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ABSTRACT

The classical Random Matrix Theory studies asymptotic spectral properties of random
matrices when their dimensions grow to infinity. In contrast, the non-asymptotic branch
of the theory is focused on explicit high probability estimates that we can obtain for large
enough, but fixed size random matrices. This goal naturally brings into play some beau-
tiful methods of high-dimensional probability and geometry, such as the concentration of
measure phenomenon.

One of the less understood random matrix models is a heavy-tailed model. This is
the case when the matrix entries have distributions with slower tail decay than gaussian,
e.g., with a few finite moments only. This work is devoted to the study of the heavy-tailed
matrices and addresses two main questions: invertibility and regularization of the operator
norm.

First, the invertibility result of Rudelson and Vershynin is generalized from the case
when the matrix entries are subgaussian to the case when only two finite moments are
required. Then, it is shown that the operator norm of a matrix can be reduced to the optimal
order O(+/n) if and only if the entries have zero mean and finite variance. We also study
the constructive ways to perform such regularization. We show that deletion of a few
large entries regularizes the operator norm only if all matrix entries have more than two
finite moments. In the case with exactly two finite moments, we propose an algorithm that
zeroes out a small fraction of the matrix entries to achieve the operator norm of an almost
optimal order O(\/m) Finally, if in the latter case the matrix has scaled Bernoulli
entries, we get a stronger regularization algorithm that provides a) O(y/n)-operator norm

of the resulting matrix and b) simple structure of the “bad” submatrix to be zeroed out.

vi



CHAPTER 1

Introduction

1.1 Non-asymptotic random matrix theory

Random matrix theory is a beautiful area where the methods of probability, functional anal-
ysis, linear algebra, and combinatorics can be applied together to study the structure and
properties of the matrices taken from some probability distribution. Classical and powerful
way to understand the structure of the random matrix is to look at the matrix spectrum:
eigenvalues, eigenvectors, or singular values and vectors. The crucial observation that
makes results of the theory possible is that the spectrum stabilizes as the size of the matri-
ces (taken from some distribution over all the matrices) grows to infinity, so there are limit
laws for the distribution of the spectrum. Among the classical limit laws are, for example,
classical Wigner semicircular law for the limiting eigenvalue empirical measure distribu-
tion of random symmetric matrices, Tracy—Widom law for the limiting distribution of the
largest eigenvalue, Marchenko—Pastur law for the sample covariance matrices. A number
of great surveys and books are written on the subject, including [Tao12, AGZ10, Borl7].

But what if instead of the estimates in the limit we would like to get an explicit high
probability estimate for a large, but finite size random matrices? This is what non-asymptotic
branch of the theory concerned with.

One powerful tool for showing that some properties hold with high probability is the
concentration of measure phenomenon. It is a geometrical property of high dimensional
measure spaces, which states — in its simplest form — that the majority of the volume of
the unit sphere in R"”, when n is large, lies in a thin strip near the equator. In more general
versions, the concentration of measure guarantees that some complex expressions involv-
ing many independent random variables typically stay very close to a constant (expected
value). For detailed discussions of the concentration of measure phenomenon applications
to random matrices see, e.g., [Verl2, Trol5]. We also revisit some definitions and facts

relevant to this work later in Section 2.3. This idea bridges the study of random matri-



ces with the geometry of high dimensional spaces, which turns out to be important in the
non-asymptotic random matrix theory both as a tool and as a source of new interesting
questions.

Geometric methods and explicit probability estimates for large finite matrices make this
area useful in application dealing with large high dimensional data objects (see, for exam-
ple, [Verl6, LLV18a]). Among the examples are graph and network analysis, statistics,

compressed sensing and more.

