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1 Introduction

The theory of random matrices had its origins in the applications, namely in statistics,
where John Wishart analyzed properties of multivariate normal populations (see [67]), and
mathematical physics, where Eugene Wigner studied energy levels of heavy nuclei (see
[64] and [65]). As quantum mechanics predicts, these energy levels are eigenvalues of self-
adjoint operators. As described in [27] and [14], Wigner depicted these operators by large
dimensional random matrices with independent entries. He found that asymptotically,
the empirical distribution of the eigenvalues has a semicircular shape, which led to the
famous Wigner’s semicircle law.

In his experiments with heavy nuclei, Wigner also analyzed the distribution of the
gaps in the set of energy levels, which he found to be independent of the underlying
material, thus universal. Surprisingly, this gap distribution was successfully reproduced
by his random matrix models. For Gaussian ensembles with independent entries and so
that the distribution of the entire ensemble is invariant under conjugation by orthogo-
nal /unitary matrices, Dyson, Gaudin and Mehta were able to analytically compute the
exact gap distribution. This gave rise to the Wigner-Dyson-Mehta (WDM) universality
conjecture, which states that local spectral statistics of random matrices should be inde-
pendent of the exact distribution of their entries, and coincide with the Gaussian case.
First breakthroughs in proving WDM universality were achieved for invariant ensembles,
whose entries were not necessarily Gaussian (and then necessarily not independent) any-
more. But due to a lack of analytical tools or concepts, progress was very slow for general
random matrices with independent entries. Eventually in 2009, the so-called local law was
developed, which turned out to be a powerful tool both to prove the WDM-conjecture for
Wigner matrices and to give insights into the mechanisms that govern convergence of the
empirical distribution of the eigenvalues to the semicircle distribution, the latter being
the main focus of this text.

Ever since the historical developments just described, the reach of the theory of random
matrices has grown tremendously, with fruitful interactions in the fields of information
theory (e.g. wireless communication, see [62]), biology (e.g. RNA analysis, see [5]) and
pure mathematics (e.g. free probability, see [47]).

But what are random matrices? In the context of the present thesis, a random matriz is
an Hermitian n x n matrix X,,, whose entries X, (¢, j) are real or complex random variables
on some probability space (£2,.4,P). Then X,, possesses n real eigenvalues )\{(" <... <
AXn all of them random. We want to analyze the following problem: Given a very large
dimensional random matrix (choosing n very large) and picking uniformly at random one
of the eigenvalues, where on the real line will this randomly picked random eigenvalue
be located? Of course, the outcome of this experiment will follow a certain probability

11



1 Introduction

distribution. To answer the question, we form the empirical spectral distribution (ESD)

n
1
=1

where for each a € R we denote by J, the Dirac measure in a. It is clear that o, is actually
a random probability measure, for it depends on the realization of the eigenvalues, which
in turn depend on the realization of the matrix entries. For each interval (a,b) C R,
the (random) number o,((a,b)) yields the proportion of the eigenvalues that fall into
this interval. In other words, this is the (empirical) probability that a randomly picked
eigenvalue will lie in the interval (a, b).

Given a sequence (X,,),, where each X, is an n xn random matrix, we obtain a sequence
(o) of random probability measures, and we can analyze its weak convergence in some
probabilistic sense. For example, a common version of Wigner’s semicircle law states
that if all entries of X, are standardized random variables which are independent (up to
the symmetry constraint), identically distributed and possess moments of all orders, the
sequence o, converges weakly almost surely to the semicircle distribution ¢ on the real
line given by its Lebesgue density 5-v/4 — 221[_o9(z) in & (see [6]). That is, we find a
set A € A with P(A) = 1, such that for all w € A we have that o,(w) — o weakly as
n — oo. Wigner’s semicircle law can be viewed as the central limit theorem in random
matrix theory. It has been developed by Wigner in his papers [64] and [65].

In classical probability theory, the central limit theorem holds even if random variables
are mildly correlated. Therefore, in the context of random matrices, a natural question to
ask is whether one can relax the assumption of independence in Wigner’s semicircle law
and still obtain the semicircle distribution as a limit distribution of the ESDs. Such matrix
ensembles with correlated entries have been studied, for example, in the papers [55], [33],
[32], [37], [15], |30] or [42]. Another interesting way to relax the original assumptions
is to study (periodic and non-periodic) band matrices instead of full matrices. Roughly
speaking, band matrices are obtained from regular matrices by symmetrically setting
certain off-diagonals to zero, thus losing randomness in the system. The ESDs of random
band matrices with independent entries have been studied, for example, in [11] and [14].
Another fruitful and interesting way to deviate from the classical analysis is to study
local convergence behavior of the ESDs to the semicircle distribution. Just as there are
local versions of the central limit theorem (see [34], for example), local versions of the
semicircle law have been established in random matrix theory, starting with [25] in 2009.
These local laws provide very detailed insight into how exactly convergence against the
limiting distribution takes place on very small intervals.

This dissertation will address all the extensions to the classical Wigner’s semicircle
law that we just mentioned. While doing so, it is our goal to provide a rather self-
contained exposition that is not only aimed at the expert in the field, but should also be
understandable to newcomers with only little or no background in random matrix theory.
We will now describe how this dissertation is organized and which contributions it makes.
Some of these contributions lie only in the detail, others might be considered folklore
knowledge that just has not been written down adequately, yet, and then there are, of
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course, the bigger contributions that make up the main work in this text:

In Chapter 2, we will introduce and analyze in depth the concept of weak convergence for
probability measures and random probability measures. Concerning random probability
measures, we show in Lemma[2.18|that these are exactly stochastic kernels, the latter being
a concept that is known from introductory classes in probability theory. A derivative of
a random probability measure p is its expected measure Eu, which plays a major role in
random matrix theory. In Theorem [2.20] we point out some intricacies that arise when
integrating with respect to Eu. We go on to define the stochastic convergence types of
random probability measures, namely weak convergence almost surely, in probability and
in expectation. In the literature of random matrix theory, especially the concept of weak
convergence in probability is not well motivated, nor characterized. We will do so in
Definition and Theorem . A key observation that we made (which helps not only
with the proof of Theorem lies in Lemma m

In Chapter [3| we introduce the method of moments, a tool to derive weak convergence
of deterministic probability measures. It postulates that probability measures converge
weakly if their moments converge. Theorem |3.5| clarifies how the method of moments can
be extended to random probability measures: Random probability measures converge
weakly in expectation resp. in probability resp. almost surely if their random moments
converge in the same sense. For the proof of this theorem, we make use of Lemma [2.28
again, and our assumptions are very mild. In particular, we do not need compactness
of the target probability distribution, which is (thus unnecessarily) used in texts about
random matrix theory, such as [6] or [39]. A highlight of Chapter 3 is Theorem [3.14]
which can be considered the method of moments for random matrix theory.

In Chapter [d, we present our first "hard” results of the thesis, using the method of
moments, Theorem ii) and iii) with z = 2, thus analyzing the variance of the random
moments. We strengthen the publication [37], where for ”almost uncorrelated” random
matrix ensembles, the semicircle law was shown in probability. We extend their results to
be valid almost surely and for band matrices, where in the latter case we need to impose
conditions on the bandwidth (resp. halfwidth) of the periodic (resp. non-periodic) band
matrices to secure almost sure convergence. We also mildly generalize the model studied
in [37] from ”almost uncorrelated” to ”a-almost uncorrelated” schemes. Here, a > 0
is parameter that controls the correlation decay in the ensemble. As we will point out
in Remark [£.27] a-almost uncorrelated ensembles appear quite naturally when random
matrices with correlated Gaussian entries are studied. The main theorem of Chapter [4]is
Theorem for periodic random band matrices, including full matrices as a special case.
Since this statement is multi-dimensional, we will draw many corollaries that exemplify its
reach. Examples that fit almost uncorrelated random matrix ensembles are those matrices
filled with Curie-Weiss or Gaussian random variables. Here, the Curie-Weiss distribution
is a model for the behavior of ferromagnetic particles (spins) at the inverse temperature
B. At low temperatures, that is, if 3 is large, all magnetic spins are likely to have the same
alignment, resembling a strong magnetic effect. On the contrary, at high temperatures
(if B is small), spins can act almost independently, resembling a weak magnetic effect. In
the end of Chapter [} we use an elegant argument in Theorem [4.46, which is also one
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1 Introduction

of the main contributions, that allows us to infer asymptotic equivalence of the ESDs of
periodic and non-periodic random band matrices. Therefore, it will help us to extend our
results of Theorem to non-periodic random band matrices.

In Chapter [5, we introduce the Stieltjes-transform of finite measures on (R, B). Just as
the method of moments, the Stieltjes transform method is a very popular and established
tool in random matrix theory. However, its relationship to the underlying ESD is much
closer than the moments are. For example, the imaginary part acts as a Lebesgue density
for a probability measure approximating the ESD, and the ESD can be retrieved easily
and constructively from its Stieltjes transform. This relationship will be analyzed in detail
in Section [5.3| and is the main reason that the Stieltjes transform can be used to greatly
enhance knowledge about the convergence mechanisms in semicircle laws.

This leads directly to Chapter [6 where we will derive local laws of various types for
ensembles which we call ”of Curie-Weiss type.” Of course, random matrices with Curie-
Weiss distributed random variables will be of Curie-Weiss type, but so far only for inverse
temperatures 5 < 1. The local laws now enhance precision of dynamic aspects in random
matrix theory. It gives strong probability bounds on the events that |o,(1,) — o(l,)|
converges to zero in probability, where (I,), is a sequence of intervals whose diameters
do not decrease too quickly.

14



2 Weak Convergence

2.1 Spaces of Continuous Functions

On the set R of real numbers we will always consider the standard topology and the
associated Borel o-algebra B. To study convergence of probability measures on (R, B), it
is useful to get acquainted with certain spaces of functions R — R first. If f: R — R is
a function, we define the support of f as

supp(f) == {z € R: f(z) # 0}.

Note that by definition, the support of f is always a closed subset of R, and it is immediate
that a point x € R lies in the support of f if and only if for any € > 0 there is a y € B.(z),
such that f(y) # 0. Here and later, Bs(z) denotes the open J-ball around the element =z
in a metric space which is clear from the context.

We say that a function f : R — R vanishes at infinity, if

lim f(x)=0.

r—F00

Denote by C(R) the vector space of continuous functions R — R. We define the three
subspaces

1. G(R) :={f:R — R f is continuous and bounded},
2. Co(R) :=={f : R — R f is continuous and vanishes at infinity} and
3. C.(R) :=={f:R— R| fis continuous with compact support}.
It is clear that
C(R) S Go(R) € G(R) S C(R),

since the function z +— min(1, 1/|z|) lies in Co(R)\C.(R), the function x — 1g(x) lies in
Co(R)\Co(R) and the function = — =z lies in C(R)\Cy(R). Since all functions in C.(R),
Co(R) and Cp(R) are bounded, we can equip these spaces with the supremum norm || - ||
defined by

[ flloc := sup [f ()]
z€R

From now on, we will always consider the spaces C,(R), Co(R) and C.(R) as vector spaces
normed by the supremum norm. Convergence with respect to this norm is also called uni-
form convergence. To analyze properties of these normed spaces, we introduce continuous
cutoff-functions as in [41], p. §]:

15



2 Weak Convergence

Definition 2.1. For any real numbers L > R > 0 we define the function ¢r 1 : R — [0, 1]
by

1 if |z| <R,
drr(r) = =it R < 2] < I,
0 if |z| > L.

Note that for any L > R > 0, ¢ is continuous with compact support [—L, L]. The
following theorem will summarize important properties of Cy(R), Co(R) and C.(R). We
give a full proof for the convenience of the reader. Parts of the proof are taken from [41].

Theorem 2.2. The following statements hold:
i) Cp(R) is complete, but not separable.
ii) Co(R) is complete and separable.
iii) C.(R) is not complete, but separable.
iv) C.(R) is dense in Co(R). Co(R) is the completion of C.(R).

Proof. 1) We first show that Cy(R) is complete: If (f,,), is a Cauchy sequence in Cp(R),
and z € R is arbitrary, then f,(r) is a Cauchy sequence in R, thus converges to a limit
f(z) € R. We need to show that the function x — f(z) := lim, . fn(z) is continuous
and bounded, and that f,, — f uniformly. To show the latter, let € > 0 be arbitrary, then
choose N € N so large that || f, — fiullee < € for all m,n > N. Then let n > N and z € R
be arbitrary. Then we have for m > N arbitrary that

[f (@) = ful@)] < |f(2) = (@) + [fm(2) = ful@)] < [f(2) = frul2)] + €

Taking the limit over m yields |f(x) — f.(x)| < e. Therefore, since n > N and z € R
were arbitrary, ||f — fulloo < € for all n > N, which shows f,, — f uniformly. This also
implies that f is bounded, since there is an n € N such that || f — fu]lo < 1, so for z € R
arbitrary we have

[F@)] < (@) = ()] + | fa(@)] < T4 [ fulloo,

which yields || flleo < 14| fnlleo < o0

To show that f is continuous, let x, — = in R. Pick ¢ > 0 arbitrary, then choose m
large enough, such that || f,, — f|lc < §, then chose N € N such that for all n > N we
find that |fn(zn) — fim(2)| < §. Then it holds for all n > N:

[f(@n) = f(@)] < |f(2n) = fn(@n)] + | fm(2n) = fm(2)] 4 [fm(2) = f(2)] <
and thus f(z,) — f(x) as n — 0.

Next, we show that Cy(R) is not separable, where we proceed as in [41, p. 9]. The idea
is to construct an uncountable subset F C Cp, such that for all f,g € F with f # g we

16



2.1 Spaces of Continuous Functions

have || f — g|l.o = 1. To this end, denote by Z the set of 0-1-sequences, so Z = {0, 1}.
Note that Z is uncountable. For any sequence z € Z we define

VeeR:F.(x) =) z-¢1 »(x—1i)

10°10
€N

and F := {F.|z € Z}. Note that all F, are [0, 1]-valued and continuous. Since F, (i) = z
for all z € Z and i € N we find that F, # F,, for 2 # 2/ € Z, and even ||F, — F/|| = 1
for z # 2/ € Z. Therefore, if G C Cy(R) is any dense subset, for all z € Z there must be a
G, € G for which || F, — G, || < % holds. But then we find for z # 2’ that

1 1 1
> | F, — Fulloo — FZ_GZ oo Fz’_Gz/ 0021____:_7
> ||F. = Fullw — | = Gl = 1o = Gl 2 1= 5 = 1 = 5
so G, # G . Therefore, G has an uncountable subset and can thus not be countable.
ﬂ To show that C.(R) is not complete, we show that it is not closed in the strict superset
Co(R). In fact, we show even more, that is, that C.(R) is dense in Cy(R) (then since
C.(R) € Cy(R), C.(R) cannot be closed). This fact is also needed for statements ii) and
iv). So let f € Cy(R) be arbitrary. Now consider the sequence of functions (f,),, where

VneN:VreR: f,(x) = ¢pni1(x) f(2).

Then (f,)n is a sequence in C.(R) which converges uniformly to f. To see this, let € > 0
be arbitrary and N € N be so large that for all z € R with |z| > N we have |f(z)] < e.
Then for any n > N we have ||f — fu]lco < €. Indeed, let n > N be arbitrary, then since
for any x € R we find

[f(2) = ful@)| = [f(2) = dnna (@) f(2)] = [1 = bnnia(2)] - [f(2)],

we have |f(x) — fu(2)| < |f(x)] < e€for |x| >nand |f(x) — fu.(x)] =0 for |z| < n.
Next, we will show that C.(R) is separable. To this end, denote by P the countable set
of all polynomials with rational coefficients and set

Q= {p'¢n,n+1|pepvn€N}'

Then Q is a countable subset of C.(R). Now let f € C.(R) and € > 0 be arbitrary. Since
the support of f is compact, there is an n € N such that supp(f) C [-n,n]. It follows
that f = ¢nni1f. By the Weierstrass approximation theorem, we obtain a polynomial p
with rational coefficients such that |p(z) — f(z)| < € for all x € [—=(n + 1),n + 1]. Then
for all z € [-(n+ 1),n + 1] we find

|Onma1p(x) = f(2)] = [Pnni1(p(2) = f(2))| < [Pnnial - [(p(x) = f(2))] <€

and for all z ¢ [—(n+ 1),n + 1] we obtain |¢, ,11p(x) — f(x)] = 0. As a result, ¢y, 11 -p
is e-close to f.

17



2 Weak Convergence

ii) To show that Co(R) is complete, let (f,), be an arbitrary Cauchy sequence in Cy(R).
This is also a Cauchy sequence in Cy(R), so with i) we know that there is an f € Cy(R)
such that f,, — f uniformly. What is left to show is that f vanishes at infinity. To this
end, let € > 0 be arbitrary and n so large that ||f — fy||«c < §. Then since f, vanishes at
infinity, we find an R > 0 so large that |f,(z)| < § whenever |z| > R. It follows for all
xr € R with |z| > R that

+ — =€

[f (@) < [f(@) = ful)] + [ fulz)] <

N

Therefore, f vanishes at infinity. This shows that Co(R) is complete, and to see that Cy(R)
is separable, note that we have already seen that C.(R) is separable and dense in Cy(R).
iv) The inclusion C.(R) < Cy(R) is an isometric embedding with dense image (as shown
in the proof of iii)) and Co(R) is complete as shown in the proof of ii), which makes Cy(R)
the completion of C.(R). O

2.2 Convergence of Probability Measures

We will denote the set of measures on (R, B) by M(R), the set of finite measures by
M(R), the set of probability measures by M;(R), and the set of sub-probability measures
by M<1(R). Here, a measure p on (R, B) is called sub-probability measure, if u(R) € [0, 1].
Note that

Mi(R) € Mai(R) © My(R) C M(R).

As a shorthand notation, if 4 € M(R) and f : R — R is measurable, we write

(, f) = /fdu

with the convention that when in doubt, x is the variable of integration:

(i) = [ outda)

Definition 2.3. Let F C Cy(R) be a linear subspace, then a positive linear bounded
functional I on F is a bounded R-linear map F — R with I(f) > 0 for all f € F with
f=>o.

Lemma 2.4. Let F C Cy(R) be a linear subspace with C.(R) C F. Then for any p €
M¢(R), the map

I,: F — R
fo— L(f)=(urf)

defines a positive linear bounded functional on F with operator norm p(R).

18



2.2 Convergence of Probability Measures

Proof. We only need to show that the operator norm is indeed p(R). To see this, note
that for any K > 0, we have ¢x k11 € F, ¢xr+1 > 0 and ||¢x x+1]l« = 1. Further,

Lok k1) = (1 Or.x+1) > p([— K, K]).

Thus, the operator norm of I, is at least p([—K, K]) for all K > 0, hence at least ;(R).
On the other hand, the operator norm is at most u(R), since for any f € F we find

(s < Qs 1) < l(R) - (| Fll oo O

The representation theorem of Riesz now states that any positive linear bounded func-

tional I on F € {C.(R),Co(R),Cy(R)} has the form I = I, as in Lemma [2.4]

Theorem 2.5. Let F € {C.(R),Cy(R),Cp(R)} be equipped with the supremum norm. Then
for any positive linear bounded functional I on F, there exists exactly one pn € My(R)
with I = 1,,. It then holds ||I||o, = 1(R).

Proof. The proof is rather lengthy. We refer the reader to [21], where the various repre-
sentation theorems are discussed in detail. O

The next lemma will help us infer equality of two finite measures. Notationally, if A is
a subset of a topological space, we denote its boundary by 0A.

Lemma 2.6. Let p and v be two finite measures on (R, B) and let F C C.(R) be a dense
subset. Then

i) p=v << pl)=v(I) for all bounded intervals I with ;1(01) = v(0I) =0,

W p=v & VIeCR):(wf)=Wf) < VieF: {unf)=wl)

Proof. 1) 7=" is clear, and for "<” we show that p and v agree on all finite open
intervals. To this end, note that for any finite measure p € M 7(R), the set of atoms
A, = {x € R|p(x) > 0} is at most countable. As a result R\(A,UA,) is dense in R. For
arbitrary a < b in R, we find sequences (a,), and (b,), in R\(A4, U A,) with a, N\, a and
b, /basn — oo and a, < b, for all n € N. Then we obtain with continuity of measures
from below (note that p and v agree on all intervals (ay, b,)):

p((a,0)) = lim p((an, bp)) = lim v((an, bn)) = v((a,b)).

n—oo n—oo

ii) The two 7=s"” are clear. Assume for all f € F we have (i, f) = (v, f). Now if
f € C.(R) is arbitrary, we find a sequence (f,), in F such that f, — f uniformly. Due
to continuity of I, and I, on C.(R) (see Theorem [2.5), we find
<,LL,f> = lim <:U’7fn> = lim <V7fn> - <V7f>7
n—oo n—o0

hence (u, f) = (v, f) for all f € C.(R). And if (i, f) = (v, f) for all f € C.(R), we find
I, =1, on Cc(R), so pu = v with Theorem [2.5] O
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2 Weak Convergence

We are especially interested in convergence behavior of sequences in M (R), where the

limit may lie in M<;(R).

Definition 2.7. Let (i, )nen be a sequence in in M, (R).

i) The sequence (fi,)nen is said to converge weakly to an element p € M;(R), if

Vf € CyR) < lim (o, f) = (p. ). (2.1)

ii) The sequence (i, )nen is said to converge vaguely to an element u € M<;(R), if

Vf € Co(R) : lim (pan, f) = (1, f) - (2.2)

Remark 2.8. We would like to shed light on the seemingly innocent Definition [2.7}

20

1. Weak convergence clearly implies vague convergence. Further, due to Lemma [2.6]

weak and vague limits are unique.

. In light of Theorem it is appropriate to say that the set of test functions for

weak convergence is considerably larger than the set of test functions for vague
convergence. As a result, weak limits are much more restrictive than vague limits,
as clarified by the next two points.

. The target measures u € M(R), for which (2.1)) can be satisfied for some sequence

(ftn)n of probability measures are exactly all u € M;(R). To see this, if holds
for some p € M(R) and a sequence (i), in M;(R), then we must have u(R) =1,
since Ig € Cy(R). On the other hand, if p € M;(R) is arbitrary, then is
satisfied for the sequence (i), where u,, = p for all n € N.

. The measures 1 € M(R), for which (2.2]) can be satisfied for some sequence (i),

of probability measures are (somewhat surprisingly) exactly all © € M<(R). To
see this, if holds for some . € M(R) and a sequence (), in M1(R), then we
have for any m € N that (tn, dmm+1) —n (s Pmmt1), SO (b Pmom+1) < 1, which
entails p([—m,m]) < 1 for all m € N. Since measures are continous from below,
we conclude that also u(R) < 1, so p is a sub-probability measure. On the other
hand, if p € M<;(R) is arbitrary, then define a := 1 — u(R) € [0,1] and for all
n € N: u, = p+ ad,. Then (u,), is a sequence of probability measures and
(2.2)) is satisfied for the sequence (fi,),. To see this, let f € C.(R) be arbitrary
and N € N be so large that supp(f) C [N, N]. Then it holds for all n > N that

(tns f) = (0, f) +af(n) = (u, f).

. As a result of points 3. and 4., the limit domains for weak and vague convergence

in Definition are exact. The probability measures lie vaguely dense in the sub-
probability measures.



2.2 Convergence of Probability Measures

Lemma 2.9. Let (in)nen be a sequence of probability measures and p a sub-probability
measure on (R, B). Then (i, )nen converges vaguely (resp. weakly) to p if and only if every
subsequence (fin)nes, J € N, has a subsequence (pn)ner, I C J, that converges vaguely
(resp. weakly) to .

Proof. Of course, we only need to show ”<". We assume the statement to be false, that
is, that it is not true that (p,)nen converges vaguely (resp. weakly) to p. Then we find a
continuous function f : R — R which has compact support (resp. which is bounded) and
an € > 0 such that |(u,, f) — (1, f)| > € for all n € J, where J C N is an infinite subset.
But now we find a subsequence (p,)ner, I C J that converges vaguely (resp. weakly) to
p. In particular, we find an n € I C J such that |(u,, f) — (i, f)| < €, which leads to a
contradiction to our assumption that the statement is false. O

Vague convergence of probability measures can also be characterized by convergence of
the integrals (u,, f) for all f € Cy(R).

Lemma 2.10. A sequence (), in M1(R) converges vaguely to an element p € M<i(R),
if and only if

Vf € Co(R): lim (pn, f) = (1, f) -
Proof. The condition is obviously sufficient for vague convergence. We now show necessity:

Let f € Co(R) and then € > 0 be arbitrary. Since C.(R) C Cy(R) is dense by Theorem [2.2]
we find an f. € C.(R) with ||f — f|]l < €/2. Then

[{ns £) = (s )]
< ‘(Mmf) - <:un>fc>| + ‘(H’nafc> - <,U7fc>‘ + ‘<u7fc> - <N> .f>’
S €+ |<:un7fc> - <:u7 fc>|

Since p, — p vaguely, we obtain limsup,,_, |{(tn, f) — (1, f)] < €. Since € > 0 was
arbitrary, this yields lim,, oo (ftn, f) = (i, f). O

If p, — p weakly, we know that (u,, f) — (u, f) for all f € Cy(R). Often, we would
like to be able to conclude (i, f) — (u, f) for more general functions f. The next lemma
will be of great use in this respect, see also [20, p. 101].

Lemma 2.11. Let (uy,), and p be probability measures such that p, — p weakly as
n — o0o. Let h: R — R be continuous. Then to show

<:U’n7 h’> — </L, h> y

n—oo

it is sufficient to show that there is a strictly positive continuous function g : R — (0, 00)
such that h/g vanishes at infinity and sup,,cy (tn, g) < 00.

Proof. Let C' := sup,,cy (ttn, 9) € [0,00). We first show that also (u, g) < C. To this end,
let K > 0 be arbitrary, then g¢x k11 € Cp(R), so we know that

<ng¢K,K+1> w <M79¢K,K+1>-
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2 Weak Convergence

Since for all n € N, 0 < (. 90 k+1) < (fn,9) < C, also (i, 9¢x x+1) € [0,C]. But
K > 0 was arbitrary. Therefore, by monotone convergence, we find

<,Lb,g> 1~r>noo <N79¢K,K+1> € [07 C]

=1

K
This shows that (i, g) < C. Now let € > 0 be arbitrary, then K > 0 so large that |h|/g <
¢/C on [—K, K|¢ (where if A is a set, we denote its complement by A, where we assume
that the superset of A is clear from the context. For example, [-K, K|® = R\[-K, K]).
We conclude that for all v € {u, (in)n},

1]

o h(L = breresn)}] < < M. g0- ¢K,K+1>> <fo=c

In particular, these integrals are well-defined. Since also for any v € {u, (tn)n},
(V,hor k+1) is well-defined, h is v-integrable as a sum of v-integrable functions. We
find for € > 0 and K > 0 as picked above, that for all n € N:

| (s B) = (12, 1)
< |{ttn, h(1 — b x41)) — (1o, R(1 — G k1))| + |{ttn, ROK K1) — (14, MK K 41)|
< e+ [(ptn, hor k1) — (1 hox k41)],

where the last summand converges to 0 as n — oo, such that

limsup [(pn, h) — (p, h)| < e.

n—oo
Since € > 0 was arbitrary, we find (u,, h) — (i, h) as n — occ. O

As we just saw in Remark vague convergence allows the escape of probability mass.
The concept of tightness prevents this from happening:

Definition 2.12. A sequence of probability measures (), on (R, B) is called tight, if
for all € > 0 there exists a compact subset K C R such that

VneN: pu,(K° <e.

A sufficient condition for tightness is given in the next Lemma, which we adopted from
20, p. 104]:

Lemma 2.13. Let (), be a sequence of probability measures on (R, B). If there exists
a measurable non-negative function ¢ : R — R with ¢(x) — oo for v — oo and

Sup (fin, ¢) < 00,

then (pin)n is tight. In particular, this holds true if

sup <un, x2> < Q.
n
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2.2 Convergence of Probability Measures

Proof. Let C := sup,, (fin, ) < 0. Then it holds for any n € N and K > 0 that

c > (Mm ¢> > <Mn7 ]l[—K,K]C : |3:1\I;E( ¢($)> = <Mn7 IL[—K,K]c> : ‘xing ¢($)

Since infjy> x ¢(x) = 00 as K — oo, the statement follows. ]

Lemma 2.14. Let (u,)n be a sequence in M;i(R) and p € M<1(R) such that p, — p
vaguely as n — oo, then the following statements are equivalent:

i) (fn)n is tight.
it) w is a probability measure.
iii) p, converges weakly to .

Proof. i) = iii) Let f € Cy(R) be arbitrary and set s := max(]|f|lc,1). Let € > 0 be
arbitrary, then due to tightness of (y,), and continuity from below of u, we find a K > 0
such that p,([—K, K]°) < 5= and p([-K, K]°) < 5. Now for n € N arbitrary we find

[(ttns £) = (s £
< s f) = (ptns FOR K41+ [y fOR 1) — (s fOR K41) |+ {1ty fOR K1) — (185 [)]
< s [f1- 11 = b esa ) + [{ttns fOr 1) — (it fOr )| + (i | f] - |k e — 1)

€ €
3_8 + |</’LTL7 f¢K,K+1> - </’L7f¢K,K+1>‘ +s- g

IN

S .

Now choose N € N so large that for all n > N we have |(un, fox x11) — (i, forr41)] < 5
Then [{tn, f) — (1, f)| < € for all n > N. Since € > 0 was arbitrary, (u,, f) — (i, f) as
n — oo. Since f € Cy(R) was arbitrary, p, — p weakly as n — oc.

i11) = 4i) This statement is obvious. Consider 1r € Cy(R).

1) = i). Let € > 0 be arbitrary. Then for K > 0 we find

([ (K + 1), K +1]) > (i, Qe 41) = (1, G ree1) — [ O s 1) — (s Gxc kc11) |

Now first choose K large enough such that the first summand on the r.h.s. is larger than
1 —€/2, then choose N € N large enough such that for all n > N the absolute value on
the r.h.s. is at most €/2. Then we obtain for all n > N that p,([—(K +1), K+1]) > 1—e.
On the other hand, we find K3,..., Ky > 0 such that

Vie{l,....NV: (K, K]) >1—e

Let K* :== max{K + 1, Kj,..., Ky}, then we obtain for all n € N that pu,([—K*, K*]) >

1 — e. Therefore, (p,)y is tight.
O]
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2 Weak Convergence

Lemma 2.15. Let (pn)n be a sequence in My (R), then the following statements hold:
i) (fin)n has a vaguely convergent subsequence against some p € M<1(R).
ii) If (tn)n is tight, it has a weakly convergent subsequence against some p € My (R).

Proof. 1) Let (gm)m be a dense sequence in C.(R), then for all m € N, ((ttn, gm))n is a
sequence in R whose absolute value is bounded by ||gm[lsc < 00, thus has a convergent
subsequence by Bolzano-Weierstrass. By a diagonal argument, we can find a subsequence
J C N, such that for all m € N, ({ttn, gm))nes converges. But since (g,,)., is dense in
Ce(R), limye s (i, f) exists for all f € C.(R) (it can be shown that ((tn, f)), is Cauchy).

The function

I:C(R) — R
fro—=r I(f) = lim G, f)

is a linear bounded positive functional on C.(R) with operator norm at most 1, since
(s [)] < || flloo for all n € N and f € C.(R). With Theorem [2.5, we find an element
p € M<yi(R) such that I = I, which entails u,, — p vaguely for n € J.

ii) With i) we find a subsequence J C N and a u € M<;(R) such that (i, ),es converges

to u vaguely. But Lemma yields that © € M;(R) and pu,, — p weakly forn € J. O

Note that statement i) of Lemma is the well-known Helly’s selection theorem
contained in most standard books on probability theory, see [20] or [44], for example.
However, we give a new proof here that differs completely from the standard proofs which
utilize distribution functions.

So far we have discussed the intricacies of weak and vague convergence of probability
measures. Our next goal is to better understand the topology of weak convergence on
M;(R), which will deepen our understanding of stochastic weak convergence to be dis-
cussed in the next section. Our first goal will be to reduce the number of test functions
for weak convergence to a countable subset of Cy(R). However, (Cp(R), || - ||oo) is large;
it is not even separable. But there is no reason for despair, since the following theorem
holds, which we adopted from our previous work [31].

Theorem 2.16. Fiz a sequence (gi)ren in C.(R) which lies dense in C.(R). Then the
following statements hold:
i) Let p, (pn)n € Mi1(R), then the following statements are equivalent:
a) pin — 1 weakly.
b) Vk € N: (tn, gr) —— (1, g)-

n—oo

ii) Define for all u,v € M;y(R):

dua(p,v) = > o (|<Mk> — (v.a1)

w25 (U s gi) — v gidl)
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2.2 Convergence of Probability Measures

Then dy forms a metric on My(R) which metrizes weak convergence. That is, a
sequence (fn)nen 1 My (R) converges weakly to u € My(R) iff dp(pin, ) — 0 as
n — o0.

iii) (M1(R),dy) is a separable, but not complete, metric space.

Proof. 1) Let (pn)nen and p be probability measures. If p,, — p weakly, then surely we
have for all k € N that (i1, gx) — (i, gx) as n — oo. If on the other hand we have for all
k € N that (i, gx) — (i, gx) as n — oo, then one can show that p, converges vaguely to
1, that is

To this end, let f € C.(R) and € > 0 be arbitrary, then there is an I € N such that
|f — gillc < §. Since we know that (i, q) — (@, g1) as n — oo, there is an N € N so
that for all n > N we have

[ (s g1) — 115 i) | <

Wl m

Then it holds for all n > N:

pins [y = (s )
pins ) = Cpims g0 4 [{pns 91) = (s g | + [ 91) = (s 1)

<
< (s | = gil) + [{pms 90) — (g + (s | f = gil) < e

((——

4
4

INA
win 9
IN
wim
IN
wlm

Since € was arbitrary, it follows that

m (g, f) = (u, f) -

n—oo

Now since p,, converges vaguely to p and p is a probability measure, we know by Lemma[2.14]
that p, — p weakly.

ii) and iii):
From Lemma , we find for any p,v € M;(R) that

=V < Vk€N<Magk>:<V79k’>

Next, we will inspect the space RY endowed with the product topology. With respect to
this topology, a sequence (2,), in RY converges to a z € R iff for all i € N the coordinates
2,(4) in R converge to z(i) as n — co. Further, it is well-known that the topology on RN
is metrizable through the metric p with

(k) — y(k)]
26 (1+ |z(k) —y(R)I)

Vo, y e RN p(z,y) = Z
keN

This follows (for example) with 3.5.7 in |56, p. 121] in combination with Theorem 4.2.2
in [22, p. 259]. Further, (RY, p) is a separable metric space (Theorem 16.4 in [66, p. 109]).
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2 Weak Convergence

We now define the following map (see [48, p. 43]):
T: M;(R) — R"
B (<:uagl> ) <,u792> 3. )

Then surely, T is injective, since if T'(u) = T'(v), then also for all k € N : (i, gx) = (v, gr.)
and then p = v. Additionally, we have for all u,v € M;(R) that

_ | (s gr) — (v, gx)| - ,
dy(p,v) = keZN Tt 1 an) = gD p(T(p), T(v)). (2.3)

Since T injective and p is a metric, dy; is a metric as well, so that (M;(R),dy,) is
a metric space. With equation (2.3) we see that T : (M;(X,d),dy) — RY is not
only injective, but even isometric, especially continuous and a homeomorphism onto its
image. Surely, the image is separable as a subspace of a separable metric space . Thus,
(M1(R), dyr), being homeomorphic to a separable space, is also separable (Corollary 1.4.11
in |22, p. 31]).

With what we have shown so far we obtain for arbitrary (i, )nen, 1t € M1 (R):

[y, converges weakly to p

S VEkeN: (u,,gr) m (1, gr)
< T(pn) —— T(p) in RN

n—o0
& (T (10n), T(1) — 0

< dy(pin, pt) —— 0.

We showed the first equivalence in the first part of this proof, the second equivalence
holds per definition of 7" and the above mentioned characterization of convergence in
RN, the third equivalence follows with the metrizability of RY through p, and the last
equivalence follows from above equation (2.3). What is left to show is that (M;(R),dy)
is not complete. To this end, let (), be any sequence in M (R) which converges vaguely
to a sub-probability measure v with v(R) < 1. Then for all £ € N, (pn, gx) — (v, gx) as
n — o0o. Thus, dy(pn,v) = 0 as n — oo (the function dj; makes sense even with sub-
probability measures as arguments). Since for any n,m € N, dy(tin, o) < dag(pin, V) +
d s (fm, V), we find that (u,), is a Cauchy sequence in (M;(R), dys) that does not converge
weakly to an element in M, (R). O

2.3 Random Probability Measures on (R, B)

As we saw in Theorem [2.16] the set M, (R) can be metrized in such a way that the result-
ing convergence is exactly "weak convergence of probability measures.” This shows that
Definition was adequate in the sense that it defined weak convergence for sequences
of probability measures rather than for nets. The reason is that in metric spaces (or more
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2.3 Random Probability Measures on (R, B)

generally, in spaces which satisfy the first axiom of countability, which means that any
point has a countable neighborhood basis), the topology can be reconstructed from the
knowledge of convergent sequences rather than nets. This is due to the fact that a set in
such a space is closed iff any limit of a convergent sequence in the set is an element of the
set.

From now on, we will always view M;(R) as equipped with the topology of weak
convergence and the associated Borel o-algebra. We know that M;(R) is separable and
that dj; as in Theorem [2.16] is a metric yielding the topology of weak convergence. It is
then a triviality that for any f € Cp(R), the function

]fZMl(R) — R
po— Ip(p) = (i, f)

is continuous on M (R).

Since M;(R) is a measurable space, we can study M;(R)-valued random variables,
which is the subject of this section. We proceed as in our previous work [31], but streamline
our argumentation and supplement our exposition with new aspects, for example, a more
rigorous analysis of integrability with respect to expected measures, see Theorem [2.20}

Definition 2.17. Let (Q2,.A,P) be a probability space.

i) A random probability measure on (R,B) is a measurable map u : Q@ — M;(R),
w i ().

ii) A stochastic kernel from (92, A) to (R,B) is a map u : © x B — R, so that the
following holds:

a) For all w € Q, p(w,-) is a probability measure on (R, B).
b) For all B € B, u(-, B) is A-B-measurable.

Lemma 2.18. Let (2, A, P) be a probability space.
i) A map p:Q xB— R is arandom probability measure iff it is a stochastic kernel.

ii) If p is a stochastic kernel from (2, A) to (R,B) and f : R — R is measurable and
bounded, then w — (u(w), f) is measurable and bounded by || f||co-

Proof. We first show ii): Surely, the indicated map is bounded by || f||«, since we have
for all w € €

[((w), NI < {u(w), [f) < (@), [1fllo) < 1fll-

To show measurability, we employ the monotone class argument: To start with, we know
that the map w — p(w, B) is measurable for all B € B. Let f be a simple function on
(R,B), that is, f = > " ;- 1p, for some n € N, o; € [0,00) and B; € B, i =1,...,n,
then also w — (u(w), f) = Y1, ;- p(w, B;) is measurable as a linear combination of
finitely many measurable functions. Now let f > 0 be measurable and bounded, then
there exists sequence of simple functions (f,),en such that f, 7, f pointwise. For
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2 Weak Convergence

w € Q arbitrary it follows per monotone convergence that (u(w), fn) /n (u(w), f), so
also w — (u(w), f) is measurable as a pointwise limit of measurable functions. Now if
f : R — R is measurable and bounded, then also the positive and negative parts f, and
7 (then fo,f- >0 with f = f, — f). Thenw — (u(w), f) = @), f+) — (u(ew), /) is
measurable as a difference of measurable functions.
We now show i):

7<«<” We have just shown that for all f € C,(R) the map w — (u(w), f) is measurable.
Then we obtain for all v € M;(R) that the map w — dpy(p(w),v) is measurable as a
limit of measurable functions, since

dy(p(w),v) = Z ok (|<M(w)7gk> — (. 98)|

keN < L4 [{pa(w), gr) — (v, gr)l)

To show the measurability of w +— p(w, -), it suffices to show that preimages of open balls
from (M;(R),dy;) are measurable, since the o-algebra on M;(R) is generated by the
topology which is generated by the metric dj;, and the space M;(R) is separable with
respect to the topology of weak convergence, see |10, p. 73]. So let v € M;(R) and € > 0

be arbitrary, then it holds with BM®(y) .= {V e Mi(R) : dy (V' V) < €}:
p (BME(W)) = {w € 0 du(u(w),v) < €} = du((), 1) (0,6)) € A,

since above we already recognized dp(1(-), V) as measurable.

”=" If p is a random probability measure, then for all w € Q, u(w,-) is a probability
measure on (R, B). We now argue that for any B € B, w — u(w, B) is measurable. We
first prove this for all open bounded intervals in R, since these intervals generate B. So
let @ < b € R be arbitrary and define € :== (b — a)/4 Then define for all n € N the
function ¢, : R — R so that ¢, =1 on la + —e b— ] ¢n =0 on (a,b) and ¢, is affine
on the intervals [a,a + ~¢] and [b— +a,b] in such a Way that it is continuous. Then ¢, is
bounded, continuous and ¢,(x) 7, Ly (x) for all € R. We know that for all n € N,
w = (u(w), @,) is measurable as a composition of a measurable and a continuous map
(see remark before Definition [2.17). Now for any w €

lim <ﬂ(w)7 ¢TL> = <M<w)v ]l(a,b)> = :u(wa (CL, b))

n—oo

by monotone convergence. As a result, u(-,(a,b)) is A-B-measurable as the pointwise
limit of measurable functions. Now define the set

G :={B € B|w~ u(w, B) is measurable}.

Surely, all open intervals lie in G as we have just shown. If we can show that G is a
Dynkin system we can conclude that G = B, which is our goal. First of all, ) , R € G,
since constant functions are always measurable. Second, since pu(-, B) = 1 — u(-, B), we
have that B¢ € G whenever B € G. Third, if (B,), is a sequence of pairwise disjoint
sets in G, then p(-,U,B,) = >, u(-, By), so since all u(-, B,) are measurable, then so is
p(-,U,B,) as a pointwise limit of a sequence of measurable functions. This shows that
U, B, € G so that G is indeed a Dynkin system. m
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2.3 Random Probability Measures on (R, B)

Random probability measures are not so uncommon in probability theory. Consider
the next example:

Example 2.19. Let Yi,...,Y, be real-valued random variables on a probability space

(Q, A, P). Then
1 n
= E_l Oy;

is a random probability measure on (R, B), which we call empirical distribution (of the
Y;). Indeed, for any w € Q,

1 n
plw) =~ > v
=1

is a convex combination of probability measures and thus again a probability measure on
(R, B). On the other hand, if B € B is arbitrary, then

w p(w,B) = %Z5mw)(3) = %ZHB(Y;(W))

is certainly measurable. Thus, we recognize the empirical distribution p as a random
probability measure on (R, B) via Lemma [2.18] For any measurable set B, p(B) yields
the proportion of the Y;’s that fall into the set B. Connected to the empirical distribution
p is its empirical distribution function F,(z) = p((—o0,z]) defined for all x € R. This
is a random distribution function and the protagonist of the famous Glivenko-Cantelli
theorem and the Dvoretzky—Kiefer—Wolfowitz inequality, see |68, p. 553].

Now, let us resume our study. If u is a random probability measure and B € B, then
p(B) is a bounded random variable. It is natural to consider its expectation Eu(B) as
the expected mass that p prescribes to the set B. But as it turns out, B — Eu(B) is yet
another (deterministic) probability measure:

Theorem 2.20. Let (2, B, P) be a probability space and p be a random probability measure
on (R, B). Then the following statements hold:

i) The map
g:B — [0,1]

B — i(B) = | e B)P(d) = Eu(B)

is an element of M1(R), the so called expected measure of p.

ii) Any non-negative measurable function f : R — R, is f-integrable iff (u, f) is P-
integrable, and in this case it holds

(i f) = / f() Alde) = / / £(2) plw, dz) P(dw) = E (s, f) .

In particular, this equation is valid for any bounded measurable function f: R — R.
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2 Weak Convergence

iii) If f: R — R is ji-integrable, then (u, f) is P-integrable and {(f, f) = E (u, f).

iv) Heed must be taken: If f: R — R is measurable and such that {u, f) is P-integrable
so that T (u, f) is well-defined, f need not be fi-integrable, so that it is not true that
(i, f) = E{u, f) whenever one of the two exists. In particular, statement ii) cannot
be generalized to arbitrary measurable functions f : R — R.

Due to these interrelations we will also write Eu instead of n, and with what we have
seen so far it holds for all Eu-integrable, bounded or non-negative functions f, that

(Bp, f) = (B, ) = E{u, )

Proof. i) Clearly, Eu(@) = 0 and Eu(R) = 1. Now if (B,), is a sequence of pairwise
disjoint elements in B, then

En(U,B,) =B u(B) =Y Eu(By),

where in the last step we used dominated convergence. This shows that i is indeed a
probability measure.
ii) Let f : R — R be a simple function, that is, f = > " «; - 1p, for some n € N,

a; € [0,00) and B; € B,i=1,...,n. Then
) :Zai'ﬂ(Bz‘) :EZ%'M(Bi> =E(u f).
i=1 i=1

Now let f : R — R be non-negative and measurable witnessed by a sequence of simple
functions (f,), with f, /. f pointwise, then clearly

(. f) = T (g, f,) = lim B, f) = B, f)

where in the first and the last step we used monotone convergence. In particular, the
non-negative f is fi-integrable iff (u, f) is P-integrable and in this case it holds (i, f) =
E(u, f). Now if f : R — R is bounded, then there exists a C' € R such that f + C is
non-negative (and of course, it remains bounded, thus integrable). Then we immediately
iti) If now f : R — R is fi-integrable, then f = f, — f_ where f,, f_ > 0 are i-integrable.
By ii), the non-negative random variables (y, f,) and (u, f_) are both P-integrable. Then
their difference (u, f) — (i, f—) = (u, f) is also P-integrable and we obtain with i7):

<ﬂ>f> = <ﬂ,f+>—<ﬂ,f,> :E<la7f+>_E<la7f*> :E<la7f>

iv) Unfortunately, this point appears to be overlooked in the literature. We need to
construct a counter-example to show what we state. To this end, consider the random
probability measure p on (R, B) with

1

1 1
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2.3 Random Probability Measures on (R, B)

where ¢ := Y 2 < oo. Further, let f be the identity on R, that is, f(z) = z for all
x € R. Then surely, f is measurable, and since almost all realizations of p are symmetric
measures, we have (i, f) = 0 almost surely, which is P-integrable with E (u, f) = 0. We
now assume that f is i-integrable and lead this to a contradiction: If f were ji-integrable,
then so were | f| and by ii) we would have (g, | f|) = E (u, | f|) < co. But with probability

—>, 11 takes the value £6_,, + £6,, so (i, | f|) takes the value n, leading to the calculation

Euli) = 5

neN

= 00,

which is a contradiction. O

In the remainder of this section, we will derive and discuss three notions of convergence
of random probability measures on (R, B), namely weak convergence in expectation, weak
convergence in probability and weak convergence almost surely.

Definition 2.21. Let (u,,)nen and g be random probability measures on (R, B), then we
say that (u,), converges weakly in expectation to p, if the sequence of expected measures
(Epin)nen converges weakly to the expected measure Eg, so if:

V[ eGR): (B, f) — (Ep, [),
which is equivalent to (see Theorem
VI eCR):E (pn, f) — Eu, f).

The concept of weak convergence in expectation is extremely important for investi-
gations in the field of random matrix theory, since it lies the foundation for stronger
convergence types. This is due to the fact that weak convergence P-almost surely or in
probability will also imply weak convergence in expectation, so the latter convergence
type is a necessary condition for stronger convergence types (see also Theorem . The
exact interrelations between the three concepts of convergence for random probability
measures are summarized in the end of this section in Theorem [2.29

Before turning to the next convergence types, we wish to remind the reader what
convergence in probability and almost surely means for random variables in metric spaces:

Definition 2.22. Let (Y,,)neny and Y be random variables defined on a probability space
(Q, A, IP), which take values in a metric space (X, d).

i) We say that (Y),)neny converges to Y in probability, if d(Y,,Y’) converges to 0 in
probability.

ii) We say that (Y,),en converges to Y almost surely, if d(Y,,,Y) converges to 0 almost
surely.

Let us collect a quick lemma:

31



2 Weak Convergence

Lemma 2.23. Let (Y,)nen and Y be random variables defined on a probability space
(Q, A, P), which take values in a metric space (X,d). If (Yy)nen converges to'Y almost
surely, then also in probability.

Proof. Let (Y,)nen converge to Y almost surely. This means that the sequence of real-
valued random variables (d(Yy,Y)), converges to 0 almost surely. But this implies that
(d(Yy,Y))n converges to 0 in probability, which is precisely what it means for (Y},), to
converge to Y in probability. O]

Now let us define and analyze what it means for random probability measures to con-
verge in probability and almost surely. Since random probability measures are nothing
but random variables into the metric space M;(R), we know what to do:

Definition 2.24. Let (€2, A, P) be a probability space, i and (g, )nen be random proba-
bility measures on (R, B).

i) We say that (u,), converges weakly to u in probability, if dys(pn, ) converges to 0
in probability.

ii) We say that (i), converges weakly to p almost surely, if das(pn, 1) converges to 0
almost surely.

Although stochastic types of weak convergence can be defined solidly as in Defini-
tion this definition is not convenient to work with in practice. In addition, we would
like to see that these convergence concepts do not depend on the choice of the metric that
metrizes weak convergence on M (R).

