist(FE, {ag;, ag+1}) = 7', we conclude that dist(x,dJ;) > ¢, which
implies dist(z,0I;) > c¢. The cases E > a; and E < ag, are handled similarly. This concludes the
proof of (A.8) for z = F € R satisfying dist(E, supp o) > 7'.

Next, we note that if n > & for some fixed £ > 0 then (A.8) is trivially true by (A.18). On the
other hand, if Imm < ¢ then we get

min|m(E +in) + s; 1| = minjm(E) +s; | —Ce > ¢—Ce > ¢/2
(2 (2

for & small enough, where we used the case z = E € R satisfying dist(E, supp ¢) > 7’ established
above and the estimate |m/(z)| = | [ ﬁ o(dz)| < C (since [z—z| > 7/ for z € D° and = € supp p).
This concludes the proof of (A.8) for z € D°.

As in the proof of Lemma A.6, to prove the strong stability of (2.11) on D, it suffices to
show that |a| < C and |B| < 1 for z € D, where o and 8 were defined in (A.14) and u satisfies
lu —m| < (log N)~'/3. The upper bound |a| + |8] < C follows immediately from (A.8), and the
lower bound |5| > ¢ follows from the definition (A.14) combined with (A.17), (A.18), and Lemma
4.10. This concludes the proof. O
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