1.2 Overview of the results.

In this work we study random matrices with the elements in R via their real spectrum, i.e.
singular values and vectors. Singular values

Smaz(A) = $1(A) > $2(A) > ... > 5,(A) = Spmin(A) >0

of a real m x n matrix A are the eigenvalues of the matrix v X7 X. The largest and the
smallest singular values are especially informative as they determine the basic geometric

properties of A as a linear operator, namely, the norm of A and its inverse:

Smaa(A) = Sup [ Azlls =: [[Al], (1.1)
x|l2=1
smin(A) = Inf Az = 1/]|A7"]l (1.2)

Additionally, the condition number of the random matrix A is defined as the ratio of the

extreme singular values:
0(A) = Spmaz(A)/Smin(A).

Good (i.e., not too large) condition number means that the matrix A would not distort the
metric too much, which can be important for geometric applications. From the other point
of view, bounded condition number implies the stability of a system of linear equations
Az = b for any right hand side b € R™. Clearly, to bound the condition number, we have
to estimate the first singular value from above, and the last one from below.

In the first part of the work presented, we estimate (from below) the smallest singular

value of the heavy-tailed random matrices.



1.2.1 Invertibility

The study of the smallest singular value of the random matrix A can answer the questions
like “what is the probability that A is singular?” or “if this probability is small (and thus A
is likely to be invertible), how large is the typical operator norm of the inverse?”

The invertibility problem was extensively studied from several angles, including the
methods of additive combinatorics ([TV10a, TV10b]), mathematical physics ([ESY 10,
ESY09]), and geometric functional analysis. The latter one is the core of our approach.
Let us briefly list the previous work leading to our invertibility theorem for the heavy-tailed
matrices (Theorem 1.1), and then state the theorem. More complete overview of the related
work is given later in Section 3.1.

For the square matrices with independent standard Gaussian entries, limiting distribu-
tion of the smallest singular value was computed in [Ede88] and [Sza91]: it was proved
that for any ¢ € (0, 1)

P{s,(A) < en~'?} < Ck,

where C' = /2e (see [[Sza91], Theorem 1.2]). This result was later extended for more
general distributions and improved in a number of papers, including [Rud08, TV09] (ran-
dom sign matrices), [RV08] (finite fourth moment entries), [TV 10b, TV08] (finite second
moment entries and non-zero mean), [Tik17] (entries with bounded density). In the paper
[RV08] the authors also got much more precise probability estimate for a narrower class of
subgaussian matrices. A random variable £ is called subgaussian, if it has at least gaussian

tail decay, i.e., there exists a number /' > 0 such that
P{|¢| >t} < 2exp(—t*/K?), forallt > 0.

In particular, it implies that all the moments of § are finite, E? < C'/p, where C' = C (K)
is a constant (see also [Ver12]). In [RV08], Rudelson and Vershynin have shown that an

n x n random matrix A with centered subgaussian random entries satisfies for every £ > 0
P{s,(A) <en '?} < Le +u", (1.3)

for some constants L > 0 and u € (0,1). Note that this implies linear probability decay
with ¢ (like in the gaussian case) until € reaches an exponentially small probability level.
The latter is necessary since singularity probability for some (e.g. discrete) matrices is
non-zero. So, right hand side in (1.3) cannot always decay to zero with ¢ — 0 as it does for
gaussian matrices. For example, in the case of i.i.d. symmetric Rademacher entries (every

entry is =1 with probability 0.5) the probability that two rows are equal up to sign is already



greater than 0.5". Clearly, this lower bounds singularity probability of such matrices.
Our work with K. Tikhomirov [RT15] shows that exactly the same probability estimate
holds for much more general class of heavy-tailed matrices, such that

Aisn x n; the entries of A are i.i.d., with [EA;; = 0, EA% = 1. (1.4)

Namely, we proved the following

Theorem 1.1. Let n > ng and let A be a heavy-tailed matrix satisfying (1.4). Then for any
e>0
P{s,(A) <en '?} < Le +u", (1.5)

where L > 1 and u € (0, 1) are constants, depending only on distribution of A;;.