Theorem 2.25. Let (2, A, P) be a probability space, j and (i, )nen be random probability
measures on (R, B).
i) The following statements are equivalent:
a) (fin)n converges weakly to p in probability, that is, dy(pn, ) — 0 in probability.

b) If d is any metric on My(R) that metrizes weak convergence, then d(fi,, ) — 0
in probability.

c¢) For all f € Cy(R), the sequence of bounded real-valued random variables ({fin, ))n
converges in probability to (u, f), so

VFECR): Ve>0:P(|{um f) — (i, f)| > €) — 0.

n—o0

ii) The following statements are equivalent:
a) (fin)n converges weakly to p almost surely, that is, dys(pin, ) — 0 almost surely.
b) For P-almost all w € Q, p,(w) converges weakly to p(w).

c) If d is any metric on M;(R) that metrizes weak convergence, then d(p,, ) — 0
almost surely.
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2.3 Random Probability Measures on (R, B)

d) For all f € Cp(R), (pn, f) converges almost surely to (u, f), that is,

Vfely(R): [(,un,f> — (u, f) almost surely| .

e) Almost surely we find that for all f € C4(R), (un, f) converges to {u, f), that is,

VfeCR): (un, f) — s f)} almost surely.

Remark 2.26. 1. Note that in Theorem i1) d) and e) we used careful bracketing
[...] when it comes to almost sure convergence of multiple objects. This is done
to avoid ambiguity. For example, questions could arise whether we find a set of
measure 1 on which all objects converge (as in ¢)), or if for each object, we find a
set of measure 1, possibly depending on that object, on which the considered object
converges (as in d)).

2. We consider Theorem i) as equivalent definitions for the concept ”weak con-
vergence in probability”, and ii) as equivalent definitions for ”weak convergence
almost surely.” After the proof of the theorem, we will keep on working with this
characterization without always referring to Theorem [2.25]

Before we begin with the proof of Theorem [2.25] we will introduce two tools which we
will make use of. For later use, we will formulate the lemmas in greater generality, that
is, for complex-valued random variables.

Lemma 2.27. Let (X,,), and X be complez-valued random variables defined on a prob-
ability space (2, A,P). Then (X,)nen converges to X in probability iff any subsequence
J C N has another subsequence I C J so that (X,,)ner converges to X almost surely.

Proof. The proof can be found in |44} p. 134] . ]

The next extremely useful lemma generalizes the previous one by finding a simultaneous
almost surely convergent subsequence for a countable number of sequences of random
variables.

Lemma 2.28. Let (Q, A, P) be a probability space and for all k € N let X*) and (X,sk))neN
be complez-valued random variables. Then the following statements are equivalent:

i) For all k € N, (Xflk))n converges to X®) in probability.

it) For any subsequence J C N, we find a subsequence I C J and a set N € A with
P(N) =0 such that

Vwe O\N:VEeN: XP(w) — X®(w).

nel
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2 Weak Convergence

Proof. The part ii) = i) follows immediately with Lemma . So we only need to show
i) = ii): For k = 1 we find that (Xy(Ll))nej converges in probability to X, Therefore,
we find a subsequence I; C J such that

XN — XU P-as. witnessed by a set of measure zero Nj.
neiy

Since (X,(f))ne]l converges to X in probability, we find a subsequence I, C I with
min(/y) > min(/;) such that

X2 — X®  P-as. witnessed by a set of measure zero Ns.
neiz

We continue this approach for all £ € N and obtain subsequences
NDJDLD2LD...DI,D...
such that for all £ € N we have min(/;4;) > min(/) and

Xff) —I> X®)  P-as. witnessed by a set of measure zero Nj.
nely

We set N := UgenNg and for all k& € N : 45 := min(/}), then we obtain that (iy)gen is
strictly increasing in N and

Voe Q\N:VieN: XV (w) — XxO(w).

keN

To see this, let w € Q\N and [ € N be arbitrary. Then we have that w € Q\V;, and
ir, = min(1ly) € [, for all k > [, so that indeed

XD(w) — XO(w).

! keN
The proof is completed by setting I := {iy | k € N}. O
Now we are ready to prove Theorem [2.25

Proof of Theorem[2.25. We show i) first.
Clearly, a), b) and c) are equivalent, since the metrics metrize weak convergence. Also,
e) is just a reformulation of b), thus equivalent. In addition, d) follows immediately from
e), so we have

a) & b) & ¢) & e) = d)

We now show d) = b) : For each k € N we have that (u,, gx) converges to (i, gx) almost
surely on a set Ay of measure 1 (the functions (gx)x are as in Theorem [2.16)). Then the
set ) := N, A, has measure 1 and for all w € ; we find that

VEeN: (ua(w), gr) —— (u(w), ge) -

n—o0
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2.3 Random Probability Measures on (R, B)

Therefore, with Theorem we have for all w € @y that u,(w) — p(w) weakly as
n — oo and hence b).

We now show i):

a) < b) By exact symmetry in the argument, we will only argue a) = b): Let pu, —
weakly in probability, that is, (das(tin, it))nen converges to 0 in probability. We want to
show that also (d(fin, it))nen converges to 0 in probability. To use Lemmal[2.27 let J C N
be an arbitrary subsequence. Then we find a subsequence I C J such that (dps(tin, 1) )ner
converges to 0 almost surely. With part ¢7) this means that also (d(fin, tt))ner converges
to 0 almost surely. But then (d(py,, tt))nen converges to 0 in probability.

a) = ¢) If (pn)n converges weakly to p in probability, then this means that dus(fin, 1)
converges to 0 in probability. Let f € Cy(R) be arbitrary. We must show that (u,, f)
converges to (u, f) in probability. To this end, let J C N be an arbitrary subsequence.
Then there is a subsequence I C J such that (dps(pn, it))ner converges to 0 almost surely
on a measurable subset €2 C  with measure 1. Then it holds in particular for any
w € Q that ((un(w), f))ner converges to (u(w), f), so ({tn, f))ner converges to (u, f)
almost surely. The statement follows with Lemma

¢) = a) We find that for all £ € N, ((ttn, gk))nen converges to (u, gx) in probability. We
must show that d; (i, ) converges to zero in probability. Let J C N be any subsequence.
With Lemma [2.28] we find a subsequence I C J and a measurable set 2; C €2 of measure
1, such that

VweQ :VkeN: (u,(w),gr) — (u(w), gx)

nel

With Theorem [2.16| this entails that for all w € 4, (dp(pn(w), w(w)))ner converges to 0.
With Lemma this means that (das(pen, 1) )nen converges to zero in probability. [

So, what we have seen so far is that random probability measures can converge in three
different ways, namely weakly in expectation, weakly in probability and weakly almost
surely. We have solidly defined and then characterized these convergence concepts. At
last, we point out a hierarchy among them:

Theorem 2.29. Let (€2, A, IP) be a probability space, (iin)nen and p be random probability
measures on (R, B).

i) If pn, — p weakly almost surely, then also weakly in probability.
it) If p, — p weakly in probability, then also weakly in expectation.

Proof. i) This follows directly with Lemma [2.23]
it) If p, — p weakly in probability, per Theorem [2.25| this means that for all f €

Co(R) we find (p,, f) — (u, f) in probability, thus IE (u,, f) — E (u, f) by the following
Lemma [2.30} since | (s, )| < || flloc and (s, )] < [[f]]oo- O

Lemma 2.30. Let (X,)nen and X be complex-valued random variables on a probability
space (Q, A, P) and C € R such that | X,,| < C for alln € N and | X| < C. Then X, - X
i probability implies EX,, — EX.
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2 Weak Convergence

Proof. Let € > 0 be arbitrary, then we calculate:

EX, — EX| < E|X, — X|
= E[X;, — X|1{jx,-x|<ep T E[Xy, — X[Lgx, x>}
<e+P(X,— X|>¢€)-2C.

Therefore, we conclude
limsup |[EX, — EX| <e.

n—oQ

Since € > 0 was arbitrary, this shows the statement. O

2.4 Random Matrices and their ESDs

In this section, which is as generalization from our previous work [31], we will introduce
the types of random probability measures which we would like to investigate, namely
the empirical spectral distribution of random matrices. To this end, let K € {R,C} and
denote by (Mat,,(K), || - |op) the normed K-vector space of n x n-matrices with K-valued
entries, where || - ||op denotes the operator norm with respect to the euclidian norm || - ||
on K", that is,

VX € Mat, (K) : || X|lop = sup {[| Xv|| : v € K, ||v]| = 1} .

It is immediate that (Mat,,(K), || |lop) is @ Banach-space and a sequence of matrices (X, ),
converges to a matrix X in Mat, (K), iff all entries X, (i, 7) converge to X (i,j) in K as
m — oo. If X € Mat,,(K) we denote its adjoint by X*, which is just the transpose of X if
K = R and the conjugate transpose of X if K = C. A matrix X € Mat,,(K) is called self-
adjoint if X* = X (then X is also called symmetric if K = R and Hermitian if K = C)
and we denote the subset of all self-adjoint matrices of Mat, (K) by SMat,,(K). Then
SMat,, (K) C Mat,,(K) is a closed subset, since X + X* is continuous. Further, SMat,, (K)
is closed under R-linear combinations. To introduce more notation, if A,..., A\, € R
are arbitrary, we denote by diag(\i,...,\,) the diagonal matrix D € SMat,, (K) with
entries D(i,1) = \; for all i € {1,...,n}. Further, we denote by tr the trace functional
Mat, (K) — K, that is,

VX € Mat,(K) : tr X =) X(¢,1).
t=1

The trace has some interesting properties, which are summarized in the following lemma:

Lemma 2.31. The trace tr is a continuous linear functional on (Mat,(K), ||-|lop). Further,
if X, S € Mat,(K) are arbitrary, where S is invertible, then tr(X) = tr(S™1X.9).

Proof. 1t is immediate that the trace is a continuous linear functional. The equality
tr(X) = tr(S7'XS) is due to the fact that X and S~'XS have the same characteris-
tic polynomial. The trace is the (n — 1)th coefficient of the characteristic polynomial
(multiplied by (—1)""1). For details we refer the reader to [29. O
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2.4 Random Matrices and their ESDs

The next lemma clarifies the eigenvalue structure of self-adjoint matrices:

Lemma 2.32. For any matric X € SMat,(K) we find an invertible matriz S € Mat,(K)
and real numbers \¥ < ... < XX such that ST1XS = diag(\¥, ..., \X). In particular,

X has ezactly n real eigenvalues (counting multiplicities) and all eigenvalues are real.

Proof. We refer the reader to [29). O

In general, if Y is a self-adjoint n x n matrix, we will denote its n real eigenvalues by
AV < ... < \Y. The next theorem is a very versatile tool in random matrix theory. For
example, it can be used to derive that eigenvalues are continuous functions of the entries
of the matrix (Corollary , or it can be used to analyze asymptotic equivalence of
empirical spectral distributions via the bounded Lipschitz metric, see Section [4.4]

Theorem 2.33 (Hoffman-Wielandt). For alln € N and X,Y € SMat,(K) it holds:
ST NP < (X - Y) (X —Y) = (X — V).
i=1

Proof. See [36], p. 217]. O
We can immediately conclude that eigenvalues are continuous functions of the matrices.
Corollary 2.34. Letn € N and [l € {1,...,n} be arbitrary, then

Eig, : SMat,(K) — R
X — X\

18 continuous.

Proof. Let (X,,)men and X in SMat,(K) so that X,, — X for m — oo (which means
convergence in operator norm, or equivalently, entry-wise convergence). Then we find

with Theorem [2.33] and Lemma [2.31] that

N
I = NP ) I = AP < (X — X)T—— 0.

m—00
=1
[l

Having studied eigenvalues of self-adjoint matrices, let us turn our attention to random
matrices.

Definition 2.35. Let (€, .A,IP) be a probability space and n € N be arbitrary then a
(n x n self-adjoint) random matrix is a measurable map X : (2,.4) — (SMat,,(K), B )),

where B{"” denotes Borel o-algebra on SMat,, (K).
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2 Weak Convergence

It is clear that a map X : (2,4) — (SMatn(K),BgnQ)) is measurable iff all entries
X(i,7) : (2, A) = (K, Bk) are measurable, where Bx denotes the Borel g-algebra on K.

If X is an n x n random matrix on (92, 4, P), then for all w € Q, X(w) € SMat,(K),

)

such that X (w) possesses eigenvalues )\f(w) < ... <A™ We wish to see that the maps

W /\ZX(W) for [ =1,...,n are measurable.

Lemma 2.36. Let X be an n X n-random matriz on (2, A,P) and | € {1,...,n} be
arbitrary, then

A (Q,A4) — (R,B)

X (w)
w o A\

1s measurable, thus a real-valued random variable.
Proof. We know by Corollary that

Eig, : SMat,(K) — R
X — X

is continuous, in particular measurable. Further, X : ) — SMat,,(K) is measurable per
definition, hence the composition ;¥ := Eig, o X is measurable as well. O

Lemma [2.36] allows us to study eigenvalues of random matrices in the context of prob-
ability theory. One aspect which gains a lot of attention is the behavior of the empirical
distribution of the eigenvalues (see also Example [2.19)).

Definition 2.37. Let X be an n x n random matrix on (€2, .4, P), then the empirical
spectral distribution (ESD) o, of X is the random probability measure on (R, B) given
by

on QA x B — [0,1]

1 n
(w,B) — on(w, B) ::EZQZX@(B)
=1

It follows from our discussion in Example that o, really is a random probability
measure. How is 0, to be interpreted? For any interval I C R, the random variable o,,(1)
tells us the proportion of the n eigenvalues that fall into the interval I. Thus, o, carries
information on the location of the eigenvalues, and it is of particular interest where the
eigenvalues are located in the limit, that is, for n — oco.

It is a famous theorem by Wigner that allows us to conclude under fairly weak assump-
tions (mainly independence of matrix entries and uniformly bounded moments) that in
the limit, eigenvalues will be spread according to the semicircle distribution:

38



2.4 Random Matrices and their ESDs

Definition 2.38. The semicircle distribution o is the probability measure on (R, B) with
Lebesgue-density f, where

fo: R — R
1
T fU(SE’) = %\/4—.’172]1[_2’2}(56).

Here and throughout this text, we will denote the Lebesgue measure on (R, B) by
A. With respect to Definition [2.38, we have to prove that f, A is actually a probability
measure. We see immediately that the measure is finite, since f, is bounded and has
compact support. We will postpone the proof that the Lebesgue integral over f, is 1
to Lemma [3.8] Since convergence to the semicircle distribution is an important and
ubiquitous concept, we make the following definition.

Definition 2.39. If (0,,), are the ESDs of random matrices (X,,),, and 0, — o weakly in
expectation resp. in probability resp. almost surely, then we say that the semicircle law
holds for (X,), in expectation resp. in probability resp. almost surely.

We now turn to Wigner’s semicircle law. Notationally, for all n € N we define the index
set O, :=={1,2,...,n} x{1,2,...,n}.

Definition 2.40. Let for all n € N, a, = (a,(%,7))u en, be a family of real-valued
random variables, then the sequence (a,), is called Wigner scheme, if the following holds:

i) All random variables have uniformly bounded absolute moments, that is: For all
p € N there exists a constant L, € (0, 00) such that for all n € N and all (4, j) € O,:
Elan (i, )" < L.

ii) All random variables are standardized, that is: For all n € N and all (,7) € O,:
Ea,(i,j) =0 and Va,(i,7) = 1.

iii) The families a, are symmetric, that is: For all n € N and (i,j) € O, we have
an (i, J) = an(J, 1)-

iv) For all n € N the family (a, (i, j))1<i<j<n is independent.

Note in particular that in Definition we do not require that the whole family
((an (i, j))1<i<j<n)nen be independent. A very simple Wigner scheme is given in the fol-
lowing example:

Example 2.41. Let (a(7, j))1<i<; be an i.i.d. family of real-valued random variables such
that E|a(1,1)” < oo for all p € N, Ea(1,1) = 0 and Va(1,1) = 1. Further, set a(i,j) :=
a(j,1) for all 1 < j < i. Now set for all n € N and all (¢,7) € O, a,(i,7) = a(i, 7).
Roughly speaking, a,, is the n x n submatrix of the infinite matrix a. Then clearly, (a,),
is a Wigner scheme as in Definition [2.40]
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2 Weak Convergence

The following Theorem is called ”Wigner’s semicircle law.”

Theorem 2.42. Let (a,), be a Wigner scheme defined on a probability space (2, A, P).
Define for all n € N the random matriz X,, by

V(i §) €0, Xa(i,j) = %an(i,j).

Then the semicircle law holds for (X,), almost surely.
Proof. This theorem is a special case of our Theorem [£.9] see Corollary O

Of course, a valid question is how to prove Theorem[2.42] We see that certain conditions
are formulated for the matrix entries. In order to use these conditions in our analysis,
how can we relate o,, back to the entries of the random matrix? And lastly, how can we
conclude (stochastic) weak convergence of the ESDs? There are (at least) two standard
ways to achieve this, namely the method of moments and the Stieltjes transform method.
These methods will be discussed in depth in the following two sections.
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3 The Method of Moments

In Chapter [2| we have studied in depth the concepts of weak convergence of probability
measures and random probability measures. In this chapter, which is adopted from our
previous work [31], we want to discuss a tool which helps us to infer weak convergence:
The method of moments. We will carefully develop this method for both deterministic
and random probability measures. To be able to use this method correctly, we also need
to delve into the moment problem. But let us first define what the moments of a measure
are:

Definition 3.1. Let p be a measure on (R,B) and k € No. If (u, |2*|) < oo (where
2" =1V z € R) we call the real number

my = <u, xk>
the k-th moment of p. In this case, we say that u has a finite k-th moment. On the other
hand, if (p1, [#*]) = oo, we say the k-th moment of x does not exist.

3.1 The Moment Problem

In numerous applications it is important to know the moments of a probability measure
or at least some properties of the moments. In the Hamburger moment problem (see [51
p. 145] and [57], for example), the question is reversed. Given a sequence of real numbers
(Mg )ken,, Wwhat can be said about the existence and uniqueness of a measure p on (R, B)
with moments (my)ken,? To be more precise, does there exist a measure p on (R, B) with
moments (my)ken,, and if so, is it the only measure with those moments? Of course, if
such a measure exists, it is a probability measure iff mg = 1. It is rather surprising that
the existence of such a measure can be nicely characterized:

Theorem 3.2. A sequence of real numbers (my)ren, constitutes the moments of at least
one measure on (R, B), if and only if for all N € N the corresponding Hankel matriz

mo mq mo . my

my meo ms oo MNH
mo ms my oo MNy2
my Myy1 MN42 ... ToN

18 positive semi-definite, that is, if for all N € Ny and all By, ..., n € R it holds:

N
Z @"ﬁsmr—l-s > 0.

r,s=0
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3 The Method of Moments

Proof. See |51, p. 145] in combination with the fact that a real symmetric matrix is
positive definite in the real sense iff it is positive definite in the complex sense. m

Oftentimes it will not be of interest if a sequence of numbers (my)ren, really belongs to a
probability measure, since we automatically obtain this result when employing the method
of moments, see Theorem [3.4. Theorem still has two important applications: On the
one hand, if the researcher is a priori assuming the target distribution to have specific
moments, Theorem can be used to check whether this is a plausible assumption and
can spare the researcher from trying to prove convergence to a non-existing probability
measure. On the other hand, if one has already employed the method of moments and the
moments of the target distribution have been calculated, one can a posteriori evaluate the
plausibility of the calculations via Theorem [3.2] Indeed, this is not uncommon practice,
see [13] p. 15], for example. In any case, what will be essential for the method of moments
is the knowledge about the uniqueness of a distribution with given moments, that is, the
answer to the question whether there is at most one distribution with a given sequence
of moments.

Theorem 3.3. Let (my)ren be a sequence of real numbers. If one of the following
three conditions holds, there is at most one probability measure on (R, B) with moments

(M )ken:
i) D m\c/;m? =0 (Carleman condition),

- 2o
i) imsup,,_,,, —5 < 00,

iii) 3C,D>1:VkeN:|my| <C-DF-kl

Further, it holds that iii) = ii) = i), that is, the Carleman condition is the weakest of
the three.

Proof. i): See [3, p. 85].
ii): See [20, p. 122].
i11): See [51} p. 205].
Additional statement: The additional statement also proves that ii) and iii) are sufficient
when knowing that ) is sufficient.

We assume that 4i) holds. Let for all k € N : ap == %/mg, > 0, then we have to
show > 72, aLk = oo under the condition that r := limsup,_,, 5F < oo. But there exists
a K € N such that for all £ > K we find §& < r 41, thus oy, < 2k - (r 4+ 1). Due to

divergence of the harmonic series we obtain:
1 1
— > - —x
20 2 2D
Therefore, i) follows from 7). Now if i) holds, we find for all k € N:

ok 2k N2k . | 2k |
i /T DR R /(2K)] “c.p

2k 2k - 2k ’
since (2k)% > (2k)! yields 2k > %/(2k)! for all k € N. Thus, i) holds. O
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3.2 The Method of Moments for Probability Measures

3.2 The Method of Moments for Probability Measures

Now we are well-prepared to introduce the method of moments, which is a means to infer
weak convergence of a sequence of distributions from the convergence of their moments.

Theorem 3.4. Let (u,)nen be a sequence in M1(R), so that all moments of every p,
exist. If there exists a sequence of real numbers (my)ren, so that

VkeN: lim (o, ) =y, (3.1)

the following statements hold:

There exists a p € M1(R) and a subsequence of (jin)nen, which converges weakly to pu.
Then Vk € N : my, = <u,xk>. In particular, the (my)ren are moments of a probability
measure on (R, B). Further: If u is uniquely determined by its moments, then the entire
sequence (i), converges weakly to fi.

Proof. With (3.1)) it follows with £ = 2 and Lemma that (tn)nen is tight. Therefore,
with Lemma there exists a u € M;(R) and a subsequence J C N such that (1, )nes
converges weakly to u. With Lemma we then obtain for all £ € N that (<un, xk>)ne J

converges to <u, xk>, since the sequence (</,Ln, 1+ x2k>)n€ s is bounded and the function
k

r +— —Z vanishes at infinity. We conclude with (3.1) that for all £ € N we have

142k
<u, xk> = myg, so (my ), are indeed moments of a probability measure.

Now, if p is uniquely determined by its moments, then the entire sequence (fi,)nen
— and not just a subsequence — converges weakly to p. To see this, let (u,)ner be an
arbitrary subsequence. By Lemma [2.9 it suffices to show that this subsequence has
another subsequence that converges weakly to u. But as above (with swapped roles of T
and N) we find a probability measure v on (R, B) and a subsequence J' C I, such that
that (t,)nesr converges weakly to v and the numbers (my,)gen are the moments of v. Since
i is uniquely determined by these moments, we must have u = v. O]

3.3 The Method of Moments for Random Probability
Measures

The next theorem will generalize the method of moments to the convergence types of
random probability measures, namely to weak convergence in expectation, in probability
and almost surely. Although this could be presented in greater generality, we will restrict
our attention to convergence of random probability measures to a deterministic probability
measure. This is the type of convergence we will encounter in our analyses ahead.

Theorem 3.5. Let (fin)nen be random probability measures on (R, B) and p be a deter-
manistic probability measure on (R, B) which is uniquely determined by its moments. Then
assuming that all following expressions (random moments, expected random moments) are
well-defined and finite, we conclude:
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3 The Method of Moments
i) IfVEEN:E <,un,9:k> o <,u,a:k>, then p, —— u weakly in expectation.
n—oo n—oo
n—oo

i) If Vk € N: {,, 2%) —— (u, %) in probability, then p, — 1 weakly in probabil-
) K K p Y H H ymp
n—o0
1ty.

1) If Vk e N: Y —— (i, 2%y P-a.s.|, then p, — pu weakly almost surely.
) It [ f I y y
n—00 n—oo

Proof. Q In the statement of the theorem, for every n, k € N, the random variable < T xk’>
is assumed to be well-defined, real-valued and P-integrable. This implies:

a) Ep, has existing moments of all orders.
b) Vk € N: (Epy, 2F) = E (pu,, 2*).

Of course, b) will follow from a) with Theorem [2.20] To show a), let n, k € N be arbitrary
and observe )
<E/”LTL7 |xk|> S <]E:un7x2k> =E <Mn7x2k> < 00,

where we first applied Jensen’s inequality and then Theorem [2.20 But now we have
. k\ _ k k
VkeN: <E,un,x > = ]E<un,x > — <u,x >

and thus Eu,, — p weakly as n — oo by Theorem

ii) We want to show that pu,, — p weakly in probability, which means that for all f € Cy(R),
{ttn, f) converges to (i, f) in probability. To this end, let f € Cy(R) be arbitrary. To show
that ((tn, f))nen converges to (u, f) in probability we will show that any subsequence
has an almost surely convergent subsequence: Let J C N be a subsequence. Applying
Lemma [2.28] we find a subsequence I C J and a measurable set 2; C Q of measure 1,
such that

: : k k
VweQ: VkeN: (u,(w),z >n—el><u,x ).

In particular, with Theorem we find that for all w € 4, p,(w) converges weakly to
for n € I, so that in particular, (u,(w), f) — (u, f) for n € I. Therefore, (u,, f) — (i, f)
almost surely for n € I.

iii) For all £ € N we find a measurable set Q; C Q with measure 1 such that for all
w € Q <un(w),xk> — <,u,3:k> as n — oo. Then Q' := Npen i, has measure 1 and for all
w € Q' we find that (p,(w),z*) — (p,2*) for all k € N, so that with Theorem , for
all w € Q' we have that p,(w) converges weakly to p. Therefore, p, converges weakly to
1 almost surely. O]

We refer the reader to Remark for an explanation on the use of brackets [...] in
Theorem [3.5| i17).

Remark 3.6. The method of moments for random probability measures (Theorem (3.5])
works as follows: If one wants to show weak convergence of random probability measures
in expectation, in probability or almost surely, it will suffice to show that the random
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3.3 The Method of Moments for Random Probability Measures

moments converge in expectation, in probability or almost surely. This is a very useful
theorem, in particular considering we do not make any assumptions on the target measure
p except those mentioned in Theorem [3.5] In particular, we do not require the target
probability measure to have a compact support. In the literature on random matrices,
this condition is often used to justify the method of moments, see [6, p. 11], for example.

The next theorem will help us to determine when the conditions for Theorem are
met, to be more precise, when we are able to confirm convergence of the moments in
probability or almost surely. Further, it does not assume a priori the knowledge of the
target measure u € M;(R). In summary, this is the theorem that is used when applying
the method of moments to random matrix theory, see also Theorems and [3.14]

Theorem 3.7. Let (pn)nen be random probability measures on (R,B) and (my)ren be
a sequence of real numbers, so that there is at most one probability measure on (R, B)
with moments (mg)ren. We formulate the following conditions, where we assume that all
expressions (random moments, expectations and variances) are finite:

(M1) Vk € N:E (u,,a") — my,

(M2) 3z€N:VkeN:E([{u,2*) — E(u,,2*)|?) — 0,

n—oo
(M3) 3z€N:VkeN:E([(st,,2") — E{p,,2*)|*) —— 0 summably fast.
n—oo
Then we conclude:
i) If (M1) holds, then there is a pu € M;(R) with moments (my)ken, so that Ep, — u

weakly (that is, p, — p weakly in expectation). In particular, the numbers (my)ken
are the moments of a probability measure.

ii) If (M1) and (M2) hold , we conclude
VkeN: <un,xk> — <u,xk> i probability
n—oo
and thus p, — p weakly in probability via Theorem[3.5.

iii) If (M1) and (M3) hold , we conclude

VkeN: [<,un,:ck> o <,u,:ck> IP-a.s.]

n—oo

and thus p, — p weakly almost surely via Theorem [3.5.

Proof. Q As we saw in the beginning of the proof of Theorem , we find that for all
n € N, the expected measure Eu, has moments of all orders and that for all £k € N :
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3 The Method of Moments

(Epin, 2*) = E (py, 2*). Now given (M1), statement i) follows directly with Theorem .
ii)/iil) Let k,z € N and € > 0 be arbitrary, then we first observe that

P ([ {pn, %) = (u,a")| > €)
< P ([{pn, %) = B (pin, %) + B (pin, %) = (p,2%)| > €)

<P ([(n ) = B 0] > 5) + P ([E ) = (4} > 5)

- E|(ptn, ") — E {,, 2*) |2 P <‘E<Mm$k> B <M’xk>| N g) ’

€z

22

where we applied Markov’s inequality in the last step. We note that if (M1) holds, the
second summand on the r.h.s. vanishes e-finally (which means for all n > N, where
N € N is a number that depends on €). In particular, if (M2) holds, we obtain that
{ptn, 2¥) —, (p,2") in probability and if (M3) holds we obtain (p,,2") —, {(u,2"*)
almost surely by the Lemma of Borel-Cantelli. This shows the theorem.

]

3.4 The Moments of the Semicircle Distribution

In random matrix theory, the probability measure that appears as the limit of the em-
pirical spectral distribution is typically the semicircle distribution as defined in Defini-
tion [2.38 What we mean by typically is that it appears in Wigner’s semicircle law,
Theorem [2.42], which is the easiest non-trivial random matrix ensemble, for it has stan-
dardized entries which are independent up to the symmetry constraint. It is safe to say
that the role of the semicircle distribution in random matrix theory is as large as the
role of the standard normal distribution in probability theory. To remind the reader, the
semicircle distribution o is the probability measure on (R, B) with Lebesgue-density f,
where

fo:R — R
1
r — f,(x) = %\/4—#]1[,272}(20).

Since we would like to apply the method of moments to random matrix theory, we will
proceed to derive the moments of the semicircle distribution. As it turns out, we will
obtain that (o,2°) = 1, so that o is identified as a probability measure, which we still
owed to the reader.

Lemma 3.8. The moments of the semicircle distribution o are given by

[

mg = { 2! (3.2)

w2 for k € Ny even,
0 for k € Ny odd.
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3.4 The Moments of the Semicircle Distribution

Proof. We follow the sketch in [6, p. 7]. To this end, note that the integrand is compactly
supported and bounded. Further, for odd k the integrand is odd, so the statement follows
for odd k. For even k, we obtain the statement by the following calculation:

mg = % _22 "4 — 22d
:%f/émﬁwmﬁ@w
_ 2’:1 / sin‘“<¢>(k1+—1cos2(¢>> a6
zi{/iii%%wzj{/imﬁﬁffawdﬁ

2

where we used the substitution x = 2sin(¢) in the second step and integration by parts
in the third, where the factor to be integrated is sin” cos. It follows

2k+1 3

my = Fion /_ sin®(¢)do.

jus
2

In particular, for £ = 0 we obtain m§ = 1, so o is indeed a probability measure. For all
k > 2 even we calculate

9k+1 3
= G | SO0 - o @)s

- ﬁ (/2 sin* 2 (¢)d¢ — /2 sin® =2 (¢) COS2(¢)d¢>

3 3
2FL w(k—1)
= m
(k+2)r 2k-1 T2
4k-1)
T kg e

where in the third step we used the calculation from the beginning of the proof with k —2
instead of k. Using this recursion with mJ = 1, we can prove

k!

Vk e Nyeven: mj = ———.
El(E +1)!

To this end, using induction, the statement is clear for £ = 0, and if it is known for some
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3 The Method of Moments

k > 0 even, then we calculate

" 4k+1) . 4k+1) K ! (k+2)!
Myy2 = k4 my = =

EE+r E4+DIE+2)
*mi (1) (o ):k
& (k+2)(k+4) = (k+2)(

and the last statement is true.

The values of the even moments of the semicircle distribution carry a special name:

Definition 3.9. The Catalan numbers are elements of the sequence of natural numbers
(Gk)keNo s where

(2k)!
El(k+ 1)1

Combining the results of Lemma with the definition of the Catalan numbers, we
obtain for the sequence (mg)ken, of the moments of the semicircle distribution:

VkeNy: Cp =

- {Gk/g for k even, (3.3)

mk =
0 for k odd.

But the Catalan numbers are not only the (even) moments of the semicircle distribution.
They also appear as the solution to various combinatorial problems, see [45] or [58], for
example.

3.5 Application of the Method of Moments in RMT

So far we have pointed out what the method of moments is and how it works. Now we
want to build the bridge to random matrix theory. To this end, we need the following
observation, where as before, K € {R, C}:

Lemma 3.10. Let n € N and X € SMat,(K), then we obtain for all k € N:

n n

S =Xt = Y X(t, 1) X (o, ts) - - X (ks 1)

=1 t1,.eey tr=1

Proof. The second equality is clear. For the first equality, note that since X € SMat,, (K),
by Lemma [2.32] there exists an invertible matrix S € Mat, (K) so that X = S™!DS,
where D = diag(\, ..., \X). Then

Xt =85"'DS-S'DS-....S7'DS = 5"'D"S = S diag (A", ..., (A)F) S.

TV
k factors
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3.5 Application of the Method of Moments in RM'T

With Lemma [2.31] we obtain

n

tr(X*) = trdiag (W), ..., (A)F) =Y (WO~

i=1
[l

Corollary 3.11. Let (X,), be a sequence of random matrices with corresponding ESDs
(0n)n- Then for all k € N we find

n

1 1
(o a®) =—tr X == 3" Xu(ti, t2)Xulta, ts) -+ X(ti, th). (3.4)
n

n

Proof. Using Lemma [3.10, we calculate:

IR 1 IR
<O-n7xk> = E Z()\;Xn)k = Eteri = E Z Xn(tl7t2)Xn<t25t3) o Xn<tk>t1)
i=1 t1yest=1

]

The next theorem will be of use in highly explorative settings, where the target dis-
tribution is not known (or assumed) yet. This is the very first step in showing that the
ESDs of random matrices converge to a probability measure. To clarify terminology that
we use, if Y is a K-valued random variable, where K € {R,C}, and if p € Ny, then we
call E|Y'|? the p-th absolute moment of Y. Further, we say that Y has absolute moments
of all orders, if E|Y|P < oo for all p € Ny. Note that Y is integrable iff its first absolute
moment exists.

Theorem 3.12. Let (0,), be the empirical spectral distributions of random matrices
(Xn)n, whose (K-valued) entries have absolute moments of all orders. Then if

VkeN:E (o, z") — my,

n—00

where (my) is a sequence of real numbers that satisfy the Carleman condition (cf. The-
orem[3.3), then (0y,), converges in expectation to a probability measure yu on (R, B) with
moments (mg)y.

Proof. This follows with Theorem [3.7] since by Corollary for each k € Ny, the k-th

random moment is given by

1 n
<O-n7'rk> = ﬁt Z Xn(t17t2)Xn<t27 t3) Tt Xn(tk,tl),

,,,,, tr=1

which is a real-valued random variable whose expectation is finite, see the following
Lemma [3.13] O
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3 The Method of Moments

Lemma 3.13. Let Yy, ..., Y) be K-valued random variables such that E|Y;|* < oo for all
ie{l,...,k}, then
E[Y1Ys Y| < max E[Yi[*

Proof. This follows with a repeated application of Holder’s inequality, see [41, p. 31]. O

We remind the reader that convergence in expectation is a necessity for stronger con-
vergence types, see Theorem [2.29 Therefore, Theorem [3.12] is really the basis for any
explorative analysis. The next Theorem will be of use either after Theorem has been
applied or if a priori, one has the target distribution of the ESDs in mind, for example if
one wants to show a semicircle law.

Theorem 3.14. Let (0,), be the empirical spectral distributions of Hermitian random
matrices (X, )n, whose entries have absolute moments of all orders. Denote by p a prob-
ability measure which is uniquely determined by its moments (cf. Theorem . Then

i) o, converges to y weakly in expectation, if

Vk€N:E{o,,a") — (u,a"),

n—oo

ii) o, converges to u weakly in probability, if i) holds and for some z € N:

VkeN:E|(0n,2") — E{0,,2")|" — 0,

n—oo

iii) o, converges to u weakly almost surely, if i) holds and for some z € N:

VkEeN:E |<an,xk> — ]E<0n,xk>|z —— 0 summably fast.

n—oo

Proof. This is a direct consequence of Theorem [3.7] considering that since matrix entries
have moments of all orders, Corollary and Lemma [3.13] imply that expected random
moments and all other expectations are well-defined and finite. O

Next, as an application, let us discuss the proof strategy behind Wigner’s semicircle
law, Theorem [2.42) where we restrict our attention to convergence in probability:

Example 3.15. Consider the setup of Theorem [2.42] Let (m)ren denote the moments
of the semicircle distribution, then we can use Theorem and show that

1. For all £k € N:

n

> Ealty, to)alts ts) - - alty, t1) — my.
t1,..te=1 nree

1

E <0’n, ZL‘k> = W

2. For all k£ € N:

20



3.5 Application of the Method of Moments in RM'T

This will imply statements i) and ii) from the preceding theorem with z = 2, thus the
semicircle law in probability.

This is also exactly what is shown in [6], as can be seen from their Lemma 2.1.6 in
combination with the proof of their Lemma 2.1.7. However, although Theorem
yields that above points 1 and 2 suffice for weak convergence in probability, in [6] further
cumbersome calculations are carried out, utilizing the compactness of the support of the
semicircle distribution, which can be observed on their pages 10 and 11.
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4 Random Band Matrices with
Correlated Entries

4.1 Introduction and Setup

We will start by following up on the publication [37]: In their 2015 paper, Hochstéttler,
Kirsch and Warzel defined a new scheme of random matrices they called almost uncorre-
lated. The entries in these matrices are allowed to exhibit a certain correlation structure.
For an almost uncorrelated ensemble, they showed convergence of the empirical spectral
distribution to the semicircle law weakly in probability. Naturally, it remained to investi-
gate if convergence also holds almost surely. In this part of the thesis, we will provide a
positive answer, using the method of moments. Further, we generalize this result to also
be valid for band matrices. To be more precise, we study random band matrices whose
entries are almost uncorrelated. We show convergence of the ESDs in probability and
also almost surely, where for the latter result, a minimum growth rate of the bandwidth
of the band matrices seems indispensable. In addition, for non-periodic band matrices,
we will define a new parameter called ”halfwidth” on which convergence statements will
depend. As a special case, we will also obtain almost sure convergence of the ESDs of
band matrices with independent entries to the semicircle distribution.

To achieve our results, new combinatorial ideas must be developed, and the original
definition of almost uncorrelated schemes is slightly altered to be aligned with the new
combinatorial arguments. The underlying model introduced in this thesis will be called
a-almost uncorrelated to distinguish it from the 2015 ensemble and to place emphasis
on the model parameter o. Here, @ is a parameter which controls the correlation in our
ensemble. A smaller « is associated with large correlations and vice versa.

In 2015, the driving motivating factor for the analysis of almost uncorrelated random
matrices were random matrices whose entries are Curie-Weiss distributed. Curie-Weiss
distributed random variables are exchangeable, whereas the general definition of almost
uncorrelated schemes also admit non-exchangeable families of random variables. The up-
dated ensemble in this thesis will still admit Curie-Weiss distributed matrix entries, but
also non-exchangeable variables. In fact, we will present a new example of almost un-
correlated random matrices, which are filled with not necessarily exchangeable correlated
Gaussian entries.

Chapter [4] of the thesis is organized as follows: Right after this introduction, we will
develop the underlying scheme of random matrices, which we call a-almost uncorrelated.
We will also introduce the structure of periodic band matrices. In Section we will
begin by stating our main result for periodic band matrices, Theorem [£.9] This theorem
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4 Random Band Matrices with Correlated Entries

will be formulated in a rather general manner. Therefore, it will be important to draw
simple corollaries that exemplify the reach of the theorem. The remainder of the second
section will be devoted to examples of a-almost uncorrelated triangular schemes, namely
those with Curie-Weiss distributed and Gaussian entries. We will also elaborate on the
connection to the previous almost uncorrelated scheme developed in [37]. Section
is devoted to the proof of Theorem In the section that follows, Section [4.4] we
will extend our results to non-periodic band matrices. To do so, we will formulate a
rather general theorem, which allows us to conclude asymptotic equivalence of ESDs of
periodic and non-periodic random band matrices, hence might also be of general interest.
Section is devoted to auxiliary statements that we need for our proofs. A part of this
chapter is already available as a preprint in [30].

Almost Uncorrelated Triangular Schemes and Band Matrices

As usual in random matrix theory, one first defines a sequence of underlying random
matrices and then alters it in such a way (e.g. through rescaling), that a non-trivial limit
of the empirical spectral distribution can be proved. To do this, we use the concept of
triangular schemes. As before, for n € N we will denote by [J,, the "square of index pairs”
of dimension n, the set {1,...,n} x {1,...,n}.

Definition 4.1. Let (22, A4, P) be a probability space, and for all n € N let {a,(p,q) :
(p,q) € O,} be a family of real-valued random variables. Then we call the sequence
(an)nen a triangular scheme, if it is symmetric, that is, if the following holds: Vn € N :

Y (p,q) € Op : an(q,p) = an(p; q)-

A triangular scheme received its name due to the fact that it is completely determined
by fixing the upper right triangle including the main diagonal. We have already seen
an example of a triangular scheme, namely the Wigner schemes as in Definition [2.40]
To identify entries in a triangular scheme which are different taking the symmetry into
account, we make the following definition:

Definition 4.2. We will call two pairs of numbers (a, b), (c,d) € N? fundamentally equal,
if {a,b} = {c,d} and fundamentally different, if they are not fundamentally equal, that

is, if {a,b} # {c,d}.

We will now define a-almost uncorrelated triangular schemes. These are the underlying
and non-scaled random matrices that we study in this chapter. Notationally, we will
denote by #M the cardinality of the set M.

Definition 4.3. Let (a,)nen be a triangular scheme and o > 0. Then we call (a,)nen
a-almost uncorrelated, if for all fixed N,l € N and fundamentally different pairs (p1, q1),
ooy (p1,q) in Oy we have

(AAU1) Distinct decay and boundedness condition: For all dy,...,d, € N we have

Cas1,..8)

. o, .. o
Vn Z N : ‘Ean(plach) an(prl) | S na-#{iE{l,...,l}Mi:l}’

(4.1)
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4.1 Introduction and Setup

(AAU2) Second moment condition:

Yn>N: |Ea,(p1, 1) an(p,q)* — 1] < CY, (4.2)

and strongly a-almost uncorrelated, if additionally it holds:

(AAU3) Fourth moment condition:
V>N [Ban(p,a)' - (an(p2, 02)? - an(p @)’ = 1) < DY, (4.3)

Here, ® is a function that assigns to (d1,...,60;) a (01 + ... + ¢;)-vector, where the m-th
element is given by

(D(B1s .., 0))m = #{i € {1,...,1} : 6; = m}.

Especially, all constants of the form Cg s, 5,) do not depend on n. Further, the sequences

of the form (C’,(ll))n and (Dg >)n shall be non-negative real sequences that converge to zero
and depend on only on [. Further requirements about their convergence speed to zero will
be made in the statement of the main theorem.

Note that in above definition, the conditions , and do not make sense
for all n € N, but only for those n large enough so that the factors a,(p;, q;) exist, that
is, n must be larger than all the p;’s and ¢;’s. This is precisely the role of the number
N. That is, first an N is fixed, then pairs (p;,¢;) € Oy are fixed, and then the three
conditions are formulated for all n > N. Note also for condition that by convention,
empty products shall have the value 1, so that the case [ = 1 in that condition is trivial.

The properties of the entries of an almost uncorrelated triangular scheme are manifold,
but let us mention a few of them: In general, entries need not be independent, and they
need not have zero expectation nor unit variance, but they do so asymptotically. Further,
(AAU1) quantifies the correlation decay between the variables. It is required that for
each single factor in the product of the random variables, we obtain an increase of the
decay rate of their expectation by n®. A small value of a will thus lead to slowly decaying
correlations whereas a large value will lead to a fast decay of correlations within the
random matrices. Additionally, (AAU1) yields bounded moments of any order, uniformly
over all random variables of the scheme. The second moment condition (AAU2) is to
be interpreted as an extension of the requirement that asymptotically, matrix entries
should have unit variance. Lastly, let us turn to condition (AAU3). One way to interpret
(AAU3) is that a fourth power should not hinder the product of squares to converge to
1 in expectation, as postulated in (AAU2). Further, it is clear that (AAU3) is satisfied
when we have standardized independent entries, so we require this property to carry over
to the correlated case. Indeed, all examples of random matrices treated in this text will
satisfy (AAU3). Further, it should be noted that in many results we obtain, condition
(AAU3) is not needed, and this will be pointed out at the appropriate places by requiring
either an a-almost uncorrelated or a strongly a-almost uncorrelated triangular scheme.
A sufficient condition which helps to verify (AAU3) in practice is given in Lemma [4.1§
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4 Random Band Matrices with Correlated Entries

Although more involved examples will be discussed in the next section, we would like
to give the simplest example a-almost uncorrelated schemes, namely Wigner schemes as

in Definition 2.401

Lemma 4.4. Let (a,), be a Wigner scheme, then (ay), is strongly a-almost uncorrelated
for any a > 0.

Proof. We need to prove that the triangular scheme (a, ), as in the statement satisfies the
conditions (AAU1), (AAU2) and (AAU3). To see this, pick N,l € N and fundamentally
different pairs (p1,q1), ..., (p,q) in Oy. Due to independence and unit variance, the
left hand sides of and will vanish. Therefore, we can set oV .= DY .= 0 for
all n € N. To check , denote by (L,)pen the uniform bounds on the respective p-th
absolute moments of the variables a,(i, j), as given in Defintion 2.40] Let d,...,8 € N
be arbitrary. Due to independence end centrality, we can set Cgs,,..5,) = 0 whenever
®(01,...,0;)1 > 1, since then the left hand side of vanishes. On the other hand, if
®(01,...,0)1 = 0, then set Cys,,..s,) = Ls where § == 01 + ... + 6. Then for all n > N
we obtain

’EGWL(pla Q1>61 e an(plv QI>5Z| S max {Ela/n(pla q1>|67 o 7E’a‘n(pl7 Ql)|6} S L5 == Cq)((h,...,(sl)v

where we used Lemma In both cases whether there are single factors or not, we
obtain validity of (4.1]) with the constants we defined and for all a > 0. O]

Thus far we constructed the underlying sequence of a-almost uncorrelated triangular
schemes. Since in this section we want to derive conclusions about the ESDs of periodic
band matrices, let us obtain a first intuition about their structure. A 6 x 6 periodic band
matrix M with bandwidth 3 has the structure

T11 T1,2 0 0 0 x1,6
To1 Too X2z 0 0 0
0 32 w33 234 0 0

M =
0 0 T43 T4a4a T4 0

0 0 0 .1'5’4 £K575 £C576
r6p 0 0 0 we5 wep

whereas with bandwidth 5 we obtain the structure

Ti1 Tig 13 0 x5 Tig
To1 T2 T23 T24 0 T2.6
Moo | T3 Ta2 T3z Tza Ts 0
0 Tu2 Ta3 Taa Tas Tagp
Ts5,1 0 T53 Ts54 Ts5 Tse

Te,1 Te,2 0 T4 Tes L6,6

Loosely speaking, the bandwidth is the width of the diagonal in the middle of the matrix.
It is also the number of permitted non-trivial entries in each row of the matrix, and the
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4.1 Introduction and Setup

number of non-vanishing diagonals in the upper right triangle of the matrix, including
the main diagonal.

We make the observation that the concept of a "bandwidth” makes sense for each odd
natural number smaller than n, or for n itself (regardless if n is odd or not), in which case
we obtain the full matrix. This motivates the following definition.

Definition 4.5. Let n € N be arbitrary, then a number b,, € N is called (n-)bandwidth,
if b, € {b <n|bodd}U{n}.

Further, given an n X n periodic band matrix with bandwidth b,,, we want to be able to
identify index pairs (i, 7) which are relevant, that is, whose matrix entries do not vanish
identically due to the band structure.

Definition 4.6. Let n € N and b, be a bandwidth, then an index pair (i,j) € 0O, is
called b, -relevant, if

b, — 1 b, — 1

o o
e R R

or if b,, = n.

A simple observation is that if n € N and b, is a bandwidth, then there are exactly n-b,
relevant index pairs in [,,, since there are b, non-trivial entries per row of the matrix.

Given any n X n matrix, we can convert it into a periodic band matrix with a given
bandwidth b,, by dropping the non-relevant entries:

Definition 4.7. Let (a,), be a sequence of arbitrary n x n-matrices (for example, a

triangular scheme) and b = (b,), be a sequence of n-bandwidths, then we define the

periodic band matrices a® as

an(i,j) if (4,7) is by-relevant

VneN:V(i,j) €O, d(i,j) =
(i) (i) {0 otherwise.

Definition 4.8. Let (2,4, P) be a probability space, (a,)nen a triangular scheme and
b = (by)n a sequence of n-bandwidths.

1. We say that a sequence of random matrices (X, ),en is based on the triangular
scheme (@, )nen, if for all n € N we have:

i) X, has dimension n X n.

2. We say that a sequence of periodic random band matrices (X,,),en is based on the
triangular scheme (a,)nen with bandwidth b, if for all n € N we have:

i) X, has dimension n x n.

i) Xu(p,q) = z=an(p.@) V(p.q) € On.

57



4 Random Band Matrices with Correlated Entries

Please note in point 2 of the above definition that if b,, = n for all n, we obtain for all

n that
1

NG
since we are considering the full matrices. Thus, in case of full bandwidth, we are actually
dealing with "un-banded” random matrices. In particular, the first part of Definition

is encapsulated in the second. Nevertheless, we grant the first part of the definition its
own place, since it is the most common way to construct and rescale random matrices.

Xn(p,q) = —=an(p,q) Y (p,q) € O,,

4.2 Results and Examples

Now, let us turn to the main theorem of this chapter and draw some corollaries. The
corollaries will be proved immediately, whereas the lengthy proof of the main theorem
will be postponed and carried out in Sections |4.3.1] 4.3.2]and [4.3.3] We remind the reader
that Wigner schemes are defined in Definition [2.40]

Main Result and Corollaries

Theorem 4.9. Let (ay), be an a-almost-uncorrelated triangular scheme, b = (by,), be a
sequence of n-bandwidths with b, — oo and (X,,), be the periodic random band matrices
which are based on (ay), with bandwidth b. Then we obtain the following results:

1. Ifa > %, then the semicircle law holds for (X,,), in probability.

2. If a > 3, b3 is summable over n and all entries of (ay), are {—1,1}-valued, then
the semzczrcle law holds almost surely for (X, )n.
3. If (an)n is even strongly a-almost-uncorrelated with o > 5, and the sequences b%,
1 L DY and C are summable over n, then we obtain the semicircle law almost surely

fOT( n)n-

4. If (an), is @ Wigner scheme and if (— —)n is summable, then we obtain the semicircle
law almost surely for (X, )n.

Remark 4.10. Before we proceed, let us elaborate on the requirements in statement 3 of
Theorem. Flrstly, the requirement that 1 be summable entails that the bandwidth has

to exhibit a certain minimal growth. This condltlon is satisfied, for example, if b,, ~ nate
for some € > 0, where ~ denotes asymptotic equivalence of sequences, e.g. by, /n'/>T¢ — 1.

Secondly, iDT(Ll) should be summable which displays the importance of some conver-

gence rate in the fourth moment condition. If DY ~1 /n, then we will always have that

1
b3

considering the full bandwidth model b, = n, then DY ~ 1 /n for some € > 0 will suffice.

iDg) is summable, since is assumed summable already. On the other hand, when
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4.2 Results and Examples

As becomes obvious in the last remark, the main theorem is a ”multi-dimensional”
statement. Therefore, with help of the next corollaries, we look at some important special
cases of the theorem, where certain model parameters are fixed.

The first corollary will deal with the full matrix model without erased diagonals.

Corollary 4.11. Let (a,), be an a-almost-uncorrelated triangular scheme and (X,), be
the random matrices which are based on (ay),. Then we obtain the following results:

1. If a > 3, then the semicircle law holds for (X.,), in probability.

2. If « > & and all entries of (an)n are {—1,1}-valued, then the semicircle law holds
almost surely for (X, )n.

3. If (an), is even strongly a-almost-uncorrelated with o > % and the sequences cV and

%Dg) are summable over n, then we obtain the semicircle law almost surely for

(Xo)n-
4. If (an)n is a Wigner scheme, then we obtain the semicircle law almost surely for
(Xo)n-
Proof. Immediate from Theorem [£.9 considering b, = n. O

Note that statement 4 of the last corollary is Wigner’s semicircle law. The next corollary
will deal with a bandwidth increasing proportionally to n.

Corollary 4.12. Let (ay), be an a-almost-uncorrelated triangular scheme, b = (b,), a
bandwidth that grows proportionally with n, that is, there is a p € (0, 1) such that b, ~ p-n.
Let (X)), be the periodic random band matrices which are based on (a,), with bandwidth
b. Then we obtain the following results:

1. If a > %, then the semicircle law holds for (X.,), in probability.

2. If a > 5 and all entries of (ay), are {—1,1}-valued, then the semicircle law holds
almost surely for (X, )n.

3. If (an)n is even strongly a-almost-uncorrelated with o > % and the sequences C’,(ll) and

%Dg) are summable over n, then we obtain the semicircle law almost surely for

(X )n-

4. If (an)n is a Wigner scheme, then we obtain the semicircle law almost surely for

(X )n-

Proof. This follows from Theorem[4.9} Statement 1 holds since surely, b, — co. Statement
2 holds since big is summable, which follows from

1 n)d 1
Zb_gzz(l?b? e

neN " neN
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4 Random Band Matrices with Correlated Entries

and the sequence (p ;;)3 is bounded. Statement 3 follows since b% is summable which follows
from ! "
1« @n)? 1
Z 2 Z 2 2n?
neN T neN n
and the sequence e I;Z)Q is bounded. In addition, %Dg) is summable since
1 p-n 1
—p0 — .— DO
2 V=2 5= 50
neN neN
and the sequence ’;’—: is bounded. Statement 4 holds since % is summable due to
1 p-n 1
P i Dl e
neN neN
where the sequence IZ'—: is bounded. H

We will now introduce some examples of a-almost uncorrelated triangular schemes. An
application of Theorem will then allow conclusions regarding the asymptotic behavior
of the ESDs of the random matrices which are based on these schemes.

Curie-Weiss Ensembles and Relations to Previous Work

The previous work on almost uncorrelated ensembles in [37] (where these ensembles were
invented) was motivated by random matrices with Curie-Weiss distributed entries. Let
us recall their definition of almost uncorrelated triangular schemes:

Definition 4.13. A triangular scheme (a,)qen is called almost uncorrelated, if for all
N € N we have:

(AU1) Distinct decay and boundedness condition:

I,m

Vn > N: [Ea,(pr, 1) - an(pr, @) an(Pres, @) - - n(Prsm, Gem)| < T

(AU2) Second moment condition:

Vn 2 N : |Ean(p1aq1)2 o 'an(plaQZ)Q - 1| S Kg)

for all sequences of pairs (p1,q1), -, (Pitm, @em) in Oy, where [;m € Ny, so that
(p1,q1)s -+, (01, ) are fundamentally different from all other pairs of the entire sequence
(P1,q1)s - -+ (Pram, ql+m)[| Further, the constants K, are non-negative real numbers that

only depend on [ and m, and for all [ € Ny we have that (K,(ll))neN is a non-negative real
sequence that converges to zero.

!To clarify, that means, for example, that (ps,q2) is fundamentally different from the pairs
(p1> ql)a (p37 q3)7 (p4a Q4)a ey (pl+m7 ql+m>-
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4.2 Results and Examples

How is this definition related to Definition [4.3| on page On the one hand, notice
that (AU2) and (AAU2) are the same. On the other hand, clearly, (AAU3) is a new
condition, which we had to introduce to derive statement 3 of Theorem 4.9l But what
about (AU1) and (AAU1)? In (AU1), the decay gain per single factor is set to n'/2
whereas in (AAU1) this decay gain is n® for some o > 0. Again, this flexibility was
introduced to derive statement 3 of Theorem The following lemma sheds light on the
relationship between (AU1) and (AAU1), and between almost uncorrelated and a-almost
uncorrelated schemes.

Lemma 4.14. A triangular scheme (a,,), satisfies condition (AU1) if and only if it sat-
isfies condition (AAU1) with o = 5. In particular, (ay), is almost uncorrelated iff it is
%—almost uncorrelated.

Proof. Due to the discussion preceding this lemma, we only need to show the first state-
ment. We first show "=": Pick N € N and an n > N arbitrarily. Then, pick an [ € N,
d1,...,0; € N arbitrarily. Next, pick fundamentally different pairs (p1,q1),..., (p,q) €
Oy arbitrarily. Define the two numbers

a=#{iec{l,.. . 1}6=1}

b= 0

1:0;#1
Then we have for all n > N by condition (AU1):

and

Ean(p1, q1)™ -+ - an(p, @)

We observe that the numbers a and b only depend on the multiplicities of the values in
the tuple (d1,...,6;). Therefore, setting

Cow,,..00) = Kap

will be well-defined.
Now, we show "<«<=": Pick N € N and an n > N arbitrarily. Then, pick [,m € Ny and

pairs (p1,q1), - - - (D1, @)y (Prv1, @41)s - - -5 (Prym, @ym) € O arbitrarily, so that the pairs
(p1,q1), - - -, (P, i) are fundamentally different from all other pairs in the sequence

(p1.@1), - (P @)s P11 Q1) - - - s (Prgms @em)- Then define the finite set

r<l+m, #{i:(si:uzz,zfsjzum}

j=1

and the number
K =max{C : C € S(l,m)U{1}}.
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4 Random Band Matrices with Correlated Entries

which is well-defined, since it only depends on the numbers [ and m and the set S(I,m)
surely is finite. Then, by (AAU1) we will have for some C' € S(I,m) that

C < Kim
1= pl/27

\Ea,(p1,q1) - - an(0i, @) an(Prs1s Q1) -+ @ (Ditms Qm) | <

N

n

which we needed to show. O
The lemma we just proved yields the following corollary:

Corollary 4.15. Let (X,,), be the sequence of periodic random band matrices which is
based on an almost uncorrelated triangular scheme (ay,), with bandwidth b = (by,).,.

1. If b, — o0, then the semicircle law holds for (X,), in probability.

2. If z is summable over n and all entries of (ay), are {—1,1}-valued, then the semi-
circle law holds almost surely for (X, ).

Proof. The corollary follows directly from Lemma and Theorem n

We will now introduce our first example of a-almost uncorrelated triangular arrays,
namely those filled with Curie-Weiss distributed random variables. We refer the reader
to [41] for a rigorous treatment of the properties of the Curie-Weiss distribution.

Definition 4.16. Let n € N be arbitrary and Y;,...,Y,, be random variables defined
on some probability space (€2, 4,P). Let § > 0, then we say that Y3,... Y, are Curie-
Weiss(3,n)-distributed, if for all yy,...,y, € {—1,1} we have that

1 B 12
IP(}/lzyh,Yn:yn): Zﬂ egn(zyl)

where Z3, is a normalization constant. The parameter 3 is called inverse temperature.

The Curie-Weiss(3,n) distribution is used to model the behavior of n ferromagnetic
particles (spins) at the inverse temperature 5. At low temperatures, that is, if § is large, all
magnetic spins are likely to have the same alignment, resembling a strong magnetic effect.
On the contrary, at high temperatures (if § is small), spins can act almost independently,
resembling a weak magnetic effect.

Theorem 4.17. Let 0 < 8 < 1 and let for eachn € N the random variables (G, (i, 7))1<i j<n
be Curie-Weiss(B3,n? )-distributed. Define the triangular scheme (ay,), by setting

P N
VneN: V(i) €Oyt anlig)={ s Fis
an(j,i) if i > j.
Let (X,,), be the random matrices which are based on (ay),. Let b = (b,), be a sequence
of n-bandwidths and (Y,), be the periodic random band matrices which are based on (ay),

with bandwidth b. Then the following statements hold:
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4.2 Results and Examples

i) The triangular scheme (ay), is almost uncorrelated.
it) The triangular scheme (a,)y, is 3-almost uncorrelated.
iii) The semicircle law holds for (X,), almost surely.
i) If b, — 00 as n — oo, then the semicircle law holds for (Y,), in probability.
v) If % is summable over n, then the semicircle law holds almost surely for (Y, ),.

Proof. In [37] it was shown that (a,), is almost uncorrelated, where we also refer the
reader to [41] for technical details. This shows i), and ii) follows with Lemma [4.14]
Statements iii), iv) and v) follow with Corollary or Theorem [4.9] O

Correlated Gaussian Entries

We will now study random matrices filled with correlated Gaussian entries. By placing
quite natural conditions on the covariance matrices of the entries with dependence on a
parameter o > 0, we will then obtain a-almost uncorrelated ensembles. In other words, a-
almost uncorrelated ensembles appear quite naturally when studying correlated Gaussian
ensembles. Since we are interested in semicircle laws both in probability and almost
surely, we will need condition (AAU3). To validate (AAU3) in practice, we formulate the
next lemma.

Lemma 4.18. Let (a,)nen be a triangular scheme and suppose that there exists a K € R
such that for all [, N € N and fundamentally different pairs (p1,q1),-- -, (p, q) in On we
have that )

Vn > N: |Ean(p1,q1)*an(p2, ¢2)* - - an(pr, )* — K| < DY, (4.4)

where for each | € N, ([Dg))n is a sequence converging to zero. Then (AAUS3) is also
satisfied with constants DY = p + PV

Proof. We calculate

\Ean(p1,(]1)4 : (an(anQQ)Q e 'an(plaQZ)2 - 1)|
<|Ean(p1, q1) an(p2, @2)* - - - an(pr, @1)* — K|+ [Ean(p1, ¢1)* — K|
< DY+ DY

[]

What follows is a generalization of the author’s work in [31]. New ideas had to be
incorporated for the proceedings in the present exposition. Notationally, we define

VneN:[n|={Ll...,n}

Further, for any o > 0 we denote by CovMat(«) the set of all sequences (%,,),, where for
each n € N, ¥, is a real symmetric n x n matrix with the following properties:
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4 Random Band Matrices with Correlated Entries

i) ¥,(i,4) = 1 for all i € [n],
i) |X,(2,7)] < 1/n“ for all i # j € [n].
iii) X, is positive definite.

Note that if & > 1, then any symmetric n x n matrix A satisfying above conditions 1)
and ii) will already be positive definite, since then, A will be strictly diagonally dominant
with strictly positive diagonal entries. We refer the reader to [49] for details.

To give examples, if (3,,),, € CovMat(1), then for n = 4 we could have

1 1 1
L
17 101
14 4 4
Ya=|1 1 | 1
O S
i1 1 1
or 1 1 1
L =5 =5
T L
— | 4 7 8
Yg=| 4 o1 7 1
?7 9
i 1 1 9
6 8 9

In the following, we would like to define the multi-dimensional normal distribution and
list some of its properties, where we followed the exposition in [44].

Definition 4.19. Let n € N and ¥ be a positive definite real symmetric n x n matrix,
p € R™. A random vector Y = (Y3,...,Y,) on a probability space (2, A, P) with values in
R"™ is called n-dimensional normally distributed with expectation p and covariance matrix
¥, if its distribution P(¥») has Lebesgue density fux with

Vy eR": fuxn(y) = (27r)idet(2) exp (—% =T (- u)) :

where for a (column) vector z € R™ we denote by 2" the transposed vector (thus a row
vector). In this case, we write Y ~ N (u, 2).

Theorem 4.20. Let n € N, ¥ be a positive definite real symmetric n X n matriz and
w € R From (Yy,...,Y,) ~N(u,X) it follows:

i) Forall j € [n]: EY; = p;.
i) For all (i,7) € O, : Cov(Y;,Y;) = 2(i, ).
i) For all j € [n]: Y; ~ N(uj, 2(4,7)).
Proof. This is part of Theorem 15.53 in [44], page 327. O

Next, we would like to be able to compute the expectation of an arbitrary product of
multi-dimensional normal random variables.
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4.2 Results and Examples

Theorem 4.21. Letn € N and X be a positive definite, real symmetric n X n matriz. For
the real-valued random variables Yy, ..., Y, on (Q, A, P) it is assumed that (Y7,...,Y,) ~
N(0,,%) (where 0, is the n-dimensional vector containing only zeroes). Then for all

ke N andi(1),...,i(k) € [n], we have that

EYiy Y= >, ] YYo= D> ][ =(

w€PP (k) {r,s}en w€PP (k) {r,s}en

where PP(k) denotes the set of all pair partitions on {1, ..., k}. Especially, we obtain for
k odd that
EY;q) - Yiw = 0.

Proof. This theorem is known as ”Wick’s theorem” or ”Theorem of Isserlis”. It can be
found in [47] or [38]. O

Example 4.22. Let o > 0 be arbitrary and let us construct an example of a strongly
a-almost uncorrelated matrix ensemble, where the sequences (C\), and (DY), can be
chosen to be summable if @ > 1/4.

The triangular scheme will be filled with normal random variables. Due to symmetry,
it suffices to specify the right upper triangle of each a,, in the triangular scheme (a,)nen
now to be defined. For each n € N, there are at most n? such entries. Fix a sequence
(X,)n € CovMat(a). We will endow the right upper triangle of each a,, with variables from

a random vector (Y™, ..., Yn(gl ) ~ N (0,2, ,2), where different entries in the right upper

triangle of a,, will also receive different random variables out of the vector (Yl("), cees Yn(;l )).
To this end, for each n € N we fix an injection

on{(i,5) €0, i <5y —{1,...,n%}

and set for all (i,7) € O, with ¢ < j: a,(i,j) == Yé:gi’j). We will proceed in this way
for all n € N and obtain thus a completely specified triangular scheme (a;,)nen. To avoid
future technical difficulties, we extend for all n € N the domain of ¢, onto the whole
square [J,,, by setting for all (¢, 5) € O, with j < i: v,(7,7) == @n(7, 7).

Of course, what we have to prove next is that the triangular scheme (a,)nen, Which
we just constructed in Example [4.22] is indeed strongly a-almost uncorrelated as in Def-
inition on page so we need to check that the conditions (AAU1), (AAU2) and
(AAU3) hold. The next three lemmas will help us in this endeavor.

Lemma 4.23. Let a > 0 and (¥,), € CovMat(a) be arbitrary. Let | € N and then
01,...,0 € N, so that 61 + ...+ §; is even.
Letn € N and i(1),4(2),...,i(6; + ... + &) € [n?], so that

i(1) = ():...:i(él)

i(01+1)=... =16 + d2)

2(61+52+1) _Z(51+52+(53)
Z(51++5171+1)I:Z((51+—|—(5l)
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4 Random Band Matrices with Correlated Entries

but i(1), i(01 +1), ..., (61 + ... + &1 + 1) are distinct. Then we have

Z H S0 (i(r), i(s) S#PP(51+...+6Z)_

T€PP(61+...46;) {r,s}em

Proof. Each diagonal entry of 3,2 equals 1 and each off-diagonal entry lies in the interval
[—1/n?*,1/n*¥]. Let m € PP(61 + ...+ &;) be arbitrary, then we have that

H B2 (i(r),i(s))

{r,stemr
is a product of (d; + ...+ 0;)/2 entries of ¥,2. For each block {r, s} € 7 with i(r) = i(s)
we find X2 (i(r),i(s ) 1, and for each block {r,s} € m with i(r) # i(s) we obtain
2,2 (i(r),i(s))| < 1/n**. But now we have at least
#{i]0i =1}

2

blocks {r, s} in m with i(r) # i(s), since for any §; with §; = 1, the index i(d; + ...+ ;) is
unique among all indices and must therefore share a block with a different index. Then
in the worst case possible, the number of §;’s with §; = 1 is even and their corresponding
unique indices are all paired, yielding the bound above. Therefore,

#{il8;=1}
2

_ 1 1
[T eGohit) < () = mesen
{r,s}emn
and this bound holds for each 7 € PP(6; + ...+ d;), proving the lemma. O

Lemma 4.24. Let o > 0 and (X,), € CovMat(«) be arbitrary. Let n,z € N. Let
i(1),...,i(22) be in [n?], so that i(1) = i(2),i(3) = i(4),...,i(22 — 1) = (2z2), but
i(1),i(3),...,i(2z — 1) are pairwise distinct. Then it holds:

S T Beelitr).its) —1 g%fz).

Te€PP(2z) {r,s}en

Proof. First, let us repeat some observations that we already made in the proof of
Lemma [4.23] Each diagonal entry of the matrix ¥,2 equals 1 and each off-diagonal entry
lies in the interval [—1/n?* 1/n?**]. Now let m € PP(2z) be arbitrary, then we have that

is a product of z entries of ¥,2. For each block {r,s} € 7 with i(r) = i(s) it holds
Sn2(i(r),i(s)) = 1 and for each block {r, s} € 7 with i(r) # i(s) it holds |S,2 (i(r), i(s))| <
1/n«
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But now consider the pair partition my = {{1,2},{3,4},...,{22z — 1,2z}} € PP(2z2).
This is the only pair partition in PP(2z) that pairs the distinct pairs in i(1),...,i(2z).
In other words: [V{r, s} € my : i(r) = i(s)]. Thus

[T =e(itr),i(s) =1.

{T,S}Gﬂ'o

On the other hand, for each m € PP(2z) with 7 # 7 we find a block {r',s'} € m with
i(r") #i(s’), and then necessarily at least one further block {r”, s"} € 7 with i(r") # i(s"),
leading to

o 1
H 2,2 (i(r),i(s))| < e
{r,s}emr
There are at most #PP(2z) partitions 7 € PP(2z) with = # 7, which concludes the
proof. O

Lemma 4.25. Let « > 0 and (3,), € CovMat(a) be arbitrary. Let n,z € N and
i(1),...,i(22 + 2) be in [n?], so that i(1) = i(2) = i(3) = i(4),i(5) = i(6),i(7) =
i(8),...,i(2z2+1) =i(224+2), buti(1),i(5),i(7),...,i(22+ 1) are pairwise distinct. Then
it holds:

N #PP(2z +2)
Z H Sz (i(r),i(s)) — 3] < T
TEPP(22+2) {r,s}en
Proof. The proof is analogous to the proof of Lemma Here, the pair partitions
m = {{1,2},{3,4},{5,6},{7,8},...,{22+ 1,22 + 2}}

m = {{1,3},{2,4}, {5,6},{7,8}, ... {22 + 1,22 + 2}}
my = {{1,4},{2,3},{5,6},{7,8},..., {22 + 1,22 + 2}}

in PP (224 2) are exactly the pair partitions 7 in PP(2z+2) so that each block {r,s} € 7w
satisfies i(r) = i(s). Thus for every j € {1,2,3}, we obtain

[T =e(itr),i(s) =1.

{r,s}en;

On the other hand, we note that for each 7 € PP(2z+2) with m # 7; for all j € {1,2,3},
we find a block {r’,s'} € 7 with i(r") # i(s'), and then necessarily at least one further
block {r”,s"} € m with i(r") # i(s"), leading to
o 1
H 2,2 (i(r),i(s))| < e

{r,s}em

Surely, there are at most #PP(2z + 2) partitions 7 € PP(2z + 2) with © # x; for all
j € {1,2,3}, which concludes the proof. ]
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4 Random Band Matrices with Correlated Entries

Now we are ready to prove that the claims in Example 4.22] are true.

Theorem 4.26. Let a > 0 and (X,), € CovMat(a) be arbitrary. Let the triangular
scheme (ap)nen be constructed with respect to o and (3,), as in Example . Then
(@n)nen is strongly a-almost uncorrelated, and if o« > 1/4, then for alll € N, the sequences
07(11) and Dr(zl) can be chosen summable over n. Further, this property is tight in the sense
that (a,)nen need not be o/ -almost uncorrelated for any o > «.

Proof. To prove the first statement, we first want to specify the constants Cgs,....5,) in
(AAUL), which is readily done by setting Cas,,...s,) = #PP(d1 + ...+ ;). To prove the
bound in (AAU1) with these constants, we need only consider the case where 6; 4 ...+,
is even, since if d; + ...+ §; is odd, then the inequality yields 0 < 0 by Theorem [4.21] So
let N € N and [ € N be arbitrary, then choose arbitrary d1,...,6, € Nso that 6;+...4+ ¢

is even, then choose a sequence of fundamentally different pairs (p1,q1), ..., (p, ) € Op.
Then we have for all n > N that a,(p;, ¢;) = Yé:zphqi) for all i € {1,...,l}. Let us define

the indices i(1),4(2),...,i(d1 + ... + ;) through

i(1>’ Z.<2)7 s 7i(61> = Qpn(pl’ QI>
(01 +1),i(61 +2),...,i(01 + 62) = on(p2, ¢2)

2(51 + ...+ 51_1 + 1), e ,i<(51 + ...+ 51_1 + 51) = (,On(pl,ql).

Then the indices i(1),4(2),...,i(0; + ...+ d,) € [n?] meet the conditions of Lemma [4.23]
With this Lemma and Theorem F.21] it now follows:

|Ean(pr1, 1) - an(p2,42)™ .. anlpr, @)

e ) ) )
en(p1,91) ©n(p2,92) T on(Pr,a1)

_ (n) (n)

- EYz‘(l) o 'Y;(éﬁ...ﬂsl)

| X T St < PO )

w€PP(61+...40;) (r,s)ET

and thus (AAU1) with Cy(s,,.. 5, as we just defined.

Now let us turn to condition (AAU2), then we must choose appropriate sequences
(Cfll))neN for all I € N. For all I € N we set CV = #%652” for all n € N. Then these
sequences are summable over n iff @ > 1/4.

Now let N,I € N be arbitrary and (p1,q1),..., (p, @) in Oy be a sequence of funda-

mentally different pairs. Then we have for all n > N that a,(p;,¢;) = Y«ézzm @) for all
i €{1,...,l}. Further, the indices

(1(1),4(2),4(3),i(4),...,i(2l — 1),4(20))
= (Pn(P1, q1)s Pu(P1; @1)s Pn(P2; @2)s P (P25 G2)5 - - (D1 @)s (i, @1))
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4.2 Results and Examples

in [n?] meet the conditions of Lemma [4.24] With this lemma and Theorem it now
follows:

2 2
Eatn(pr, 1) an(pr @)” =1 = |E <Ysc§ngp1 q1)> <Yso(nzpzvql)> B 1’

_ (n)
= |EY,q) - Yz(m)

| T I el 1| < PR

TePP(2l) (r,s)em

_1‘

and thus (AAU2) with o = #PP(W) , as just defined above.

Now let us turn to condition (AAU3), then in accordance with Lemma we choose
a K € R and appropriate sequences ([)ﬁf))neN for all | € N. We set K := 3 and for all
I € N we set DY ::%forallnel\l.

Now let N,I € N be arbitrary and (p1,q1),..., (p, @) in Oy be a sequence of funda-
mentally different pairs. Then it holds for all n > N, that a,(p;,¢) = Y;E:gpi’qi) for all
i € {1,...,1}. Further, the indices

(i(1),(2),9(3),9(4), . .., i(20 + 1),i(2] + 2))
= (en(P1, 1), n(P1,@1)s (D1, @1), 20 (P15 1) Pn (D2, @), €0 (P2 42), ©n (D3, G3), 0 (D3, 43),
.- 790n(pl7 QZ)v Spn(ph Ql))

in [n?] meet the conditions of Lemma [4.25| With this lemma and Theorem it follows:
[Ean(pr, 1) an(p2, 02)* - - an(pr, @1)* — 3|
4 2 2

_ (n) (n) (n) _

= |E (Yson(m,m)) (Yson(pz,qz)> o (Ywn(pz,qz)> 3‘

_gy®™ .. y®
= |EYiq)  Yigire) =3

=1 Y ] Ze(itr).i(s) -3 gw.

nio
TEPP(2l+2) (r,s)E™

and thus (AAU3) with D) = #PPCH2H#PPU) i here we used Lemma [4.18, Note that

for all { € N, the sequence DY is summable over n iff a > 1 /4.

To show the last statement, just assume that for all n € N and i # j € [n], 3,(¢,7) =
1/n®. Then surely, for all n € N, ¥, will be positive definite (since ¥, then is a sum of
a positive semi-definite matrix and a positive multiple of the identity matrix). Further
for all n > 2 we obtain |Ea,(1,1)a,(1,2)| = Ea,(1,1)a,(1,2) = 1/n% In particular, if
o > a is arbitrary, we will not find a constant C' such that |Ea,(1,1)a,(1,2)| < C/n® for
all n > 2, so (AAU1) cannot be satisfied with respect to o/, hence (a,), is not o/-almost
uncorrelated. O
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4 Random Band Matrices with Correlated Entries

Remark 4.27. Example features entries which are not necessarily exchangeable.
Therefore, the example shows that there are relevant models of non-exchangeable en-
sembles that fit the model of ”a-almost uncorrelated random matrices.” In addition,
Theorem shows nicely that a-almost uncorrelated ensembles appear naturally in
correlated Gaussian ensembles where all correlations between different variables are ab-
solutely bounded by 1/n®.

A part of the results of the following corollary have already been established in the au-
thor’s work [31], where full ensembles with specific correlation structures were considered
and only weak convergence in probability was derived. The results are now strength-
ened to be valid () almost surely, (ii) for band matrices, and (i7i) with the strongly
relaxed condition that correlations in non-normalized random matrices lie in the interval
[—1/n%*,1/n**] (when the matrix is of dimension n x n), without imposing an additional
structure. To the best knowledge and understanding of the author, these are novel results
when compared with previous work on Gaussian entries, such as [46], [8] and [16], where
additional correlation structures are assumed and/or weak convergence to the semicircle
distribution is not discussed.

Corollary 4.28. Let a > 0 and (3,), € CovMat(«) be arbitrary, and let (a,), be the
triangular scheme filled with correlated Gaussian entries as developed in Example
which s strongly a-almost uncorrelated by Theorem . Let (X,), be the random ma-
trices which are based on (ap)n. Let b = (b,), be a sequence of bandwidths with b, — oo
and (Yy,), be the periodic random band matrices which are based on (ay,), with bandwidth
b. Then the following statements hold:

i) If a« > 1/2, then the semicircle law holds in probability for (X,)n.
i) If a > 1/2, then the semicircle law holds almost surely for (X, )n.
iii) If « > 1/2, then the semicircle law holds in probability for (Yy,),.

w) If o > 1/2 and (35)n is summable, then the semicircle law holds almost surely for
(Yo)n-

Proof. By Theorem m, (@n)nen is strongly a-almost uncorrelated, and if o > 1/4, then

for all [ € N, the sequences Cr(f) and fo) can be chosen summable over n. Then all
statements follow directly from 1. and 3. in Theorem [4.9} where for 4) and ii), remember
that full matrices are periodic band matrices with full bandwidth b,, := n. O

4.3 Proof of the Main Theorem

To prove the main theorem, Theorem we will use Theorem with = o and
z = 2. Note that due to condition (AAU1), any a-almost uncorrelated triangular scheme
will have absolute moments of all orders, and this remains in particular true for (band)
matrices which are based on the triangular scheme.
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4.3 Proof of the Main Theorem

In order to derive weak convergence in probability and almost surely, what we need to
show now is:

1. The random moments converge in expectation, that is, for each k € N we have

E{0,,2") — (0,2%). (4.5)

n—o0

2. The variance of the random moments decays to zero, that is, for every k € N we
have

k
. 4.
Then (4.5) will yield weak convergence in expectation, and if in addition we show
(4.6), we will have weak convergence in probability. If further, the convergence in (4.6)) is
summably fast, then we obtain weak convergence almost surely.
We remind the reader that if b = (b,), is a sequence of n-bandwidths, (a,), is a

triangular scheme and (X,,), the periodic random band matrices which are based on
(ay,), with bandwidth b, then we have (by Corollary [3.11)) for the k-th moment of o, that

n

1
<0n7 xk> = W Z aﬁ(tl, tz)al;(tg, tg) cee CLZ(tk, t1>. (47)

oty ty=1

4.3.1 Development of Combinatorics for the Method of Moments

As we observe above in (4.7)), the random moment of an ESD is actually a rather elaborate
sum of random variables, which means it is crucial to sort the summands in a way that
makes the sum amenable for analysis. For this sorting (which amounts to subdividing
indices into certain equivalence classes) we need the language of graph theory and some
combinatorics, which we will introduce next. The following ”definition” will incorporate
all the graph theoretical notions we will need for our endeavor, where we followed the
expositions as in [58] and [63], as we did in our previous work [31].

Definition 4.29. Let M be a finite set, k € Ny be arbitrary, then we denote by (]Z[) the
set of all k-element subsets of M. A graph G is a triple G = (V, E, ¢), where the following
holds:

i) V is a finite set, whose elements are called vertices, or nodes.
ii) E is a finite set, whose elements are called edges.

i) ¢: E — (‘1/) U (‘2/) is a function, which is called incidence function.

Given arbitrary elements e € E and u,v € V, such that ¢(e) = {u, v}, then it is the
underlying view that the edge e connects the vertices v and v. In this situation, if u = v,
then e is called loop. If u # v, then e is called proper edge. Two nodes u,v € V are
called adjacent, if they are connected by an edge, that is, if there is an e € E such that
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4 Random Band Matrices with Correlated Entries

o(e) = {u,v}. A vertex v € V and an edge e € E are called incident, if v € ¢(e), that is,
if e is connected to v. Two different edges e # f € E are called parallel if they connect
the same nodes, so if ¢(e) = ¢(f). If there are edges ey, ..., e, € E which are all parallel
to one another, but not parallel to any other edge in F, then we call each of the e; a k-fold
edge. For k = 2 we use the term double edge. If an edge e does not have a parallel edge, e
is called a single edge. An edge is called even, if it is a k-fold edge with k& even, and odd,
if it is a k-fold edge with k odd. A path is a finite sequence of the form

U1,€1,0V2,€2,V3,€3,...,VUk, €k, Ukt1
for a k € N, vertices vy, ...,v,11 € V and edges ey, ..., ex € E, so that each two neighbor-
ing vertices are connected by the edge in between, so ¢(e;) = {v;,vi41} foralli =1,... k.

If we also have v; = vg,1, then we call the path a cycle. A FEulerian cycle in a graph
G = (V,E, ¢) is a cycle which traverses each edge in E exactly once. A graph in which a
Eulerian cycle can be constructed is called Eulerian graph.

To utilize the method of moments to show the semicircle law, we have to show (4.5))
and (4.6]). To do this, we will analyze the sum in (4.7)). We will use the language of graph
theory to aid us. Recalling (4.7)), we write for an arbitrary k& € N:

n

1 1
(on,2*) = T Dt ta)ad (ta, ts) -+ by (b, ) = NTE > an), (4.8)
non t1,..ey tp=1 Non te] ]k

where [n] == {1,...,n} and for t € [n]* with t = (¢;,... ) :
ay(t) = ay(ty, t2)ap (ta, ts) - -~ ap (e, 1)

Now in equation (4.8)), we observe that many summands vanish due to the band struc-
ture of the matrix. To account for this, we make the following definition:

Definition 4.30. Let b = (b,), be a sequence of n-bandwidths. Then for fixed n and
k in N, we call a tuple t € [n]* b,-relevant if each pair (¢;,;,1) for i = 1,...,k (where
k+1=1)is by,relevant (cf. Definition [4.6). We further define

[n]y == {t € [n]* : t is by-relevant} .

Then we obtain

(rnt?) = —z 3 ab0) (19)

" telnly

In the following, we want to sort the sum in by classifying its index set. Generally,
for a given t € [n]*, t = (t1,...,1), we define the graph G; = (V}, E, ¢;) with vertices
Vi = {t1,..., 1} and (abstract) edges E; = {e1,...,ex}, where ¢ (e;) = {t;,t;11} for all
t=1,...,k and with the convention that £ + 1 = 1. Then, through

t17el7t27627"'tk717ek717tk76k7t1 (410)
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4.3 Proof of the Main Theorem

we obtain a Eulerian cycle which passes through the graph G;. We notice that each
t € [n]* spans its own graph G, and also constitutes a Eulerian cycle through that graph.
Therefore, we do not just perceive t as a tuple, but also as a graph and a Eulerian cycle.
When we say that ¢ has 7 vertices and 2 different [-fold edges, or that ¢ traverses only
double edges, then those are statements concerning the graph G, and the cycle through
G which was induced by .

For a t € [n]* we will define its profile k(t) as the k-vector

/Q(Z_f) = (Hl(t% SRR ’%k@))?
where for every [ € {1,...,k} we define
ki (t) == #{different [-fold edges in t} = #{¢:(e) | e € E; is an [-fold edge}.

To make this concept clear, the tuple t = (1,1,2,3,2,6,7,6,2,6,2) has only one single
edge {1} (a loop in this case), three different double edges, {1,2}, {2,3} and {6, 7}, and
one 4-fold edge, {2,6}. Therefore, x(t) = (1,3,0,1,0,0,0,0,0,0,0).

For each t € [n]* we immediately observe the equality

k
k=Y 1-m(t).
=1

Now there are certain inequalities concerning the profile of a t € [n]¥ which we will
heavily draw upon. Denote by ¢(t) the number of different loops in ¢, so

0(t) = #{¢:(e) | e aloop in E;}.

For example, for the tuple t = (1,1,2,2,3,3,3,3) we will have £(t) = 3. The following
lemma will provide upper bounds for the number of vertices of a tuple ¢ € [n]* depending
on the tuple’s profile.

Lemma 4.31. Let n,k € N and t € [n]* be arbitrary, then
i) #Vi <1+ rit) + ..+ k(L) — L)
ii) If t contains at least one odd edge, then

#V, < ki(t) + ..+ k(D)

Remark 4.32. Oftentimes we only need a weaker version of statement i) in above lemma,
which is that
#V, <1+ ri(t)+ ...+ ri(t).
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4 Random Band Matrices with Correlated Entries

Proof of Lemma[f.31 Let t € [n]* be arbitrary. The idea behind this proof is that we
travel the cycle

t17617t27627"'7tk76k7t1 (411)

by picking an initial node ¢; and then traversing the edges in (increasing) cyclic order
until reaching ¢; again. On the way, we count the number of different nodes that were
discovered. When traversing the path, only proper edges may discover a new vertex,
whereas loops will never discover a new vertex. Further, if we pass a k-fold edge, only the
first instance of that edge may discover a new vertex.

i) We write £(t) = ¢1(t) + ...+ lx(t), where £,,(t) denotes the number of different m-fold
loops in t. When we start our tour along the circle ¢ at the initial vertex t;, we first
observe this very vertex. Then, as we travel along the circle, for each m € {1,...,k} we
will pass m - K, (t) m-fold edges out of which only the first instance of proper m-fold edges
can discover a new node, and there are k., (t) — £,,(t) of these first instances. Considering
the initial node, we arrive at #V; < 1+ k4 (t) — 01(L) + . .. + ki(t) — £k (t), which yields the
desired inequality.

ii) The idea is that in presence of an odd edge, we can start the tour at a specific vertex
such that the odd edge cannot contribute to the newly discovered vertices. To this end,

fix an m-fold edge in ¢ with m odd. Let e;,,...,¢e; , 11 < ... < ip, be the m-fold edges
in question in the cycle . If ¢ traverses each of these m edges in the same direction
(this is in particular the case if m = 1), that is, t;, = ... =1t; and t;; 11 = ... = t;, 11,
then start the tour at the vertex t;, ;1 and observe that now, none of the edges e;,...,e€;,

can discover a new node, since if our m-fold edge is a loop, this is clear, and if it is not a
loop, t;, must be discovered by an edge different from our m-fold edge. So the odd m-fold
edge in question cannot discover a new node. If ¢ does not traverse each of these m edges
in the same direction, then, since m is odd and we are on a cycle, there still must be an
index [ € {1,...,m}, such that e; and e;,, are traversed in the same direction, where
im+1 cycicly becomes iy. Then, start the tour at the vertex ¢;, 41 and we have again (with
the same reasoning as before) that none of the edges ¢;,, ..., e; of our m-fold edge will
discover a new node. In any of the cases, counting the initial node, our roundtrip yields
at most 1+ k1 (t) + r2(t) +...+ Km(t) — 1+ K1 (t) +. .. + ki (t) nodes discovered, which
proves the desired inequality. O

So, what we have learned so far is an upper bound on the vertices of a t € [n]*,
depending on its profile x(t). The next lemma will answer the question of how many
b,-relevant tuples in ¢ € [n]¥ with a maximum number of vertices we can obtain:

Lemma 4.33. Let b = (b,), be a sequence of n-bandwidths. If k,n € N are arbitrary and
[ € {1,...,]{,‘}7 then
#{t €y [#Ve <1} <K -nbl!

Proof. We bound the number of possibilities to construct a t € {t' € [n]f|#Vy < 1}
Since t contains at most [ different vertices, we first determine the color structure of the
k-tuple t, that is, we determine which places in the tuple should have equal or different
vertex numbers (colors). To do this, we fix amap f: {1,...,k} — {1,...,1}, for which
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4.3 Proof of the Main Theorem

we have at most (¥ < k¥ possibilities. Now, we pick a value for the first node ¢; and have
n possibilities. Then if f(2) = f(1), we have no choice for the node t,, since then t, = 4.
But if f(2) # f(1), we are left with at most b, choices for t5, since the tuple should be
by-relevant. We proceed this way through the whole tuple £. Whenever we reach a ¢; with
f(l) = f(j) for some j < [, then we have no choice to make for ¢;. Otherwise, we have
at most b,, choices. And this happens at most [ — 1 times after freely picking the initial
node t;. Therefore, we are left with at most k* - nbl~! possibilities, which concludes the
lemma. O

Let us now develop some more combinatorics which will be used in later proofs. Fix
a sequence b = (by), of n-bandwidths. Now, we call two tuples s,t € [n]¥ equivalent, if
#(s) = k(t). Obviously, this defines an equivalence relation on [n]}. For a tuple s € [n]F,
we define

T(s) = {t e n]y : r(t) = r(s)}.

as the set of tuples that have the same profile as s. So 7 (s) is the equivalence class that
s belongs to. How many equivalence classes do we have in [n]¥, and given a t € [n]¥, how
many elements does the equivalence class T (t) have?

Lemma 4.34. Let n,k € N be fized.

i) There are at most (k + 1)* equivalence classes in [n]¥.

i) Let s € [n]¥ be arbitrary, then
0) T (5) < b -,

b) If s contains at least one odd edge, we have

#T(ﬁ) < Lk . nb21(§)+...+m€(§)71.

Proof. 1) There are as many different equivalence classes as there are different profiles

(Ki,...,kx) of relevant tuples. Now surely, in a profile (ki,...,#;), each entry is an
integer in the set {0,...,k}, so there are at most (k + 1)* profiles which can be assumed
by tuples.

ii)a) Let us fix an s € [n]}. How many possibilities do we have to construct a t € T (s)?
Surely, each t € T (s) has the same profile as s, thus has at most

min(1 + k1(s) + ... + kr(s), k)

different vertices by Lemma [£.31] (note that it need not have the same number of loops,
so we cannot obtain a generally better upper bound). Thus, Lemma yields

#T () < kP - nppre)+tmls)

which is the desired inequality.
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ii)b) We repeat the argument as in ii)a): Let us fix an s € [n]f with at least one odd
edge. How many possibilities do we have to construct an t € T (s)? Surely, each t € T(s)
has the same profile as s, thus has at most

Ri(t) + ...+ k() <k

different vertices by Lemma [4.31} Therefore, Lemma yields
#T(s) < kE - pb@+trle) =1
O

Later on in the proofs, we will also need to deal with maximum numbers of equivalent
pairs of tuples. Let us develop their combinatorics at this place.
We will introduce some mildly new notation. For s, s’ € [n]} we define

T(s,s") = {({t.t)[t.t" € [n]y,K(t) = K(s), k(') = r(s)}
and partition this set into edge disjoint tuple pairs
Ts,8) = {(LL) L1 € [nly, 5(t) = K(s), 5(t') = K(s), 6o(Ep) N py (Ey) = 0}

and into tuples pairs with at least one common edge

Te(s.8") = {t.) [t.1 € [nly. 6(t) = K(s), k(') = w(s), Bu(Ep) N by (Ey) # 0}

We further partition the set 7¢(s, s') into the subsets of equivalent tuples that have exactly
[ edges in common. So for each [ € {1,...,k} we define

Te(s. ) = {(t.¢) |t.t € [nly, w(t) = w(s), w(t)) = w(s), #[du(Er) N by (Ep)] =1}

We are now interested in bounds for #7T%(s,s’), #T°(s,s’) and #T,(s,s'). The first
quantity can be trivially bounded by

H#T s, 8') < H#T(s) - #T(s), (4.12)

since the number of possibilities to pick equivalent tuples edge disjoint is bounded by
the number of unrestricted possibilities. On the other hand, the latter two quantities
will require some further attention. First, we realize that if the k-tuples ¢ and ¢’ in [n]"
have a common edge, the superposition of their graphs will form another Eulerian graph,
since vertex degrees remain even (see [61, p. 51]). Therefore, we can find a Eulerian cycle
u € [n]?* that travels first through all the edges of ¢ (not necessarily in the same order
as t travels its edges, but in the same cyclic order) and then through all the edges of ¢’
(again, not necessarily in the same order as t' travels its edges). The next lemma will
make our statement precise. Note that by a cyclic permutation of a tuple we mean, for
example, (1,2,3,4) ~ (4,1,2,3) or (1,2,3,4) ~ (2,3,4,1).
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Lemma 4.35. Let t and t' in [n]® have a common edge, then there is a u € [n]** such
that

i) (u1,...,uy) is a cyclic permutation of (ti,...,tx) and (ugs1, ..., us) is a cyclic per-
mutation of (t),...,t,).

i) ((ur,ug), ..., (ug,urs1)) is a cyclic permutation of ((t1,ta), ..., (tk,t1)) and
(kg1 Ugt2)s - - -5 (U2, u1)) 08 a cyclic permutation of ((t],t5), ..., (¢, t]))-

In particular, the Eulerian cycle u spans the graph obtained through superposition of the
graphs of t and t', and it travels first through all the edges of t and then through all the
edges of t'.

Proof. Solet t and t’' be as in the statement of the lemma, then they surely have a common
node. Therefore, there exist cyclic permutations of £ of ¢t and ¢ of ¢ such that #; = .
Set u = (t1,...,t,t,,...,1). Then the first statement of the lemma is clear, and for the
second we write

and this is a cyclic permutation of ((¢1,%s), ..., (tx, 1)), since £ is a cyclic permutation of
t. Analogously, we write

((Ukr1, tpyga), - - (U, wr)) = (£, 5), ..., (£, 1)

= ((tllﬁtIQ)a ) (t;w tll))7
and this is a cyclic permutation of ((,t5), ..., (t,,t})), since ¢ is a cyclic permutation of
t. [l

Next, we formulate a lemma which is in the spirit of Lemma [4.34] but for overlapping
edges.

Lemma 4.36. Let b = (b,), be a sequence of n-bandwidths and n,k € N fized. Let

s, € [n]f. Then the following statements hold:

1. If s and s’ have only even edges, we have for each (t,t') € T(s,s’) that

#(V U Vy) <k

2. Let at least one of the tuples s or s’ contain at least one odd edge and let | €
{1,...,k}. Then it holds for each (t,t') € T¢(s,s") so that t and t' have at least
different common edges, that

k

#(VeUVy) < ZFG@'(Q + an(g’) —1.

i=1 j=1
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4 Random Band Matrices with Correlated Entries

Proof. To prove the first statement, we need to show that for each (t,t') € T(s,s’) we
have that - taken together - ¢ and ¢’ can have at most k different nodes. To argue this,
we have by Lemma that ¢ spans at most g + 1 nodes, and in this case ¢ consists of
only double edges, all of them proper. In particular, since having a proper edge with ¢ in
common, t' can span at most g + 1 — 2 additional nodes, leading to a total of at most
g + 1+ g + 1 — 2 = k different nodes. Now on the other hand, if initially, we assume ¢
to contain less than % + 1 nodes, thus at most % nodes, t might have loops, especially ¢/
could have a loop in common with ¢, thus contributing up to £ + 1 — 1 additional nodes,
again leading to a total number of different nodes of at most % + g +1—-1=k.

To prove the second statement, we need to dive a little deeper. To start, we assume
w.l.o.g. that s contains an odd edge.

Now, since ¢ and ¢’ have at least one edge in common, we will find a u € [n]*" as in
Lemma . Surely, we have that #(V; U Vy) = #V,. Thus, we will travel through the

Eulerian cycle

2k

u u U U
U, €1, U2,E9, ..., U2k—1, Eop_1, U2k, Cop, U1

and observe how many nodes we can discover. By traveling the first k£ edges of u, we
actually travelled the edges of ¢ (by Lemma [4.35)) and can thus discover at most

Ka(t) + ..+ (D)

nodes by Lemma Now, while traveling the last k edges of u, how many additional
nodes can we discover? By Lemma [4.35] we will travel all the edges of #. Then at most
all the single edges and first instances of m-fold edges with m > 2 may discover a new
node, but only if that edge has not been travelled before during the crossing of the first
k edges. Since we have at least [ common edges, while crossing the last k& edges we can
see at most

k() + ..+ k() =1

new nodes. Thus, in total we can observe at most
Ki(t) + .o+ k() +r1 () + .o+ rR(E) =1
nodes while traveling the cycle w. O]

Lemma 4.37. Let b = (b,), be a sequence of n-bandwidths. Fiz n,k € N and let s and
s’ in [n]} be arbitrary.

a) If both s and s' contain only even edges, then #T(s,s') < k? - (2k)?* - nbr~1.
b) If s or s’ contains at least one odd edge, we have

#TC(§7 §/) < k2. (2k>2k . nb:il(§)+-~~+I€k(§)+li1(§/)+...+nk(§’)72.

c) If s or s’ contains at least one odd edge, we have for alll € {1,... k}, that

#77:(§’ §/) < k2. (2/{)% . nbz1(§)+...+mk(§)+m(§’)+..‘+nk(§’)fl71.