Another result of the same paper — geometric Theorem 1.2, providing a bound for
covering numbers for random ellipsoids in high dimensional spaces — naturally appeared
as a part of the proof of Theorem 1.1.

The proof of Theorem 1.1, as well as the prior result of Rudelson and Vershynin, is
based on a version of e-net argument. One of the basic applications of the net argument is
as follows. Let us approximate the unit sphere S"~! := {||z||s = 1} by a finite set of points
(net) in order to reduce complexity of the infimum in (1.2), and then use concentration of
measure techniques to conclude the result for every o € S™! (see, for example, [Ver12]).
This standard form of the argument is classic and elegant, and also too weak for the square
matrices.

In [RVO8] a special net refinement (depending on the arithmetic structure of a random
vector) was introduced. In [RT15] we use yet another net refinement on the image of the
unit ball under the action of A. This led us to construct a O(y/n)-net for a random ellipsoid

{Az : ||z||2 = 1}. We proved the following geometric theorem:

Theorem 1.2. Forany 6 < 1/4 and n > ny(9) there exists a subset N C BY of cardinality
at most (6/6)'3™, such the for any n x n random matrix A satisfying (1.4)

A U SV

yEAWN)

with probability at least 1 — 4 exp(—dn/8). Here C' > 0 is a universal constant.

This result can also be interpreted geometrically in terms of covering numbers. The

covering number N (S, K) for two subsets S and K of a vector space is defined as the

4



smallest number of parallel translates of K sufficient to cover S. By Theorem 1.2, we
have an exponential bound on the covering number N (A(BY), %EBS) < (6/6)'3™ with
high probability. Moreover, the covering is non-random and “universal” for all random
ellipsoids of the type { Az : ||z|l2» = 1}, independent from the distribution of the entries of
A (as long as A satisfies (1.4)).

1.2.2 Regularization of the norm

In the second part of the work we study the maximal singular value of a random matrix,
which is, as noted in (1.1), also its operator norm. Our goal is to impose a good upper
estimate on it in the heavy-tailed case.

If we consider a matrix A with independent standard Gaussian entries, then by the

classical Bai-Yin law (see, for example, [Tao12])
s1(A)/v/n — 2  almost surely,

as the dimension n — oo. Moreover, the 2,/n asymptotics holds for more general classes
of matrices. By [ YBKS&8], if the entries of A have zero mean and bounded fourth moment,
then

1Al = (2 + o(1))v/n

with high probability. In the non-asymptotic regime, an application of Bernstein’s inequal-

ity (see, for example, in [Ver12]) gives
P{s1(A) < tyv/n} >1—e " fort > C,

for the matrices with i.i.d. subgaussian entries. Here, cq, Cy > 0 are absolute constants.
The non-asymptotic extensions to more general distributions are also available, see [Seg00,
LatO5, BVH16, vH17a].

Note that the order /n is the best we can generally hope for. Indeed, if the entries of A
have variance C, then the typical magnitude of the Euclidean norm of a row of A is ~ \/n,
and the operator norm of A cannot be smaller than that. So, it is natural to assume O(+/n)
as the “ideal order” of the operator norm of an n X n i.i.d. random matrix.

We do not have ideal O(y/n)-order in the heavy-tailed regime (1.4). It is suggested
by the fact that weak fourth moment is necessary for the convergence in probability of
| Al|//n when n grows to infinity (see [Sil89]). Moreover, an explicit family of examples,
constructed in [LS14], shows heavy-tailed matrices A that have ||A| ~ O(n®) for any
a < 1 with substantial probability.



A natural question is: what are the obstructions in the structure of A that cause too
large norm? Can we regularize the matrix restoring the “ideal norm”? Clearly, interesting
regularization would be the one that does not change A too much.

So, the first question to answer is when we can enforce the “ideal” || A|| with high
probability by modifying just a small fraction of the entries? Let us assume nothing about
the distribution of the i.i.d. entries of A. Under what moment conditions the regularization
of the matrix norm is a local problem?