78



4.3 Proof of the Main Theorem

Proof. a) Let us pick s and s in [n]} with only even edges. How many possibilities do
we have to construct a tuple pair (£,t') € T(s,s')? By Lemma t and t’ are cyclic
permutations of the first and second half of a tuple u € [n]?*, which serves as a Eulerian
cycle through the superposition of the graphs of t and ¢'. Further, by Lemma [4.36, u has
at most k different nodes. Therefore, the number of possible (¢,t') € T¢(s,s’) is surely
bounded by the number of all u € [n]** with at most k different nodes multiplied by the
number of possibilities to cyclicly permute the first and second half of those tuples. Since

the latter admits at most k? choices, we obtain by Lemma m

#T(s,8) < k*- (2k)* - nbt 1.

b) We can imitate the proof of part a) almost word by word: Let us pick s and s’ in [n)F,
so that at least one of the two tuples contains an odd edge. How many possibilities do
we have to construct a tuple pair (¢,¢') € T(s,s’)? By Lemma t and t' are cyclic
permutations of the first and second half of a tuple u € [n]?*, which serves as a Eulerian
cycle through the superposition of the graphs of ¢ and t’. Further, since we have at least
one odd edge, we obtain by Lemma that u has at most >, r;(s) + >, k(') — 1
different nodes. Therefore, the number of possible (¢,¢') € T¢(s,s’) is surely bounded
by the number of all u € [n]** with at most Y. #;(s) + 3, k;(s') — 1 different nodes
multiplied by the number of possibilities to cyclicly permute the first and second half of
those tuples. Since the latter admits at most k2 choices, we obtain by Lemma m

HT(s,8') < k2 - (2k)% . o ™ T2 D72,

c¢) We proceed as in the previous parts of this proof: Let us pick s and s’ in [n]f, so that
at least one of the two tuples contains an odd edge. How many possibilities do we have to
construct a tuple pair (¢,t') € 7,°(s,s’)? By Lemma m t and t’ are cyclic permutations
of the first and second half of a tuple u € [n]?* which serves as a Eulerian cycle through
the superposition of the graphs of ¢t and #’. Further, by Lemma [4.36, u has at most
>, Ki(8)+22; kj(s") —1 different nodes. Therefore, the number of possible (£,1') € T)(s, s')
is surely bounded by the number of all u € [n]** with at most Y ;(s) + >, #;(s) —
different nodes multiplied by the number of possibilities to cyclicly permute the first and
second half of those tuples. Since the latter admits at most k? choices, we obtain by
/]
Lemma STe(s, ) < K2 (2h)% - T

The last lemma concludes our combinatorial endeavors.
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4 Random Band Matrices with Correlated Entries

4.3.2 Convergence of Expected Moments

So now, let us show (4.5)) on page , convergence in expectation.

Theorem 4.38. Let (X)), be a sequence of periodic random band matrices which is based
on an a-almost uncorrelated triangular array (a,), with a > 3 and bandwidth b = (by),,.
Denote by (0,,), the ESDs of (X,,)n. Then if b, — oo, we have for all k € N that

k k
E<O’n,l’ > m) <0,3§' >

Proof. By Lemma [3.8], if k£ is even, then the k-th moment of the semicircle distribution o

is given by the Catalan number C ks The odd moments of o vanish.

Step 1: Let k € N be even.

We need to show that

1 b |
iz 2 Ban(t) = €y
nbn ten)k

E <0n, xk> =

Case 1:

At first we consider an s € [n]¥ which consists of only double edges. This means it has

s &
the profile (0,%/2,0,...,0). We partition the set 7 (s) into the sets

Tei(s) = {Z €T(s): #Vi = g + 1}

and

T

IN

s(5) = {t € T(s): #Vi < g}

To count the possibilities to construct a t € Tg +1(8), we first pick an appropriate surjective
coloring f : {1,...,k} - {1,...,k/2+ 1} in standard form. This means f(1) = 1 and
for I > 1 we have that if f(I) # f(j) for all j < [, then f(I) = max{f(j): j <1} + 1L
Intuitively, a standard coloring always uses the lowest color number possible. Now the
possible standard colorings for k-tuples with only proper double edges and k/2+1 different
vertices are in bijective correspondence to Dyck paths of length k, and there are exactly
Gg of them. For example, the tuple (8,5,6,9,6,2,6,5) has the standard coloring scheme
(1,2,3,4,3,5,3,2), which is associated with the difference sequence of the Dyck path
(1,1,1,—-1,1,—1,—1,—1). For a formal proof of this we refer the reader to [6, p. 15]:
There, note that given a coloring f as above, we obtain the associated Wigner word
representative (f(1), f(2),..., f(k), f(1)) (and vice versa) as in the proof of their Lemma
2.1.6.

Now given such a standard coloring f, to construct a b,-relevant tuple (¢,...,t) €
[n]¥ matching this coloring, we first have n choices for t;, then for subsequent choices
of tiy1, 4 = 1,...,k — 1, whenever f(i + 1) € {f(1),...,f(i)} we have no choice for
t;+1 because then t;,4 - t; where j € {1,...,i} with f(j) = f(i +1). On the other
hand, if f(i +1) ¢ {f(1),..., f(i)}, then t;;1 must be different from ¢,...,t;. At the
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4.3 Proof of the Main Theorem

same time, (t;,t;41) needs to be by-relevant. Accounting for both, we sill have at least
by, — #{f(1),..., f(i)} > b, —i > 1 possibilities for n large enough (so that b, > k), but
at most b, possibilities. Therefore, given a standard coloring f, to construct a b,-relevant
tuple ¢ € [n]*, we have at least

k. n(b,—1)!

n'(bn—1>"'(bn_§):(bn——§—1)!

E
possibilities (for all n large enough), but at most n - b3 possibilities. Since we had € %
choices for the standard coloring, we obtain

n(b, —1)!

k
e | S #T5l(s) <Cgon-bi. (4.13)

MBS

Further, we have
k
#Qg(g) < kfnbz ™",

which follows from Lemma [£.33]
In addition, it holds in conjunction with the second moment property of our almost
uncorrelated scheme, that for all £ € T (s) we find

|Eal(t) — 1| < O/,

where C{/?) converges to 0 as n — oo.
Therefore, we obtain

nbk/Q Z = nbk/z Z|]Ea —1

teT (s) teT (s
- k/2 Z [Eay, () — 1|+ —75 k/2 Z [Eay,(t) — 1
nbr teTk 1(s) nbr tET k(s)
< —#T(e) G 4+~ d Ty (s)- O
k:/2 k k/2 #
< %.ek L S UL R
nbn 2 N len n—o0
7}0
and since with (4.13]) we have
1 (b, — 1)! 1 1 k
C < T s) < Cr-n-ba,
nbﬁ/Q é(bn _ g _ 1)| EL/Z# %—l—l(—) — nbfl/2 %
thus ]
T T8 220 G
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4 Random Band Matrices with Correlated Entries

it follows . .
\—/_/
—0 as n—oo
Therefore,
1 1

—z D Ba ) = (Ed’(t) — 1) + —p#T (s) — Cu.

nbf/Q te;(s) nbk/2 t;(s) k/2 n—o0 2
Case 2:

Let s € [n]* have only even edges, but at least one m-fold edge with m > 4 even. Then
it holds by Lemma 4.34] that

#7‘(§) < L b’” )Fra(s).trrls)

The exponent is maximized when s has one 4-fold edge and just double edges otherwise,
and then we obtain the exponent
—4 k

k
Ka(8) + Ka(s) = 5 +1= 5 1.

Therefore, we surely have
1

BT (s) < K- nbi ™~

Further, due to the boundedness property in (AAU1) we have for each t € T(s) that
(note that x(t) = k(s))
[Ea,,(1)] < Cr)

Therefore, we obtain

Ea (1)| < Z|]Ea
v Z < —7
nb / tET nb / tET
nby,
1 E_q
< KR enbE O, s — 0.

Case 3: Let s € [n]f, so that s contains an odd edge. Since k is even, s must contain a
second odd edge. Further, it holds by Lemma [£.34] that

#T (s) < kF - phr@trale)-trn(o)-1

Due to the distinct decay property in (AAU1), we have for all t € T (s), that

C C
b K(s) H(S)
Bon(t) < oy < rn
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4.3 Proof of the Main Theorem

This yields

1 Cts)
Ea®(t)| < — - #7(s) - -
kJ 2 Z - k 2 — l'K/ S
n/ T nby! by
Cu(s) x5 Lemi(s)+ra(s)Fotrin(s)—1
nby,

The last exponent is maximized, for example, when the two odd edges of s are simple
and all other edges of s are simple as well, yielding the bound

k
K1(§)+/€2<§)+—F/ﬁ)k(z)—lég—l,

leading to

Co 1k phj2-1
nbk/Q ZEa <k BT —— 0.

n—o0
teT (s

n

Conclusion of Step 1: We observe that for even k, the sum over all tuples in only one
equivalence class does not vanish at infinity, namely the class of tuples which contains
only double edges. This sum converges to the desired quantity C k. All sums over each
of the finitely many other classes (Lemma i)) converge to zero, thus proving the
theorem for k even.

Step 2: Let k € N be odd.

Then we know that for each s € [n]} we must have at least one edge which is odd. Also,

due to the distinct decay property (AAU1) of our ensemble, we have for every ¢t € T (s)
(thus x(t) = k(s)), that

K/S C’HS
© o Gk

nem () = g

Therefore, we obtain with Lemma that

[Ea, (1)] <

1 CK(§)
k/2 ZECL S W : #T<§> ’ ba-n1(§)
bn teT (s "

n

Cis(s)
nbf/ 2

< kR an(ll—a)'m(§)+H2(§)+-~+nk(§)—1

Since a > %, the last exponent is maximal if s consists of only one single edge and

: - k—1 k
double edges otherwise, giving an exponent of (1 — a) + *5= — 1 < § — 1. Therefore,

Cl(s) Lk pk/2-1
nbk/z Z]Ea < bk/2 k" - by, n_>—oo> 0.
teT (s n

Conclusion of Step 2: We have shown that for odd &, the sum over all the tuples in any
equivalence class converges to zero. Since there are only finitely many equivalence classes

(Lemma i)), the entire sum converges to zero for odd k, completing the proof. [
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4 Random Band Matrices with Correlated Entries

Remark 4.39. In Step 2 of the last proof it becomes apparent that o > % is a necessity
for our proof to work for all bandwidths. Suppose a < % Then the last exponent in

question is maximal iff s consists of single edges only and becomes (1 — «) -k — 1. To
ensure convergence to zero, we must have

k
<:>1 1<
2 R

But this must hold for all odd k£ € N, which cannot be true if a < %

4.3.3 Decay of Variance of Moments

Now, let us show (4.6) on page , a decay of the variance, which is somewhat more
involved.

Theorem 4.40. Let (X)), be a sequence of periodic random band matrices which is based
on an a-almost uncorrelated triangular array (a,), with o > 5 and bandwidth b = (by),,.
Denote by (0,)n the ESDs of (X,)n. Then we obtain the following results:

i) If b, — oo, we have for all k € N that

Vv <0n, xk> — 0.

n—oo

it) If all random variables of (ay)n are {+1, —1}-valued and 35 is summable over n, then
we have for all k € N that !

A% <an,xk> —— 0 summably fast.

n—oo

iii) If (an)n is even strongly c-almost uncorrelated with o > %, and the sequences b%,

iD,(f) and C are summable over n for all l € N, then we have for all k € N that

A% <0n,xk> —— 0 summably fast.

n—oo
i) If (an)nen is a Wigner scheme and if —5- s summable over n, we have that

Vv <0n,xk> —— 0 summably fast.

n—oo

The proof is rather long and will be subdivided into several steps, each containing several
cases and sometimes even subcases. The case-by-case analysis allows for a fine analysis,
since only certain combinations of cases are relevant for each part of Theorem .40 An

overview over the cases to be analyzed is given. Before we begin with the proof of
Theorem let us formulate a lemma which will facilitate the use of condition (AAU3).
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4.3 Proof of the Main Theorem

Lemma 4.41. Let (a,), be a strongly a-almost uncorrelated triangular scheme. Then for
all I, N € N, [ > 3 odd, and fundamentally different pairs Py, ..., P, in Oy we have for
alln > N:

|E [an(P1) an(P2)? - an(P)?] — E [an(P1)*an(P2)* - an(Py)?] - E [an(Py)? - - an(P)?]|
< Dg) + C0,00,1) - 07(1[2) + Dr(fl) - C(0,0.0,...,0)

) 2l27
where we set 1] = 1—71 and ly = HTI (thus | — ly = 1) and the subscript 25 of the vector
(0,15,0,...,0) indicates its dimension.

Proof. We calculate

|E [an(P1)'an(Py)* - an(P)?] = E [an(P1) an(P2)? - - an(Py)?] - E [an(P,)? - - - an(F)?]|
= |E [a,(P1)* [an(PQ) an(P)? = 1]] + E [an(P)*]
— E [an(P) [an(P2)? - - - an(P1,)* = 1]] - E [an(P,)* - - - an(P)?]
— E [an(P)'] - E [an(P,)? - - an(P)?] |
< DY + [E [an(P)'|I|E [an(Py)? - an(P)® = 1]| + D - Coty0,...00m,
<DV + Cl0,0,0,1) * ) 1 plv. Co,5.,0,.

0)21y -
O
Proof of Theorem[{.40 To begin with, we note that
V(0w a*) = B ((om ")) = (B (o 2))".
Therefore, considering on page we need to show that
LS (B 0)al(t) — Eal()Ea (¢)) — 0 (414
" enlk

and determine when this convergence is summably fast.

To show (4.14)), we will subdivide the sum into finitely many subsums and determine
the convergence for each of these subsums.

We remind the reader of the following notation (from page [76): For s, s’ € [n]F we have

T(s:8) ={(t. 1) L, € [n]y, 5(t) = K(s), 6(t) = r(s)}

Ts,s") = {(t.t) [t.t' € [nly, 6(t) = K(s), k(') = #(s), t and t" are edge-disjoint }

Te(s,8') = {(t.1) |£.¢' € [nlf, w(t) = w(s), w(t') = K(s), t and ¢’ have a common edge}.
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4 Random Band Matrices with Correlated Entries

In the following, we analyze the convergence in (4.14)) by partitioning the sum into subsums
over different (subsets of) equivalence classes of tuple pairs (s, s’). For example, we might
consider the subsum

o Y (Ba(a(t) - Ea(OEa,()).
" (L)ET(s.8)
where we suppose the tuple pair (s,s’) to belong to a specific equivalence class of tuple
pairs, that is, we assume the profiles of s and s’ to have certain properties. Since there
are only finitely many equivalence classes of tuples pairs (this number is bounded by
(k+1)%- (k + 1) by Lemma [4.34), this line of argumentation is valid.
For a better overview, we provide an outline of the upcoming case-by-case analysis:
1. Step: The tuples in the tuple pairs have disjoint edge sets.
1. Case: Both s and s’ have only even edges.
1. Subcase: ka(s) = & = ko(s).
2. Subcase: k(s) > 1 or r(s’) > 1 for some [ € {4,6,8,...}.
2. Case: s has at least one odd edge and s’ has only even edges, or vice versa.
1. Subcase: s has an m-fold edge with m > 3.
2. Subcase: s has no m-fold edge with m > 3, but s’ does.
3. Subcase: Both s and s’ have no m-fold edge with m > 3.
3. Case: Both s and s’ have at least one odd edge.
2. Step: The tuples in the tuple pairs have non-disjoint edge sets.
1. Case: s and s’ have only even edges.
2. Case: s or s contains at least one odd edge.

Here, if in ”Step 1, Case 2”7 the vice versa case is treated, then s and s’ will also swap
their roles in the subcases.

In each case, we will determine which conditions are needed for regular convergence
(i.e. convergence per se) and summable convergence in ([£.14)), and we will summarize our
findings at the beginning of each case. After the case-by-case analysis we will argue for
the statements i) through iv) of Theorem by combining the findings of the relevant
cases.

1. Step: Disjoint edge sets.
We analyze convergence to zero for subsums of

1

2pk Z (EQZ(D@Z(E/) — Eaﬁ;(z)Eai’L(t’)) )
n n Lﬂé[n]l,f
b1 (Er)Ny (Eyr )=0

1. Case: Both s and s’ have only even edges.

1. Subcase: ka(s) = & = ko(s).

[Outcome: We achieve regular convergence if the sequences (C,(Il))n converge to zero and

summably fast convergence if the sequences (C’g))n are summable, where for both versions,
we use conditions (AAU1) and (AAU2).
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4.3 Proof of the Main Theorem

So this is the subcase in which both s and s’ consist only of double edges. Then we
have due to the second moment property (AAU2) for all t € T(s) and t' € T(s') with
disjoint edge sets, that

Therefore,
| Ea (t)ap (') — Ea) (t)Eay,(t')]
<|Eap (t)ab,(t') — 1| + |1 — (Bap (t) — D)Eal, (') — Ea, ()]
<|Eap (t)al(t') — 1| + [Eay,(t) — 1| - |Bal ()| +|Bal, (') — 1| < D,
<Crsh

for the real sequence D,, := C)(l + Ci(s)Cn (k/2) 4 Ch (/2) that converges to 0.
Further, by Lemma we have at most

BT s, s') < #T(5) - #T(s') < K* - bl - K* - nbg = k2* - 2k

pairs of tuples t € T(s) and ' € T(s') with disjoint edge sets. Therefore,

— > (Bab(t)ab(t) — Ea)()Eal ()| < k*D, —— 0

n2bk n—00

" (LY)ET(s,s")

and this convergence is summably fast if the sequences (C’S))n converge to zero summably
fast.

2. Subcase: We have x;(s) > 1 or s;(s') > 1 for some [ € {4,6,8,...}.
[Outcome We achieve regular convergence if b,, — oo, and summably fast convergence if

b2 , bl D and ¢ are summable for all {. For the regular version we use (AAU1), for the
summable version (AAU1) and (AAU3) ]

We first argue for regular convergence without using condition (AAU3): Forallt € T (s)
and t' € T (s') with disjoint edge sets we have that |Ea’(t)a’ (t') — Eab (¢)Ea’ (t')| remains
uniformly (in n € N, (t,¢') € T%s,s’)) bounded by some real number B, which follows
from the boundedness property (AAU1). To make this more precise, note that if n,z € N
are arbitrary and P, ..., P, € [, are arbitrary, then using Lemma and (AAU1) we

obtain

Ela,(Py) - - - an(P.)| < max Ela,(P;)]* < max. VEa,(P)% < /Cos. (4.15)

,..., =1l,...

and thus
[Ea (t)an ()] 4 [Eab (£)] - [Bap ()] < /Cowur) + Ca@ry =: B.
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4 Random Band Matrices with Correlated Entries

We assume w.l.o.g. that x;(s) > 1 with [ € {4,6,8, ...}, then by Lemma we obtain

k1

#T(g) Skk b@ Vt+ra(s)+... 4k (s) <kk nb2

I

where the bound follows from the fact that the exponent in the term before is maximized
when k;(s) = 1 and the rest of the edges of s are double edges, thus giving the exponent
k—lk(s) E o E 4 k

<l4z—-<l4o—-=2-1

1
+2_22_222

k
To choose the other tuple ¢’ € T(s') edge-disjoint from ¢, we have at most k* - nb? possi-
bilities, since this is the unrestricted upper bound. Therefore, in total, we are considering
at most

E_ k
KEonbi KR nbg = k2 nfph !
tuple pairs in this subcase, in formulas

#Td(§,§,) S ka’ . nQbﬁ_l-

Therefore, we calculate

1 _
). Ea()()—Eﬁ@Eﬁ@)§n%hk%m%ﬁLB——+Q

" (tE)ET (s,8) n

if b,, — oo. Note that since b,, < n, b— is not summable.

Now we will obtain faster decays: First note that in above calculation, if [ can be
chosen in the set {6,8,...} or if [ = 4 and k;(s) > 2, we achieve an exponent of b, of
at most g — 2 in the upper bound of #7 (s) and thus summably fast convergence to

zero if 35 is summable. Also note in above calculation, that if also ry(s’) > 1 for some
I € {4,6,8,...}, then also #7(s') < k*nbi/>!, thus #7%(s,s') < k*n2bF2 and thus
summably fast convergence if 1/b? is summable.

Now if [ = 4, ri(s) =1, ka(s) = (k—4)/2 and ka(s') = k/2 (that is, we have one 4-fold
edge and double edges otherwise), then we must resort to (AAU3) and Lemma [4.41] (note
that a(t) = a,(t) for b,-relevant tuples t), since then there are natural numbers z; and
2o and constants C; and Cy such that

1
o Y Eay(t)ah(t') — Ea)(t)Ea)(t)
" (L)ET (s:8)
1
< K (DS 4 €y O Y 4 DS - Oy) i —— 0.
n2bﬁ " " " " pooo

where the convergence is summably fast if 1 1L pW and O are summable for all .
This completes the 1. Case of the 1. Step, in which s and s’ had only even edges.

88



4.3 Proof of the Main Theorem

2. Case: s has at least one odd edge and s’ has only even edges, or vice versa.
Throughout this case, we assume w.l.0.g. that s has at least one odd edge and s’ has only
even edges (in the vice versa case, s and ¢’ will also swap their roles in the subcases).
Then, actually, s has at least two odd edges, since the total number of edges is even.

1. Subcase: s has an m-fold edge, m > 3.

[Outcome: We achieve regular convergence if b, — oo and summably fast convergence if
é is summable and « > 3. For both versions we use (AAU1).]

For each (t,t') € T%s, s') we now have due to the distinct decay property (AAU1):

Cla(s) 5 (s]

b by
[Ea, (t)an ()] < =2

and
Crs) - Cr(s)

ne«k1 (s)

[Ea, (1)] - |Ea, ()] <
N——

SCusy

Now, we determine an upper bound for #7%(s,s’). Clearly, the number of possibilities
to choose t € T(s) and t' € T (s") edge-disjoint is bounded by the number of unrestricted
possibilities, where by Lemma we have at most

Lk . nbzl(§)+~-+ﬁk(§)—l
possibilities for ¢ and at most
Lk . nbzl(ﬁ’)+~~-+m(§’) < kF. an/Z
possibilities for ', yielding the bound
T (s, 8) < k2. n2b§+"’”1(§)+m+“k(§)_l'
Therefore, we obtain

1
S 2 Bai(tay(t) — B (t)Ea;(t)
U eTa(ss)

1 1
<o 2 EQ@aOlt—n Y0 [Ea@)]- B )

()T (s,8") ()T (s,8")

< 1 g , b§+’fl(§)+”2(§)+--~+“k(§)*1
= ok “Ulk(s)+r(s)] T TV nori(s)
. i e . b§+m(§)+52(§)+...+nk(§)—1
oI ws) * Oh(sr) "1 o
L2k b21(§)+ﬁ2(§)+~-+ﬁk(§)—1
S (Cli(e)+x(e) + Cr(s) - Cne) - Ry P
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4 Random Band Matrices with Correlated Entries

if b,, — oo, where the convergence is summably fast 1f is summable over n and « > =
Of course, we will have to prove the last statements, so We will analyze the decay of

pie1 (8) 2 s) i ()~

na-fﬂ(§)

S
3w\?s-| —

To this end, we first assume that x;(s) = 0. Then the exponent

k1(8) + ka(s) + ...+ ki(s) — 1

is maximal if m = 3, kn(s) = 2 and ky(s) = 5% = £ — 3 (note that since k is even, we
need to have at least two odd edges) and then assumes the value

k k

——34+2-1=--2.

2 * 2

Therefore, we obtain regular convergence if b, — oo and a summable convergence if é is
summable.

Now, we assume that x;(s) > 0. Then the exponent in the numerator can surely be
bounded in the following way, in which we assume we have k1(s) single edges, one m-fold
edge, and that all remaining edges (besides the single edges and the m-fold edge) can be
allocated to double edges (if this cannot be done, i.e. k — mk,(s) — k1(s) is not even,
then our bound gets even better, i.e. tighter, since then we have to allocate the remaining
edges to edges of higher multiplicity, of which there can be fewer):

k—m— Fa(s) F1(s)

1—1=
2 * 2

k1(s) + ko(s) + ... + rp(s) — 1 < ka(s) + %

Remembering that |ab| < $(a* 4 b%), we calculate

1 b21(§)+ﬁ2(§)+-~+ﬁk(§)_1 1 b:12(§)+§_%
% ' ner1(s) < % ner1(s)
"il(é)_ﬂ
by, 2 2
- nak1(s)
o 1 1
- bn%f'ﬂ;é) ne(ri(s)—-1) po
< 1 1 1 11
= Ebzl—/q( n2a(ki(s)—1) + 9 n2a
< 1 1 1 11
= 2pmTrls) prale)-l + 2n2
1111 .
2 e R

if b, — oo since m > 3, where the convergence is summably fast if 7l is summable and

a>§.
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4.3 Proof of the Main Theorem

2. Subcase: s has no m-fold edge with m > 3, but s’ has an m-fold edge with m > 3.
[Outcome: We achieve regular convergence if b, — oo and summably fast convergence if
#& is summable. For both versions we use condition (AAU1).]

" First, considering that s’ has only even edges, we have by Lemma [4.34] that

-1

H#T(s)) < kF - @ FFrels) < nbs

We need to justify the last inequality: Since s’ has only even edges and an m-fold edge
with m > 3, it actually has an m-fold edge with m > 4. Then the exponent is maximized
if s’ has just one such m-fold edge, thus k,,(s") = 1, and all other edges are double, thus
Ko(s') = £, This yields an exponent of at most

k—m k k
—tl==——=4+1<=--1,
2 * 2 2 + 2
since m > 4.

Now the number of possibilities to choose a t € T (s) edge-disjoint from a chosen

e T()is bounded by the number of unrestricted possibilities. There are at most

Kb &R0 b possibilities by Lemma yielding

k —
BT (s, 5') < k2 p2pd T

Fortunately, in this subcase we can bound more generously than in the previous subcase:
For each (t,t') € T%(s, s') we now have due to the distinct decay property (AAU1):

CHS K(s’ OKS k(s
|Ea2(§)a2(§')] < [k(s)+r(s)] < [k(s)+r(s")]

nekl (s) - b%ﬁil (§)
and Cey - C Oy - C
!Eag(éﬂ . |ECL£L(§/>| S K(s) k(s') S N(S) Kk(s') )
, nowil(g) b2 k1(8)

<Cpus)

We thus arrive at

Y B Wa () — B (0B ()

" (t)ET(s,s")

L2k Bl ()t (s)—
< 2bk <C[f€ (8)+r(s") + Cﬁ(s . C’K(S/)) . nQb%Jrg 1(s8)+r2(s)—2

n =2

k2k k—2

bk: (O[n (8)+r(s")] + ON(S C’N(é,)) . bn— m 0

if b, — oo and where the convergence is summably fast if - 2 is summable over n. Note
that the last equality follows due to the fact that s has k: ‘edges, all of them single or
double, so 1/2k1(s) + ka(s) = k/2.
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4 Random Band Matrices with Correlated Entries

3. Subcase: Both s and s’ have no m-fold edge with m > 3.
[Outcome: We achieve regular convergence for a > % and summably fast convergence if
o > 1. For both versions we use (AAUL).]

In this subcase, s has an even number of single edges, but at least 2 of them, and the
remaining edges are double edges, whereas s’ contains only double edges.

By above standard argumentation and Lemma [4.34] we have

k
#T(s,8") <kK*- n2p2 Tri(etz(e) =l

Y

and for each (t,t') € T%(s,s’) we will bound |Ea? (¢)a’ (¢')| and |Ea? (¢)||Eal (t')| as follows:

CH s)+r(s’
IEab (t)ad ()| < —E& ]

ner(s)
and ) )
[Ba, (1)) - |Bab,(¢))] < =2 s
H/—/ na-nl (§)
Scn(él)
Using #2(s) = k_nTl(é), we arrive at

# S Ed(al(t) — Edl(t)Ed}(t)

" (tt)ET(s,8")

L2k b21(§)+”2(§)*1
SR (Clnor+rn + Coto) - Cue)) - —
k2k Zl(§)+k_";1(§)_1
- W . (C[R(Q—M(g)] + C“(Q ’ CH(S)) ' ner(s)
bﬁlz(é)_l
2k n
=k (Clatornisn] + Cnte) - Cnie))  — ey
o TLR12<§>71
< B (Clae)enien) + Cnte) - Onie)) i
1
2k \
=k (Cluae) () + Cre) - Cris)) - 0

n(Zafl)ﬁlT@+1 n—00

where the convergence is regular for a > % and summably fast if o > %, since ry(s) > 2.
3. Case: Both s and s’ have at least one odd edge.
[Outcome: We achieve regular convergence if b, — oo and summably fast convergence if
% is summable. For both versions we use (AAU1).]

To begin, by Lemma we have #7 (s) < k* - nb &R ang #T(s) < kF.

bt TR 0 therefore surely

#7’01@7 s) < L2k . n2b21(§)+~--+ﬁk(§)+“1(§/)+~~~+Kk(§l)*2.
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4.3 Proof of the Main Theorem

Further, by (AAU1) we have for each (t,t') € T%(s,s'), that

Cl( C ,
b / [k(s)+r(s")] [k(s)+r(s")]
’Ean@)an@)‘ - no (k1(s)+r1(s")) < né(m(é)-‘rm(é'))

and
Cnte) " Onte) . Cnte) - Cnts)

na-(ri(e)+ri(s) = 5 (ki(s)+ri(s))

|Ea, (1)][Bay ()] <

By the triangle inequality and the bounds above we obtain

1
n2bF Y. Eay(tay(t') — Ea; (H)Ea,(t)

1 Ri(8)+3 <p 1 ()2 1
. , k2k 2 b z<k j<kRj .
~ n?bk (Clutsyinte) + Ot ) - n3 (k1) +r1(s))
Dk K8+ <p i (s))—2 1
— O b i< .
bk ¢ n%'(ﬁl(é)Jﬂﬂ(é’)) n—00 0

n

if b, — oo, where the convergence is summably fast if é is summable (and where C'
absorbs all constants).

Of course, we have to argue the last statement, for which we will distinguish three
subcases, but we will not declare these as subcases formally.
First, we assume that x(s) = 0 = k1(s’). Then the exponent of b, is maximized if both
s and s’ have only one triple edge and just double edges otherwise (if this is possible, i.e.,
k is odd. If k is even, we will get an even tighter bound, since we will have more edges of
higher multiplicity, of which there can only be fewer. This reasoning will be used in the
second and third point as well). Then the exponent of b,, in the numerator is bounded by

k—3 k—3

showing the above statement.
Second, we assume that x1(s) > 1 but x1(s’) = 0 (or vice versa). In this case the term

1 ik i@+ k() =2 1

bk " n%'("il(i)"""fl(g))

is maximized if s consists of only one single edge and double edges otherwise, whereas s’

consists of only one triple edge and double edges otherwise, and we get

l . bzz<k Ri(8)+2 <k ki (s1) =2 —1
bk " nz (F1(s)+r1(s)
b1+k klikb-84q 9 1
S ni
n nz
11 < 3 1 n 2 1
b2 pz ~ 5 b;‘?() 5 pi’
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4 Random Band Matrices with Correlated Entries

which converges to zero as b, — oo and this summably fast if b%, is summable. In the last
step in above calculation we used Young’s inequality
al bl
ab < — + —
p q’
which holds for all non-negative real numbers a, b, p and ¢ such that 1 5+ % =1
Third, we assume that x1(s) > 1 and k1(s’) > 1. In this case the term

L i@t ()2 1
bk " nz(F1()+r1 ()

is maximized if s and s’ both consist of only one single edge and double edges otherwise,
and we get

1 Sam@+ )2 1

bk " s (1 (o) +r1(s)
1 qgpksiygqik=t o 1

< . bn 2 2 .

< -

_lt_11 2

which converges to zero if b, — oo and this summably fast if - B is summable.
Now, the first step of the proof, when we sum over edge-wise disjoint tuples, is com-
pleted.
2. Step: Non-disjoint edge sets.
We analyze convergence to zero for subsums of

1
S 2 (Bal©a(t) - B (Ea)(t).
" tt'eln]k

¢;(Ez)ﬂ¢y (Eg )#0

1. Case: s, s’ have only even edges.
[Outcome: We achieve regular convergence as is and summably fast convergence if % is
summable. For both versions we use (AAU1).]

By Lemma [4.37] we obtain the bound

#T(s,5") < k- (2k)* nbr1.

Next, recall the constant B which we constructed in ”Step 1, Case 1, Subcase 2” (see (|4.15])
and beyond) independent of n, which clearly satisfies for all n € N and all (¢,t') € T*(s, s'):

|Eay (t)a) (') — Eal () Eal ()] < Elal(t)al(t)] + Ela) (t)|Elal(t)] < B.

With these bounds, we achieve

1
2 Bat)at) - Ba (0B (l)] < — -
" (Lt)ET (s:8) "
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4.3 Proof of the Main Theorem

where the convergence is summably fast if % is summable over n.
We now turn to the final case of this proof.
2. Case: s or s’ contains at least one odd edge.

[Outcome: We achieve regular convergence as is and summably fast convergence if (%)n
is summable. For both versions we use (AAU1).]
Of course, we have

Eay, (t)ay, (') — Eay (1) Ea) (1)

2k n
n

(IEal, (t)an (t')| + [Eap (t)] - [Ea (t')])

Yo X (BOG)] + BB L))

()T (s,8")

Thus, it suffices to show that each of the k summands converges to zero if b, — oo,
and that this convergence is summably fast as long as (ﬁ)n is summable. To this end,
pick an [ € {1,...,k} and a (t,¢') € T (s,s'). How can we bound |Ea’(t)a’(t')| and
[Eay, (1)] - [Eay, (£)]?

Surely, by the distinct decay property (AAU1), we obtain

Cnts) Ot Ot Onte)

b b (4
. < .
|Bay, (8)] - [Ea, (t)] 3 () ()

= po(ri(s)+ri(s)) —

Now to treat |Ea’(t)al(t')], note that with Lemma [4.35] we find a Eulerian cycle u €
[n]?* which passes through the graph obtained through superposition of the graphs of ¢
and t'. But how many single edges does u have, i.e., what can we say about x;(u)? If
t and t' were edge-disjoint, we would have ki(u) = k1(t) + x1(t'). But now, for each
common edge of ¢ and ¢, the number of single edges can be reduced by at most 2 after
superposition of the graphs, which happens if the common edge is a single edge in both ¢
and t'. Therefore, we obtain

k1(w) > max (k1 (L) + K1 (t') — 21,0) = max(k1(s) + x1(s') — 21,0)

and thus

Crtw o Crw B

nori(y) — b%%l(y) - b%-max(nl(§)+nl(§’)—2l,0)’

[Eap (t)al ()] = [Eal (u)| <

where the constant B is taken from the cases above. Since Lemma yields

#T(s,8) S K- (2R by TV
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4 Random Band Matrices with Correlated Entries

we obtain

S (Ed(0a ()] + Bab 1) - [Eal (1)

(LE)ET (s:8")

Ki(s ki (s))—1— B C Clas

< X k2 (2 2k bg:z i(8)+22; k4 (s)—1—1 . K(s) K(s")
= 2pk (2k)7 - 3 (s () () 2L0) + @ ()

k2 (2k)%* s Ki(8)+5k1(s K
< (bk) ' (B+CH(S : CH(S/))bQ (@220 rile )+ HET2 22 ()7

noy,

k2 (2k)%"

: Ezbk_) (B +Cuis) - Con)bn ' =2 0,

where the convergence is summably fast if —— is summable. We have to justify the second
and third inequality in above calculation. The second inequality follows by a case-by-case
analysis whether x1(s)+r1(s") > 2l or k1(s)+k1(s") < 20. In the first case, the inequality is
clear, while in the second case we obtain [ > ’“(S) + 2 ”1( , which also yields the inequality.

The third inequality follows since the exponent of bn is maximized, for example, when
both tuples s and s’ contain only single edges and thus assumes the value k — 1.

This concludes the lengthy case-by-case analysis. For each of the different cases we pointed
out which conditions we need for regular and summable convergence of the variance to
zero. Now we will argue for the statements i) through iv) of Theorem [4.40}

i) As can be seen from the outcome of each of the cases, the condition that b, — oo
suffices for regular convergence of the variance to zero.

ii) Assuming {+1,—1}-valued entries, we observe that the term in (4.14) on page
vanishes for each subsum in our case-by-case analysis except in ”Step 1, Case 3” and
”Step 2, Case 2" (since if ¢, say, consists of only even edges, we have a,(t) = 1). In
those cases, for a summably fast convergence we need that é is summable and that

% is summable. Since the former implies the latter through

1

1 1
nb,

< =)
bn

_|_

OJIL\D
Wl

3

where we used Young’s inequality, it is enough to assume that b%, is summable.

iii) Without extra assumptions on the entries of (a,),, all of the above subcases are
relevant. Therefore, for a summably fast convergence of the variance we need a > %

and the sequences (35 )n, (iDT(«f))n and (C’,(ll))n for all | € N to be summable over n.

In particular, we used condition (AAU3).

iv) Assuming independent entries in (a,), with existing moments, zero expectation and
unit variance, we see that the term in (4.14)) vanishes for each subsum in our case-
by-case analysis except for ”Step 2, Case 1”7 and ”Step 2, Case 2”7, since if the edge
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4.4 Extension of Results to Non-Periodic Band Matrices

sets of tuples ¢t and ¢’ are disjoint, we obtain Ea®(t)a’ (t') = Ea’ (t)Ea’ (t'). For those
two subcases just mentioned, we achieve a summable convergence to zero if (ﬁ)n is
summable over n.

[l
We have now proved Theorem [£.9;

Proof of Theorem[4.9. This is a direct consequence of Theorem with z = 2, Theo-
rem [4.38 and Theorem [£.40 O

4.4 Extension of Results to Non-Periodic Band Matrices

In this section, we will extend our results to non-periodic band matrices. In order to
analyze these matrices in a sensible manner, the concept of a bandwidth should be replaced
by the concept called halfwidth, which we adopted from [42]. Intuitively, the halfwidth
h = (hy), should be interpreted as half of a bandwidth b = (b,),, hence the name. A
6 x 6 non-periodic band matrix M with halfwidth 2 has the structure

11 T12 0 0 0 0
To1 T2z X230 0 0
0 32 X33 X34 0 0
M = ) ) )
0 0 T43 Ta4a T4 0
0 0 0 Ts54 Tss Ts56
0

0 0 0 $6,5 x6,6
whereas with halfwidth 4 we obtain the structure

T11 Ti12 T13 T14 0 0
To1 T22 T23 T24 T2s5 0
M= xr31 T32 33 T34 X35 T3
Ta1 T42 T43 Ta4 Tas T4
0 Ts52 Xs53 Ts54 Tss Ts56
0 0 w3 Tea Tes Tes

The halfwidth denotes the number of possible non-trivial entries in the first row of the
matrix. For an n X n matrix, a valid halfwidth is thus a number in the set {1,2,...,n}.
For a visual comparison of the structure of periodic and non-periodic band matrices, the
reader is encouraged to turn to page [56l We notice the difference between the periodic
and the non-periodic case is that in the latter case the triangular areas in the upper right
and lower left corner of the matrices are missing, leading to the possibility that the inner
band is so wide that it reaches the top right and lower left corners of the matrix. Also, the
rows of the matrix do not possess the same number of non-trivial entries any longer. This
makes analysis of such matrices a little less straight-forward when applying the method
of moments. We will use a different route to extend our results to the non-periodic case:
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4 Random Band Matrices with Correlated Entries

We will show that under reasonable conditions, the ESDs of periodic and non-periodic
matrices are asymptotically equivalent, so that we can directly make use of our previous
results. In order to compare these two types of band matrices, we need to relate the
concepts halfwidth and bandwidth:

Definition 4.42. Let n € N be arbitrary, then an h, € N is called (n-)halfwidth, if
h, € {1...n}. By slight abuse of language, a sequence h = (h,,),, of halfwidths will also
be called halfwidth. Given a halfwidth h = (h,,),, we set

Vn € N: b, :=min(2h, — 1,n)

and call b, (resp. b = (b,),) the bandwidth associated with the halfwidth h, (resp. h =

(fen)n)-

It is clear that for any n € N, the bandwidth b,, that is associated with a halfwidth A,
is either n itself or an odd number in the set {1,...,n}, thus coincides with the concept
of a bandwidth in previous sections. As before, b,, is the number of possible non-trivial
entries in ”the middle row” of the matrix, whereas h,, is the number of possible non-trivial
entries in the first row.

Definition 4.43. Let (2, A, P) be a probability space, (a,)nen @ triangular scheme, h =
(hn)n be a sequence of n-halfwidths with associated bandwidths b = (b, ),.

1. We define the non-periodic random matrices which are based on the triangular
scheme (ay,,)neny with halfwidth b as

(i) il <h -1
VneN:V(ij)ed,: Xévp(i’j):{ma (¢,7) iffi—j] <

0 otherwise.

2. We define the periodic random matrices which are based on the triangular scheme
(an)neny with associated bandwidth b as

(i, j) if [i— ] < hn =1
VneN:V(i,j) €0, : XFG,5) =1 F—=an(i,j) if |i — j| > max(n — h, + 1, hy,)

otherwise.

]
§
3

Note that in the previous definition, we always normalize with the square root of the
bandwidth. In particular, the normalization does not increase for h,, > (n+1)/2, despite
the fact that (in the non-periodic case) more non-trivial entries are allowed. Note also
that the definition of periodic random matrices has not changed in comparison to previous
sections, see Definitions [4.6][4.7] and [4.§ and the following lemma:

Lemma 4.44. Let for some n € N, h,, be an n-halfwidth with associated bandwidth b,,.
Then an index pair (i,7) € O, is by-relevant iff |i — j| < h, — 1 or |i — j| > max(n —
hn+ 1, hy).
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4.4 Extension of Results to Non-Periodic Band Matrices

Proof. By definition, b, = min(2h, — 1,n). We show "=" first. If (,5) is b,-relevant,
then this means that

b, — 1 o b, — 1
5 or |z—j|2n—T or b,=n. (4.16)

Now if the first condition in (4.16) is satisfied, we calculate

i —j] <

i il < bn2—1 _ m1n(2hn;1,n)—1 <h 1.

If the second condition in (4.16)) is satisfied (but not b, = n, which we consider further be-
low, in particular, we assume b, = 2h,,—1), the first one cannot be satisfied by transitivity
of < (since b, < n) and hence

i=Jl>—5—=

Zhn_lu

which yields |i — j| > h,. In addition, the second condition itself yields:

2n—b,+1 2n—(2h, —1)+1
2 a 2

li — 4] > =n—h,+1,

so in combination with |i — j| > h, we obtain |i — j| > max(n — h, + 1, h,). Now let
the third condition in (4.16|) be satisfied, that is, b, = n which implies n < 2h, — 1
by definition of b,, so that h, > n — h, + 1. Then if —(|i — j| < h, — 1), this entails
li—7] > h, > n — h, + 1, so indeed |i — j| > max(n — h, + 1,h,). This completes
the direction "=-." For "<" we assume that b, # n, which entails that b, < n, so
b, = 2h,, — 1 < n, hence n — h,, + 1 > h,, and we must show that

b, — 1 b, — 1

s, el
5 or |i—jl>n

o
i —j| < 5

given that |i — j| < h, —lor i —j| >n—h,+ 1. Butif |i — j| < h, — 1, we find

b, — 1
9

i~ | <hp—1=

and if |i — j| > n — h, + 1, we obtain

b, — 1
li—jl>n—h,+1=n—(h,—1)=n— :

]

We have secured that Theorem and its corollaries are applicable to periodic band
matrices X;” which are based on bandwidths that are associated with halfwidths. We want
to study next in which way those results can be extended to the non-periodic versions
XNP Tn addition, since the significant parameter in the non-periodic case is the halfwidth
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4 Random Band Matrices with Correlated Entries

of which the bandwidth is just a derivate, we should also formulate the results for non-
periodic band matrices in terms of the halfwidth.

The question we should ask ourselves is what kind of results we can hope for. Bogachev

et al. have shown in [11] that for the i.i.d. case, the semicircle law holds in probability for
(X ) i

h
lim h, =cc and lim — € {0,1}, (4.17)

n—oo n—oo N

whereas the semicircle law does not hold if lim,, h,/n = p for some p € (0,1).

Therefore, our analysis which follows will always impose condition , since we are
interested in convergence to the semicircle distribution (and the i.i.d. case is a special case
of ours). Now instead of applying the method of moments once again, we realize that if
holds, XN* and X will only differ in small triangles in the upper right and lower
left corners of the matrix. To visualize this effect for small fractions h,/n, assume that
n = 10, h, = 3 and thus b, = 5, yielding the following structures for X{}* and X}

T11 Ti12 T1.3 0 0 0 0 0 0 0
To1 To2 T23 X224 0 0 0 0 0 0
T31 T32 X33 X34 T35 0 0 0 0 0
0 Tg2 T43 T44 Taps T4p 0 0 0 0
NP _ 0 0 @53 @54 Tss Tse Tsy 0 0 0
L 0 0 0 X6,4 1'675 Te6 Lo 176,8 0 0
0 0 0 0 Trs Tre Trr T78 T79 0
0 0 0 0 0 Tge Tgr Tgg Tg9  Tg10
0 0 0 0 0 0 1'977 :U9,8 .I’g,g 513'9710
0 0 0 0 O 0 0 l’lo’g Ilo’g IlO,lO
Ti1 Ti12 T13 0 0 0 0 0 T1,9 T1,10
Ta1 T22 T23 T24 0 0 0 0 0 T210
r31 X322 T33 x34 r35 0 0 0 0 0
0 T2 T43 T44a T4as5 Tap 0 0 0 0
XP — 0 0 @53 T54 ¥55 Ts6 Ts7 0 0 0
10 0 0 0 64 Tes Tes Ter Teg 0 0
0 0 0 0 Trs Tre Trr 78 T79 0
0 0 0 0 0 w=xge g7 Tgg Tge Tg10
T91 O 0 0 0 0 ®o7 T9g Tog9 W90
Ti01 T2 O 0 0 0 0 g Tioe T10,10

On the other hand, for large fractions h,/n, we assume n = 10, h, = 8 and thus
b, = 10, and we obtain the following structures for X{{* and X{:
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4.4 Extension of Results to Non-Periodic Band Matrices

i1 Ti12 1,3 Ti14 T15 Tie Ti,r L1 0 0

To1 To2 T23 T4 T2s5 T2 T27 T28 T29 0
31 T32 T33 T34 T35 T3e X377 T3g X39 T310
Ta1 Ta2 T43 Ta4 Tas Tae L4717 Tag T49  T4,10
X{\OIP _ | ¥s1 Ts2 I53  Ts4  Is5  Ise  Ts7 X588 X59 5,10
Te1 Te2 Te3 Tea Tes Lee Ler Tesg L9  Te10
Xr1 Y72 X733 74 X7y Tre Tty Trg  Xrg L7110
rg1 Tg2 Tg3 T4 Tgs Tge gy Ty Xg9 I8 10
0 g2 93 Toa Tos Tos To7 Tog Tog T910
0 0 T10,3 T104 T105 T106 L10,7 L10,8 L10,9 10,10

i1 Ti2 T1,3 T4 Ti1s5 Tie Li,7 T18  T19  T1,10
To1 T22 X233 T24 X255 T26 L27 T8 X229 T210
r3i1 Tr32 X33 T34 X35 T3e X377 T38 X39 T310
Tg1 Ta2 T43 Ta4a Tas5 Tae T4y Ta8 Ta9  T410
ng _ Ts1 Ts2 X533 Ts4a Xss5 Tse  Ts7  Tsg  Ts9  Ts10

Tl Te2 T3z Tea Tes Tee Ter Les L9  L6,10
Tr1r Tr2 Trz Tra Trs  Lre Ly X8 Xr9 X710
Tg1 Tg2 83 Xg4a Tgs Tge Lgy Xgg Tgg T80
g1 X922 X933 Tg4a X955 Toe T97 Tog T99g T910
Z101 10,2 T103 T104 L1055 L10,6 L1o,7 L10,8 L10,9 L10,10

To measure the difference between spectral distributions, we employ the bounded Lip-
schitz metric dgr,, which can be used particularly well to analyze the effect of small
perturbations of random matrices. Please turn to Section for details and notational
conventions, which we will use in passing in what follows. The main reason this metric
is so convenient is that the distance between the ESDs of two random matrices M; and
M is expressed through the entries of the difference matrix M; — M, (see Lemma .
Comparing our non-periodic and periodic band matrices given some halfwidth h and as-
sociated bandwidth b (as we just visualized, but see also Definition , we realize that
both matrices contain a non-trivial area with indices |i — j| < h,, — 1, which is the band in
the middle of the matrix, and additionally, periodic matrices contain non-trivial triangular
areas with indices |i — j| > max(n — h, + 1, hy,).

To employ the bounded Lipschitz metric, it is useful to count the index pairs that
either point to the common band in the middle of the matrix or to the entries in the
triangular areas that make up the difference. Since we only consider real symmetric
random matrices and the main diagonal is trivial to deal with (and will never be part of
any of the mentioned triangular areas), for a given halfwidth (h,,), we set for all n € N :

and
T(hy,) ={0G,j)|1<i<j<n,j—i>max(n—h,+1h,)},
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4 Random Band Matrices with Correlated Entries

where ”"B” stands for "band” and "T” for "triangular area.” These sets are obviously
disjoint and we will denote their union by S(h,), so S(h,) == B(hy,) UT (h,).

Lemma 4.45. Let n € N and h, € {1,...,n}, then

2

. o ((ha=Dhn  (n—hn)(n—hn+1)
i) #T(hy,) = mm( 5 5 )

i) #S(h,) = min <n(hn —1), @)

Proof. 1) B(h,) contains all index pairs (7, j) corresponding the diagonals where j — i €

{1,...,hy, — 1}. Their count is

hn—1 hn—1
- - (hn — Dhy  (hy —1)(2n — hy,)
kg_l(n—k):n(hn—l)— k_lk;:n(hn—l)— 5 = 5 :

ii) To count the index pairs in T'(h,), let k& € {1,...,n} be fixed and let us count the

index pairs in the set
{1<i<j<nl|j—i>k}

To this end, if j = n, then we can pick ¢ € {1,...,n — k}, if j = n — 1 we can pick
i€{l,...,n—k—1} and so on until finally, if j = k+ 1, we can pick i € {1}. Therefore,
with £ = max(n — h,, + 1, h,), hence n — k = min(h,, — 1,n — h,,), we calculate

n—k min(hn,—1,n—hy) hn—1 n—hn,
i N (e DRy (0 ) Bt D)
= Z l—mln(Zl,Zl)—mln( 5 ) 5

=1 1=1 =1 =1

iii) We calculate, using that B(h,) and T'(h,,) are disjoint,

#5(hn) = #(B(hn) UT (hy))
= #B(hn) + #T(hn)
_ (hy, — 1)(2n — hy) + min ((hn —Dh, (n—"hy)(n—h, + 1))

index pairs in T'(h,,).
)

2 9 ) 7
— min (2”<hn — 1) = 1) + (b = D)0 = h) + (0= o) (n = (hy — 1>>>
2 2
— min (”(hn ), n(h, — 1) Jan(n — hn))

- i (- ), 20=0).
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4.4 Extension of Results to Non-Periodic Band Matrices

Having studied the areas of non-trivial entries away from the main diagonal of periodic
and non-periodic band matrices, we now turn to the statement that the conditions h,, —
oo and lim, h,/n € {0,1} render the ESDs of these matrices asymptotically equivalent.
The theorem that follows is the main tool of this section and might also be of independent
interest, since it relates the asymptotic ESDs of period and non-periodic random matrices
in quite general settings. One of the statements in the theorem concerns sub-Gaussian
entries. We refer the reader to Section for details on both the metric dg; and sub-
Gaussian random variables.

Theorem 4.46. Let (ay,), be a triangular scheme and let (hy), be a halfwidth with h, —
oo and lim, h,/n € {0,1}. Denote by X the periodic and by XNT the non-periodic
random matrices which are based on a, with halfwidth h and associated bandwidth b.
Then the following statements hold:

i) If the entries of (a,), possess uniformly bounded second moments, then

dpL (X, XVP) —— 0 in probability.

n—oo

ii) If the entries of (a,), are uniformly bounded, then

dpL(X), XNP) —— 0 surely.

n—oo
iii) If for all n € N, the family of random variables (a,(i,7))1<i<j<n is independent, and
if all variables in (ay,), possess uniformly bounded eighth moments, then

dpr,(XE, XNP) —— 0 almost surely.

n—oo

iv) If the entries of (a,), are B-sub-Gaussian for some 5 > 0, and if there exist C,d > 1

such that W o
VnEN:min(l——n,—">§ TR
n-n) = log'(n)

where log?(n) = (log(n))?, then

dpr,(XF, XVP) —— 0 almost surely.

n—oo

Before we start with the proof, let us analyze the condition on the halfwidth in statement
iv). Knowing already that lim, h,/n € {0,1}, this condition lets us conclude that the
convergence takes place with some polylogarithmic convergence speed. An important
special case is that h,/n” — 1 for some p € (0,1). Then we find

hy h, 1 c’ C
< <

n onP onlr Ty T log®(n)

where y =1—p >0, " > 0 is a bound for the convergent sequence h,, /n”, d > 1 can ac-
tually be chosen arbitrarily, and C' is a bound for the bounded sequence (C”log®(n)/n?),,.
Therefore, the case h,/n” — 1 for some p € (0,1) is covered by the theorem.
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4 Random Band Matrices with Correlated Entries

Proof of Theorem [{.46. We start by making the following calculation, using Lemma [4.52}

1
di, (X, X7 <~ [(X = X0) (X = XG0T)]
1 N2
= 3 T - X)) (418)
(4,5)€0n
2 a2
b Z |an (i, )]

" (i,§)ET(hn)
We also note the following: If h,/n — 0, we will have b, = min(2h,, — 1,n) = 2h, — 1

finally, since

2h, 1
Oh, —1<ne 20~ <1,
n n

and the latter is finally true. (Here and throughout the whole proof, the word ”finally”
is used exclusively to mean "for all n € N with n > N, where N € N depends only on
the specific choice of the halfwidth A”.) On the other hand, if h,/n — 1, we will have
b, = min(2h,, — 1,n) = n finally, since
th—lzn(:)%—lzl,
n n

and the latter is finally true. Therefore, in our calculations below, whenever we consider
the cases h,/n — 0 or h,/n — 1, we may and will replace b,, by 2h,, — 1 or n, respectively,
without further notice.

Statement i) Let mg > 0 denote a uniform bound of the second moment of the entries of

(apn)n. Then for any € > 0, we find using (4.18]) and Lemma i1), that

_ Edgy (X7, X))

P(dpr (X2, XNP) > ¢) .

Now if h,,/n — 0, we will finally have

2m (h, — 1)h my h,—1 h

P(dp (X7, XVP) > ¢) < 2 =

(dpL(X,, X, ) E)—e2n(2hn—1) 2 €2 2h, —1 n n—oo
——

<1/2

» 0,

whereas if h,/n — 1 we will finally have

2mgy (n — hy)(n — hy, + 1)
e2n? 2

hy, h, 1
:%2(1——) (1——+—)—>0.
€ n n n n—oo

]P(dBL(X;LD,XéVP) > E)

IN
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4.4 Extension of Results to Non-Periodic Band Matrices

So indeed, dpr,(X?, XNP) — 0 in probability, which is exactly statement 7).
Statement i) Denote by C' > 0 a uniform bound of the entries of (a,),. Then, using

Lemma [4.45[17) and (4.18)), we obtain

2 o
dBL(er?Xr]LVP)Q S W Z |an(laj)|2
" (i,§)€T (hn)

e <<hn — Dho (0= ha)(n = ho + 1>> |

< Y
— nb, 2 2

Now if h,/n — 0, we conclude that finally

202 (h, — 1)h h, —1h
d XPXNP2< n no__ 2" on N
pL(Xo, Xo0) = n(2h, — 1) 2 C2hn—1n 00

whereas if h,/n — 1, we conclude that finally

2 _— J—

n? 2 n

so in particular, dpr (X, X27') — 0 surely.
Statement ii7) For a truncation level 7' > 0, denote by X7 and X™T the truncated
versions of X and XN? | that is, for all n € N and (i, j) € OJ,,, set

X;LD’T(TH ]) = X?f(% .])]lﬂ\/EX,’f(z,jﬂgT}
and
XN, 5) = Xr]LVP(Z"j)]l{‘\/EX,]LVP(i,jNgT}'
Since the entries of (a,), have uniformly bounded eighth moments, the family
((lan(%, 9)|?)(.5)em, Jnen has uniformly bounded fourth moments and is thus uniformly
integrable. In particular, for any € > 0 we can find a truncation level 7' > 0 such that for

all n € N and (i,7) € O, we have E|a, (4, j)|*L{ja, 5> < €. We show that then the
following holds:

1. limsup,,_,. dpr(XF, XPT) <e¢  almost surely,
2. limsup,,_,. dpp(XNP, XNPT) < ¢ almost surely.

To this end, we calculate using Lemma 4.52

1

A (X7 X0 < o 0 WX @A) g vmxp sy
" (4,§)€0n
1 - <\ 2 2 .2
= ﬁ Z |an(Z>Z)| ]l{\an(i,i)bT} + nT Z |an(z,])| ]l{\an(i,j)|>T}
"=l " (1,4)€S (hn)
(4.19)
= AW 4 A2,
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4 Random Band Matrices with Correlated Entries

We will handle these two series separately and invoke the SLLN as in Theorem
each time. First of all, since h,, — oo, also b, — oo and with

‘ 1 & .
hmsupgZIan(z,@)lzﬂﬂan(z’,i)\ﬂ‘} <€

almost surely by the SLLN, we obtain

AD 0 almost surely. (4.20)

n—oo
For A we obtain via Lemma i11) that

2-#S(h, 2 -1 L.
% = n—bnmm (n(hn—l), %) = Emm@(hn_l% n—1).

Now if h,/n — 0, we finally have b, = 2h,, — 1 and min(2(h,, — 1), n — 1) = 2(h,, — 1), so
that finally
2-#S(hy)  2(h, —1) 1
nb, o 2h, —1 nooo
On the other hand, if h,,/n — 1, we finally have b, = n and min(2(h, —1),n—1) =n—1,
so that finally

2-#S(h,) n-—1 1
nb, n nse

Therefore, in either case we have 2 - #5(h,,)/(nb,) — 1 and since finally

#S(h,) = min (n(hn - 1), w) >mn, thus 5 < —

-
(#5(hn))* ~ n?’

1/(#S(hy,))? is finally summable (cf. Definition 4.50). Therefore, using the SLLN once

again we obtain

2
limsup AP = limsup—— > |an(i, §)[*Ljjan 511
n—o0 n—oo Nbp

(1.4) €5 (n)

—timsup 2 HEI) L5

. P 2]1 - < 9
n—00 nbn #S(hn) |CL (Zvj)| {an(i,)|>T} S €

(4,5) €S (hn)
almost surely. Therefore,

lim sup dBL(Xf; , Xf; Ty < e almost surely
n—oo

for all T so large that Ela, (i, 7)[*L e, j>1 < € for all n € N and (i, j) € O,.
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4.4 Extension of Results to Non-Periodic Band Matrices

To treat the non-periodic case, we calculate

1 < .
dp (X7, X702 < nb. > WO NP axrr sy

4,j=1

1 ¢ o 2 o
= > an(i, ) L1y + — > an(i, )P a1y
=1 " (i,4)€B(bn)

2

nb,

D an(i )P Uganiigs)

1 n . .
S E Z |an<l, Z)|2]l{|an(i,i)|>T} +
" (1./)€5(bn)

=AM 1 A®),
As we just argued above, it holds

AV 0 almost surely.

n—oo
and
lim sup Aff) < € almost surely,
n—oo
so that
lim sup dpg, (XY, XVPTY) < ¢ almost surely.

n—o0

In total, we achieved that for all € > 0 we find a T" > 0 such that

lim sup dpp, (X2F, X2

n—o0
< lim sup dBL(X,]LVP, XfZVP’T) + lim sup dBL(XTJZVP’T, Xf’T) + lim sup dBL(Xf’T, Xf)
n— 00 n— 00 n—0o0

<e+0+e=2 almost surely.

where we used statement i7) for the summand in the middle. Since € > 0 was arbitrary,
for each &k € N we can find a set A, € A of measure 1 where

lim sup dg, (X2, XV <

n—oo

| =

Then Ay = (\,en A has measure one and

lim sup dpr, (X2, XV7) = 0 on A.
n—oo
Thus,

lim dpp, (X7, XN7) =0 almost surely.
n—oo

Statement iv) We proceed similarly as in statement i7i), but must be careful: We do not
have a powerful SLLN at our disposal for sub-Gaussian random variables with arbitrary
correlation structures. Therefore, we must follow a different idea, which is comprised of
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4 Random Band Matrices with Correlated Entries

an increasing truncation level T,, oo and the use of tail probability bounds witnessed
by the sub-Gaussian property. Given § > 0 as in statement iv), we set T,, := 4/3/log(n)
as our dynamic truncation parameter. Using as above and Lemma i1), we
obtain finally

2 o
dpL (X, X PT)? < D an(i )P an i<ty

nb,
(4,)€T (hn)
< 2 min ((hn — 1)hn7 (n— hyp)(n — hy, + 1)) T2
nb, 2 2

We note that by choice of T},, T2/ log®(n) — 0 as n — oo, since d > 1. Now if h,/n — 0,
using the convergence speed as in the statement of iv), we conclude that finally,

2 (hy—Dhy,

d XP,Tn XNP,Tn 2 < ‘T2
B (X7 Xy >_n(2hn—1 2 "
h, —1
—_n L2
2h, —1 n "
h,—1 C

-T2 > 0 surely.
- 2h, —1 logd(n) " nooo ¥y

On the other hand, if h,,/n — 1 we conclude that finally
hy)(n —hy +1) T2

(
2 n

2 (n—
n?
h 1
n non
1
¢ ( g +—)-T§—>O surely.
log®(n) n n—00

dpr (X, X NP2

IN

<
~ log(n)

Therefore, it suffices to show that

1. limsup,_,. dpr (X, XPT) —— 0 almost surely,

n—o0

2. limsup,, .. dpr, (XN, XNPIn)y — 0 almost surely.

n—o0

By Markov’s inequality and the Borel-Cantelli lemma, it suffices to show
[. EdpL(X?, XPT)2% — 0 summably fast.

1. Edpp (XN, XNPTn)2 5 0 summably fast.
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4.4 Extension of Results to Non-Periodic Band Matrices

To show I. we obtain finally, using (4.19)), the Cauchy-Schwarz inequality, Lemma M
i4¢) and Theorem [4.53}

Edp (X7, X )2

1 < . 2 o
S E Z Elan(za Z)lz]l{\an(i,i)an} + % Z Elan(zaj)’2]1{|an(i,j)|>Tn}
"=l " (i) €S (hn)

IA

nibn >~ VElan (i) VB (o) > T,)

+ % Z \/E‘an(i,i)‘4 : \/IP (lan (i, 5)] > T0)

n

(4,5)€S(hn)
2 _Tr 242 -1 _ Ty
- fb_ T fT Vi (n(hn ), %) =3 (4.21)
n n n

where my4 denotes a fourth moment bound of the entries. To be more precise, if YV is
[B-sub-Gaussian, then by Theorem [4.53

00 00 o i
EY* = / P(Y* > t)dt = / P(|Y]| > ti)dt < 2/ e 282 dt = my < oo,
0 0 0

where the finiteness of the integral is easily seen since for all ¢ large enough we obtain
_ At

e 27 < t% Now to argue the summability of (4.21)), note that e~Ti/(4F%) is summable in

n since by choice of T,, = 45/log(n),

Therefore, only summability of the second summand on the r.h.s. of must be argued.
But this is straight-forward with arguments we have used before: Assuming h,,/n — 0,
we may finally substitute b,, by 2h,, — 1 and then consider the first term in the minimum.
On the other hand, if h,/n — 1, we may finally substitute b, by n and then consider
the second term on the minimum. In both cases, the summability of e~7/(45*) will then
ensure summability of the summand in question.

Analogously, for II. we calculate

EdBL(X,]lVP,XfIVRT")Q
1 o . 2 -

< E ZEMn(za Z)|2]L{|¢17«L(i,i)|>Tn} + H Z E|an(27])‘2]1{|an(i,j)\>Tn}
"=l " (i) € B(hn)

1< - 2 o
S E ZEMn(Z: Z)|2]1{|an(i,i)|>Tn} + H Z E|an<27j)‘zﬂ{lan(i,j)an}
"=l " ()8 (hn)

and we have just seen that this expression converges to zero summably fast. O]
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4 Random Band Matrices with Correlated Entries

We will derive the following theorem for the non-periodic case:

Theorem 4.47. Let (a,), be an a-almost-uncorrelated triangular scheme, h = (hy,), a
sequence of n-halfwidths and (X2T),, the non-periodic random matrices which are based
on (an)n with halfwidth h. We assume that

hn
hy, — 00 but lim — € {0,1}.

n—oo n

Then we obtain the following results:
1. If a > %, then the semicircle law holds for (XNT'),, in probability.

2. If a > %, h% is summable over n and all entries of (a,), are {—1,1}-valued, then

the semicircle law holds almost surely for (XNT),,.

3. If (an)nen is a Wigner scheme (Def. and if(ﬁ)n s summable, then we obtain
the semicircle law almost surely for (X;'7),.

Proof. First of all, note that if h,, — oo, also b, — oo. The theorem is then a direct
implication of Theorem and Theorem [4.9] To give details, 1. follows with the fact
that entries in a-almost uncorrelated triangular schemes have uniformly bounded second
moments, 2. follows with the fact that

1 1
Fl is summable < W is summable (4.22)

and 3. follows with the fact that

1
— is summable << —— is summable, (4.23)
nb, nh,

where (4.22) and (4.23) follow easily since there exists a ¢ > 1 such that finally,

1
“hy < by < chy. (4.24)
&

To see this, we know from the proof of Theorem that if h,/n — 0, then b, = 2h,, — 1
finally and then (4.24)) holds with ¢ = 2. If h,,/n — 1, then b, = n finally and we obtain
again that (4.24]) holds with ¢ = 2, since h,, € {1,...,n} and

hon

n<2h, < < —
n

)

N | —

which is finally true since h,,/n — 1.
[

The next corollary will deal with non-periodic random band matrices with Curie-Weiss
entries:
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4.4 Extension of Results to Non-Periodic Band Matrices

Corollary 4.48. Let 0 < 8 < 1 and let for each n € N the random variables a, (i, j)1<i j<n
be Curie-Weiss(B3,n?)-distributed. Define the triangular scheme (a,), by setting

P T
Ve N:V(id) €Ot arlig)=qond) T
an(j,i) ifi>j.
Let h = (hy)n be a sequence of n-halfwidths with h, — oo and lim, h,/n € {0,1}. Let
(XNPY, be the non-periodic random band matrices which are based on (ay), with halfwidth
h. Then the following statements hold:

i) The semicircle law holds for (XNF),, in probability.

i) If h% is summable over n, then the semicircle law holds almost surely for (XNT),,.

Proof. This is a direct consequence of Theorem and Theorem i) and i1). O

Obviously, a statement analogous to the third statement of Theorem K.9| is missing
in Theorem [£.47] The statement in question was formulated mainly to be able to treat
correlated Gaussian ensembles, as in Example .22 which is 1-almost uncorrelated with
summable sequences (fo ))n and (C’y(f))n by Theorem . This motivated the formulation
of Theorem iv). Inspecting the third statement of Theorem and the fourth
statement of Theorem (and keeping in mind that finally, 1/2h, < b, < 2h, as
pointed out in the proof of Theorem , the halfwidth h,, should satisfy h,, — oo,
lim, h,/n € {0,1} and both

h, h
— — 0 summably fast  and min (1 - =, —”) < %
non log®(n)

(4.25)
for some C;d > 1 and all n € N. Let us analyze these conditions. The first condition in
(4.25) requires h,, — oo with some minimal speed. For example, h,, ~ y/nlog®(n) grows
too slowly for a = 1 but fast enough for all @ > 1. The second condition in (4.25]) states
how h,, shall grow in comparison to n. If h,/n — 0, then h,, should not grow too quickly.
The quickest growth rate allowed is of the form h, ~ C'n/log"(n) for some C’ > 0 and
d> 1. If h,/n — 1, then h,, should not grow too slowly. A minimal speed of

h,>n (1 — %)
log®(n)

for some C” > 0, d > 1 suffices. This will render the first condition to be satisfied, since
then

1, '\’ 1
h2 - h_%n (1 a logd(n)) . ) c’ 2
1 " (1 a logd(n))
>1 ;i,nally
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4 Random Band Matrices with Correlated Entries

Let us discuss some classic examples that satisfy the conditions in . For halfwidths
(hn)n with h,/n — 0, a very slow growth of h, would be h, ~ y/nlog(n), whereas a
rather fast growth rate would be of the type h,, ~ n/log®(n). Rates of the type h, ~ n”
for p € (1/2,1) lie in between and are thus also admissible. Now if h,/n — 1, a rate of

- (log(n) - 1)

log(n)

does not satisfy the convergence condition, for then, h, does not grow quickly enough.

On the other hand, a rate of
2 _
h > (e — 1
log™(n)

would be admissible.

Theorem 4.49. Let (a,), be the triangular scheme with correlated Gaussian entries as
in Example with respect to arbitrarily fized a« > 0 and (3,), € CovMat(«).

Let (hy)n be n-halfwidths which satisfy h,, — oo and lim,, h, /n € {0,1}, and let (X?),
be the non-periodic random matrices which are based on (ay), with halfwidth (hy,),. Then
the following statements hold:

i) If a > 1/2, then the semicircle law holds for (XNT), in probability.

it) If « > 1/2 and the conditions in (4.25|) are satisfied, then the semicircle law holds
almost surely for (XNP),.

Proof. By Theorem m (@n)nen is strongly a-almost uncorrelated. Thus, the first state-
ment follows immediately from Theorem i). The second statement of almost sure
convergence follows from Corollary iv) (note that summability of 1/h2 is equivalent
to summability of 1/b2 by (4.24)) in combination with Theorem iv), since entries of

(ay)n are 1-sub-Gaussian. O

4.5 Auxillary Statements

The SLLN for £4-Schemes with Independent Variables

We would like to make statements about terms involving a factor 1/#1(n), where I(n)
is an n-dependent and possibly empty index set. In this context, we use the convention
1/0 = oo and make the following definition:

Definition 4.50. A sequence (x,,), in R, U{oco} is called finally summable, if there exists
an N € N such that x,, # oo for all n > N and

an<oo.

n>N
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)

Theorem 4.51. Let ((Y.(n))ie[(n)) be a sequence of real-valued random wvariables,
neN
where I(n) is an n-dependent finite index set, such that the following holds:

a) The random variables have a uniformly bounded fourth moment:

)

4
10>0:VneN: Viel(n): E(Y(")> <C.

b) (1/(#1(n))?*)nen is finally summable.
Then the following statements hold:
i) If for alln € N and i € I(n), EY,™ =0, then

Z v ——0 almost surely.

ii) If there are real numbers | < w such that for alln € N and i € I(n), IEYi(n) € [l,ul,
then almost surely

1 1
[ < liminf Yi(n) < limsup ——~ Yi(n) < .
n—oo #I(n) %) nooo  FI(N) Z

i€l(n)

Proof. 1t is clear that i) follows from 7). However, in the proof it is convenient to show
i) first. To this end, let € > 0 be arbitrary, then we calculate:

#[;(n)ig(%) JARI
< m iyjykylzg(n) E}/;(”)Y;n)yk(")yz(n)
~ et 5,20 ) i 5 B0 )
+ m i:;::k]g () (v)’ + m i:j;:lE o)’
= 64(#;( )? (L) m +#1(n) ¢ ——0  summably fast,

where we used Markov’s inequality in the first step, independence and centrality in the

second and the Cauchy-Schwarz inequality in the third step. The statement follows by
Borel-Cantelli.

Now to show i), we write

1 o1 "
y 3 Yi():—#l(n) > (v - By ) Z EY," = 50 + 5@

i€l(n) i€l(n) 161
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4 Random Band Matrices with Correlated Entries

We will analyze the two subsums separately. For S5 note that for alln € Nand i € I (n),
1Y = BY "l < 1Y + 1EY" s < VC + Y] < VO + max{]l], Jul}.

Therefore, for all n € N and i € I(n) we find
4
E (v - EY") < (VO + max{ll], jul})*,

so we can apply Statement i) to the scheme ((Y;(") - ]EYi(n))ie 1(n)> and obtain
neN

S,(ll) —— 0 almost surely,

n—oo

that is, this convergence takes place on some measurable set A with measure 1. For 57(12),
note that for finally all n € N, I(n) will be nonempty (due to condition b)) and then for
all such n,

1
@) — > Ev" .

Therefore, in total, on the set A we find

Z Yz‘(n) < limsup S + limsup S? < 0+ w.

) 1
lim sup

and
1
liminf —— >~ ¥ > liminf SV + liminf S > 0 + 1.

n—o0 #[(n) ST n—00 n—00

The Bounded Lipschitz Metric

We denote by M;(R) the space of probability measures on (R, B), where B is the Borel
o-algebra over R. For all v, u € M;(R) we define

/Rfdu—/Rfdv

where Lip; denotes the set of functions R — R, which are Lipschitz-continuous with a
Lipschitz constant of at most 1. Then dpy, is a metric on M;(R) which metrizes weak
convergence (see [12, p. 191] and [50}, p. 74]). That is, a sequence of probability measures
(ttn)n in M1 (R) converges weakly to an element p € M;(R) if and only if dgr, (g, ) — 0
as n — oo. Since we are mainly interested in weak convergence of empirical spectral
distributions of random matrices, we use the following notation: Whenever dgp, receives

i (v, 1) sup{ Nfle < 1,7 € Lipl},
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4.5 Auxillary Statements

an Hermitian matrix X as an argument, we will interpret this argument as the ESD of
X. For example, if X and Y are Hermitian matrices with ESDs px and py, then

dpL(X,Y) = dpL (px, py)
and, keeping in mind that ¢ will always denote the semicircle distribution,
dpL(X,0) :==dpL (px,0) .
Now there is a fruitful inequality concerning the dgp-distance of two ESDs.
Lemma 4.52. Let X and Y be two Hermitian n X n matrices, then we obtain
QXY < i -y -y = 130 - v,
n n
where tr denotes the trace functional.

Proof. We only need to show the first inequality. Let f € Lip, be arbitrary, A\? denote
the eigenvalues and py the ESD of Z, where Z € {X,Y} and i € {1,...,n}, then

[om— [ sm] =23 r0n - Ly ron
IS e

LS~ o
n =1

< %tr (X =Y)"(X =Y)],

2

IN

IA

where we used convexity in the second step and the Hoffman-Wielandt inequality (The-
orem [2.33)) in the fourth step. O

Sub-Gaussian Random Variables

If B > 0 is arbitrary, then a real-valued random variable X is said to be f-sub-Gaussian,
if its moment generating function is dominated by the one of an AN(0, 3%)-distributed

random variable, thus if
5242

ViteR:EeX <ez .

In particular, a standard normal random variable is 1-sub-Gaussian. Sub-Gaussian
random variables have rich properties, which can be studied in [52]. For example, if X
is B-sub-Gaussian, then EX = 0 and VX < 2. The following theorem characterizes
sub-Gaussian random variables:
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4 Random Band Matrices with Correlated Entries

Theorem 4.53. For a real-valued random variable X, the following statements are equiv-
alent:

522

1. X is 3-sub-Gaussian for some 3 >0, i.e. Vt € R : EetX <e .
2. There is a ¢ > 0 such that VA > 0: P(|X| > \) < 2e~V.
3. There is an a > 0 such that Ee®X” < 2.
1

Further, if statement 1 holds with constant B > 0, statement 2 holds with constant ¢ = 75

Proof. See [52]. O
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5 The Stieltjes Transform Method

5.1 Motivation and Basic Properties

In order to analyze properties of random variables and their distributions, it is a common
technique to use transforms of these distributions which make analysis more accessible
due to their favorable algebraic structure. For example, a common and short proof of the
central limit theorem is conducted by using the Fourier transform of the random variables
involved, owing to the property that Fourier transforms handle convolutions particularly
well (and the central limit theorem is about a sum of random variables).

In random matrix theory, however, when analyzing empirical spectral distributions of
diverse matrix ensembles, it is desirable to use a tool for analysis that relates the behavior
of the empirical spectral distribution back to the level of the entries of the matrices. For
example, using the method of moments, one sees in equation that the moments of
the ESD o, of a random matrix X,, can be calculated through:

1
VkeN: <an,xk>:—tr (XF) = Z X (iy,0) Xon (2, d3) - -+ X (i, 1)

11, Sig=1

In other words, instead trying to work with an ESD directly, we can analyze its moments
which allows us to work on the level of the matrix entries.

A tool that combines both worlds, that is, that provides the structure of a transform
with favorable algebraic properties and that allows us to work on the level of the matrix
entries is the so called Stieltjes transform:

Definition 5.1. Let p be a finite measure on (R, B). Then we define the Stieltjes trans-
form S, of 1 as the map

S,:C\R — C
z»—>/ ! p(de)
RL— X

We note that the Stieltjes transform is defined via a measure-theoretical integral over a
complex-valued function. We refer the reader to Section for elementary but important
properties concerning these integrals. The following lemma studies the Stieltjes transform
S.(z) = [z Z=p(dz). Note that we do not have to consider the trivial case where p = 0,
since in this case, S, = 0. Notationally, we set C; := {z € C| Im(z) > 0}.
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5 The Stieltjes Transform Method

Lemma 5.2. Let i be a finite measure on (R, B) with u(R) > 0 and S, be its Stieltjes
transform. Further, let E € R, n € R\{0} and z := E +in, then we obtain:

i) For any x € R we find: wiz =G ”E)inz tigo E)ZJH?
i) ReSu(2) = [ =5 +772,u z) and ImS.(z) = [ G—ghrpp(dr).

i) Im(z) 2 0 < ImS,(2) 2 0.

i) 5,(2) = S.(2).

v) S, is uniquely determined by its restriction S, : C, — C..

vi) |Su(2)] < fiac
vii) S, is holomorphic.

viti) In particular, S, is continuous, can be represented by a power series around any
2o € C\R, and is infinitely often differentiable.

Proof. Statement i) is obvious, ii) follows from i) by construction of the integral, iii)
follows directly from ii) and so does iv) in combination with the construction of the
integral. Statement v) follows directly from iii) and iv), and vi) follows from

1

r—z

1 11
v =2 7 [Im(z = 2)]  [Im(2)]

To show statement vii), let (2,), and z € C\R with z, — z, but z, # 2z be arbitrary,
then:

by dominated convergence, since for some C' > 0 and all n € N,

1
< <C,
[Tz, )|[Im(2)|

(x — zp) (T — 2)
for convergent sequences are bounded. O

It was mentioned in [59, p. 143] that the Stieltjes transform is holomorphic; we just gave
a proof for the convenience of the reader. Also in |59, p. 144], boundedness properties
are stated for the derivatives of the Stieltjes transform. They follow directly from our
calculation of the derivatives in the following lemma.
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5.1 Motivation and Basic Properties

Lemma 5.3 (Derivatives of S,). For all k € Ny we denote by S,(f) the k-th derivative of
S,. We find

k!
VkENO: VZEC\RS;(LIC)(Z):/WILL(&E)

Proof. For k = 0 the statement is trivial, and for £ = 1 we have shown the statement in
the proof of Lemma [5.2l We proceed by induction. We assume the statement to be true
for some k£ € N and show that it is valid for k£ + 1. To this end, let z,(z,), € C\R be
arbitrary with z, — z but z, # z. Using that for any a,b € C and k € Ny, we have

k
ak‘-‘rl _ bk-‘rl _ (Z ak—lbl> (CL _ b)

=0

we calculate, using the induction hypothesis in the first step,

R,y _ gk, |

Zn — 2 T a—z) (- ) (- z)’““'M
k

) Z”k_!z/ (Zo (x_lzn)k_l (I—lz)l> (x—lzn - xiz) u(dz)

=

b 1 1
- f 2 a2

Realizing that for all n € N,

k
> o
lom_z)lirlx_zlJrl

k
Z ) [P l+1’1m( )i+ =G

=0

for some positive constant C' (since z, converges), we obtain via dominated convergence:

8P (z) = 5P (2) i 1 (k+1)!
k1) (2) = lim =~ 2 = Kl E T adr) = o u(dr
S ) nLOO o — 2 k'/ - (r — Z)k+2,u(d ) / (z — Z)k;+2ﬁ‘(d )

]

Theorem 5.4 (Retrieval of Measure). For any bounded interval I C R with end points
a < B, we obtain the following:

il B) + 3(u({aD) + () = lim [ T S, + im)A(dE),

Proof. Let I be an interval with end points o < § and 1 > 0. Then we obtain via Fubini:
1
;/IImSM(E—I—m // T vy MdT) A (AE)
AN dE)u(d
| | e amuta)
. / / N 4Eu(dz).
T JrJo (@—E)?+n?
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5 The Stieltjes Transform Method

Now since

n 1
= ——dF
/H E?2+1

n

(57) e (557)
= arctan | —— ] — arctan ,
Ui Ui

and arctan : R — (=3, +7) is strictly increasing with lim, . arctan(z) = £7, we
obtain
7 ifz € (o)
. g—x a— ]
lim |arctan { —— | — arctan =40 ifzé¢la,/pf
0 n n .
2

ifr=aVvze=_g.

Thus, by dominated convergence we find

1 1 — —
7171{‘% - IIm S(E+in)A(dE) = 7171{]% - Rarctan (%) — arctan <a p x) p(dz)

1
= /R l(a,m(l‘H§ﬂ{a,ﬁ}($)u(d$)

= plla 8)) + (e ) + #({B))
U

The previous theorem and the following corollary are similar to Theorem 2.4.3 in [6].
As usual, for a subset I of a topological space, we denote by OI its boundary, which is a
concept we assume to be known to the reader.

Corollary 5.5. For any bounded interval I C R with u(0I) = 0, we find:
1
I)=1m— [ ImS,(E+in)A(dE).
p(l) = lim — I W(E + i) N(dE)
Thus, any finite measure p on (R,B) is uniquely determined by S,. In other words,
p— S, is injective.

Proof. The convergence statement follows from Theorem 5.4 Now if p and v are finite
measures on (R, B) with S, = S, denote their sets of atoms by A, := {z € R, p({z}) > 0}
for p € {p,v}. Then A, and A, are at most countable. Let a < b be arbitrary real
numbers, then there are sequences (a,), and (b,), in R\(A4,UA,) with a < a, <b, <b
for all n € N such that a,, \,a and b, 7 b. It follows

ul(a,5)) = Tim p((an, b)) = lim v((an b)) = v((a, D)),

where we used continuity of measures in the first and last step and Theorem in the
middle step. Since p and v agree on all open bounded intervals, we conclude p =v. [
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5.2 The Stieltjes Transform and Weak Convergence

The last theorem and its corollary suggest that for any finite measure p on (R, B) and
n > 0 small, £ — %Im S.(E+1n) acts as a Lebesgue density for (a measure approximat-
ing) u. In particular, even measures that do not possess a Lebesgue density (for example,
all empirical measures) can be approximated in this way by using the Stieltjes transform.
In Section [5.3| we will see how this can be made precise.

5.2 The Stieltjes Transform and Weak Convergence

For any finite measure, S, carries all the information of 1 (cf. Corollary. Therefore, it
is not surprising that this tool can be used particularly well to analyze weak convergence
of probability measures. The following theorem generalizes Theorem 2.4.4 in [6].

Theorem 5.6 (Convergence Theorem). Let Z C C\R be a subset that has an accumula-
tion point in C\R (which is not necessarily an element of Z itself). Then the following
statements hold:

1. Let (pn)n in My(R), such that for all z € Z we find that S(z) = lim, s Sy, (2)
exists. Then there is a sub-probability measure p with p, — p vaguely and S, = S.

2. Let (fin)n and p in My(R), then we find:

fn, — o weakly < S, (2) = Su(z) for all z € Z.

3. Let (pn)n be random probability measures and p be a deterministic probability mea-
sure, then:

a) pn, — p weakly in expectation < ES,, (2) = S,(z) for all z € Z.
b) pn — p weakly in probability < S, (2) = S,(2) in probability for all z € Z.
¢) pn — po weakly almost surely < [S,, (2) = Su(2) almost surely] for all z € Z.

Proof. 1. Let (,)nes be an arbitrary subsequence of (i, )nen. Due to Lemma , there
exists a subsequence (p,)ner, I C J, such that p, — p vaguely for n € I and a sub-
probability measure p. Since  + — vanishes at Foo0, it follows S, (z) — S,(z) for
n e I forall z € Z (cf. Lemmal[2.10). Therefore, S(z) = S,(2) forall z € Z. If v is another
subsequential limit of (4, )nes, We find by the same argument that S,(z) = S(z) = S,(2)
for all z € Z. This implies S, = S,, since Stieltjes transforms are holomorphic. Therefore,
p = v by Theorem [5.4] By Lemma [2.9, we find p,, — u vaguely for n € N.

2. Since x +— x—iz is continuous, "=-" is obvious. To show ”"<«=", statement 1 yields that
Wy — pvaguely, thus pu, — p weakly, since all measures involved are probability measures

(cf. Lemma [2.14)).

3.a) This follows directly from statement 2, considering

(o) = [ T Epn(de) = e, 2),

r—z

ES,. () =E /
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5 The Stieltjes Transform Method

see also Theorem [2.20]

3.c) If p,, — p weakly on a measurable set A with P(A) = 1, then we have on A that for all
2 € Z we find S, (2) — S,.(2) (by statement 2). This shows "=", and to show "<, fix a
sequence (zx)x in Z that converges to some z € C\R. For all k£ € N we find a measurable
set A with P(Ax) = 1 on which S, (2x) = Su(2x) as n — co. Then A = NpenAy is
measurable with P(A) = 1, and on A we find that for all z € Z" := {z|k € N} we have

Sy (2) = Su(2). Since Z’ has an accumulation point in C\R, we find on the set A that

iy — p weakly by statement 2.

3.b) The direction =" is trivial since z % and x +— m are bounded
and continuous (cf. Theorem [2.25). For "< we let f € Cy(R) be arbitrary. Then we
need to show that (u,, f) — (i, f) in probability. Let J C N be a subsequence, then by
Lemma [2.28] we find a subsequence I C J and a measurable set N with P(N) = 0, such
that for (z;)x fixed as in the proof of 3.c):

Yw € Q\N - VkeN: Sun(w)(zk) —67) Su(w)(zk)-

Therefore, it follows with statement 3.c) that p, —I> 1 almost surely, so in particular
ne

{tn, f) — (i, f) almost surely. Then (u,, f) — (i, f) in probability by Lemma [2.27]
ne ne

We refer the reader to Remark for an explanation on the use of brackets [...] in

Theorem 5.6[ 3. ¢).

5.3 The Imaginary Part of the Stieltjes Transform

In Corollary we saw that if p € M;(R), then for a small > 0, the function F —
%Im S, (E + in) should be the Lebesgue density of a probability measure on (R, B) that
approximates p well. But so far, we do not even know whether £ — %Im Su(E +in)
yields a density of a probability measure at all. How can this intuition be portrayed in the
right context, and is there a connection to the weak convergence results of Section
This section aims to shed light onto these aspects. First, we will rigorously delve into
convolution of probability measures, which will be based on [4]. Second, we will introduce
kernel density estimators, which motivate further the use of the Stieltjes transform when
analyzing ESDs of random matrices. We begin by making the following definition:

Definition 5.7. Let p and v be probability measures on (R,B) and f,g : R — R
Lebesgue-density functions (i.e. h > 0 and [hdN =1, h € {f,g}).

i) The convolution of the probability measures p and v is defined as p* v := (u @ v)*.
Here, u® v is the product measure on (R? B%), + : R* — R is the addition map, and
(u®v)*T is the push-forward of the product measure under the addition map.
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5.3 The Imaginary Part of the Stieltjes Transform

ii) The convolution of the density f and the probability measure v is defined as the
function f*x v : R — R with

VeeR: (fxv)(x /fﬂﬁ— v(dy).
iii) The convolution of the densities f and g is the function f % g: R — R with

VeeR: (f*g)(x /fx— JA(dy).

Note that in ii) and iii) above, the definitions of the convolution are to be understood for
A-almost all z € R, since the respective integrals are well-defined only for \-almost all
z € R, which can be observed via Fubini/Tonelli. The convolutions are understood to
equal zero on the respective sets of measure zero.

We will now casually discuss Definition and summarize the most important aspects
of our findings in the next lemma. So let us assume we are in the situation of said
definition.

Let us first discuss point i) of Definition [5.7} Per construction, the convolution of two
probability measures yields another probability measure on the real line, and if B € B is
arbitrary, we find

(nxv)(B) = (pov) ({(z,y) eR*:x+y € B}).
Further, if f: R — R is p * v-integrable, then we obtain by transformation:

[ £ = [ (torsauen) = [ arpenen) = [ [ fernpdni)

so that in particular for an indicator function f = 15 for some B € B:

e)B) = [sdes) = [ [ tote+pu@onian) = [ w(B - pwta).

where the fact that the first term is equal to the third shows in a particularly nice way that
the convolution is commutative (via Fubini). Let us introduce a quick but enlightening
example:

Example 5.8 (Convolution with Dirac measures). For all a € R, denote by d, the Dirac
measure in a and by 7T, the translation by a, that is, T, : R — R, T,(z) = x + a for all
xz € R. Then we find for any probability measure p € M;(R):

[k 0y = MTG, in particular: g =

since Ty = idg. We conclude that dy is the neutral element of convolution (there is no
other neutral element, since * is commutative). To prove our claim, we calculate for an
arbitrary B € B:

(0 0)(B) = [ (B = 9)3u(y) = (B — a) = ™ (5),

where we used that 7, ' =T_,.
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5 The Stieltjes Transform Method

Now, let us discuss point i) of Definition First of all, we point out that f x v is a
Lebesgue-density function, for it is non-negative, and via Fubini we obtain immediately
that [ f*vdX = 1. But even more holds: f*v is the Lebesgue-density of the convolution
(fA) * v, so that the equality (fX\)*v = (f * )X holds. In particular, this convolution
is Lebesgue-continuous. To verify our statement, we calculate for an arbitrary B € B:

[(FA) *](B) = / (VB — y)r(dy)

- / I m)
_ / / [z = y)N(dz)v(dy)
//f z —y)v(dy)A(dz)

/f*V]() (dz),

where the third step follows from
foMdD) = [ (el o)A = [ (0T, )N (ds),
B—y T, 1 (B) B

and the Lebesgue measure is translation invariant, thus A\7v = .

Lastly, let us discuss point #iz) of Definition : Again by Fubini, we find immediately
that f x g is a Lebesgue-density function. Now since from the definition we have for all
x € R that (f *x g)(z) = (f * (gN))(x), we find through our discussion of point i) that
f * g is the Lebesgue-density of the convolution (fX) * (gX), so (f * g)A = (fAN) * (gN\).
Let us summarize our findings in the following lemma:

Lemma 5.9. In the situation of Deﬁmtion we make the following observations (point
x here is with respect to point x in Definition[5.7, x € {i),1),4ii)}):

i) The convolution is a commutative binary operation on the space of probability mea-
sures. The neutral element is given by &y. Further, the following formula holds:

VB EB: (uxr)(B) = [ plB = yuidy).

ii) fxv is a Lebesque-density for the convolution (fX)*v, that is, (fA)*v = (f*v)A

iii) f * g is a Lebesque-density for the convolution (fN) * (gN\), that is, (fRN) * (gA) =
(f * g\

Proof. This follows from the discussion preceding the lemma. m

The following lemma will capture a very important property of the convolution:
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5.3 The Imaginary Part of the Stieltjes Transform

Lemma 5.10. The convolution of probability measures on (R, B) is continous with respect
to weak convergence. That i, if (ftn)n, (Vn)n, 1 and v are probability measures on (R, B)
with p, = p and v, — v weakly, then p, *x v, — p* v weakly.

Proof. With |10, p. 23] it follows that u, ® v, = p® v. Now if f € Cp(R) is arbitrary,
then we also have that (x,y) — f(z + y) is a continuous and bounded function on R?, so

[ satm ) = [ (Foruen) = [ (Fordusrn) = [ fagus)

n—oo R2

Now, we will bring the Stieltjes transform into play:

Definition 5.11. For all n > 0, we define the Cauchy kernel P, : R — R as the function

with .

) — n

which is the A-density function of the Cauchy distribution with scale parameter 7.
We will collect a quick lemma before proceeding:

Lemma 5.12. As n ™\, 0, we find (P,\) — 6y weakly.

Proof. The characteristic function of the measure P\ is given by ¢ — el see [44,
p. 330] and [54, p. 208]. Fixing ¢t € R and letting n — 0 will yield the statement, since ¢°
is the characteristic function of d. O

Now, as we see, for any probability measure p on (R, B), we have

%ImSM(E—FiT]) = /}R%mﬂ(d@ = (P * p)(E)

Therefore, 1/7ImS,(- + in) is the convolution of the density P, with p and thus a
Lebesgue-density for the measure (P,X) * p1. In particular, as 7 \, 0 we have that

1
—ImS, (- +in) N = (P,A) * g — dg % =y weakly.
T

This immediately proves Corollary again (using the Portmanteau theorem). But due
to continuity of the convolution, we can say much more:

Assume that (o0,), is a sequence of ESDs of Hermitian random matrices, so that o,
converges almost surely to the semicircle distribution ¢. We assume this convergence
takes place on a measurable set A with P(A) = 1. Then we find on A that the following
commutative diagram holds, where all arrows indicate weak convergence:
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5 The Stieltjes Transform Method

(P % 0p)A TS (P, * o)A
N\ 0 o 7\ 0
n\0
0o * 0, = Oy, o
n — 00

In particular, the diagonal arrow says that we obtain weak convergence (P,, * 0,)\ — o
as n — oo for any sequence 7, N\, 0. This is an interesting result, but it does not tell us if
also densities align. More concretely, write o = f, A, then from (P, *0,,)A — f, A\ weakly
we cannot infer that also P, * o, — f, in some sense, for example in || - || over a specified
compact interval. This is desirable since it allows conclusion about local estimation of o,
by o. If n = n,, drops too quickly to zero as n — oo, then (P, *0,) will have steep peaks
at each eigenvalue, thus will not approximate the density of the semicircle distribution
uniformly. This ”problem” is typical for kernel density estimators in general (see [54],
especially their Remark 11.2.10), which we will introduce next.

Definition 5.13. A kernel K is a Lebesgue-probability-density function R — R, that is,
K is non-negative and

/RK(y)Ndy) =1L

Further, if K is a kernel and h > 0, we define K}, as the kernel with K (z) =
all z € R and call K}, the kernel K at bandwidth A. In particular, K = Kj.

+ K (%) for

In above definition, it is clear that K, is a kernel if K is a kernel and A > 0. An example
of a kernel is the Cauchy kernel P; from Definition [5.11] which yields the standard Cauchy
distribution. We have for all x € R and n > 0:

1 1 1 1 1
P(z)=———— and Pyr)= ———5— = — i
| ™ (2 T2+ n?
a) 1
Now given a vector v = (vq,...,vy) of real-valued observations, we are interested in

constructing a Lebesgue-density that describes the experiment of drawing uniformly at
random from these observations, in other words that approximates the empirical proba-
bility measure

Uy = ié (5.1)
N._Nz':1 N .

This can be done with help of a kernel K, which is oftentimes chosen to be unimodal and
symmetric around 0, just as the Cauchy kernel P;.
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5.3 The Imaginary Part of the Stieltjes Transform

Definition 5.14. The kernel density estimator with kernel K and bandwidth h > 0 for an
empirical measure v as in (|5.1]) is the Lebesgue-density given by the convolution K} * v,
thus

Kpxv:R — R

T — (Kh*y)(x):%ZKh@_vi):NLhZKl (x;w)

Heuristically speaking, the concept works in the following way: The center of the
kernel is placed upon each observation, whose influence (i.e. probability mass of 1/N)
is smoothed over its neighborhood. The size of this neighborhood is governed by the
bandwidth hA: A small h will restrain the probability mass of 1/N to be closer to its
observation, whereas a larger h will result in a wider spread of probability mass. Therefore,
a smaller h will result in a peaky density function (with steep peaks at the observation),
whereas a larger i will result in a smoother density function.

We now assume we are given an empirical spectral distribution oy from a real symmetric
N x N matrix Xy. The kernel density estimator at location £ € R for oy with kernel
P, at bandwidth n > 0 is then given by

N N
1 1 1 1 0 1 .
(Pyxon)(E) = — E — =— = ;Im Sexn (E+in).

No <E>+ | AN G ET

This gives the imaginary part of the Stieltjes transform the new role of a kernel density
estimator for the empirical spectral distribution. Let us conduct a simulation study
for N = 100. Let Ajp be a symmetric 100 x 100 random matrix with independent
Rademacher distributed variables in the upper half triangle, including the main diagonal.
Let Xy := ﬁAlOO' Denote by o199 the empirical spectral distribution of X;q9. Further,

we define the bandwidths 7; == 1/N'/2 = 1/10 and 7, := 1/N! = 1/100. With respect to
the commutative diagram after Lemma [5.12] and the discussion below it, let us analyze
how well P, * o199 and P, * 0199 can be approximated by the density of the semicircle
distribution, f,, in Figures[5.1]and which are based on the same simulation outcome.

As we see, considering that we are in the case of a very low N = 100, we already
obtain a decent approximation by the semicircle density in Figure[5.1} Reducing the scale
from 7, to 72 we obtain the result in Figure 5.2l There we observe that for the smaller
bandwidth parameter 7y, we do not obtain a useful approximation by the semicircle
density anymore. Indeed, as we will elaborate in the next chapter, the scale 1/N! is too
fast to obtain uniform convergence of the estimated density to the target density, whereas
a scale of 1/N1=7 for any v € (0,1) would be sufficient. Nevertheless, Figure displays
nicely how the kernel density estimator works: A closer look — in particular to the edges of
the bulk — shows how the probability mass of each individual eigenvalue is spread around
its neighborhood.
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Figure 5.1: Red line: f,. Blue line: %Im So100 (- +im) = Py, * 0100. Grey bars: eigenvalue
locations.
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Figure 5.2: Red line: f,. Blue line: %Im Seoreo (- +112) = Py, % 0100. Grey bars: Eigenvalue
locations.
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5.4 The Stieltjes Transform of the Semicircle Distribution

5.4 The Stieltjes Transform of the Semicircle
Distribution

This section is devoted to the Stieltjes transform of a very specific probability measure,
namely the semicircle distribution o on (R, B) as in Definition . We will simply write
s := S, for brevity. Here and later, for any z € C\R,, we will denote by /= the square
root with positive imaginary part.

Lemma 5.15. Denote by s the Stieltjes transform of the semicircle distribution, then we
obtain
—z+ V22 -4

2
Proof. See [7, p. 32]. O

VzeCy:s(z) =

The Stieltjes transform s of the semicircle law has important properties, which are
summarized in the following theorem (compare with Lemma 6.2 in [27], which was not
proved):

Theorem 5.16. For the Stieltjes transform s of the semicircle distribution, we find:
1. For z € C4, the equation in m
m*+z2m+1=0 (5.2)

has the solutions —2£¥==1 V2z2’4 in C. Further, s(z) is the positive and 1/s(z) is the
negative branch of these solutions.

2. For z € Cy, we find s(z) = —ﬁ(z).

3. There exists a constant Cs > 0 such that for all z = E +in € [—10,10] 4 i(0, 10] we
find
a) |s(z)| < Cs.
1

b) || < .

c) CLS\//{—l—n < ‘s(z) - S(l—z)) < Cs/k+ 1,
where k = ||E| —2|. Cs can be chosen to be 16.