We answered these questions in our work with R. Vershynin [RV18]. We have shown
that local regularization (on a small submatrix of the matrix) is possible if and only if the

entries of A have zero mean and unit variance:

Theorem 1.3 (Local problem). Consider an n x n random matrix A satisfying (1.4), and
let ¢ € (0,1/6]. Then, with probability at least 1 — 7 exp(—en/12), there exists an en X en
submatrix of A such that replacing all of its entries with zero leads to a well-bounded

matrix A:
Clne!

Ve

where C' is a sufficiently large absolute constant.

1A]| < Vn,

Theorem 1.4 (Global problem). Consider an n X n random matrix A, whose entries are
i.i.d. copies of a random variable that has either nonzero mean or infinite second moment,

and let € € (0,1). Then )
[ An]]

vn

almost surely. Here the minimum is with respect to the matrices A, obtained by any modi-

min — 00 as n— oo

fication of any en X en submatrix of A,,.

Our proof utilizes the cut norm and Grothendieck-Pietsch factorization for matrices
([Pie78, ANO4]), and it combines the methods developed in [RT15] and [LLV17]. See

Section 4.1.1 for the proof overview and further discussion.

1.2.3 Constructive regularization and random graphs

Returning to the question about the obstructions: if the local regularization is possible (that
is, the matrix satisfies (1.4)), what exactly causes the norm of a centered random matrix A
to be too large? Is there a simple description of the small fraction of elements to be deleted,

or at least an algorithm that allows to determine them?



This question is not answered in full in this work, but we present several partial results
obtained: for the matrices with more than two finite moments, for the adjacency matrices

of random graphs, and for the general case.

More than two finite moments

First natural guess would be that the only troublemakers are a few large entries of A, and
so we can obtain a result like Theorem 1.3 simply by zeroing them out. This intuition turns
out to be misleading. Only in the case when A;; have more than two finite moments the
truncation idea works and it is not hard to derive the following result from known bounds

on random matrices such as [vH17a, Seg00, AT16]:

Theorem 1.5 (2 + £ moments). Let € € (0, 1] and n > ny(e). Consider any n x n random
matrix A with i.i.d. mean zero entries which satisfy E|A;;|**¢ < 1. With probability at
least 1 — 2 exp(—n®/®), zeroing out at most n'~¢/° largest entries of A leads to the matrix
A such that

1Al < 8v/n.

The heavy-tailed model (1.4) is qualitatively harder: to find a small submatix, dele-
tion of which regularizes the norm, one have to account for the mutual positions of large

elements of A.

Sparse random graphs

Another case when it is clear how to regularize the operator norm is when the matrix is
Bernoulli. It is closely related to the work of Le, Levina and Vershynin [LLV17] (see also
the survey [LLV18a]) on inhomogeneous Erd8s-Réniy random graphs. Inhomogeneous
Erdds-Réniy random graph G(n, p;;) is a graph with n vertices, such that the edge between
t-th and j-th vertices is present with probability p;; (independently of all other edges). Of-
ten (for example, in community detection problems), the question of interest is to estimate
some features of the probability matrix (p;;) from random graphs drawn from G(n, p;;).
Concentration of the adjacency matrix A around its expectation matrix EA, when it holds,
guarantees that such features can be recovered.

However, this concentration holds only in the case when the graph is dense (i.e. max-
imal expected degree of the vertices d := max;;np;; > logn). For the sparse graphs,
especially when expected degree is constant, the regularization question appears. Can we
modify the graph on a small subset of its edges such that || A — EA|| become well-bounded,
and so concentration will be restored? And which exactly modification can help us?