Proof. Clearly, the solutions of (5.2)) are given by

z [ 22 —z+Vz22—4
mlgz——:t —_—— ==
' 2 4 2

In particular, s(z) is the positive branch of the solutions to (5.2)), that is, s(2)*+zs(z)+1 =
0. Especially, s(z) + z # 0, hence statement 2 holds, and from this we obtain (since

s(z) # 0 by Lemma [5.2)
1 —z+ V22 -4 —z—22-4
2 - )

——=—z—-98(2)=—2— 5
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5 The Stieltjes Transform Method

which completes 1. To see 3. a) and b), note that

‘—zi\/z2—4' < |z]—|—\/\z|2+4< 2|z +2
2 - 2 - 2

< 16,

since 1/~ is sub-additive on [0, 00) and |z| < 10/2 < 15. So a) and b) hold with C, = 16.
For ¢) we must conduct some light calculations: First of all, with z = E + in we notice
that

() —24+V22 -4 —z—22 -4
s(z) — = -
s(z) 2 2

- VZ =)

— V-2

=V|E+2+in|-|E—2+in]
Second, since for all real numbers a and b we easily find
1
V2

it follows (since then for example, %(|E +2|+n) < |[E+2+in| < |E+2|+|n|)

(la] +1b]) < Via? + b < |a[ + [b],

1 - -
E\/(IE+2I+77)-(IE—2\+77)§\/\E+2+m|-|E—2+my

<VIE+2[+n)- (1B =2[+7).

For both cases £ > 0 and F < 0 it follows immediately that

VE +2[+n)- (1B —2[+n) < V22/][B] - 2|+,

which shows that

1

s(2) BIE V22/E+ 1 <16k + 1.

On the other hand, for £ > 0 arbitrary, we find
VIIEI =2l +n=+VIE-2[+n
|E+2|+n 1
<A ——— VIE-2|4+n=—4V|F+2|+ E—2|+
<[ VB2 en = VIR e ayIE -2
and similarly for £ < 0 that
VIIEl =2 +n=VIE+2[+7
|E—2|+n 1
<A\ ———— VIE+2+n=—=V|E+2+ E—-2|+n,
<[ E L VBRI = VIET A ayIE -2+
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5.4 The Stieltjes Transform of the Semicircle Distribution

which implies

< sz) - —

K s(z) — —

= s(2)

In total, we obtain
1 1
— < — | <CRrT.
c. k+n<|s(2) Rl K+

]

In the following we would like to unveil that as  \ 0, the function £ — % Im s(E+1n),

that is P, * f,, converges uniformly to f, over any compact interval and with a speed of
O(y/1). We know that

1 Im(z) Im(v/22—4)
_I —_ - .
s m s (2) 2m i 2m

How do we gain access to Im(v/22 — 4)? We need an auxiliary lemma:
Lemma 5.17. Let a,b,c,d € R, where b > 0. If (a +1ib)*> = c +id, then

b_¢%+¢?1ﬁ
_ CEN

Proof. We find:

c+id = (a+ib)* = a* + 2abi — b*

=c=a"—b A d=2ab
2

ﬁbZ —= 2:—
+c=a 12
d2
:>(62)2+Cb2—zzo
c 2 d?
= (0)g=—=+4/— + —
Phe=—5 %\ 77
c 2 d?
=0 =—- — 4+ —
2 V13

\/—c+\/02+d2
= b= 5 ,

where we used in the fifth step that 5> > 0 and in the sixth step that b > 0. m

We can now prove the following lemma, which is also one of the contributions of this
thesis.

Lemma 5.18. Let C > 2 be arbitrary, then we obtain for any n € (0,C]:

sup |~ Tm(s(E +in) — f.(E)| < v/Cn.

Ee[-C,C)|T
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5 The Stieltjes Transform Method

Proof. Throughout the proof we use that for z,y > 0 we have \/z +y < \/z+,/y, without
further mention. With C' > 2 and z = E +in, where E € [-C,C| and n > 0, we find that

2 —4=FE*—1n—4+i2En.
—_—— 7

=:ic =ud

Applying Lemma [5.17] (with ¢ and d as just defined) yields:

4 2_E2 E2_ 2_42 4E22
Im(22_4):\/+n +\/(277 VA AB

SO

1 1 4402 —F24+ /(E?2—n? —4)2 4+ 4F2p?
Lin(s() = - —n+\/ n V( : n?—4) n

Assuming at first that E € [—2, 2], we find

1
2 tu(s(2) - £o(E)
1 At — B2 B — AR+ AT\ 1
B B VB - AP AR ) 1
27 2 27
4 2_E2 E2_ 2_42 4E22
§2g+2l\/+n +\/(277 VAR
m m

Since /- is uniformly continuous, we analyze the difference of the arguments:

4+n*—E?+ /(B2 —n? —4)2 + 4E?* — 8 + 22

2
E? —4+n*+ /(B2 — 0% — 4)? + 4E%?
B 2
- E? — 440 +4— E>+n*+2|E|n
- 2
2% + 4n
§T=n2+2n

Since the modulus of continuity of /- is given by +/- itself, we obtain

Ltn(s(2)) - folB)] < L4 YEE2) 0T SNOES] WO
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5.5 The Stieltjes Transform of ESDs of Hermitian Matrices

Now assuming that F € [—C, C]\[-2, 2] we find

S n(s(:) ~ fo(E)

o | 2

1 +\/4+772—E2+\/(E2—7]2—4)2+4E2772
= Ul
2

Then if n? < E? — 4, we have

4+ — B+ /(B2 — 0% — 4)2 + 4E22
<440 —E*+E? -0 —4+2|E|n
=2|E|n < 2C,

whereas if n? > E? — 4, we find

44107 — B>+ /(B2 — 2 — 4)2 + 4E22
<4+ —E*+4- E*+p? +2|E|n
=2(n* — (E* = 4)) + 2|Eln

< 2n* +2C1,

where we used that |E| > 2 in the last step. We conclude that if £ € [-C, C]\[-2,2], we
obtain

Ltin(o(2)) — (B)] < gL+ oV O < YO < WOLOL ¢

2

So in total, we obtain

sup |~ Tm(s(E +in) — f,(B)| < /T

Ecl-c,c) | T

5.5 The Stieltjes Transform of ESDs of Hermitian
Matrices

As we motivated the Stieltjes transform in the beginning of this chapter, it is possible to
relate the Stieltjes transform of an ESD of a random matrix to the entries of the random
matrix. We will now see how this is done. Notationally, as the Stieltjes transform of the
semicircle distribution received the special letter s := S,, the Stieltjes transform of an
ESD o, of an Hermitian n x n matrix X,, is denoted by s,, := S,,,. The following theorem
summarizes the findings of this section (see also |7}, pp. 470-472]):
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5 The Stieltjes Transform Method

Theorem 5.19. Let X,, be an Hermitian n X n matriz with ESD o,,.

i) For all z € C\R we find:

n

1

1
sp(2) =S, (2) = —tr(X, —2)" ! = .
( ) ) i Xn(k, k) —2z— :EZ(X}JC) — z) tay

n

S|

ii) For z= E +in, where E € R and n > 0, we obtain for all k € {1,... ,n}:

|tr (X, —2) 7" —tr (X — 2)7 <

I | =

Here, X{¥ denotes the k-th principal minor of X,, (thus an (n — 1) x (n—1) matriz) and
xy the k-th column of X,, without the k-th entry (thus an (n — 1)-vector).

Proof. i) The first equality is just a notational convention and the last equality is the
statement of Corollary below. For the second equality, let A{,..., A\, be the eigen-
values of X,,, then by the spectral theorem for normal operators, ﬁ, cee ﬁ are the
eigenvalues of (X,, — z)~!. Since for normal matrices, the trace yields the sum of the
eigenvalues, we conclude

n

1 1 1 1
Se = n(dz) = — = —tr(X, —2)"L
@)= [l = 3 = )
ii) This is the statement of Corollary below. O

Note that Theorem i) also allows us to work with the Stieltjes transform Sg,,, of
the expected ESD g, since as in the proof of Theorem we have Sg,, = ES,, = Es,.

The remainder of this section will be devoted to the proof of Theorem for which
we follow the roadmap as in [7]. We begin by noting:

Lemma 5.20. Let A be an n X n matriz with det(A) # 0, then it holds for all k €

{1,...,n}:
det A%

det A’
where as before, A¥) denotes the k-th principle minor of A.

AV (k k) =

Proof. For all i,j € [n] we define A®) to be the (n — 1) x (n — 1) matrix obtained from
A through elimination of the i-th row and j-th column. Further, for all such (i, j) we let
C(i,j) == (—1)"* det A4 be the (4, j)-th cofactor of A. We obtain an n x n matrix C' of
cofactors of A, and invoke the well-known identity ACT = det(A) - I,, (see [29, p. 204]).
Multiplying by A~! on the left and dividing by det(A) yields A~! = det(A)~!CT, from
which the statement follows. O

In the following Lemma, the Schur complement is defined and studied (see also [69]).
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5.5 The Stieltjes Transform of ESDs of Hermitian Matrices

A Ap
A=
(A21 Ag
be a quadratic block matrix with Ay, invertible. Then the Schur complement of Ay in A

1s defined as

Lemma 5.21. Let

B = Ay — An A Ara

and has the following properties, where I resp. 0 are identity matrices resp. 0-matrices of
appropriate dimension:

i) We obtain the Schur complement formula

I 0 All A12 I —AfllAlg . All 0
—AglAfll I A21 A22 0 I - 0 B

ii) We find the Schur complement determinant formula

det(A) = det(An) det(B) = det(An) det(AQQ — A21A1_11A12>

i) If A is invertible, so is B = Agy — Ay AL} Als.

iv) In case A is invertible, we find the Schur complement inversion formula

a1 ~AG ALY (A0 I 0
0 I 0 B \—AnA7 I

— ‘41_11 + A1_11A12BilA21A1_11 _A1—11A12Bfl
B —B7' Ay A B! '

Proof. Statement i) requires mere verification through multiplication of the matrices, i)
follows directly from i) and i) follows directly from ii). The first equality of statement
iv) follows directly by inverting the Schur complement formula and multiplying from the
left and right with the appropriate matrices. The second equality is again verified through
simple multiplication of the matrices. m

Lemma 5.22. Let A be an invertible n x n matriz. If A% is invertible for some k €
{1,...,n}, then
1

A(/{Z, ]{?) — T’kA(k)_ICk’

where ry, is the k-th row of A without the k-th entry and cy is the k-th column of A without
the k-th entry.

ANk, k) =

Proof. We first prove the statement for £ = n. We obtain
A e
A= ( rn An,n)
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By the Schur complement determinant formula, we obtain det(A) = det(A™) det(A(n,n)—
rnA™=1¢,). Therefore, with Lemma [5.20} we obtain

1 B det(AM™) 1
Ann) — A e, der(d) A ()

Next, we assume k < n. Then define a permutation matrix column-wise as
V= (€1|62| c. |é;c| Ce |€n|€k)

where the e; are the standard n-dimensional basis vectors, and the hat over e, indicates
that this vector is left out. In other words, V is obtained through the identity matrix
by erasing its k-th column e, and appending it at the end of the matrix. We obtain
immediately that V7 = V = V~!. Then AV is the matrix A with erased and then
appended k-th column and V' A is the matrix A with erased and then appended k-th row.
Therefore, (VAV)™ = A®) and by the case above

1
(VAV)(n,n) —r/ (VAV)m-1¢ 7

A7k, k) = (VATV)(n,n) = (VAV) ! (n,n) =
where 77, denotes the n-th row of VAV and ¢, denotes the n-th column of VAV, both
without their n-th entry. But v/, = r, ¢}, = ¢, and (VAV)(n,n) = A(k, k). O

Corollary 5.23. Let X,, be an Hermitian n X n matriz, then it holds for z € C\R:

n

1
tr(X, —z)" ' = .
( ) ; Xn(k, k) — 2z — mZ(Xka) — z) " tay

Proof. X,, and all X\ are Hermitian, thus X, —z and X"’ — 2 = (X,,—2)® are invertible
for all k. We also know that the k-th column (resp. row) of X,, without the k-th entry
is also the k-th column (resp. row) of (X, — z) without the k-th entry. Therefore, the
statement follows directly with Lemma [5.22] O

Lemma 5.24. Let A be an invertible n x n matriz and k € {1,...,n}, such that A% is
wnwertible. Then we obtain:

1+ TkA(k)_QCk

tr A7 — tr AP =
' g Ak, k) — rp AR —T¢,”

where 1y, denotes the k-th row of A without the k-th entry and ¢, denotes the k-th column
of A without the k-th entry.

Proof. We first prove the statement vor £ = n. The Schur complement inversion formula
for -
A A Cn
rn A(n,n)
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yields with B := A(n,n) — r,A™~1¢c, € C, that

1 AM=1 4 A)=1e B=1p A()-1 _ g1, B-1
AT = — By, A1 B! '

Therefore, since the trace is linear and only depends on the diagonal block matrices, we
find

(n)—1 -1 (n)—1
tr A7 — tr AL = g <A B~ rad 0 )

0 B!
1 AM=le p A(M)-1
B 0 1
n—1
1
_ (n)—1 (n)—1
_ 3(1+kg;;4 (k, Deall)ra(m) A Omko

1 — n)—1 n)—1
- = (1+ Y ra(m)A® (m k) AT <k:,l)cn<l)>

k,l,m=1

= % (1 + rnA(")_an) ,

which concludes the statement for £ = n. Now if £ < n, let V be the permutation matrix
as in the proof of Lemma [5.22} then since A®) = (VAV)(™  we obtain with first part that

trA™  —tr ADT = r VATV — tr(VAV) !
= tr(VAV) ™! — tr(VAV)mW -1
1+ (VAV)M=2¢
(VAV)(n,n) —rl (VAV)m =2,

where 7/, (resp. ¢,) is the n-th row (resp. column) of VAV without the n-th entry. This
concludes the statement, since 7/, = ry, ¢, = c¢x, and (VAV)(n,n) = A(k, k). O

Corollary 5.25. Let X,, be an Hermitian n X n matriz, z = E + in where £ € R and
n > 0, then we find for any k € {1,...,n}:

1
|tr(X, —2) 7" — tr(XF) — 27 < -,

Ui

where for all k € {1,...,n}, X% denotes the k-th principal minor of X,, and xy denotes

the k-th column of X, without the k-th entry.

Proof. By Lemma [5.24] we know that

1+ 23X — 2) 2,
Xn(k, k) — 2z — x,’;(XT(Lk) —2) 7oy
114 23 (X — 2) 2]
e = Im(a (67— )t

|tr(X, —2)7" — tr(X % — 27 =

n
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where x denotes the k-th column of X, without the k-th entry. We also used that
X,(k, k) € R, since X,, is Hermitian. We proceed by analyzing the numerator and de-
nominator separately. Before we begin, consider the following: If 7" is a bounded normal
operator on some Hilbert space and x is a vector, then ||Tz|| = || T*z||, so

(T2 | 2)| = (T | T"2)| < || T2|| T2 = |T"2|* = (T2 | T"z) = (TT"z | ).
Since (Xfl ) — 2)~1 is normal, we obtain
114+ 25(XW — )72 <14 25X — 2)"H(X B — 2)~ 1y,

Now let us turn to the denominator. To do so, we write P := (X,(Lk) - z)_l(Xq(f) - 2)

then P is a positive operator, and so is v/P. Both P and vP commute with Xy(f;) as
images of the continuous functional calculus for normal operators. Now we calculate:

<(X(k —2) oy | @) = ((X 2)7HXW — )Y XE) — 2)gy | i)
= <P &) _ z)xk KD
= <\/F(XT(L’“) — Z)xy | \/I_Da:k>

:< k)\/_xk]\/_xk>—Z<P$k|$k>

GIR

Therefore, Im(xk(X(k) 2) o) = nx’,;(XT(Lk) — z)*l(Xy(Lk) — Z) . Tt follows with what
we have shown above that

1+ 25X — ) 1(xP — 2)~1ay,

= = nap (X = 2) (X = 2)
1+ 23X — )1 (x P — 2)-1a,

(X = ) (X - 2) )

from which the statement follows. O]

|tr(X, —2)7" = tr(XW — 2)7H <

)

5.6 Auxillary Statements

Integration of Complex-Valued Functions

We assume the reader to be acquainted with measure-theoretical integration of real-valued
functions on measure spaces. Since we will also need to integrate complex-valued func-
tions, we give a very short introduction in the form of one definition and two lemmata.

Definition 5.26. Let (€2, A, 1) be a measure space, f : (22, A) — C measurable, then f
is called p-integrable, if the real-valued functions Re f and Im f both are pu- integrable.

In this case, we define
/fd,u ::/Refdu—i-i/lmfd,u.
Q Q Q

We will denote the space of C-valued integrable functions as £, (u, C).
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It is worth noting the following lemma about the properties of the integral:
Lemma 5.27. Let (Q, A, u) be a measure space, then the following statements hold:
1. The map L1(u,C) — C, f > [ fdu is C-linear.

2.¥feLi(nC): [ fdu= [ fdpu.
3.V f€Ly(pu,C):|[f fdu| < [1f]dp.

Proof. 1) follows by elementary calculations and 2) holds by the definition of the integral.
To see 3), let z € C with |z] = 1, such that z [ fdu =

U%M%{f@L/EMWMH/MMﬂM§ﬂdW [11dn

=0

]

Lemma 5.28 (Lebesgue’s Dominated Convergence Theorem). Let (2, A, i) be a measure
space, (fn)n, f: Q@ — C be measurable with f, — f u-almost everywhere. If there ezists a
p-integrable g : Q@ — R with |f,| < g p-almost everywhere for all n, then f is p-integrable
and it holds

i [ 17 = fuldn =0,
n—oo
so that in particular
i [ fudn= [ s
n—oo

Proof. Certainly, |Re f,.|,|Im f,,| < |fu] < |g| and Re f,, = Re f, Im f,, — Im f p-almost
everywhere. Also, |f — f,| < |Re f — Re fu|+|Im f — Im f,,|. Now for real-valued measur-
able functions, the theorem is assumed to be known. See [44, p. 142] for a reference. [
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6 The Local Law for Curie-Weiss Type
Ensembles

The local semicircle law is a rather recent result that was derived to gain a more detailed
understanding of the convergence of the ESDs of random matrices to the semicircle distri-
bution (and also to other deterministic and not necessarily known limiting distributions).
Further, as mentioned in the introduction of this thesis, it was also used to establish
universality results for Wigner matrices. In the literature, the local law has many shapes
and forms, so it is hard to speak of ”"the local law.” A common formulation of this type
of theorem is a uniform alignment of the Stieltjes transforms of the ESDs and the semi-
circle distribution, see [9], for example. Reducing this statement to the imaginary parts
and keeping in mind our exposition in Section [5.3] this will directly imply alignment of
Lebesgue densities of the probability measures approximating the ESDs and the semicircle
distribution. Another formulation of the local law is as follows, see [60]: For any sequence
of intervals (Iy)y, whose diameter is not decaying to zero too quickly, ox(Iy) can be well
approximated by o(Iy) for large N. In fact, the second formulation of the local law will
follow from the first, as we will show further below. But there are even more versions of
the local law that also allow conclusions about the asymptotic behaviour of eigenvectors
of random matrices. These types will not be treated in this thesis, but is rather ongoing
work as this thesis is handed in.

Although there were some previous results into the direction of a local law in [40] and
[26], it is safe to say that on the level of strength available today, it first appeared in
[25] by Erdés, Schlein and Yau. Ever since, the results were strengthened (see 35|, for
example) and proof layouts were refined to make the theory more accessible to a broader
audience. Indeed, although there are areas of lesser gravity in probability theory - both in
power and complexity of concepts and proofs - the local laws are displayed in an accessible
manner in the text [9] by Benaych-Georges and Knowles and the book [27] by Erdds and
Yau. Both of these texts are in turn based on their joint publication [2§].

As the semicircle law itself, the local semicircle law was initially considered for matrices
with independent and identically distributed entries in [25]. Further generalizations can
be found in [28|, where entries are still assumed to be independent, but not identically
distributed anymore.

Of course, the next question is if and how local laws can also be proved for random
matrices with correlated entries. Even up to today, these ensembles are not well under-
stood in terms of the local law. In |1], the local law was proved for random matrices with
correlated Gaussian entries, where the covariance matrix is assumed to posses a certain
translation invariant structure. In [2], ensembles with correlated entries were considered,
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6 The Local Law for Curie-Weiss Type Ensembles

where the correlation decays arbitrarily polynomially fast in the distance of the entries.
This result has been improved by [24] (who reference an older preprint version of [2]),
where fast polynomial decay is assumed only for entries outside of neighborhoods of a
size growing slower than v/N, and a slower correlation decay between entries within these
neighborhoods. Meanwhile, another correlation structure was analyzed in |17], where cor-
relation was only allowed for entries close to each other and independence was assumed
otherwise. What all four mentioned publications have in common is that their results are
formulated in such a general manner that the limiting distribution of the local law need
not be the semicircle distribution. They all require additional analysis to derive a local
semicircle law.

In this chapter, we will derive a semicircle law of the weak type for a random matrix
ensemble with very slow correlation decay for entries that are arbitrarily close or far
apart. In fact, our correlation decay between any two different matrix entries (regardless
of their distance) in the upper right half of the matrix will be of order N~!. In particular,
our model is not covered by the previous work on correlated entries that was mentioned
above (for example, in [24], Assumption (D) is violated), and new proof techniques must
be developed.

The ensemble we study will be called ”of Curie-Weiss type”, and not surprisingly, Curie-
Weiss()-distributed entries will be admissible (as long as 5 < 1). For our proof we need
to establish new sets of so called large-deviation inequalities. We state and prove them
in such a general manner that they can also be used to derive stronger local laws.

The second goal of this chapter is to turn the proofs of the local law that are available
in the literature so far into a proof that is both complete and structured in a way that is
easy to follow by a broader audience. To this end, we have molded the expositions in [9)
and [27] into one comprehensible and complete proof.

Notationally, we would like to point out that throughout this chapter, the dimension
parameter n will be capitalized (written as V), which has some notational advantages.

6.1 De-Finetti Type Random Variables

In this section we introduce random variables of de-Finetti type. It should be noted that
the expectation operator I will always denote the expectation with respect to the generic
probability space (2, A, P). In addition, probability spaces with finite sample space will
always be equipped with the power set as o-algebra. Further, if I is an index set and for
all i € I, Z; is a mathematical object, then we write Z; = (Z;);es for better readability.
Now, we proceed as in [41].

Definition 6.1. Let I be a finite index set and Y; be a family of {#1}-valued random
variables on some probability space ({2, 4, P). Further, let u be a probability measure
on the interval [—1, 1] equipped with its Borel o-algebra. Then the random vector Y7 is
called of de-Finetti type with mizture p, if for all configurations y; € {£1}! we have

P(Y; = y1) = / P21 (y1)dph) (6.1)

[_171]
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6.1 De-Finetti Type Random Variables

where P®! = ®;c; P, for all t € [~1,1] and P, is the probability measure on {£1} with

141 1-¢
i and P(-1) = —

Py(1)
In particular, P®! is the I-fold product measure of P, on {£1}.
Remark 6.2. We would like to make several observations concerning Definition [6.1}

1. As becomes clear from the definition, for {41} -valued random variables to be of de-
Finetti type is solely a property of their distribution and not a property concerning
the specific construction of the variables or the probability space on which they are
defined.

2. It Y; is of de-Finetti type with mixture p, so is Y for any subset J C [.

3. It is interesting to point out that if the variables Y; are of de-Finetti type, then
their distribution is a mixture of product distributions with identically distributed
coordinates. Further, the expectation of the measure P, is t. Thus, coordinates
of the identity map on the probability space ({£1}/, P®!) are i.i.d. P-distributed
with expectation t.

4. From Definition [6.1]it is clear that a family Y; of de-Finetti-type is exchangeable, that
is, if 7 : I — I is a bijection, then (Y;);c; and (Yr(;))icr have the same distribution.

Lemma 6.3. Let Y] be of de-Finetti type with mizture v as in Definition |6.1. Then we
obtain for any function F : {+1}! — C that

BP0 = [ [ P dr? ndute).
[—1,1] J{x1}{
Further, if J, K C I are nonempty with JNK =0 and JUK = I, then

B0 = [ [ [ P dr ) e (o)
[—1,1] J{£1}K J{£1}/
Proof. This is straightforward considering
EF(Y)= Y Fy)PY:=y).
yre{£1}!
and applying Fubini. [

It is clear that the second statement of Lemma [6.3| can be generalized to an arbitrary
number of pairwise disjoint nonempty subsets Ji, Jo, ..., J; whose union is I. However,
the case [ = 2 already captures the essence of the technique.

We now study a prominent example for random variables of de-Finetti type, see Defi-
nition .16l
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6 The Local Law for Curie-Weiss Type Ensembles

Theorem 6.4. If Yi,...,Yy are Curie-Weiss([3,N )-distributed, then they are of de-
Finetti-type with mizture /J?W which is Lebesgue-continuous with density on (—1,1) given

by
1 6_%Fﬁ(t)

e~ TP 1—t?
f(fl,l) 12—7»‘(033)

where for all t € (—1,1) we define

Fy(t) = % (%m (1—2))2 +1In(1 — £2).

Further, if p <1, the miztures (M?\/)NGN satisfy the following moment decay:

t— fn(t) =

]1(_111) <t>7

K
Vp€2N:/ Py (dt) < =52,
[—1,41] N1

where Kz, € Ry is a constant that depends on 3 and p only.

Proof. This was shown rigorously in [41], see Theorem 5.6, Remark 5.7, Proposition 5.9
and Theorem 5.17 in their text. ]

6.2 Stochastic Domination

For the statement of the weak local law and its proof we need the concept of stochastic
domination. The following exposition is based on [27]. The first time that this concept
was used was in [23].

For the remainder of this thesis, we will say that a statement which depends on N € N
holds v-finally, where v is a parameter or a parameter-vector, if the statement holds for
all N > N* where N* € N depends on v. We will also write N* = N(v) and say the
statement holds for all N > N(v) in this case.

Definition 6.5. Let X = X™®) be a sequence of complex-valued and Y = YN be a
sequence of non-negative random variables, then we say that X is stochastically dominated
by Y, if for all €, D > 0 there is a constant C p > 0 such that

C.
. N ey (N e,D
VN EN:P (X)) > NY) < o5,

In this case, we write
X<Y or XW <y®),

If both X and Y depend on a possibly N-dependent index set U = UM), such that

X=XMu),NeNueU™), Y=(¥Nu),NeNueU™M),
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6.2 Stochastic Domination

then we say that X is stochastically dominated by Y uniformly in u € U, if for alle, D > 0
we can find a C, p > 0 such that

€ Ce,D
YN eN: sup P (I XM ()| >NYM () < NP
ucUW)

(6.2)

In this case, we write
X<Y o Xu)<Yw,ucU o XMu) <YM (u),uecU™),

where the first version is used if U is clear from the context. If in above situation, all Y (u)
are strictly positive, then we say that X is stochastically dominated by Y, simultaneously
inu € U, if for all €, D > 0 we can find a C, p > 0, such that

X () Cep
VN eN:P — S Nl < =
Qﬁ%k Y ™) () = ND”

and then we write )
X X
sup —| (u)| <1 or sup —l (u)|

< 1.
wer Y (u) wer® Y (u)

Remark 6.6. We make the following important observations with regards to Defini-
tion 6.5}

1. Simultaneous stochastic domination implies uniform stochastic domination.

2. The intuition of stochastic domination is that if X < Y then X does not grow faster
in N than any N¢multiple of Y.

3. If holds for all N > N (e, D), then also for all N € N after rescaling C. p. There-
fore, it suffices to show (€, D)-finally. To validate our claim, suppose we have
shown to hold for all N > N(e, D), then replace C. p by max(C. p, N(e, D)P)
which is also a constant depending only on € and D, making valid for all
N € N, since the left hand side is bounded by 1.

4. In order to show X <Y it suffices to show that (6.2 holds for all € small enough.
To be more precise, if there is an ¢y > 0, such that for all € € (0,¢] and D > 0
we find a constant C. p > 0 such that (6.2) holds, then clearly for all € > ¢, and

N eN:
Ce
sup P (IXV(w)] > NYO(w) < sup P (XD (w)] > Noy V() < “2L.
weU () ueUW) N

Therefore, for all € > ¢y and D > 0 the constant C,, p can be utilized.

5. Another characterization of < is often used in the literature (see |9] or [27]), that is,
X <Y holds if and only if for any ¢, D > 0 there exists an N(e, D) € N such that

. 1
VN > N(e,D): P (|JX™] > NYW) < 5
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6 The Local Law for Curie-Weiss Type Ensembles

Let us validate the equivalence: If the condition holds then X <Y is satisfied with
constants C, p := N (e, D)”, and now assume that we have X < Y, then let €, D > 0
be arbitrary, then there exists a constant C, p; > 0 such that

C 1 C
. (N) ey (N) eD+1 e, D+1
VN eN:P (XY > NYW)) < 288 = 5=

so that the alternative condition holds for all N > N(e, D) := [C. p41], where [-]
is the ceiling function.

Stochastic domination admits several important and intuitive rules of calculation, which
we collect in the following lemma. It supplements the findings in the literature, see |9

and [27]:

Lemma 6.7. Let X, X1, Xy be C-valued and (W;)ier, Y, Y1, Yo, Z be R -valued random
variables, all depending on N € N and u € UN) as in Definition . Further, the index
set I shall depend on N with |I| < C - N* for some firzed C > 0 and k € N. Then the
following holds:

i) If X <Y andY < Z, then X < Z.

ZZ) Ile <Y and X5 < }/2, then X1+ X9 < Y] + Y5,
iir) If X1 <Y1 and Xo < Ys, then X7 - Xo < Y] - Ys.

w) If W; < Z Vi e I, and if the constants Ccp for < can be chosen independently of
1 €1, then max;e; W; < Z.

v) IfY < Z, thenY < Z. In particular, Y <Y
vi) IfY < Z and p > 0, then YP < ZP.
vit) If X <Y and ¢ > 0, then X < Y.

viii) If for all N € N, UI(N) and UQ(N) are subsets of UN) | then if X(u) <Y (u),u € UI(N)
and X (u) < Y (u),u € U™, then also X(u) < Y (u),u € (U™ 0UM).

Proof. Notationally, we drop the N from all N-dependent quantities (except for N itself,
which would be disastrous). Let €, D > 0 be arbitrary.
i) We know the following:

X <Y =VNeN:supP(|X(u)| >Ny @) <cl) NP

uelU ¢/2.D
Y <Z=>VYNeN: sggmy(u) > NZ(u)) < 0 ,N 7P,
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6.2 Stochastic Domination

We conclude that for all N € N and with C¢ p, = C(l ap T 06/2 p» We obtain for any u € U
(which we drop from the notation here and later in thls proof):
P(|X| > NZ) <P(|X|>N/?Y or Y > N922)
<P(|X| > N?Y) +P(Y > N/?Z)
1 ar— 2 ar— *
<CoypN P +Co NP =CrpNP
ii) We know the following:
X, <Y; = VN e N:supP(|X(u)] > NV (u)) < CUANP

uelU

Xy <Yy = VN € N:supP(|Xa(u)| > NYa(u)) < CELNP

uelU
We conclude that for all N € N and with C7 p, == CE(}[)) + Ce(?[)), we obtain for any u € U:

P(|X; + Xo| > NV, 4+ Y3)) < P(|Xy| + | Xa| > NY; 4+ N°Y5)
< P(|X;| > NY; or | Xy| > NYs)
< P(|X1] > NYY) + P(| X2 > NY3)
< CYONP 4+ CHNP =Cr NP

iii) We know the following:

X, <Y1 = VN e N:supP(|X(u)] > NV (u)) < CE/QDN*D
uelU

Xy, <Yy = VN € N:supP(|Xy(u)|] > N/?Y5(u)) < C€/2DN‘D.
uelU

We conclude that for all N € N and with C? f, == 6(/1;’13 +c®

¢/2,p0 We obtain for any u € U:

P(|X1||Xs| > NY1Ys) < P(|X1| > N/2Y; or | X,| > N/2Ys)
(1) o ol
<C/2DN +C/2D —O€7DN D.

iv) We know the following, considering all WW; are R -valued:

Viel:W;<Z]=VNeN:Viel:supP(W;(u) > NZ(u)) <C.pp NP

uelU

We conclude that for all N € N and with C’*D = C - C¢p+k, We obtain for any v € U:
IP(maIXm >NZ)=P(Fiel:W;,>NZ)
1€
<> P(W;> N°Z)
i€l

SO'Nk'OE,D_Fk-N_ C*DN_
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6 The Local Law for Curie-Weiss Type Ensembles

v) This is immediate, since P(Y (u) > N°Z(u)) =0 for all N € Nyu € U.

vi) We find for N € N and u € U:

CE/p,D

P(Y (u)? > N Z(u)?) = P(Y (u) > N/?Z(u)) < D

thus the statement holds with constants (¢, D) — C¢/p p.
vii) For ¢ > 1, the statement is clear, since then Y < ¢Y', hence Y < ¢Y by v), and

now i). If ¢ < 1, then there is an N(e) € N, such that ¢N? > 1 for all N > N(e). This
entails that for all N > N(¢) and u € U:

CE/2,D
ND

Therefore, the constants (e, D) — C/5 p can be used e-finally. Now consider Remark .
viii) Denote by C’S[)) the constants for < over Ul(N) and by 05(,21)7 the constants for <

over U™ then Cep = maX(CE(,%,C'E(’%) will clearly yield valid constants for < over

u™M U™, O

P(|X| > NY) < P(|X| > N/?Y) <

6.3 The Weak Local Law and its Consequences

Definition 6.8. An ensemble of real symmetric random matrices (Xy)y is called of
Clurie-Weiss type, if the following holds:

1. For all N € N, the random variables (vNXx(i,7))1<i<j<n are of de-Finetti type
with mixture py.

2. The sequence of mixtures (py)xn satisfies the moment decay condition

K
Vpe?2N:dJK, e R, : VN eN: /[_ll]tpd,uN(t)S Npl/)2' (6.3)

Example 6.9. Let 0 < 3 < 1 and let for each N € N the random variables (ax (i, j))s je[n]
be Curie-Weiss(3, N?)-distributed. Define the ensemble (Xy)y by setting
—an(i,j) i<y
YN EN: V() €Oy Xalig) = TR ) HEST
ﬁaN(j,z) if i > j.
Then by Theorem[6.4] (Xn)x is an ensemble of Curie-Weiss type with mixtures (py)y =
(,ui,z)N and constants K, := Kgz.

The local law, which we will formulate in a moment, is about a locally uniform approx-
imation of the ESDs of the Curie-Weiss type ensemble by the semicircle distribution in
terms of their Stieltjes transforms. Since the semicircle distribution has compact support
on [—2,2], it suffices to consider a region around this interval, say, [—10, 10] for the real
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6.3 The Weak Local Law and its Consequences

part of the domain and a moderately falling imaginary part, so to be able to obtain better
and better Stieltjes transform kernel density estimates, see Section |5.3|

We will proceed to define certain quantities and regions which will be needed in the
sequel. Whenever a z € C is considered, we will denote by FE its real part and by 7 its
imaginary part and denote by s the minimal distance of £ to —2 or 2. To be more precise,
if a z € C is considered,

E = E(z) = Re(z)
n=n(z) =Im(z)
k= (z) = |1B] -2

Further, for all N € N and v € (0,1) we define the domains
Dr={ze€C| -10<E <10, 1 <n <10},

<n§10},

Ni=7 =

DN(W)::{ZGQ ~10< E < 10,
1
DN::{ze(C| ~10< E < 10, Ngngm}.

For all N € N we find D; € Dy(y) € Dy. The region D; will be used for an initial
estimate, and quantities to be analyzed will behave nicely here. The region Dy(7y) will
be used in the formulation of the local law and is thus the main region of interest. The
region Dy covers all regions Dy(vy) with v € (0,1) and will serve as a domain on which
continuity properties of certain functions of interest will be proven (so that we know they
hold on all regions Dy (7)).

We will now turn to our main theorem of this chapter. In formulation and proof, our
weak local law is closer to [27] than to [9).

Theorem 6.10 (Weak Local Law for Curie-Weiss Type Ensembles). Let v € (0,1) be
fized and (Xn)n be an ensemble of Curie-Weiss type. Further, denote by sy the Stieltjes
transform of the empirical spectral distribution oy of Xy and by s the Stieltjes transform
of the semicircle distribution o. Then we obtain

1 1
\/Nn/{’ (Nn)i

lsn(z) — s(2)] —<min{ }, z € Dy(7).

To interpret the weak local law very roughly, it ensures that on Dy () and up to a
factor of N¢, |sy(2) — s(2)| is bounded by (N7n)~'/*, and a minimal distance away from
the edges of the bulk —2 and 2, the bound sharpens to (Nn)~/2.

Before turning to the proof of the theorem, we will discuss some of its consequences.
The simplest corollary is perhaps:

Corollary 6.11. In the setting of Theorem[06.10 we obtain that on — o weakly in prob-
ability and weakly almost surely.
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6 The Local Law for Curie-Weiss Type Ensembles

Proof. Fix a z € Dy, then any > 1, Theorem implies that for e = 1/8 and D = 2
we obtain a constant C, p > 0 such that

N:\ _Cep
P <|SN(Z) —s(2)| > Ni) < ~z

This inequality certainly implies sy(z) — s(z) in probability, but by Borel-Cantelli also
almost surely. Since z € D; was arbitrary, Theorem yields that o — ¢ in probability
and almost surely. O

Now, let us strengthen Theorem [6.10, which is a statement about the supremum of
certain probabilities. As it turns out, this supremum can be taken inside the probability,
which is possible due to the Lipschitz continuity of all quantities involved in the statement.
This will imply that < does not only hold uniformly for z € Dy(y), but simultaneously
for these z (cf. Definition [6.5)).

The following theorem is far-reaching and can even be used to prove uniformity in the
statement of stronger local laws (Theorem 2.6 in [9], for example). To state it in a general
manner (in which we need it), we define for any sequence of regions Gy C Dy the subsets

Gn =Gy N %(Z +iZ).
For example, we will set Gy := Dy(7) for all N € N and consider the sets G3,. At another
point, we will set Gy := D; for all N € N and consider the sets gﬁ,. We notice that in
both cases, g}v forms a %—net in Gy (if A C B C C are subsets and 7 > 0, then A is
called 7-net in B, if for any b € B there is an a € A such that |b — a| < 7). In formulation
and proof, the following theorem strongly generalizes Remark 2.7 in [9].

Theorem 6.12. Suppose we are given stochastic domination of the form
FN) < 0M(2),  iely, ze gk,

where for all N € N:

e Gy C Dy is a non-empty subset with a geometry such that G% forms a %—net mn

On.

° (Fi(N))ieIN is a family of complex-valued functions on Dy, where #Iy < C; N4 and

for alli € Iy, M s CyN% - Lipschitz-continuous on Dy,

(2

o UM s an R, -valued function on Dy, which is C3N®-Lipschitz-continuous and
bounded from below by ﬁ,

where Cy,...,Cy >0 and dy,...,dy > 0 are N-independent constants and L > max(dy +
dy, ds+dy).
Then we obtain the simultaneous statement:
)
sup max‘ i (2] < 1. (6.4)

2€Gy 1€IN W) (Z)
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6.3 The Weak Local Law and its Consequences

Proof. The following statements hold trivially for all N € N:
i) #GL < #DL <2INT . 11INL = C5N?L,
i) VzeGy:32 €@k |z— 2| <+,

where we set C5 := 231.
Step 1: (6.4) holds if Gy is replaced by G%.
This is easily done by the following calculation for €, D > 0 arbitrary:

F(N) z F(N) z Cen
P <sup maku[(N—)EZM ) < Z Z]P( Z>| < O N2y NB =52 ND

L ’LE[N
2€G zegL ieln

This concludes the first step by shifting D ~» D + 2L + d; and absorbing C} - C5 into
Ce pt+2r+d,- Note that we did not use any Lipschitz-continuity yet, but rather the union
bound and the polynomial growth of the index sets.

Step 2: Extension from G% to .

Now, Lipschitz-continuity comes into play: For an arbitrary ¢ > 0, suppose

dz e Gy, Fi € In: |E(N)(z)| > \I/(N)(z)NE.

Then there exists a 2’ € G§ with |z — 2| <
F.

i

NL’ and then due to Lipschitz-continuity of

N . 2
]Fi( )(z’)| > \II(N)(z)N NI - CyN%.
Further, due to Lipschitz-continuity of ¥V

2 Ly
<7 OV + [EM ()] > T ()N —ﬁ CyN%.

It follows, using the lower bound on W™):

EC) . CoN® 4 CyNBte 4, CaN% + Cy Nt

We may assume w.l.o.g. that e is small, for example, € € (0, L —d3 —d4) (see Remark [6.6]).
Then there exists an N(e) € N, such that for all N > N(e):

CyN% + CyNb+e
N¢ — 204N =2 ;L"’ > N&.

We have shown that for all N > N(e):
| (N) | (N) (1 |

€ ! L . 7

(2)|

—\IJ(N)(z) > N2

dze Gy, die€ln:
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6 The Local Law for Curie-Weiss Type Ensembles

Therefore, if D > 0 is arbitrary, we obtain for all N > N(e):

v ) E i
]P Sup max M > ]\f6 S ]P Sup max | 7 (2)‘ > N§ < 27D
zeGy €lN \I/(N)<Z) -eGL icly \D(N)(z)

where we used Step 1 for the last inequality. This concludes the proof by choosing
constants as (¢, D) — C¢ p and with Remark . O

In order to apply Theorem to Theorem [6.10] and to other local laws, we must
analyze the Lipschitz-continuity of the quantities involved. This is the task of the following
two lemmas. The first lemma will study general properties of Lipschitz continuity, the
second lemma will then analyze Lipschitz-continuity of the relevant quantities involved.

Lemma 6.13. Let V,W and X be normed K-vector spaces, where K € {R,C}, and let
frg: U —= W, h: W — X be maps, where U C V is a subset, then the following
statements hold:

i) If f is L-Lipschitz, so is || f||.
i) If f is L-Lipschitz and X € K, then Af is |\|L-Lipschitz.
ii1) If f is L-Lipschitz and g is K-Lipschitz, then f + g is (L + K)-Lipschitz.

w) If f resp. g are R-valued and L- resp. K-Lipschitz, then min(f,g) and max(f, g) are
both max(L, K')-Lipschitz.

v) If f is L-Lipschitz and h is K-Lipschitz, then ho f is L - K-Lipschitz.
Proof. To show i), note that
)l = Lf ()] < 1[f(01) = Fw2) || < Lljor — w2
For ii), we see that
IAf(v1) = Af()ll = AL (v1) = Flo) | < JALL[Jor = val|
To see iii), we observe
1f (1) +g(v1) = f(v2) =g (v2)[| < [[f (01) = F(w2)l[+lg(v1) =g (v2) || < Lllvy—val|+ K [or -0y

In iv), we will only show the statement for the minimum (the statement for the maximum
then follows, since max(f,g) = —min(—f, —g) and i) was already shown). Setting
M = max(L, K), we need to show for all vy, vy € U that

jmin(f(v1), g(v1)) — min(f(v2), g(v2))] < Moy — va].

We assume that there exist vy, vy in U such that ”>" holds. Then the two minima cannot
be assumed by the same function, since both f and g are M-Lipschitz. Thus, w.l.o.g. we
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may assume that min(f(vy), g(v1)) = f(v1) and min(f(ve), g(v2)) = g(ve). The statement
is clear if f(v1) = g(v9). Now on the one hand, if f(v;) < g(vs), then we actually obtain
f(v1) < g(v2) < f(v2). But then

|f(v2) = f(v1)] = f(v2) = f(v1) = g(va) — f(v1) > M|vg — 1],

which is a contradiction, since f is M-Lipschitz. On the other hand, if f(v) > g(v2),
then we actually obtain g(vy) > f(v1) > g(ve). But then

lg(v2) — g(v1)| = g(v1) — g(v2) > f(v1) — g(va) > Ml[vy — vy,

which is a contradiction, since g is M-Lipschitz. Finally, for v) we note

[A(f (v1)) = h(f ()| < K|[f(01) = fw)l] < K- Loy — w2

Lemma 6.14. Let N € N be arbitrary and Xy be an Hermitian N x N matrix.

i) The Stieltjes transform s of the semicircle distribution o is N2-Lipschitz and its
reciprocal 1/s is 2N?-Lipschitz on Dy.

ii) The resolvent G = GW™N) of Xy, that is, z — G(z) = (Xy — 2)~" is N2-Lipschitz on
Dn.

i) For any i,j € [N], the resolvent entry G;; is N*-Lipschitz on Dy.

iv) The Stieltjes transform sy of the ESD of X, that is, sy(z) = %Zf\; Gi(z), is
N?2-Lipschitz on Dy.

v) The absolute difference |sy(z) — s(z)| is 2N?-Lipschitz and |sy(z) — 1/s(z)| is 3N?-
Lipschitz on Dy.

vi) The minimum Sy (z) := min {\SN(z) —s(z)], )SN(Z) - ?12)‘} is 3N2-Lipschitz on Dy .

vii) The error term Ry(z) := min { \/]\1,7%, (Ni,)‘if } is 10N -Lipschitz on Dy.

Proof. Throughout the proof, we will tacitly use Lemma[6.13, Let N € N and z,y € Dy
be arbitrary. It should be very clear, when and which part of Lemma [6.13]is used.

i) We calculate

|s(2) = s(y)| =
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6 The Local Law for Curie-Weiss Type Ensembles

since Im(2),Im(y) > 1/N?. Now with

we see that the reciprocal 1/s is (N2 + 1)-Lipschitz, hence 2N? - Lipschitz.

ii) Since the resolvent identity yields G(z) — G(y) = (2 — y)G(2)G(y), we conclude

1 1
Ly IN?
Im(z) Im(y) — [z = yIN7,

1G(2) = G < [z = ylllGEANGWI <12 =yl -

where we used that for any 2’ € C\R :

IG(!) | = sup {

|i=1,...,n,\ eigenvalue of XN} <

1
A — 2 [Tm(2")|’

by the spectral theorem.

iii) We calculate

iv)

v)
vi)

vii)
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Gij(2) = Gis()] = (G (2) = GW))iy| < lleill - |G (2) = G - Nlesll < [ —yIN™.

We calculate

N
|sn(2) —sn(y ZGZZ - ZGii(y)
=1 =1
1 1
NZ Galy)] < -+ N N7z ).

This follows immediately from ¢) and iv).
This follows immediately from v).

For this result, we actually need to work. First we write

1 1
and Bn(z) = :

W)= e = o)t

so that Ry(z) = min(Ax(z), By(2)). We note that

Ax(2) < B () 1 < 1 L

: N2 (N VNI

The question is: For which constant L > 0 do we find

Vzl,zg € DN . ‘RN(Zl) — RN(ZQ)| S L’Zl — 29 ?



6.3 The Weak Local Law and its Consequences

Case 1: Ry(z1) = An(z1) and Ry(22) = An(z2). Then this entails that

1 1
< ||Ei] =2 and
\/N_nl_H 1| | \/N_772

Therefore, with explanations right after the calculation,

< ||Es| —2| (6.5)

[Ry(z1) — Ry(z)| = ! - !

VNmIET=2 /Nl - 2]
VN[ Es| — 2| — /N[ En| - 2|
Nv/mE] = 2[y/nol| Eo| - 2]
< |VNmIIE] =2 - /Nl B 2

1
< 5| Vel | ol — 21 = N | Eu| - 2]

N
= = mllEal = 2 ml|Ea| 2|
< 10N ‘(I\Ezl —2I) _ (I|E1! —2!>
n 2 Uit 9
() (3)

T2 m /)l
= 1ON|21—22|

where the third step follows since with (6.5)), the denominator is lower bounded as
follows:

1 1
N E{l —2 Es| =2 > N
\/771|| 1| |\/772H 2| |_ nl\/N_m%\/N_ng

1 N /1
N\/anmz_\/ﬁ\/]\f

The fourth step follows from the fact that /- is %—Lipschitz on [1,00) and this is the
domain of the arguments of /-, as seen with (6.5]), for example

1 [ 1
N772||E2|_2|2N772\/W=\/N7722 NN:L
2

Further, the sixth step follows since f : [0,10]*> — R, f(z,y) = zy is 10v/2-Lipschitz,
since |Vf(z,y)|ls = v/22 +y? < 10v/2. The seventh step follows from the direct
calculation

|Ey — Er| > ||Es| — |EL]| = |(|Ea| — 2) — (|EL| — 2)] > ’||E2| =2 —||Ey] = 2]},

where we applied the reverse triangle inequality two times.
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6 The Local Law for Curie-Weiss Type Ensembles

As we see, in Case 1 the Lipschitz constant of 10N suffices.
Case 2: Ry(z1) = By(z1) and Ry(22) = Bn(22). We calculate

|Bn(21) — Rn(22)] = -

IA
=
=
3
)
N~—
PN
|
~—~
=
3
—
N~—
A

where in the third step we used that \/N(nmg)i > VN (%%)i = 1 and in the fourth step
we used that ()i is i—Lipschitz on [1,00) and the arguments are at least 1, for example,
Nm > N % = 1. Again, the Lipschitz-constant of 10N suffices.

Case 3: [Ry(z1) = An(z1) and Ry (22) = Bn(22)]

or [Ry(z1) = Bn(z1) and Ry(22) = An(22)].

Per symmetry we may assume that Ry (21) = Ay (21) and Ry (z2) = Bn(22). In particular,
we have

1By ] =2 =

and ||Ea| —2| <

1 1
VN \/N772'

We conclude

1 1
VNmI[E =2 (N
(Nm2)% — /N[ Er| — 2]

V/NmJ[Ei] - 2](N1p)’

|Rn(21) — Rn(22)] =

< /& - VNI E] —2|] (6.6)
1
< 5 |VNm = Nm1By| - 21

where the third step follows since the denominator can be lower bounded by 1:

VN Ei| = 2[(N1pp) > >[N \/ = /Ny > 1.
N?]l

The fourth step follows since 1/ is 3-Lipschitz on [1,00) and this is clearly the domain of
the arguments.
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6.3 The Weak Local Law and its Consequences
Subcase 1: /Nny > Nn||Ey| — 2|. Then

VN = Np|| 1| = 21| = /N = N |Ex| 2

<V Nng—+/Nm
1
< §|N772—N771|

N N
< 7\/(772 —m)?+ (Ey — Ey)? = 5|z1 — 2

and thus again, the constant of 10V suffices with .
Subcase 2: /Nny < Nn||Ey| — 2|. Then

VN = Nl Ex| = 2| = Nl | E| = 21 = /N
< Nm||Er| = 2| — Nnpl|Ea| — 2|
= N|ml|Ei| - 2| - el | Bal - 2
< 20N |z — 29|,

where the second step follows with our findings at the very beginning of Case 3 and the

last step follows from our calculation in Case 1. As we see, again a Lipschitz constant of
10N suffices (note the factor 1/2 in the end of (6.6)). O

We will now show that Theorem [6.10] actually holds simultaneously. It should be noted
that later in Section [6.4, where we prove Theorem [6.10] we actually already prove it
simultaneously. But this is merely due to the nature of our proof. It is still nice (and
important) to see here that the simultaneous version actually follows from the seemingly
weaker uniform version, employing Theorem [6.12]

Theorem 6.15 (Simultaneous Weak Local Law for Curie-Weiss-Type Ensembles). In the
setting of the weak local law for Curie-Weiss type ensembles (Theorem we obtain

p _lsx(@) = 5(2)
Z2EDN(Y) 1 1 1
R { VNnE? (N }

Proof. We know by Lemma that FM)(2) == |sy(2) — s(z)| is 2N%Lipschitz and

UM (2) := min

<1

1
VNS ()t
. 1 1 1 1 (N) 1
we obtain that /T > Ve and ol > T such that WV (z) > oV

Further, we surely obtain by Theorem that

%} is 10 N-Lipschitz on Dy. Since on Dy we find n, xk < 10,

F(N)(z) < \I/(N)(z), z € D?V('y).

Therefore, the statement follows with Theorem by choosing constants Cy = 2, dy = 2,
C3=10,d3=1,Cy=10,dy =1/2 and L = 4. ]
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6 The Local Law for Curie-Weiss Type Ensembles

We draw two further immediate but important corollaries from Theorem [6.15]

Corollary 6.16. In the situation of Theorem we find that for any v € (0,1):

sup |sny(2) —s(2)| < —
z€DnN(7) N3

Proof. Since for any z € Dy () we find

1 1 1
(Nm)i — (N L) NE
it follows
p 1O ) sl
z€DnN () N_% 2€Dn () min { \/]\17777&7 m }
by Theorem . Multiplying both sides by 1/N?/* concludes the proof. O

Corollary allows us to conclude that on sets with high probability, sy converges
uniformly to s on a growing domain Dy () that approaches the real axis.

Corollary 6.17. In the situation of Theorem let v € (0,1) be arbitrary and define
the scale ny == 1/N'™7 for all N € N. Then for all e, D > 0 there exists a constant
Ce.p > 0 such that for all N € N we have

P sup
E€[-10,10]

Proof. We find for all N € N that

ol

T TN1

11m(sN(E+mN))—fU(E)‘ LA m) < Cen.

1 .

sup | Lm(sy (B + iny)) — fo(E)'

Ee[-10,10] | T
1 ) 1 .

< sup | Im(sy(E +iny)) — & Im(s(E + mN»‘

Ee[-10,10] | T ™

1 .
© sup —Im(S(EHnN))—fa(E)‘
Ee[-10,10] | T

1
< — sup [sn(2) = s(2)[ + /100y

T 2eDy (%)
< 10n~.

on a set Ay with P(Ay) > 1 — C. p/NP for an N-independent constant C, p, witnessed
by Corollary We also used Lemma for the second summand. This proves the
statement. ]
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6.3 The Weak Local Law and its Consequences

Corollary states in particular that, at the scale ny = 1/N'™7 (v € (0,1) fixed),
we find uniform convergence in probability of the kernel density estimator P, * oy to f,
on the interval [—10, 10], where we have strong control on the probability estimates. In
his publication [40], Khorunzhy showed for the Wigner case that for arbitrary but fixed
E € (—2,2) and for slow scales ny = 1/N'™7 (v € (3/4,1) fixed), P,, * on(E) — f,(E)
in probability. But very importantly, he showed that this does not hold in general for
scales that decay too quickly, such as the scale ny = 1/N, see his Remark 4 on page
149 in above mentioned publication. Therefore, the scale that is used in our weak local
law, Theorem [6.10, cannot be improved while still implying convergence in probability
of P, * on to f, pointwise or uniformly. See also Figures and on page for
a visulization of these findings. We need to keep this in mind when interpreting the
Theorem 10.1 in |9, p. 45] which implies that (in particular), Theorem remains true
even if every Dy () is replaced by [—10, 10]4¢(0, 10]. For note that for faster decays such
as 7y = 1/N® and for E € [—10,10] fixed, we would obtain the statement that for each
€, D > 0 we find a constant C p > 0 such that

2

VNEN:IP<|SN(E—|—1'77N)—S(E+Z'77)|>N6min{5_ N}> ?\;5,
which is hardly a statement from which we could infer convergence in probability or almost
surely of [sy(E + iny) — s(E + iny)| to zero. Rather, this statement has the structure of
a tail probability bound, which is a whole different matter.

Theorem and Theorem [6.15| guarantee closeness of the Stieltjes transforms of the
ESDs and of the semicircle distribution. But how can we conclude that for certain classes
of functions f, (o, f) is close to (o, f)? The following lemma is a key ingredient. Indeed,
in the equality in the following lemma, if we integrate both sides with respect to (say)
on(dX), we obtain a triple integral on the right hand side. Applying Fubini, we retrieve
a double integral over a term that includes the Stieltjes transform of oy at z.

Lemma 6.18 (Non-Holomorphic Cauchy Integral Formula). Let f : C — C be a function
that is continuously differentiable in the real sense. Further, we assume f to be compactly
supported. Then it holds for all A € C:

(0 +28 f(z) B .
27T// dxdy (z =z +1y).

In particular, the integral on the right hand side exists.

Proof. This lemma is proved in [53, p. 388] using elementary arguments. The idea is to
use polar coordinates with epicenter A. O

Next, we will formulate and prove a semicircle law on small scales, where we will follow
the sketch in [9] (see their Theorem 2.8), but implement own ideas such as the use of the
Cauchy-Riemann equations. What we are after is a probabilistic evaluation of how well
the semicircle distribution predicts the fraction of eigenvalues in given intervals I C R.
This is a very important theorem and exemplifies well what the local law is capable of.

159



6 The Local Law for Curie-Weiss Type Ensembles

In fact, a variant of the following theorem (see Theorem below) even constitutes the
local law per se in [60]. Notationally, if A C R is a subset, denote by Z(A) the set of all
intervals 1 C A.

Theorem 6.19 (Semicircle Law on Small Scales). In the setting of the weak local law for
Curie-Weiss type ensembles (Theorem[6.1()) we obtain

1
sup |on(I) —o(I)| < —.
T€Z(R) N1
Further, for any fixed 6 € (0, 1),
1
sup lony(I) —o(I)] < —.
I€Z([-2+0,2—6]) N2

Proof. We will show the first statement and afterwards discuss the minor changes to be
made for the proof of the second statement.

First of all, since oy (I) is a random variable (i.e. measurable) for all I € Z(R), so is
supsez) |on (1) — o(I)], since this value coincides with the supremum over all intervals
I C R with rational end points, which is then a countable supremum of measurable
functions, hence measurable. Therefore, it is valid to analyze events as in the statement
of Theorem [6.19] in a probabilistic manner.

Step 1: Initialization of smooth indicator functions
We will start by introducing certain quantities that we will employ in the proof. For
any interval I € Z([—3,3]) and n € (0,1] denote by f = fr, € C(R, |0, 1]) a smoothed
indicator function with

o f(z)=1forallz e,
e f(z)=0 for all z € R with dist(x, 1) > n,

o IF]x < S,

o [f"llee < 2

7727

where C and C are suitable constants independent of n and I, and dist(x, I) := inf ¢/ |z — y|.
It follows that the supports of f, f" and f” are contained in [—4,4]. Further, the supports
of f" and f” have Lebesgue measure of at most 27. In particular, Lebesgue integrals over
|f'| are bounded by 2C} and Lebesgue integrals over |f”| are bounded by 2C5/n . These
facts will be used later on without always mentioning them again.

Now, we pick a smooth even cutoff function x € C°(R, [0, 1]) with

e x(y)=1forall y € [-1,1].
e x(y) =0 for all y € R\[-2,2].

e ||X]lo < Cj5 for some C3 > 0.
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6.3 The Weak Local Law and its Consequences

Note that the support of x’ lies within the set [—2,2]\(—1, 1). The purpose of x is to serve
as a cutoff function for the imaginary part in the calculations below. Instead of the smooth
approximations of indicators f7, and y, that is, infinitely often differentiable ones, for
our analysis we only need two times continuously differentiable approximations, as seen
in the calculations that follow. However, even the existence of smooth approximations is
well-known, see for example |19} p. 20].

Step 2: Applying the Non-Holomorphic Cauchy Integral Formula
If f and x are as in Step 1, note that the function ¢ : C — C with g(x + iy) =
(f(z)+1yf'(x))x(y) vanishes outside of a compact set, and is continuously differentiable
in (x,y) when regarded as a function R?* — R?. Note also that per construction, for real
arguments A it holds that g(A) = f(\). Therefore, if v is an arbitrary probability measure
on (R, B) with Stieltjes transform S, we obtain with Lemma m

/ FOW(N) 27r / / / (9: +0) (iiZZJ)C/(x))X(y)]dydxu(d/\)

2n /R /]R(ax +140,)[(f () + iy f'(2)x(y))S (z + iy)dydx

Note that the partial derivatives d, and 0, are only applied to the term in the brackets
[...]. This derivative can be evaluated as

(0 +i0,)[(f () + iy f'(z))x(y)]
f@)x(y) +iyf"(2)x(y) + 9, (i f (x)x(y) — yf'(2)x(y))
F(@)x(y) +iyf"(2)x(y) +if ()X (y) — f’(fv)x(y>—yf'($)x’(y)
Zyf”(fc)x( ) +if(@)x'(v) — yf'(@)x' (v)-

With our calculations so far, and writing S, instead of S,(z + iy) in the following
calculation for better readability, we obtain for any n € (0, 1] (note also that f depends
on 7):

~— —

[ s / / iy s (@)x(y) + i @)X () - yf (@)X ()] S,dyda
:—//zyf” )(ReS, +iIm S, )dydx—l——// z) +wyf (2)] X (y)S,dydx

/ / £"(2)x(y)y Tm S, dyda
//ﬂ yMS@M+—// 2) + iy f'(2)] X (y) S, dyda

— / f(x)x(y)y Im S, dydz — — F(2)x(y)yIm S, dydz
lyl<n

lyl>n

//ﬂ yms@®+—// z) + iy ()] X' (y)S,dydz.
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6 The Local Law for Curie-Weiss Type Ensembles

Step 3: Bounding the difference of smoothed indicators

In particular, the last calculation yields for §y := sy — s (where as before, sy = S, and
s=9,):
[ranan - [
1 . )
—a= / f"(@)x(y)y Im 8 (z + iy)dyda (T1)
lyl<n
1 . .
- / F(@)x(y)yIm Sy (x + iy)dyds (T2)
ly|>n
/ / f"(x)x(y)y Re sy (z + iy)dydz. (T3)
/ / )+ iy f ()X (v)$n(z + iy)dyde. (T4)

Now, we pick € € (0,1/4) and D > 0 arbitrarily and let n decay at a rate compatible
with our weak local law: For all N € N, let n = n(N) = N;E. We then know from

the simultaneous weak local law (Theorem with v = 1 — (1/4 — €)) that there is a
constant C. p > 0, which is independent of /N, such that the set

N
(NlyDx

has high probability, namely P(Ay) > 1 — C;V",f . Here, we used that for any Stieltjes

transform S, of a probability measure v we have S,(x — iy) = S,(x + iy) by Lemma .
Next, we want to bound the terms (T1), (T2), (T3) and (T4) on Ay.

We begin with the term (T4). Considering that x’ has support in J := [-2,2]\(—1, 1),
|f| and |f’| and are bounded by 1 and C}/n (respectively), both have support in [—4, 4],
where the support of f’ has Lebesgue measure of at most 27, we obtain on Ay:

Ay = {‘SN($+iy) - S(.W—l—z'y)l < 1 ‘iL" < 10, ’y‘ € [777 10]}

1 / / ~ .
< o [ [0 @D @l + il

1 , Ne
- /[] / (2@ oy duds

<N¢/N1/4=n

gnc?’ (/ /1dydx—|—/ 1 (x ]/2dydx)
[—4,4] [—4,4]

o (o [ o)
< 16 4+ 4 f(z)|dx
© @l

C
1 (16 4+ 8C1) < nCh(4+2C1),
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6.3 The Weak Local Law and its Consequences

Next, we will bound (T3). To this end, notice that the left hand side of the equation
in the beginning of Step 3 (in which (T1), (T2), (T3) and (T4) were defined) is a real
number. On the right hand side of this equation, (T1) and (T2) are both real, so we must
have Im (T3) = —Im (T4). Since Re (T3) = 0, we have (T3) = iIm (T3) and conclude

|(T3)] = [i T (T3)[ = [Im (T4)| < [(T4)] < nC5(4 + 2C1).

Let us turn to (T1). If v is any probability measure on (R, B), then the expression
ly||Im S, (z + dy)| is non-decreasing in |y| for any = € R. To see this, we calculate:

. Y
il 5,0e -+ )| = | [ e —taa)

B ly|? L(da
- [ e

which is clearly non-decreasing in |y| for any € R. Therefore, on Ay we have for all
y € R with |y| <n and all z € [—4,4] :

[yl ([tm sy (2 + 2y)| + [Im s(z + iy)])

1 (Hmesy (2 + )| + [T s(z + 1))
n(|sn (@ +in)| + [s(x +in))

n(|sn (@ +in) = s(a +in)| + 2|s(z +in)|)

Sn( N +32)
(Nm)4

< 33n,

ly||Im S (z + iy)|

<
<
<
<

where in the fifth step we used Theorem [5.16] and in the last step that

Ne Ne Nie
T 3,501 .31 <1 (6.7)
(N77)4 N(4+€)4 Nz1

recalling that € € (0,1/4). Now to bound (T1) we calculate

1 R .
i< [ I @liim e+ ig)dady
T J1—44] Jyl<n

1
< — |f" () 33ndydz
21 Jica ly|<n
66
S _772/ f/l .T) dx
o [_474}! ()]
< @,722_02
2t n
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6 The Local Law for Curie-Weiss Type Ensembles

Next, we will bound (T2). With sy and s, also §y = sy — s is holomorphic on C\R.
We will write

Sn(z +iy) = u(z,y) +iv(z,y)
where u,v : R? — R. Further, denote by u.(x,y), u,(z,y), v.(z,y) and v,(z,y) the
corresponding partial derivatives. We now obtain that

Sn(x —1y) = Sn(x +iy) = uz,y) —iv(z,y)
where we applied Lemma iv) to both summands of s — sy. In particular, we obtain

w(z,y) = u(z, —y), thus wu,(z,y) = —uy(z, —y).

Since §y is holomorphic, we know that v,(z,y) = —u,(z,y). In the following calculation,
in order to get rid of the second derivative of f, we integrate by parts with respect to z
and then with respect to y (also, keeping in mind that x is an even function):

—27T(T2)=/ ’ f"(@)x(y)y Im sy (z + iy)dyda

:/|y|>nX(y>?//Rf”(I)U(I,y)dxdy
N /|y|>77 (w)y <[f( oz, y)li= o — /ﬂ{f’(@%(w,y)dx) dy

/ / z)uy(z,y)dedy
ly[>n

/f /|y|>77X y)yuy(z,y)dyde
=2/f’(w)/ X(¥)yuy(z, y)dyda

2 [ a ( X, - /Oo u(, 5)x(y)dy — /noo (i, 1)x <>ydy)d
:—Z/f ndx—Q// f(x )x(y)dydx
9 / / F(@)ue, y)X (9)ydyde,

and therefore with |u(z,y)| = |Re sy (z + iy)| < |Sn(x + iy)

(22 [ 1F @t i (T3

A
)

. / 2)én(z + iy)x(y)|dydz (T6)

44/ z)Sn(x +iy) X (y)y|dyde. (T7)
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6.3 The Weak Local Law and its Consequences
Now to bound (T5), (T6) and (T7) on Ay is easy for once: For (T5) we find immediately
2n
(T5) S —Cl S 77017
™

where we used that [$y(x + in)| < 1 on Ay for all relevant x, which follows from (6.7)).

For (T6) we calculate
a2 el o
[—4,4]

2 2
Ne¢ 1 4 4
——dyzn{—w] < dn,

n N% ?Ji 3 n

dydx

and since

we conclude

4
(T6) < 21 / F(@)lde < 219 <
v [_4’4} i

Lastly, considering that the support of x’ lies in [-2,2]\(—1, 1), we obtain

2 Ne 2 4
(1 <& / () / _ydyda < 21 / () lde < 198 o0
T Ji—aa 1 (Ny)s [~4,4] m

™

[ o] =
yay = yrady =n -y > 20).
1 (Ny)1 1 L

Putting things together, on the high-probability set Ay we find that for an arbitrary
interval I C [—3, 3] (note that f depends on I and 7, and 7 depends on N):

‘/f Jon(dN) — /ondA‘

< |(TD)| + [(T2)] + [(T3)| + |(T4)]
< [T+ [(T3)] + [(T4)] + (T5) + (T6) + (T7)
< 22nCy + nC3(4 + 2C) + nCs(4 + 2C1) + nCy + 3nCh + 2nC1Cs

where we used

for a constant K > 0 that does not depend on N, I or 7.
Step 4: ”Unsmoothing” of the indicators
We need to translate the integration over smoothed indicator functions back to inte-

gration over "regular” indicator functions. We fix an I € Z([—3,3]). Then we have on
ANZ

2
/f[,7 on(dA) /f”, o(dA) —i—Kn<a([)+£+Kn§a(I)+(K+1)n,
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6 The Local Law for Curie-Weiss Type Ensembles

where the third inequality is due to the fact that the density of the semicircle distribution
is bounded by 1/7. On the other hand, define the (possibly empty) intervals I} C [-3, 3]

as Iy == {z € R : dist(x, [°) > n}, then we obtain

2n

ox(D)2 [ FizaWer(@N = [ oWl = K = o(1) = 2~ K = (1) = (K + 1.

Therefore, on Ay we obtain for all intervals I C [—3, 3] that
lon(I) = o(I)] < (K + 1)n.
In particular, we obtain the useful information that on Ay,

on([=2,2]°) =1+ 0([=2,2]) = on([=2,2]) = 0([-2,2])
< lo([=2,2]) —on([=2,2])] < (K + 1),

where we used that o is a probability measure with o([—2,2]) = 1. This is helpful:

I C R now be an arbitrary interval, then we obtain on Ap:

lon (1) = o(I)]

= |lon(IN[=2,2]) +on(IN[-2,2]°) —c(IN[-2,2]) — (I N[-2,2])]
<lon(I N [=2,2]) —o(I N [=2,2])| + on(I N [-2,2])

< (K +1)n+on([-2,2])

<2(K +1)n

We have seen that on Ay, for all intervals I C R it holds

€

on (1) — o ()] < 2(K + 1)y = 2(K + 1)]]5—,

1
1

so in particular

P ( sup |on(I) —o(I)| SQ(K—Fl)NE) >1-— CE’D.

I€Z(R) Ni

But D > 0 and € € (0,1/4) were arbitrary, yielding
sup [on (1) —o(l)] < ——
I€Z(R) Nia
where we used Remark [6.6] thus with Lemma vit):
1

sup |on(I) —o(I)| < —.
T€I(R) N1

This is the first statement of the theorem, which we wanted to show rigorously.

166

Let



6.3 The Weak Local Law and its Consequences

For the second statement, we will discuss the changes to be made to the proof we just
conducted: Let 6 € (0,1) be fixed. We notice that the intervals I for which we consider
the smoothed indicators f = f;,, are elements of Z([—2+6,2—6)]). Let such an I be fixed.
In the third step as above, we then pick an e € (0,1/2) and D > 0 arbitrarily and set
n =n(N) = 1/N'?7¢. Note that due to the smoothing of the indicators by f, the support
of f may come closer to the edge than 6. To account for this, we need to allow ourselves
a little room of 6/2: Theorem implies with Lemma |6.7| that for v:=1—(1/2 —¢) we

have
Sup |3N(2)1—SZ)| {\/w’

z€D
ReG) 25202 /N IG)IRe()=2]

where we just restricted the domain Dy(7) on the left hand side of < and multiplied
the right hand side of < by a positive constant. But since in the supremum above,
||Re(z)| — 2| is lower bounded by /2, we immediately obtain

[sn(2) = 5(2)]

sup ~————— <1
z€D
R e  VNIG)

With v and n = n(N) as we just defined, we obtain a constant C. p > 0 independent of
N such that for all N € N the set

. , N* 0
Ay = < |sn(z +iy) — s(z +iy)| < o] <2 - 3 lyl € [n,10]
VNl

has high probability, namely P(Ay) > 1 — ]\jg . This is the new set Ay on which we
will operate, but we will not give it a new name to preserve familiarity to the first part
of the proof (just as we are considering a newly defined scale parameter 7 here). Since
I € Z([-2+ 06,2 — 0]) and n = n(N) = 5= where € € (0,1/2), we obtain that f, f’
and f” all have support in [—2 4 6/2,2 — 0/2] for all N > N(e), where N(e) is so large
that (N (e)) = 1/(N(e))*/?>7¢ < §/2. Note that N(e) also depends on 6, but @ is a super-
parameter in the statement of the theorem. Note also that I C [-2+4 6,2 — 6] C [—4, 4],
which we mention so that we can follow the notation as in the first part of the proof. In
what follows, we will operate on Ay for all N > N(e) (which suffices by Remark [6.6]).
The bounds of (T1), (T2), (T3) and (T4) will take place on Ay for all N > N(e).
Also notice that integrals for the real part over [—4,4] are actually just integrals over
[—2460/2,2 — 6/2], since f and its derivatives are not supported elsewhere. In addition,
we can use bounds on § given by operating on Ay. When bounding [(7'4)|, we use
the following upper bound (note that as before, integration with respect to y is over

[—2,2\(=1,1)):

1
¢— «— Nie T

This leaves the final bound of |(7'4)| unchanged. When bounding |(73)|, nothing changes.

|5n5 (x + 1y
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6 The Local Law for Curie-Weiss Type Ensembles

In the analysis of |(7'1)|, we obtain that on Ay we have for all y € R with |y| <7 and
all z € [-2+0/2,2-0/2):

lltm (e + )] < ( ¥ 32) < 33,
VR
where we used that )
N¢ Ne¢ N2¢

<1

VN~ NGp - ni St
recalling that € € (0,1/2). Then in the bound of |(T'1)|, we again use that f” has support
in [-246/2,2 —0/2] for all N > N(e), so we can use above bound of |y||[Im §(x + iy)|.
The final bound of |(7'1)| will remain unchanged.

Now bounding |(7'2)| will as before lead to bounding (T5), (T6) and (T7). In all these
three terms, we use that for N > N(e), f’ has support in [-2 4 6/2,2 — 0/2], so we can
use that we operate on Ay. Now the bound for (T5) will remain unchanged, considering
that for all z € [-2+460/2,2 — 0/2], we have on Ay that

Ne Ne N3e
= 1 1 — 1 <1
vNn NGtz Nz

|5(z +in)| <

[N

For (T6) we obtain
wo <L [ [ s
T Jag) n (Ny)1/2 ’

2

N¢ 1 172
2y = [25] < 4n,
nN%y%y Ui yn_ﬁ

and since

we may leave the bound for (T6) unchanged. The bound for (T7) can be left unchanged

as well using
2 N 2 2 5]°
ydy = 77/ yrdy =1 [—y} < 2.
/1 (Ny)z 1 SA

Finally, putting things together, we obtain that for any interval I C [-2 4 6,2 — ] and
for all N > N(e), on Ay it holds

\ [ oy - | f(MU(dA)‘ < Ky

for a constant K > 0 independent of N, I and 7, which can be chosen as in the proof
of the first statement of the theorem. Proceeding as before, this will entail that for all
N > N(e) and all intervals I € Z([-2 + 6,2 — 0]) we have on Ay that
N€
lon(I) —o(D)] < (K +1)n= (K + 1)N—,

1
2
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6.3 The Weak Local Law and its Consequences

so in particular

Ne¢ Cep
P sup on(l)—o(l)| < (K+1 >1——,
(IGI([—2+9,2—«9])| vy molhl < ( )N§> ND

But D > 0 and € € (0,1/2) were arbitrary, yielding

K+1
swp low(D) —o(n)] < XY,
I€Z([-2+6,2—6)) N2
where we used Remark [6.6] thus with Lemma [6.7] vii):
1
sup lon(I) —o(I)] < —,
IeZ([—246,2—0)) N2
which is what we wanted to show. O

Having just proved Theorem [6.19] let us see how we may interpret it: It says in partic-
ular that for any € € (0,1/4) and D > 0 we find a constant C, p > 0 such that

3

Nite Cep
1—— .
N >> D (6.8)

This tells us that when predicting interval probabilities of o by those of o, the absolute
error will be bounded by 1/N'/4~¢ with a probability that grows arbitrarily polynomially
fast to 1. We just used o([) as a predictor for on(I) (note that this viewpoint is exactly
opposite from statistics). Alternatively, this can be translated directly to estimating the
number of eigenvalues in a given interval I, Noy([), by No(I). Then allows to
control an absolute error of N34t out of N eigenvalues, where we just multiplied the
inequality inside the probability by N. We will switch back and fourth between these
views, depending on what is needed for the argument we would like to make.

Inspecting , we ask: For which kind of intervals is this a good statement? Imagine
I to be very small in comparison to 1/N (for example, with diameter of order =), so
that there is only very little chance that an eigenvalue falls into this interval (the average
distance of eigenvalues of a well-behaved ensemble is of order 1/N, so it is likely that
eigenvalues miss an interval with diameter of order e™"). Then still, only allows us
to predict the number of eigenvalues in I by No(I) up to N3/4*¢ out of N eigenvalues,
which is then not a useful estimate. In other words, holds uniformly over all intervals,
but it does not take into account the size of the interval. The natural way to account for
the size of the interval is to divide both sides of the inequality inside the probability by it
(since in well-behaved ensembles, the expected number of eigenvalues should be roughly
proportional to the diameter of the interval). Since we want the right hand side to be
non-increasing (eventually, we want to keep it slightly decreasing so we can underbid
any given positive number), for any fixed € € (0,1/4) we can afford intervals of length
|I| > 1/NY4=< (by |I| we will denote the diameter of an interval I C R). This yields

VNeN: P ( sup |on(I) —o(I)| <
IET(R)
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6 The Local Law for Curie-Weiss Type Ensembles

the following theorem, which for Tao and Vu actually constitutes " The Local Semicircle
Law” (instead of a statement as our Theorem involving Stieltjes transforms), see
their Theorem 7 in [60, p. 7] and our Remark [6.22]

Theorem 6.20 (Interval-Type Weak Semicircle Laws). Let 6 € (0,1) be fized.
i) For alle € (0,1/4) and D > 0, there is a constant Cep > 0, such that for all N € N:

I —o(l 1 C.
P sup lon(I) —a(l)] > <G
I€T(R) |1 N2 N
11> —i7=

i) For all e € (0,1/2) and D > 0 there is a constant C, , such that for all N € N:

on() =Dl 1 | _ Cen
|| Nz | = NP

P sup
I€T([-2+6,2—0))
12 ~1f5=

ii) For all e € (0,1/2) and D > 0 there is a constant C{', such that for all N € N:

I 1 cr
P sup 0N(>—1‘>—e < - ’5-.
rez(-2+0,2-a)) | o(1) Nz N
11> —7

N1/2—€

Proof. To prove the first statement, let € € (0,1/4) and D > 0 be given. From the first
statement of Theorem we find that for the events (Ay)y with

1
VNeN: Ay ::{ sup |ony(I) —o(I)| < — },
I€Z(R) Na—

olm

there is a constant C,/2 p > 0 such that

CE/Q,D
NP -

Now let N € N be arbitrary and I C R be an interval with |I| > 1/N'/4~¢ then on Ay:

ox(D) ~ (D) _ lon(D) —o(D)] _ Ni* 1

VN eN: P(Ay) > 1—

H - 1/NVi<  — Ni-§5 Nz
Therefore:
lon(I) —o(D)] _ 1 Cej2.0
VNeN:P sup < —= | 2P(Ayx) > 1- )
IeT(R) |I| N5 ( N) ND
11> 7=
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6.3 The Weak Local Law and its Consequences

which concludes the proof of the first statement by using the constants (e, D) — Ce/2p.
The proof of the second statement can be carried out analogously, using the second
statement of Theorem [6.19] instead of the first. We will now proceed to rigorously prove
the third statement, which is very similar to the second. So to start, we assume that
6 € (0,1) is fixed and choose € € (0,1/2) and D > 0 arbitrarily. Then the density f,
of the semicircle distribution o is lower bounded on [—2 + 0,2 — 6] by some constant
By > 0. Therefore, for any interval I C [-2+6,2— 6] we find o(I) > [y|I|. By the second
statement of Theorem and Lemma vii), we have

B
sup lon(I) — o(I)] < 2.
IeZ([-2+6,2—6)) N2

In particular, we find that for the sets A’y with

VN eN: A ::{ sup lon(I) —o(I)] < 2. };

TeT([~2+6,2-6)) Nz
there exists are a constant Cc/o p > 0 such that

Ce 2,D
Now let N € N be arbitrary and I C [-2 + 0,2 — 6] be an interval with |I| > 1/Nz—<.
Then on A'y:

on(I) | 1 1 By  Na ¢ 1
0 1| = o) = (D) i <lowD) — oDl < A
Therefore:

on(I) ‘ 1 , Ce/2,0
VNeN:P sup —1|<—= | 2PAy)>1- —,
rezry | o(1) Nz (4x) NP
11> —7

N1/2—e€

which concludes the proof of the third statement by using the constants (e, D) +— C¢/2 p.
[

Statement ¢i7) of Theorem is very interesting. It allows conclusions about the
relative deviation oy (I)/o(I) for all intervals I in the bulk with a minimal length and
thus resolves the problems discussed before Theorem [6.20] In particular, we now know
exactly for which intervals I, o (I) can be sensibly predicted by o([), and which relative
error to expect.
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6 The Local Law for Curie-Weiss Type Ensembles

Remark 6.21. Let us now investigate how far we would get by squeezing as much out
of the global law as possible. We remember that the global law merely states that oy
converges to o weakly in probability (or almost surely). Denote by F,, and F, the
corresponding distribution functions, then since F, is continuous, we obtain that [|F,, —
F,|lsc — 0 in probability. To see this, let I C N be an arbitrary subsequence and d
be a metric on the space of probability measures that metrizes weak convergence, then
d(oy,0) — 0 in probability for N € I, so for some subsequence J C I, d(oy,0) — 0
almost surely for N € J, that is, this happens on a measurable set A with P(A) = 1. Then
for allw € A we find oy (w) — o weakly for N € J, but this entails that || F, )= Follc —
0 for N € J, since F, is continuous (see [34, p. 141]). So indeed, the global semicircle
law in probability yields ||F,, — Fy|lcc — O in probability (since any subsequence has
an almost surely convergent subsequence). However, we know nothing about the rate of
convergence. We will be pragmatic and assume a C./N-rate, which means that for all
€ > 0 there is a C. > 0 such that
C

YNEN: P(|Fpy —Flx<e) 21— (6.9)

This is a valid probabilistic statement, that is, || F,, — F, |l is measurable, since

sup |[Foy () — Fo(x)| = Sup lon((—00,2]) — o((—o0, z])]

= sup |on((—00, z]) — o((—o0, z])],
z€Q
where the last equation follows easily from continuity of probability measures. Thus,
measurability of || F,, — F,||~ is due to the measurability of |on((—o0,z]) — o((—o0, z])|
for each = € Q.

Now if [|F,y — Fy|le < €, this entails that for any interval I C R, |on(I) — o(I)] < 2e.
To show this, it is easily verified that the bound is even € instead of 2¢ for intervals of the
type (—o0, z], (—00, ), [r,00) and (z,00), where € R. This is then used to derive the
2e-bound for all other interval types. Therefore, from ((6.9)) it follows that

Ce
VNeN: P ( sup |on(I) —o(1)] §26> >1-—.
I€1(R) N

Renaming our constants C, we find in particular that for all € € (0, 1),

N C.
YNeN: P| sup |on(I)—o(D)] < S0} >1- =< (6.10)
I€Z(R) N N

What that means now is that when estimating oy (I) by o(/) under knowledge of the
global law, we can merely control an error of € independent of N. In contrast to the small
scale results from the local law, a growing NV will not yield more accurate predictability of
on(I) by o(I). Likewise, when it comes to predicting the number of eigenvalues in a given
interval I, we can only do so up to a number of eigenvalues proportional to N, namely
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6.3 The Weak Local Law and its Consequences

eN, and the probability that our forecast does not fall within these bounds decays only
at a rate of C./N (by assumption) instead of arbitrarily polynomially fast. Likewise, for
any fixed 6 € (0,1) and €, ¢ > 0, we may conclude that there is a constant K., > 0 such
that

1 K.
P sup onld) 1‘ >e| < —. (6.11)
I€Z([-2+6,2—06]) U(I) N
[7]>c
To see this, denote by By > 0 the minimum of f, on [—-2 + 60,2 — ] and set
VN eN: Ay = { sup |on(I) —o(I)] < ecﬁg} :
1€I(R)
Then on Ay, for any I C [-2+ 6,2 — 6] with |I| > ¢, we obtain
on(I) ‘ 1
— 1 =lon(I) —o(l)|—7 < eclo—7
o(1) o(I) = "B \[\
Since P(Ay) > 1 — Cep,/N, setting K., := Ceep,, we obtain (6.11)). Note the slow

convergence speed of O(1/N), which stems from our assumption in (6.9). Note also that
the size of the intervals is not allowed to decrease as N — oo, but that || > ¢ is required.
In other words, the global law truly is not a local law.

Remark 6.22. In this remark, we would like to mention what kind of improvements can
be made to all of the above theorems if the stronger local law as in |9] were known. In the
weak local law, Theorem the error term on the right hand side of < could be replaced
by 1/Nn. Accordingly, in the simultaneous weak local law, the denominator on the left
hand side of < can be replaced by the term 1/Nn. In Corollary the denominator on
the right hand side of < can be replaced by 1/N7. Further, in Corollary , the term
N7/* inside the probability can be replaced by N?. In the semicircle law on small scales,
Theorem [6.19] the first statement of < can be improved in such a way that the right
hand side is replaced by 1/N. The second < statement will then be redundant. In the
interval-type weak semicircle law, Theorem [6.20] in all these statements we may consider
¢ € (0,1) instead of € € (0,1/4) or € € (0,1/2). Further, in all statements, intervals of
length |I| > N“! may be considered, rendering statement 7i) redundant. As mentioned
before, these statements are in the spirit of ”The Local Semicircle Law” as formulated by
Tao and Vu in [60, p. 7].

Having discussed the weak local law, Theorem [6.10], and its consequences in this chapter,
we will now move on to prove it.
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6 The Local Law for Curie-Weiss Type Ensembles

6.4 Proof of The Weak Local Law

The proof of Theorem is obtained through five steps, thus it is carried out in the
following five subsections (actually, we choose an argumentation that already yields the
stronger simultaneous version, Theorem . We follow the line of the sketched proof
in Chapter 7 of [27] as inspiration. Our proof accommodates the setting of Curie-Weiss
type ensembles. Further, we incorporate some ideas as in [9]. For example, we prefer the
initial estimate as in [9], since it is simplified and sufficient.

At first, a purely deterministic (but very thorough) stability analysis will analyze the
equation in m € C

m + =0

z+m

for fixed z € [—10,10] x (0, 10]. We know from Theorem that if an m satisfies this
equation, then m € {s(z),1/s(z)}. The question is, if m almost satisfies this equation
(which means that |m + 1/(z + m)| is small), then how far is m from s(z) or 1/s(z)? In
the second step, an initial estimate for the local law will be derived. To be more precise,
it will be proved to be valid on the smaller (and N-independent) domain D; instead of
Dy (7). In the third step, with help of bootstrap and continuity arguments, the validity
of the local law will be extended to the domain Dy (7).

In the analysis that follows we will use the notational convention that exponents bind
stronger than other operations, for example, if Y is an invertible N x N matrix and tr is
the trace operator, then tr Y~ = tr[Y1].

6.4.1 Step 1: Deterministic Stability Analysis

The Landau symbol O is well-known: For functions f and g we write f = O(g), if
|f| < C - g for some constant C' > 0. To be more precise in the following, we specifically
write f = O¢(g) with C' > 0, if |f| < C - g.

Now to start with our analysis, we need the following lemma:

Lemma 6.23. Let (Xn)n be a Curie- Weiss type ensemble and (sy)n the Stieltjes trans-
forms of the ESDs of (Xn)n. Then if z = E + in where E € R and n > 0, we obtain:

1
n(2) + Q7

N
1
NeN: ==
VN e€N:sy(z) N2

where
1 o .
= Xn(k, k) = Zp + Oy <N_77> and Zy = ;xk X(k 2) (i, §)zn(j).

In particular, the terms Qr, Zy and xy all depend on N, which is dropped from the
notation. Here, X ) denotes the k-th principle minor of Xy and x) denotes the k-th
column of Xy wzthout the k-th entry.
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6.4 Proof of The Weak Local Law

Proof. For N € N, Theorem 5.19| yields

N

1 1
sn(2) = Sop(2) = = :
w(z) ) N;XN(k,k)—z—xZ(X](\lf) —z) lay

Now for k € {1,..., N} arbitrary we find, considering that entries of Xy are £1/v/N-
valued,

Xn(k k) — 2 — (X — 2)ay

= Xn(k, k) =z = > a(@) (XY = 2)7 (G )w() —% tr(Xy) = 2)7

i#] ,
—7
1
= Xn(k, k) —2z—Zp — sn(z) + sn(z) — N tr(X](\’f) —z)7t
|...|§Ninby\Trhe0rem 5.19
1
= —Z — SN(Z) + XN(I{J,IC) - Zk + 01 N—ﬁ),
—0,

We should obtain

1

—z —sn(2)

1 & 1 e 1
swlz) = N ; —z —sn(z) + Q ~N ; —z—sn(2) -
if we can show that all 2, are small, which then should entail

sn(z) = s(2).

The following lemma and theorem show us how we can make this rigorous, see also pages
41 through 43 in [27]:

Theorem 6.24 (Geometric Series Expansion). In the situation above, if

1 & 1
SN(Z) - NZ —Z — SN(Z) + Qk

k=1
and
maxy, | Q] 1
|z +sn(2)] — 2’
then | ) o
maxy k
sy(2) + .
n(z) 24 sn(2)| = |2+ sn(2)]?
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6 The Local Law for Curie-Weiss Type Ensembles

Proof. First, we make a general observation: If z € C with |z| < 1, then

neN, n>2 neNy
- LociierR@,  R@)I =g <
= x x
1—2x ’ 1—x 1—|x
|
Now,
N
1 1
SN(Z) N; —Z—SN(Z)+Qk
1 i 1 1
= Q
N —#—sn(2)1- TN
N
1 1 Qe Qp
= — — 1+ ———+R|—— | ).
Nkz:;—z—sN(z) ( 2+ sn(z) (Z+SN(Z)>)
Therefore
N
1 1 |Q% 1 QO
sn(z < = 5+ R
A | Nkz::(|z+sN |z+sN(z)|’ <z+sN<z)
|2 |
. max, |Qk| Z v @
~ |z +sn(z |Z+SN )1 — Ll
lz+sn (2)]
maxy, | Q|
maxy |Qk| maxy |Qk| ) \z+slj\z(z§|
R o L PR gy
lz+sn (2)]
maxy, |Qk|
|2+ sn(2)*

1

2 . . 5
where we used that a — ;= and a — = are isotonic on [0,1) and 2 = 1.

1
2

Next, if z € Cy is fixed, we want to answer the following question: If [m 4+ = < 4§ < 1

for some § € [0, 1], then how close is m to one of the roots of the equation

mi4+:2m+1=0

in dependence of 67 By Theorem [5.16] we know the roots to be s(z) and i

question is to find an upper bound on

1

min (o = (2.~ <1

)
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6.4 Proof of The Weak Local Law

in dependence of §. If § = 0, above equation is satisfied by m, so m is exactly s(z) or ﬁ
and thus
)=

For general § € [0, 1], the following theorem helps. Although deterministic in nature, it
constitutes one of the key ingredients for the proof of the local law.

min (i s(2), o~

Theorem 6.25 (Proximity Theorem). There is a Cp > 0, so that the following holds: If
z € [—10,10] + (0, 10] and m € C are arbitrary with

1
‘m—i— 'gé
z+m
for a § € [0,1], then it follows
: 1 Cpd
— — < < .
m1n{|m s(z)], |m ) }_ /i+7]+5_CP\/5

where E = E(z) = Re(z), n =n(z) =1Im(z) and k = ||E| — 2|.

Proof. Clearly, we only need to show the first inequality. The proof will be subdivided
into three steps:
Step 1: It holds that |m| < 17.

We find

1
<6<1, thus m+
Z+m zZ+m

‘m—i— =z for some x € C with |z| < 1.
It follows with |z| < 15 that

m2+z2m+1=zr+mze
=m’+(z—a)m+1—zx=0

_ _ 2
:>m172:—2 xﬂ:\/(z x) —1+zx

2 4
zl+ |z z| + |z])?
g SR
2 4
16
§?+v64+16
< 17.

Step 2: Bounding the Product of the Terms in the Minimum
Let again x = m + ——, then |z| < § < 1. Since

z+m’
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6 The Local Law for Curie-Weiss Type Ensembles

it follows

Now

2 — —
z 4+ s(2) s(

where we used for both equalities that s(z) + 1/(z + s(z)) = 0. We obtain

= |z(m + 2)| < 320 = Dy, (6.12)

m = s(2)| [m —

1
s(2)
where we set D := 32. From this we obtain through s(z) = s(2)?/s(2):
1—s(z)?

s(2)
Step 3: Proof of Statement by Case-by-Case Analysis

Throughout this step, we will use Theorem [5.16| on page and the constant C therein.
We set

D '\’
O = Csy| =, then 2 ( ) > D, since s(2)] < C,. 6.14
e = s(2) (6.14)

< Dé (6.13)

()] m = o) -

1. Case: |1 —s(2)?] < C'Vo
Then (6.13)) implies

2C"V6
Im — s(z)| < ¢ \/_
|s(2)]
To see this, if |m — s(2)| > ﬁilﬁ were true, it would follow for the second factor in ((6.13))
that , , Y
1— 1-— 'V§
m—s(z)—ﬂ 2\m—s(z)|—‘ 5(2) >C .
s(2) s(2) |s(2)]

L\ 2
Therefore, the Lh.s. of (6.13)) would be strictly larger than 2 (|S((j—z)|> 0, which is a contra-
diction due to (6.14). We conclude
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6.4 Proof of The Weak Local Law

From Theorem [5.16| and the case assumption it also follows
VE+n+0 < VEFn+Vo <C?1—s(2)?| + V6 < C2C'VE + Vb = (C2C" + 1)V.
Therefore,
(VK +n48)|m —s(2)] <20°C,(C?C" +1) - 6,
which shows the statement with constant C}" := 2C"C,(C2C" + 1).

2. Case: |1 —s(2)?| > C'Vo
Then with Theorem [5.16] we obtain

1 C’
VE+n> E’l —5(2)? > E\/S,

and using this to bound /0 from above we obtain

02
Mﬁ+n+5§¢ﬁIﬁ+vﬁé<i§+1)wﬁiﬁ

which we will use in the following two subcases:
1[1-s(2)?
2 Is(2)l

Then it holds for the second factor in (6.13)), that

1. Subcase: |m — s(z)| <

1—s(2)? 1 — s(z)?
s = = [F st
11—5(2’)2
— 2] s(z)
>11 -
EPTANRE
> 1 L +n+0
==k :
> a0, 77

We deduce in combination with (6.13)) that

Cc? J
— <2DCs | = +1) —/——,
(2] <206, (G +1) s
which shows the statement with constant C}> := 2DC,(C2/C" + 1).

2. Subcase: |m — s(z)| > %H%S‘)Q\

Then as above,

11— s(2)? - 1 11

— > Z P )
O I E i T
and it follows with (6.12]) that
C? J
~ —l<opo, (2 p1) 2
=l =200 (G 1) v
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6 The Local Law for Curie-Weiss Type Ensembles

which again shows the statement with constant C’f) as defined above. Setting Cp =
max {C’él), 0152)} concludes the proof. O

The results we obtained in this section so far allow us to prove a very important lemma,
which we will heavily draw upon:

Lemma 6.26 (Deterministic Root Approximation). In the situation of Lemma
assume z € [—10,10] + (0, 10] is arbitrary so that in particular,

1 1
swlz) = N Z —z—sn(2) + Q%

ke[N]

If we have
maxy ||  maxy Qg 1

2+ sn(2)] [z +sn(z)2 ~ 2

}< C min man‘Qk’ man|Qk|
- Vilz +sn(2)P7\ [z +sn(2)P [

where Cpey = 2Cp, and Cp is the constant from Theorem [6.29,

then it follows that

1
sn(z) — @

min {ox(2) = 52|

Proof. Due to Theorem we have

1 Qman ’Qk|
+ =6 <1.
Nt I S e 0 S
With Theorem [6.25] we obtain
1
min {|SN(Z) —s(2)], |sn(z) — 5 } < C’pmin{ %, \/5}

C . 2 maxy |Qk| 2 maxy |Qk|
= min
P VElz+ s\ |z + sn(2) ]2

< 920 . maxy ’Qk‘ maxy ’Qk‘
min ,
= \C/P Valz+ sn(@) 2\ |z + sn(2)]?
=:UDet

]

6.4.2 Step 2: Large Deviations Estimates

In the setting of Lemma [6.23, we would like to show the smallness of

1
ml?X|Qk| = max Xn(k, k) — Z + Oy (N_U> ‘ .
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6.4 Proof of The Weak Local Law

Since | Xn(k, k)| = \/LN’ the only component left to analyze is

max | Zy| = max |y (i) (X = 2)7 (6, ()|
i#]
To this end, we need a small collection of large deviation inequalities. We would like to
emphasize that the term ”large deviation inequality” in the local law literature is not
used in the sense of the standard probabilistic theory of large deviations. Rather, these
inequalities are meant to establish bounds on the deviations of random variables in the
sense of stochastic domination <. In the following, for p > 1 the norm || - ||, shall denote
the £,(IP)-seminorm, so for any random variable Y : (Q, A, P) — C, ||Y |, = (E|Y|?)/?.

Theorem 6.27 (Marcinkiewicz-Zygmund Inequality). If Y3, ..., Yx are independent, cen-
tered and complex-valued random variables with existing absolute moments, then for every
p > 1 there exists a positive constant A, which depends only on p, such that

N 3
< A, (Z IY;I2>
p p

N

DY

i=1

i=1

Proof. In |18, p. 386], the statement is proved for independent real-valued random vari-
ables. As was also shown in [7, p. 33], the statement easily carries over to the complex
case by the following calculation, where we assume A}, to be the constants in the real case:

N N N
d v < ReY;| +|) ImY;
=1 lp i=1 » i=1 »
1 1
N 2 N 3
<4l > |Re11-|2> +4, (Z |Iin!2)
=1 » =1 »
1
N 2
<24, (Z W)
=1 »
Therefore, the statement is true for the complex case with constants A, = 2A. n

The following three lemmas (and their proofs) are taken from [9] and are included for
completeness and convenience.

Lemma 6.28. Let Yy, ..., Yy be independent, complex-valued random variables which are
centered and uniformly || - ||,-bounded by constants i, for all p > 2. Then it holds for any
complex numbers by, ..., by that

N :
Vp>2: < Ay (Z |bi|2> ,
p

=1

N
> b
=1

where A, is a constant depending only on p, which can be chosen as in Theorem .
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6 The Local Law for Curie-Weiss Type Ensembles

Proof. We may assume that not all b; vanish. Setting

N
2= Z |b7,|2 > 07
=1

we calculate, using Theoremm (and the constant A, therein) and convexity of t +— [t|P/2
for p > 2, that

N p
E|) biX;| < Ag-E
i=1
N £
:Ap /Bp Z ’ 7/‘2|X|2
P 2 g
=1
N
D . 3P ’b‘ p
<A B Z E[X|
i=1
< AP BP b,

O

Lemma 6.29. LetY:,...Yy, Z1,... Zy be independent, complex-valued random variables
which are centered and uniformly || - ||,-bounded by constants p, for all p > 2. Then it

holds for any complex numbers (a; ;)i jein that
1
N 3
< (X r)
ij=1

where A, is a constant depending only on p, which can be chosen as in Theorem |6.27,

Vp>2:

Z a”YZ

2,J=1

Proof. We set for all j =1,..., N:
N
= Zaz‘,jyi,
i=1

so that

Za”YZ _ZB Z;.

7,7=1

Now define B := (By,...,By) and Z := (Zy, ..., Zy) as vector-valued random variables,
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6.4 Proof of The Weak Local Law

then B and Z are independent, which allows us to conclude with Fubini and Lemma [6.28;
N p N p N

E|) Yz =E Z B;Z;| = / > bz
ij=1 j j=1

d]PZ )dPZ (b /
S/Ap (Zlb |2> dPE(b) = ﬁ-ui-E<Z|BJ~IQ>

p

dPZB) (2, b)

dIPB

We conclude

N N B\ b N 2
S oz <ty (B(S188) ) =t 315
bj=1 p j=1 j=1
1 1
N 2 N N 2
< (S0 <A (S 3l
j=1 j=1 i=1
N 2
=A§-u§- ( |ai,j|2> )
ij=1
where in the fourth step we used Lemma [6.28] again. O]
Lemma 6.30. Let Yy, ..., Yy be independent, complex-valued random variables which are

centered and uniformly || - ||,-bounded by constants p, for all p > 2. Then it holds for any
complex numbers (a; ;)i jein) that

N N 3
2 55 o <anz (3 1)
i#j=1 i7#j=1

p

where A, is a constant depending only on p, which can be chosen as in Theorem .

Proof. We begin with noting that for all ¢, j € [N] with i # j, we obtain

=k Y L)
T0J=[N]
where the sum ranges over all partitions of [N] = {1,..., N} into two sets, and Zy =

2N=2_ To see that this is true, we just have to count all possible partitions of [N] into sets
I and J such that ¢ € [ and j € J, where i # j are fixed elements in [/V]. To this end, we
must count all subsets of [N] containing ¢ but not j. Finally, these are exactly all sets of
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6 The Local Law for Curie-Weiss Type Ensembles

the form A U {i} for subsets A C [N]\{i,;}, and these are 2V~2. Now, we calculate for
p=>2:

Z a; ;Y;Y;

i£j=1

:ZLN Z Z ]l[ ]L] CL,LjYY

i#j€[N] IUJ=[N]

1
=z 2 2w

IUJ=[N]iel,jeJ

p

P
1
P I PIRCE
NIL'JJ:[N] iel,jed »
" N !
2 2 2
< 2N—2AP/”LP Z il > ’
i#j=1

where in the last step we used Lemma [6.29, To see why the lemma is applicable, note that
I and J are disjoint, and that complementing families of independent random variables
with constant zero-variables will again yield independent families. ]

The next theorem generalizes Lemmal6.28], Lemma and Lemmal6.30[to independent
random variables with a common expectation ¢t € C, which is different from zero. Note
that if t=0, we obtain exactly the statements of the Lemmas mentioned, so that the next
theorem is a true generalization. Theorem [6.31]is a key step to obtaining the local law for
Curie-Weiss type ensembles and thus a key contribution of this part of the dissertation.

Theorem 6.31. Let N € N be arbitrary, (a;;)i jciny and (b;)iein) be deterministic complex
numbers, (Y;)icin) and (Z;)icn) be complez-valued random variables with common expec-
tation t € C, so that the whole family W :={Y;|i € [N]} U{Z;|i € [N]} is independent.
Further, we assume that for all p > 2 there ezists a ji, € Ry such that |W —t||, < w, for
all W € W. Then we obtain for all p > 2:

i) || 20 biYi

1€[N]

< (Appy +VRIH) [5 TP,

1€[N]

p

ZZ) Z CLi’jY;Zj

i,j€[N]

(Apup + 24,1,V N|t| + N|t|2> 2 aigl?

p

iii) || X a5 < (4422 + 24, VNI + NItP) [ X TaisP
1,J€[N] i,
i) ) i#j

where A, € Ry is the constant from Theorem [6.27, which depends only on p.
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6.4 Proof of The Weak Local Law

Proof. Surely, (Y; —t); and (Z; — t); are centered and uniformly || - ||,-bounded by p, for
all p > 2.

We first show that 4i7) holds, which is the most important statement for our purposes.
For p > 2 we find:

Y agYy;

i,j€[N]
i#£] »

- Z a;;[(Yi—t) +t][(Y; —t) + 1
1,j€[N]
i# )

=11 Y ail(Yi =) (Y =) + (Y — ) + t(Y; — t) + 7]
i,JE[N]
1] p

<D ai—0 =0 4| D at(V;—1)
,J€[N] ,7€[N]
i#£] D i#] p
+ Z CLiJ't(Y;; — t) + Z athQ
1,jE€[N] ,7€[N]
i#] P i#] p

:ZT1+T2+T3+T4.

We will now proceed to analyze the four terms separately. Note that in general, Ty # T3.
Their bounds can be derived in the same manner, though. To bound Tj, we have by

Lemma that
Ty < 414129#?)

For T, we obtain through Lemma that

To=1t > | Do ay| (1)

JEIN] \ie[N\{j}

p

2

< [¢[Appp Z Z Q. S\/N|t|Ap,up

JE[N] [i€[N]\{7}
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6 The Local Law for Curie-Weiss Type Ensembles

where we used that for any j € [N] we find
2
D g SN Y ail’
i€[N\{s} i€[N\{j}
by the Cauchy-Schwarz inequality (and N — 1 < N). The bound we just derived for T
analogously holds for T3, thus

Tg + T3 S ZW\t]Ap,up

Lastly, using the Cauchy-Schwarz inequality again, we obtain

> agt?| =t ) ai| <t

i,J€[N] i,j€[N]
i#j i#£]

3 a2 - VN? = Nt

1,j€[N]
i#j

> aigl*

1,j€[N]
i#]

This shows that 4i7) holds. Now i) is shown analogously to #ii), with the difference that
sums over i and j are always over [N] without further restrictions such as ¢ # j. In
addition, instead of using Lemma to bound 77, we then use Lemma m (where
constants are smaller, thus we can replace 4A2 » by Apup)

To show that i) holds, we calculate for p > 2

ZbY = 1D b((Yi—t)+1)

i€[N] i€[N] »
< o=+ > bit
i€[N] i€[N]

p

< Appp | D (D216 D b
1€[N] i€[N]

< (Appy + W\/N) Z 0],

1€[N]

p

where in the third step we used Lemma [6.28] and in the fourth step we used the Cauchy-
Schwarz inequality. O

We proceed to show the main large deviations result in relation to the stochastic order
relation <. Together with Theorem [6.31} this is the key contribution in order to obtain
the local law for Curie-Weiss type ensembles. We show more than we need for this thesis.
In particular, statement i) of the following theorem is needed to obtain the stronger local
law as in [9]. Work on this generalization is ongoing as this thesis is handed in.
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6.4 Proof of The Weak Local Law

Theorem 6.32. Let for all N € N, Y and W be N-dependent objects (Y = YN W =
WW)) that satisfy the following for all N € N:

o W =WW) is q finite index set.

o Yiv = (Yi)iew = (Y;(N))iewm = YV(V]\(IJ)V) s a tuple of random variables of de-Finetti

type with mizture py satisfying the moment decay condition (6.3) on page .

Further, denote for all subsets K C W by Fu ({£1}X) the set of tuples C = (Ci)iew,
where for each i € W, C; : {£1}¥ — C is a complez-valued function. Analogously, define
for all subsets K C W by Fyxw ({£1}*) the set of tuples C = (C;)ijew, where for all
i,j €W, C;; : {£1} — C is a complez-valued function. Then we obtain the following
large deviation bounds:

i) Y. Bi[Yk]Y: <[> |BilYk]|?, uniformly over all pairwise disjoint subsets I, K C W
i€l icl

with #I < N, and B € Fy ({£1}7).

i) > Yidi; Y]V < | X [A;[Yk]]?, uniformly over all pairwise disjoint subsets
i€l jed el jed

1,J,K CW with #I = #J < N, and A € Fyryew ({£1}5).

wi) Y, Y;A[YK]Y; < > A [Yk]|?, uniformly over all pairwise disjoint sub-
ijET i ijE€T, i
sets I, K CW with #1 < N, and A € Fyyw ({£1}5).

Proof. We prove i) first: Let €, D > 0 be arbitrary and choose p € N with p > 2 so large
that pe > D. Now, we pick an N € N, then choose pairwise disjoint subsets I, K C W)
with #1 < N and A € Fyuw ({£1}¥) arbitrarily. To avoid division by zero, we define
the set:

Az = {yK e {11 Y AylykIlP > 0} :

i,J€1,i#]

Then we conduct the following calculation (explanations are found below the calculation;
the sums over 7i # j” are over all i, 7 € I with i # j):

187



6 The Local Law for Curie-Weiss Type Ensembles

YA ;|[Yk|Y;
_P Zz;éj ][ K] i 1A3(YK) < NP

<Zz¢j | Aij [YK]|2> ’

1 E Zz;éj YLAZ][YK]

S Ve T
(Zi;«éj | Ai j[Yk] !2> i

> YA [YK]Y;

i#j

i#J
p

>N Z|Ai,j[YK]|2> )

p

]l-AS (YK)

p

1 > iz Yidi YKy,
- W/ / = : ]; Ly (yK)sze®IUK(yIuK)dMN(t)
UK 3
[(—1,1] J{£1} Zi;ﬁj |Az‘,j [yK] |2

p

z yZ ] [yK]y
/ / K /j: I = : 1 dPt®I<yI)]1A3(yK)dP®K(yK)dHN( )
1,1 +1 1
(-1,1] } } l# |A”[yK]|2>

2

P
S 4Apup—|—2Apup\/N\t]+N|t\2} APES (e )y (1)
1,1
- Npe/[ | [Cl + (02\/_+N|t|)|t|} d#N( )
—1,1
1 P -
= [, 2 (1) eV i fansto
L1 =0
1 P P .y l l
= Cr CoV/ N RN | 18] d e (t
o []Z(Z) : (Z (1) CoVmIH VI | o)
1 p l p l l
B Npe/[ | Z (l) (k)Cp Ol kN ’t|l+kd/~0 ()
—L1 =0 k=0
1 ZP:XZ: (p) <l)cp lCl kNl+k/ |t‘l+kd (t)
- € UN
N? 1=0 k=0 ) \k (—1,1]
1 zp:zl: (p) (l)cp lCl sz+k \// |t|2(l+k)duN(t)
BEALS 1=0 k=0 : k [(—1,1]
1 & () (! 1 ik \/ Ko(vk)
< /4 l_kNT
=
1 P D l
- Npe Z l) <k)< A2 2)p l(2Apﬂp)lfk Kotk
1=0 k=0
1
< ND const(p(e, D)),
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where the first step follows from the fact that for

D YA [YK]Y;
i#]

> N°¢ <Z \Ai,j[YK]\2>

i#]

to hold, not all A, ;[Yx] may vanish, in the third step we used Lemma , in the fourth
step Fubini, in the fifth step we used part iii) of Theorem m (notice that the +1-valued
coordinates (y;)ic; are independent under P®’ and have expectation ¢ € [—1,1], thus
(Jezay lyi — t|PdP;(y;))*/P < 2, which makes Theorem [6.31| applicable with s, = 2 for any
t € [=1,1]. Further, #I < N), in the sixth step we set temporarily for the duration of
above calculation Cy == 4422 and Cy = 24,1, in the seventh and eighth step we used
the binomial theorem, in the eleventh step Cauchy-Schwarz, and in the twelfth step we

used the moment decay property (6.3)). Lastly,

const(p(e. D)) = 33 (1) () a2y e R

=0 k=0

denotes a constant which depends only on p, which in turn depends only on the choices
of e and D, as is obvious in the beginning of the proof. In particular, this constant does
not depend on the choice of N € N, the sets I and K or the function tuple A. This shows
i11).

To show i), we can proceed analogously to the proof of part iii), with the following
minor modifications: Instead of A3, we use the set

Ay = {?JK e {1 Y 1Akl > 0} :

iel,jedJ

The summation in the beginning is over ¢ € I, j € J instead of 4,5 € I, i # j. This leads
to the term PPTYY% (y;,;0k) in the third step and the term PP (y;0;) PP (yk) in the
fourth step. In the fifth step, we use part ii) of Theorem instead of part iii), giving
slightly different constants.

It is left to show part i). Let again €, D > 0 be arbitrary and choose p € N with
p > 2 so large that pe > D. Now pick N € N arbitrarily, then pairwise disjoint subsets
I,K CWW with #I < N and B € Fy ({£1}¥) arbitrarily. We define the set

Ay = {yK & (=1} | Y IBilyx] > o} .

el

Then we calculate (where again, explanations are found below the calculation, and the
summation over ¢ means summing over ¢ € [):

189



6 The Local Law for Curie-Weiss Type Ensembles

Now

1
2

> N°¢ (Z|B V]| )
:P(‘ 2 B[YK]Kl ’
(32 1BilYk][?)?
' > BilYk]Y;
B N“ (3, 1BYk]2)?
i[yK]yi

1 / / >, B
N Jioy Jgsnyon zw-mwﬁ
yK]yi

~ Nee /[11 /il}K /il}’ >, |B yKﬂz)l

< W/[ 1] /ﬂ}K Appip + \/NW] dPt®K<yK)dMN(t)

- /[ 3 () /o

_ 1
(Appp)? ‘Nz /[ " |t|ldHN(t)

— L
(Aphip)” lNQ\//[ o [t*dpn (t)

T4, (Vi) > N’“)

]1«41 (YK)

p
L, (yx )APE™ S (yrok ) dp (t)

p
AP (yr)La, (v )APES (yxc)dpn (¢)

where in the third step we used Lemma in the fourth step Fubini, in the fifth
step we used part ¢) of Theorem [6.31] (again, we notice that the f+1-valued coordinates
(yi)ier are independent under P®" and have expectation ¢ € [—1,1], thus for any such t,
(f{il} |ly; — t|PAP;(y;))/P < 2, which makes Theorem [6.31| applicable with p, = 2 and any
t € [-1,1]. Further, #I < N), in the sixth step we used the binomial theorem, in the
eighth step Cauchy-Schwarz, and in the ninth step we used the moment decay property

(6.3)). Lastly,

const'(p(e, D)) = 3 () o/

=0
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6.4 Proof of The Weak Local Law

denotes a constant which depends only on p, which in turn depends only on the choices
of € and D, as is obvious in the beginning of the proof of ). In particular, this constant
does not depend on the choice of N € N, the sets I and K or the function tuple B. This
shows 7). O

Remark 6.33. We would like to portray the calculations in Theorem [6.32| in a different
light, which might also be used to expand our ideas to other situations, but at least will
make these calculations very intuitive. First of all, it is clear that <-statements pertain
only to the distributions of the random variables involved and have nothing to do with
the underlying probability space on which the random variables are defined. Therefore,
one can construct the probability space in a favourable way that reveals probabilistic
structure. For example, let p be a probability measure on [—1,1], W be a finite non-
empty index set. Let P°" := ®;ci P, be the stochastic kernel from ([—1, 1], B([~1,1])) to
({£1}",P ({£1}")) as in Definition , where the notation for the o-algebras should be
clear. Then define the probability space ([—1,1] x {1}, u(dt) ® PP, where p(dt) ®
PEW —=: P is the product the probability measure  and the kernel P®". On this space,
define the random variable M, which is just the projection of the first coordinate to [—1, 1],
thus p-distributed, and Yy = (Y;);ew, which is the projection of the second coordinate to
{£1} and thus p(dt) o P -distributed (composition of probability measure and kernel),
which exactly means . Therefore, we have effectively constructed random variables of
de-Finetti type with mixture . But in addition, we have also generated a mixing variable
M. The clou is that Y; are conditionally independent given M. And this was actually
the starting point in the beginning of our investigations for Theorem In the setting
of the theorem, given pairwise disjoint subsets K, I C W, we repeat the calculation with
only slightly different — yet more intuitive — notation:

> N° (Z | Ai [YKHQ)

P> Yidi,[YlY;
i#£j i#]j
p
1 ZZ ~Yz‘Ai,‘[YK]Y‘
= NpeE = : ]; ﬂAs(YK)

(Z#j | Ai j[Yk] |2) ’

p

1 > i Vil lyr]y; -
:W/ / TUK = : J% ]1A3(9K>dIP(YI7YK)|M7t(yI7?JK)dIPM(t)
—1,1 +1}Y
T (Zi;éj ’Ai,j[yKW)
p
1 iy Yidilyly; B B
:W/ / / P | APV () L (s ) APV (g )P (1)
P IERIET (Al )
1#] 2,

<...

In the third step of above calculation we used conditional independence.
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6 The Local Law for Curie-Weiss Type Ensembles

Theorem is very powerful. It is an analog to Theorem 3.6 in [9] which is a key
ingredient to the full local law. Statement #ii) of our Theorem is all that is needed
for the proof of the weak local law, whereas for the proof of the stronger local law as in
[9] (which is ongoing work), we will also need statement 7). For our purposes, statement
i11) immediately yields the following corollary:

Corollary 6.34. In the setting of Lemma[6.23, we find

Yo (INu@) XY =)DV Na ) < | D W =27 P e

i#£je[N—1] i#jE[N—1]

Proof. Note that for all N € N and k € [N], the vector /Ny is (N — 1)-dimensional
with distinct entries out of the family (v NXy(4,))1<i<j<n, which is of de-Finetti type
with mixture puy satisfying the moment decay condition on page m Further, for
any z € C; and i # j € [N — 1] we have that (X](\]f) — 2)71(4,4) is a complex function of
variables in (VN Xy (i, 7))1<i<j<n disjoint from those in v/ Nxy. Therefore, the statement
follows with Theorem [6.32] O

We would like to remind the reader that the eventual goal is to be able to analyze
the magnitude of the error terms 7, as laid out in the beginning of this section. We
have already come very far, but need a last ingredient before we can finally turn to
Theorem [6.36, which is the main stochastic large deviations estimate we are after. The
missing ingredient is the Ward identity:

Lemma 6.35 (Ward Identity). Let N € N, H be an Hermitian N x N - matriz, z = E+in
with E € R and n > 0 and G be the resolvent of H at z, that is, G = (H — z)~'. Then

for any i € [N]:
> 67 - G
JE[N]
Proof. Since H is Hermitian, it has real eigenvalues A1, ..., Ay and we find corresponding
orthonormal eigenvectors uq,...,uy so that
H = Z Ajuius.

JEIN]
By simple calculation, we find
(GGYii= > GyGy=Y_ GyGy=> |Gyl*
JE[N] J€[N] JFE[N]

By the spectral theorem, we have

(GG")ii = Z 2‘2 uju; Z ’ ] |UJ (1)]*.

36N]| ’ i
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6.4 Proof of The Weak Local Law

This clearly shows

\ua Ol

> 1GyP = Z

FEIN] JEIN] A =

It remains to see that this coincides with the right hand side of the Ward identity. We
calculate

n JG[N] J — i
1 1
= —Im Y [, (1)
T e Y
1 n 2
= - | (7)]
77je[N]< i B ’
1
=) Ju; (i)
_ 2 2
]G[N]( J E) +n
1
= > pplur
jemNy Y

]

Now, we are equipped to show the main stochastic large deviations estimate of this
section:

Theorem 6.36. We find

1
max | Zi(2)| < ——=—=+/Imsn(z) +

ke[N] v N7

Proof. By Lemma [6.7], it suffices to show the statement for a fixed k and reveal that the
constants C p do not depend on k. We know that

= > m ()XY = 2)7 (0 (i) = Z(W Nap(@i) (XN = 2) 710, 5) (VN2 (5)).

i#] Z#J

1
N—n, Z€C+.

Therefore, by Corollary and Lemma it follows for all k£ € [N], that

2
) ZEC+,

where the constants C. p do not depend on k € [N]. But now
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= | —2)76)

i#]
1 k 1 A2
< 35 2|8 = 276)
27‘7
=S m(x P - 2)10)
2y £ N )

1
[Im tr(Xy — )" + Im tr(X P

—2) 7 —Imtr( Xy —2)7)]

= N—277
1 1

< N Imsn(z) + N tr(X](\?) —2) 7t —tr( Xy — z)_l‘
1 1

S N_nImSN(Z) + NTnZ,

where in the second step we used the Ward identity (Lemma [6.35)) and in the last step
we used Corollary [5.25, We conclude

| Zc(2)] < 1 Imsy(z) +

VN7

by taking the square root on both sides, and where the constants C, p are independent of
k € [N]. This is what we wanted to show. O

1
N—n, S C+,

6.4.3 Step 3: The Initial Estimate
In this section we prove a preliminary version of the weak local law, namely:

Theorem 6.37. In the situation of Theorem[6.10, we find

) 1 1
|sn(z) — s(2)| < min ((Nn)i7 \/N_nm> , 2€Dy.

Proof. Step 1 We show that uniformly on Dy,

maxy |Qk| 1 and maxy |Qk’ 1

F+sw(2)] VN F+sn@F VN

To see this, note that since n > 1 on D;, we have on Dy:

1 1 1
0<Imsy(z) <-—<1 and N_WSN

3

Hence, it follows with Theorem [6.36| uniformly over z € Dy:
1 1 1
maX|Zk| < —VImsy(z)+ — < —+

1 1
ke[N] VN7 Nn — /N N VN \/_N
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6.4 Proof of The Weak Local Law

where we used Lemmal6.7 here and will do so tacitly for the remainder of the proof. Since
| Xn(i,1)] = —=, we find

1 1 1 1 1
< — e —— .
max [ < max (|Zk| + [ Xn(k k)[4 O (NU)) < ~ + ~ + o < ~

ke[N] kE[N]
Since Im(z + sy(2)) > n > 1, we have m <1land ; ( TraverE < 1 so that on Dp:
maxy |Qk| 1 maxy |Qk| 1
< and =< :
|2+ sn(z)] VN lz+sn(2)P VN

Step 2 The second step consists of utilizing the deterministic root approximation lemma,

Lemma to show

min { () - s(2),

1
sn(z) — %

1 1
'< i 9 INT ) E D ‘
} min ( (Nn)i NT//{/) Z I

We know that uniformly over z € Dy,

maxy, || . 1 and maxy || - 1 |
lz+sn(z)] VN lz+sn(z)P VN
so that also
m ( maxy |Qk| ’ maxy |Qk| ) < 1 ’ Jops D[.
[z +sn(2)] |z+sn(2)]?) VN
Now let €, D > 0 be arbitrary, then w.l.o.g. ¢ < 1/4 with Remark . Denote by Ay the
set
maxy, |€2 N°¢ maxy, |€2 N°¢
= {ETOE SR M e or < v

Then there is a C p > 0 such that for all N eN:P(Ay) >
For all N > 16, we find that £~ < § 1 50 that on Ay we have

TR =
maxy |Qk| N¢ 1 maxy |Qk| N¢© 1

< - and < < -
|2+ sn(2)] — VN T2 |2+ sn(2)? ~ VN T 2

for all N > 16. Hence, we conclude via Lemma that for all N > 16, we have on the
set Ay that

sn(z) — ——=

min (|sN<z> —s(2), )

maxy ’Qk‘ maxy |Qk|
< Cper min 5
VE|z + sn(2) |z + sn(2)]

<C’Detmln<\/_ \/ )

< N¢Cper min (

VEN' Ni
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It follows that

min (Jow(2) ~ 5(2),

1 . 1 1
SN(Z)—%') KCDethI(\/W,E), z € Dy.

Therefore, with Lemma [6.7, we conclude that uniformly over z € Dy:

1 1 1 1 1
~< — min ,— | < min , ,
) 10 (\/FLN N4) ( kN1 (Nn) )

win ([ () - s(2),

1
sn(z) — 5

Ll

since 11 < 10 over Dy.
Step 3 In this last step, we wish to conclude from

, 1 1
) ~< min <(N77)411’ \/N—U/i> , z€Dy, (6.15)

. 1 1
|sn(2) — s(2)| < min ((Nn)i’ \/N_T]FG> , 2€Dy.

To this end, note that for all N € N and 2z € Dy,

sn(z) — L

s(2)

win (Js() - s(2),

that actually

:|3N(z)+s(z)+z|>n212Nimin<

1 1
(Np)i’ \/Nm> ‘

As a result, for € > 0 with € < % and D > 0 arbitrary, we find for all N € N:

“min ! 1

P (isN<z> —s)> N <<Nn>i’ VN_%))
€ 3 1 1

== ]P<|SN(Z) —s(2)| > Nmin ((Nn)}l’ \/N—ﬂ'f)

“min 1 1
- <<Nn>i’ Ww))

and

sn(z) — %

1 1 1 Cep
=P i — , — —— || > N°mi , <
(mm (|3N(z) s(2)|, |sn(2) 5 ) min ((Nn)i \/N—77"<3>> < D
for a suitable constant C. p due to (6.15)). This concludes the Initial Estimate. [

Before we continue, we would like to apply Theorem [6.12] and Lemma to Theo-
rem to increase uniformity in the statement, which we will use in a later step. To
this end we use the abbreviation

, 1 1
Ry(z) = min ((Nn)zlx’ \/N_U/f) .
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6.4 Proof of The Weak Local Law

Theorem 6.38. In the situation of Theorem[6.10, we find
sn(z) — s(z
p e (2) = s(2)]

< 1.
ZED[ RN(’Z)

Proof. We know from Theorem that

lsn(2) —s(2)| < Rn(2), =z € Dy.

Lemma yields that |sy(z) — s(2)] is 2N2-Lipschitz on D;, whereas Ry(z) is 10N-
Lipschitz and lower bounded by 1/(10v/N) on D; as in the proof of Theorem The
statement now follows with Theorem [6.12| with L = 4, Cy = 2, dy = 2, C3 = 10, d3 = 1,
04:10 and d4:1/2, Q?VZDZ} ]

6.4.4 Step 4: The Bootstrap Argument
As in Lemma [6.14] we set for all z € [—~10,10] + (0, 10]:

sn(z) — b

Sv(2) = min { s (2) = ()| )

. 1 1
} and Ry(z) := min { VN (N } :

From the initial estimate, we know that
SN<Z) < RN<Z), z €Dy (616)

and even that
|sn(2) —s(2)| < Rn(2), z€Dy. (6.17)

In this part of the proof we wish to see that (6.16) actually holds uniformly over all z €
Dn(7), even simultaneously. The strategy we will follow is to fix a real part £ € [—10, 10]
and to show that

Sn(2(N, k) < Ry (2(N, k), k=0,1,...,m(N), (6.18)

where for all N € N,
m(N) = [N* — N**7]

and
2(N,k) = zp(N,k) = E+i(1-kN~*), k=0,1,...,m(N).

We will show that the choice of the constants C. p in (6.18) does not depend on E €
[—10, 10], so that actually, we obtain

Sn(z) =< Rw(2), 2 € Dy(v) N ([-10,10] +4(0, 1)),
and since the initial estimate will give us

Sy(z) < Rn(2), z¢€ Dx(y)N([~10,10] +1[1,10]),
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we will have
Sn(2) < Rn(2),2 € Dy(7),

thus by Theorem [6.12
sup Sn(2)
zeD(y) Bin(2)

<1, (6.19)

so in particular
Sn(z) < Rn(2), z€ Dn(7).

Then later, in Step 5 of the proof, we will use (6.19)) and a continuity argument to improve

(6.17) to the statement
|sn(2) — s(2)] < BRn(2), z € Dn(v).

But let us get started with the bootstrapping argument. We fix an £ € [—10, 10] and
define as above:

2(Nk)=FE+i(1—kN*), k=0,1,...,m(N).
The initial estimate tells us that
Sn(2(N,0)) < Ry(z(N,0)). (6.20)

By reducing the imaginary part by very small increments, we wish to see that for N large
enough (i.e. N > N(e,7v)), we will have

Sn(2(N, k) < Ry(2(N, k), k=0,1,...,m(N),

where the constants do not depend on the previously fixed E.

This is done by showing that each small decrease of the imaginary part will only forfeit
a negligible amount of probability. Here, the large deviations estimate from Step 2 will
play a big role. The next two theorems make up the heart of the bootstrapping argu-
ment. Theorem will analyze how target quantities change when the imaginary part
is decreased by one step, that is, by N=*. Then, Theorem will analyze how the high
probability (certainty) which we initially obtained through , decays with each step.
In order for these two theorems to work, we will need to fix certain constants a priori,
which is done in the following remark.

Remark 6.39. For the next three theorems we fix a parameter v € (0,1) and define the
following constants:

o We fix ¢ > 3 such that [s],[{],]sz| are bounded by ¢ on [~10,10] 4 (0, 10]. This
choice is possible due to Theorem ‘5.16[ In particular, Sy is then ¢/N2-Lipschitz on
Dy by Lemma

e Let C' := Cp denote the constant from the Proximity Theorem, Theorem [6.25]
e Let C) :=8C(1+c)*/2,
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6.4 Proof of The Weak Local Law

Further, for any € > 0 (and the previously fixed v € (0,1)) we choose N(e,7) so large,
that for all N > N (e, ) the following statements hold:

Loe(St) <1,

2. O<T<C+l.

e

3. AN"H(1+¢)s < 1.

Note that instead of N(e,v) we could just write N(e), since «y is a super-parameter in

our model. However, we write N (e, ) to clarify to the reader that the choice also depends
on v. We will now conduct a one-step deviation analysis.

Theorem 6.40. Let E € [—10,10] and N > N(e,v) be fized. Let € € (0,v/10) and
n > m (for example, this holds zfn > Nl ~ ) be arbitrary so that n — N=* > N1
Define z .= E +in and z; == z —iN~* (then z,z € Dy ). Suppose it holds that

Sn(2) < CLN Ry (2).

Then it follows:

Z) SN(21> S ClNERN<Z) -+ % S Cl 1 -+
i) [Imsy(z1)] < 1+e.

Proof. We use that sy and s are N2Lipschitz and Sy is ¢N2-Lipschitz on Dy, see

Lemma m Q

SN<21) S |SN(21> — SN<Z)| + SN( ) < —~ +01N RN( )

1
— 4+ C|N°© < — +CIN
Syt (Np)i — N? ! <N5e)i
c 1
B
) We have
[sn(21)] < [s(21)| +sn(z1) — s(21)]
<c
and
sn(z)] < ||+ [snz1) — —
Z J—
SN(R1)| = s(zl) SN\%1 3(21) )
<
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which entails with ¢) that

C Cl
I < < < — < 1
Imsn(z1)| < |sn(z1)] <c+ Sn(z1) <c+ e + e S c+1,
since ¢ > 3 and already ¢ <ﬁ + J%) < 1 per choice of N (e, ).
iii) We have by choice of ¢ (and Theorem [5.16)) that
1 1 1
PEFE IR WENFETR
21+ s(z s(z
1 1 ’21 + 5 1
SO
1 1 1 1
21+ sn(z1)| 7 |21+ s(z1) 21+ sn(z1) 21+ s(z1)
e on ) (a2
- |21 + sn(z1)]]z1 + s(z1)]
< C+C|S(Zl) — sn(z1)]
- |21 + sn(z1)]
Analogously,
1 1 1 1
zitsn(a)| T |+ @ z1+sn(a1) 2+ @

T o)

<c+c .
|21 + sn(21)|
Therefore, combining our results:
S
21 + sn(21) |21+ sn(21)]
We arrive at .
— (1 —cSn(21)) < e
o ()] viza) <

Per choice of N(e,v) and by using the bound on Sy(z;) given by i), this allows the

conclusion
1 c

< < <c+1.
|Z1+SN(Z1)] 1 —CSN(Zl) 1_6(1(\;12 +%)

We now arrive at the heart of the bootstrap argument:
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6.4 Proof of The Weak Local Law
Theorem 6.41. Let E € [—10,10] be fized and for all N € N and k =0,1,...,m(N) let
2(N,k):=E+i(l—kN*) and
A(N, k) == {Sn(2(N,k)) < Ci1N‘Ry(2(N,k))}.

Then for any € € (0,v/10) and D > 0, there exists a constant C.p > 0 (independent of
E), such that for all N > N(v,€) and k=0,1,...,m(N):

o (k+1)Cup
P(A(N, b)) < =52,

Proof. Let N > N(¢,7v), € € (0,7/10) and D > 0 be fixed throughout the proof. For
better readability in formulas below, we define z, = 2z(N, k) and ng := Imz(N, k) for
k=0,1,...,m(N). Forall k € {1,...,m(N)}, we set

D(N, k) = {Vi € [N]: | Zi(z)] < NE\/;[_% T s () -+ ]]VV%}
and .
A(N, k) = A(N,0)n () D(N, j),

J=1

where an empty intersection shall yield the ground set €, in particular, A(N,0) = A(N,0).
We proceed to show that it holds for all k = 0,..., m(N), that

On fl(N, k): Sn(zr) < CiNRy(z),

so that in particular,

A(N, k) C A(N, k).

We use induction in & and Theorem

Induction basis: The statement is true for k = 0.
The statement is clear since A(N,0) = A(N,0).

Induction hypothesis:
We assume the statement to be valid for all k' < k, where k € {0,1,...,m(N) — 1} is
fixed.

Induction step: £k — k+1

We find 7x, i1 > i > s On A(N, k + 1) it holds (since A(N,k + 1) C A(N, k)):

1
NT=7

SN(Zk) S ClNERN(Zk),

where we used the induction hypothesis. Therefore, it follows with Theorem that on

A(N,k+1),
° \ImsN(2k+1)| < 1+e¢
L <l+c

|zk+1t+sn (ze41)| —
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o 19| < Zilamn)l+ Jot i S A VIsn G + iy S

Nng41
N
k1

max; |(zp1)] _max [Qi(zr)| o~ 4N€ 1 5 1
c)2 <5
EvEss ey M eweesrecwn [y ot SR L

where the last inequality holds since 7, > 1/N'=7 > 1/N'=7/2 and by choice of N (e, )
right before Theorem we find

N N5
VN1 — VN3
Using the Deterministic Root Approximation (Lemma [6.26)), we find on A(N, k + 1):

_3

8 ol
:NE_Z:N 20 ,

max; ’QZ’ max; ‘Qll }

Sn(2r+1) < Cpes min ’
N( +1) Det {\/E‘Zk+1+3N<zk+1)|2 |Zk+1+3N(Zk+1)’2

AN“(14¢)2  [ANe(1+c)3

< 2C' min ,
N \/Ev N VN1

njot

<2.C-4-N°-(1+c)

. 1 1
min ,
{ VENT1 (N1jjyr ) o }
S ClNgRN(Zk_;,_l).

In particular, we have A(N,k+1) C A(N, k+1). This concludes the induction. We have
shown:

Vk=0,...,m(N): AN, k) C A(N, k).

Since N > N(e,v) was arbitrary, we obtain

YN > N(e,7):Vk=0,...,m(N): AN, k) C A(N, k).

We still want to show that for all such N and k& we have
o _ (E+1)Cep
where the constant C p does not depend on F, which we fixed in the statement of the
theorem. It suffices to show the inequality for the sets A(N, k).
But our large deviations estimate Theorem yields a constant C p, such that in
particular for all N > N(e, D) and k=0,1,...,m(N):

/

G
P(D(N.k)*) < <27,

whereas the initial estimate yields a constant C? 1, such that in particular for these N and
k we have

c:
P(A(N,0)) < 2.
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6.4 Proof of The Weak Local Law

and the constants C7 , and CY ;, are independent of . Since we also have for all such N

and &k that i

A(N, k) = A(N,0)n () D(N,i),

we find, setting C p == max(C} p, C{ p) that

P (A(N,k)°) < P(A(N,k)*) =P (A(N, 0)°ul JD(N, @')C>
zl
< P(A(N,0)°) + > _P(D(N,i))
Gy KL,
< Y ,
= ND " NP
<(k+ 1)%.

O
Theorem now allows us to conclude the main theorem of this part of the proof:

Theorem 6.42. In the setting above (in particular in the setting of Theorem , we
find

sup S (2)

<1,
€Dy (y) BN (2)

thus wn particular,
Sn(z) = Ry(2), 2 € Dn(7).

Proof. Since the constants C, p in Theorem did not depend on the choice of E €
[—10,10], we find with zg(N, k) := E +i(1 — kN~*) that for all € € (0,7/10), D > 0 and
N > N(e,7):

N4C€ D+4 Ce D+4
sup sup P(Sy(zg(N,k)) > N°CiRy(zg(N,k))) < ’ < — ,
EE[~10,10] k€{0,1,....m(N)} (S (e ) 1R (2 ) ND+4 ND

where we used that m(N) < N* — 1. We conclude with Remark [6.6] that
Sn(z) < Rn(2), 2z € Dx(v)N([~10,10] + (0, 1]).
Since the intial estimate especially yields
Sy(z) < Rn(2), z¢€ Dx(vy)N([-10,10] +i[1,10]),
we conclude (again with Remark that

Sy(z) < Rn(2), z€ Dy(%).
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With Theorem [6.12] we conclude

sup SN (Z)
€Dy (v) Bn(2)

<1,

since it was shown in the proof of Theorem [6.15| that Ry is lower bounded by 10\1/N on
Dy, and Sy and Ry are suitably Lipschitz on Dy by Lemma [6.14]

6.4.5 Step 5: The Continuity Argument
By Theorem [6.42] we know that

sup SN <Z>

<1 (6.21)
eDy(y) v (2)

In this step, we wish to conclude that

Ly =56

<1, (6.22)
syt Bn(z)

which immediately yields the weak local law (in fact, this is even the statement of the
Simultaneous Weak Local Law, Theorem |6.15]).
By the uniform initial estimate, Theorem [6.38, we know

p Lov(2) = 2

< 1. 6.23
2€Dy RN(Z) ( )
Due to knowledge of (6.23)), it suffices to show

266N RN(Z)

where

QN:{Z:EHWGCHEISN, <77S1}-

N1=v —
Pick € > 0 and D > 0 arbitrarily, and define for all N € N the set

H(N):={Vz € Gy :Sn(z) < N°Rn(2)}
N{VE €[-10,10] : [s(E+1i) — sn(E+1i)| < N°Ry(E +1)} .

By (6.21)) and (6.23)), H(N) has high probability, that is, there exists a C.p > 0, such
that

C.
VN e N: P(H(N)®) < N’g.
We will show:
VN EN:On H(N): VzeGy:|sn(z)—s(z)] < (202 +1)N°Ry(2), (6.25)
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6.4 Proof of The Weak Local Law

where Cj is the constant from Theorem such that for all z € [—10, 10] + (0, 10] we
have

1 1
U\/Fa—l—n < s(z) — @‘ < Csv/K+ .

To show (6.25]), we fix an N € N and an E € [—10, 10] arbitrarily. Then we set

Vn>0:z2(n):=FE+in.

We know already for z(1) = E + i and we would like to see it be true for all
n € [1/N'* 1]. As we drop 5 from 1 down to 1/N'~7, we analyze what happens to the
validity of the inequality
IN R (=(n)) < ci‘/“—” (6.26)

We notice that both sides of are continuous in 7, and that through decreasing 7,
the Lh.s. increases and the r.h.s. decreases. Therefore, if is violated for some 7,
then also for all < 5. It follows that we can partition the interval [1/N'~7 1] into
two intervals, the lower part L and the upper part U, where on U, holds, and on
L, is violated. L or U are allowed to be empty, indicating that (6.26]) holds or is
violated on the entire interval [1/N'=7 1].

Now let ' € [1/N'=7,1] be arbitrary. Since [1/N'~7, 1] = LUU, we consider two cases:
Case 1: n € U. This indicates that U is not empty and that, in particular, [/, 1] C U.
This means that for all n € [/, 1], on H(N):

b
s(2(n))

This is now a very important inequality. It tells us that over H(N) and [/, 1], sn(z(+))
remains closer either to s(z(+)) or to 1/s(z(-)) and cannot change this alignment. In
mathematical terms, we find on H(N):

Sn(=(n)) < N°Ry(=(n) < 2N“Ruy(=(n) < —/K 577 < |s(=(n)) —

Cs

BCED

Either: Vne [n',1]: [sn(z(n)) — s(z(n))] <

SN(Z(U)) - 8(2(77))

or: Vnpe [y, 1]:

1
s (200) = S | < sw(e(0) st}

This is the case, since otherwise, due to continuity, there would be an 79 € [/, 1], such
that

1
s (z(m0)) — s(z(m))| = |sw(z(m0)) — m' ,

and then

$(2()) — ——

s(2(10))

‘ < Is(2(m0)) — sn(2(m0))| + |sn(2(m0)) — Wlno))‘

= Sn(2(m)) + Sn(z(no))
< 2N°Ry(z(no)),
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which is a contradiction to ((6.27). Now since we are on H(N) and with (6.27)), we know
that

1 1
(D) = S| = o0 = e 00 -
> 1s(2(1)) — s(zl(l)) — [sn(2(1)) = s(2(1))]
> 2N“Ry(2(1)) — N°Ry(2(1))
= NRy(2(1)) = [sn(2(1)) — s(z(1))];

and therefore, on H(N), for all n € [/, 1],

[sn(2(n) — s(2(n))| = Sn(2(n)) < N°Ry(2(n)) < (2C5 + )N Ry (2(n)),

and especially, this inequality holds for 7', what we wanted to show.
Case 2: 7 € L This implies that n’ violates ([6.26]), such that

IN R (2()) > -

Kk +n.
C. g

But this implies

1
202N°Ry(2()) > Cs\/k+1/ > |s — .
w( s(2())

Then if Sy(2(1')) = [s(2(1)) — sn(2(7))], we find on H(N):
[s(2(1) = sw (2()) < NR(2(n)) < (2C + )N Ry (2(n)),

and if Sy(2(n") = |sn(z(n)) — 1/s(z(n'))|, we find on H(N):

s (a00) = SO < fsw GO0 = 5|+ s = (e000)
< NRy (1)) + 2C2N“ Ry (2(1)

= (2C? + 1)N°Ry(2(1)).

Thus, we have finally shown (6.25) (since E € [—10,10] was arbitrary), and with the
inequality preceding (6.25)), we find that

wup [53(2) = 5(2)

<20? +1,
z€GN RN(Z)

from which (6.24) follows immediately with Lemma [6.7]
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6.5 Ongoing and Future Research

The results obtained in this chapter can be greatly expanded. First of all, with help of
our large deviation results from Theorem and methods outlined in [9], it should be
possible to expand our weak local law firstly to the matrix-valued weak local law as in
Proposition 5.1 in [9], and secondly to the stronger local law as in Theorem 2.6 in [9]. The
first expansion will allow conclusions about the behavior of eigenvectors of Curie-Weiss
type ensembles, while the second expansion will derive optimal error bounds (up to factors
of N¢in the <-formalism) in the statement of the local law.

Further, combining our techniques with techniques outlined in [43], it is likely that one
can broaden the concept of Curie-Weiss type ensembles to allow for Curie-Weiss entries
with an inverse temperature $ > 1 and still obtain local semicircle laws.

Lastly, one turn to other limit laws in random matrix theory, such as the Marchenko-
Pastur law for covariance matrices, and analyze how the techniques developed in this
thesis can be applied to those settings.

All of the points mentioned so far are ongoing research as this dissertation is handed
in. On the other hand, future research endeavors that are planned lead into two direc-
tions: Firstly, we would like to investigate how to obtain results about local gap statistics
of eigenvalues using the local laws that we derived. Secondly, by methods similar to our
Theorem [6.31], we will investigate if more general types of random matrices with exchange-
able entries can be analyzed towards local law results, and not just those with values in
the set {£1}.
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List of Symbols

The following list contains not all, but most of the mathematical symbols which are used
in this thesis. The page number references the location in the text where the symbol
is defined and/or used in context. Note that some symbols have multiple meanings.
However, in their relative context their use is unambiguous.

Symbol Description Page
0 empty set 28
H#M number of elements in the set M 54
Me€ complement of M in contextual superset 2]
N set of natural numbers, {1,2,3,...} 16|
Ny extended set of natural numbers, {0,1,2,...} 41]
Z set of integers 150
Q set of rational numbers 172
R set of real numbers 12
R, set of non-negative real numbers 29
C set of complex numbers 117
Cy set {z € C, Im(z) > 0} 117
K field, K € {R, C} 36
Mat,, (K) set of n X n matrices over K 36
SMat,, (K) set of self-adjoint n x n matrices over K 36
X i-th smallest eigenvalue of self-adjoint matrix X 371
tr trace functional on sets of matrices 36
diag(z1,...,x,)  diagonal matrix with entries z1,...,z, 36
O, alternative notation for {1,...,n} x {1,...,n} 39
[n] aternative notation for {1,...,n} 63
[n]* k-fold cartesian product of [n] 72
[n]¥ b-relevant tuples in [n]* 72
1y indicator function of set A 12]
C(R) the set of real-valued continuous functions on R 15
Co(R) set of all bounded f € C(R) 15
Co(R) set of all f € C(R) that vanish at oo 15
C.(R) set of all compactly supported f € C(R) 15]
supp(f) support of the function f 15]
(X,d) metric space with ground set X and metric d 3]
Bs(2) open d-ball around z in contextual metric space 15
ORI continuous cutoff function 16
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List of Symbols

Symbol Description Page
Il [loo supremum norm for real or complex valued functions 15
| op operator norm for linear maps, including matrices 19
|- | euclidian norm for vectors in K" 36
-1l £,(P) norm, |[Y, = (E[Y]?)/» it
M(R) space of measures on (R, B) 18
M (R) space of finite measures on (R, B) 18
M (R) space of sub-probability measures on (R, B) 1§
M;(R) space of probability measures on (R, B) 18
B Borel o-algebra over R 15
Bx Borel o-algebra over K € {R, C} E
B Borel g-algebra over SMat,, (K) 37
(i, f) alternative notation for [ fdu 18
<,u, xk> alternative notation for [z* u(dz) E
Oy Dirac measure in x 20
das metric on the space of probability measures 2]
EX expectation of the random variable X 20|
Eu expected measure of random measure p 30
VX variance of the random variable X 71]
Cov(X,Y) covariance between the random variables X and Y 64
P underlying probability measure 27
PX distribution of (or push-forward of P under) X 64
On empirical spectral distribution of n X n (random) matrix 38
o semicircle distribution on (R, B) 39
fo Lebesgue density function of o 39
my, k-th moment of o 46
C, n-th Catalan number 48
(an)n triangular scheme

(b)) bandwidth sequence

(ho)n halfwidth sequence

(a), periodic band matrices based on bandwidth b

X, n X n random matrix

xP periodic n X n random band matrix

XNP non-periodic n x n random band matrix

X k-th principal minor of X,

T k-th column of X,, without k-th entry

~ asymptotic equivalence of sequences

Curie-Weiss(f8,n) Curie-Weiss distribution with n spins at temperature 1/

PP (k) set of all pair partitions of {1,...,k}

N(p,X) multi-dimensional normal distribution

fus Lebesgue density of N (i, )

CovMat(«) Sequences of specific covariance matrices

t tuple in [n]*
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Symbol Description Page

(Vi, By, @) Eulerian graph based on tuple t 72
K(t) profile of tuple ¢ 73
k() [-th element of profile £(¢) 73
0(t) number of loops in ¢ 73
T (s) equivalence class of tuple s 75
T +1(8) equivalence class of s with k/2 4+ 1 nodes 30
ng (s) equivalence class of s with at most k/2 nodes 30
T(s,s equivalence class of tuple pairs 76
T4(s,s) equivalence class of disjoint tuple pairs 761
T(s,8") equivalence class of overlapping tuple pairs 761
T (s, s) equivalence class of tuple pairs with [ overlaps 76
B(hy) band area depending on halfwidth 101
T(hy,) triangular area depending on halfwidth 101
S(hy) nontrivial entries depending on halfwidth 102
dpr, bounded Lipschitz metric 114
S, Stieltjes transform of u 117
Re(z) real part of complex number z 118
Im(z) imaginary part of complex number z 117
E real part of contextual complex number z 149
i imaginary part of contextual complex number z 149
K ||E| — 2| for contextual complex number z 149
A Lebesgue measure on (R, B) 39
A measure with Lebesgue density f 39
JTEY convolution of x4 and v 122
JISR% product measure of y and v 122
f=xv convolution of f and v 123
f*xg convolution of f and ¢ 123
P, Cauchy kernel with bandwidth 7, 125
vz complex root with non-negative imaginary part 129
s(z) Stieltjes transform of semicircle distribution 129
Sn(2) Stieltjes transfrom of contextual ESD 133
P, probability measure on {—1, 1} with expectation ¢ 143
PE! I-fold product measure of the P, 143
< stochastic domination 144
Dy the set [—10, 10] x ¢[1, 10] 149
Dn(7) the set [—10,10] x [N~ 10] 149
Dy the set [—10,10] x §[N~*, 10] 149
Z(A) set of intervals ] C A CR 160
7] length of interval 1 169
Q. error term in local law analysis 174
A error term in local law analysis 174
Cosy,..00) constants for condition (AAU1) @
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Symbol Description Page
cl constants for condition (AAU2) 55
DY constants for condition (AAU3) 55
Kim constants for (AU1) @
KV constants for (AU2) 60
Z3n Curie-Weiss normalization constant 62,
Cr(s) constants for condition (AAU1) 32
C, constant for bounds on s = .S, 129
Kg, constants for Curie-Weiss moment decay 144
Cep constants for < 144
K, constant for Curie-Weiss type moment decay 148
Cp constant for proximity analysis 177
Chet constant for root approximation 180
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