An answer was given in the work of Feige and Ofek [FOO5]: with high probability,
it is enough to delete all the edges adjacent to the “heavy” vertices (n/d vertices with the
largest degrees). Le, Levina and Vershynin presented in [LLV17] a more general way to
regularize these edges, as well as a new approach to the proof. Using similar techniques,
we can check that it is actually enough to modify a much smaller subgraph of the graph

and also described the structure of this “bad” subgraph:

Theorem 1.6. Let G = G(n,(p;;)) be an inhomogeneous Erdds-Rényi graph and let d

denotes its average expected degree d = maxnp;j, d > 5 and let v > 1. Then for any n
ij

large enough with probability at least 1 — 6 - (10ne~%)~" we can enumerate the vertices of

G such that the adjacency matrix A has the following properties:

o if A is obtained from A by zeroing out the entries of top left s X s submatrix Ay, then

1A —EA| < Cr®¥?Vd,

o Agis a very small square part of A, as its size s < 10ne™? < n/d,
» Ay has no more than 40r ones in every column above its main diagonal.

The last condition means that we can direct the edges inside the “bad” (too dense)
subgraph such that every vertex will have a finite number of the outcoming edges (see also

discussion in the Remark 5.6).

General case

Finally, for general matrices with exactly two finite moments, weaker constructive versions
of Theorem 1.3 are possible. Based on simple individual correction of the entries, a bound
with an additional factor log n in the norm and weaker probability guarantees can be derived
from known general bounds on random matrices, such as the matrix Bernstein’s inequality
([Tro15]). One would apply the matrix Bernstein’s inequality for the entries truncated at
level /n to get that || A|| < e /2\/n - Inn (this is shown in Lemma 5.13).

More sophisticated regularization procedure, based on finding small fraction of “heavy”
rows and columns to delete, can regularize the norm to the order v/n - log logn (see Theo-
rem 5.14 for the precise statement; the proof is based on the works [FO05, BVH16]).



1.3 Outline of the Dissertation

In Chapter 2 we gather useful definitions and notations, as well as several concentration
and discretization lemmas, that are going to be used throughout the text.

In Chapter 3 we prove invertibility Theorem 1.1 and covering Theorem 1.2 as its inter-
mediate step.

Chapters 4 and 5 are devoted to the study of s,,,,, or, equivalently, operator norm of
the matrix. In Chapter 4 we prove that zero first and finite second moment is necessary and
sufficient condition for a square i.i.d. random matrix A to have a regularize version: an
another matrix A that differs from A in a small square sub-matrix only and has the operator
norm || A|| ~ y/n (Theorems 1.3 and 1.4).

Discussion of a possibility of constructive regularization starts in the Section 4.4. Then,
in Chapter 5 we discuss various results related to the constructive regularization: when
A has more than two finite moments (Section 5.1); when A is a Bernoulli matrix (Sec-
tion 5.2); and for the general case with extra y/loglogn term (Section 5.3). Also, in the
Section 5.2 we discuss the interpretation of Bernoulli matrices as adjacency matrices of the
Erd6s-Réniy random graphs and the structure of a small “bad” sub-graph (to be deleted in
regularization).

Finally, in Chapter 6 we mention several open questions that are closely connected to

the research presented, and seem interesting for the future exploration.



CHAPTER 2

Preliminaries

2.1 Notations

Throughout the work, positive absolute constant are denoted C', C'y, ¢, ¢;, etc. Their values
may be different from line to line. However, sometimes, to avoid confusion, we add a
numerical subscript to the name of a constant defined within a statement (e.g. constant
(.57 1s the one that appears in Lemma 1.57).

We often write a < b to indicate that a < Cb for some absolute constant C'.

Given a finite set S, by |.S| we denote its cardinality. By ey, es, ..., e, we denote the
canonical basis in R™. The standard inner product in R" shall be denoted by (-, -). Given
p € [1,00], ||- ||, is the standard £,-norm. For ¢, will will simply write || -||. Given an m x n
matrix M and p, ¢ € [1, 0], by ||M]|,—, we denote the operator norm of M considered as
the mapping from (R", | - ||,) to (R™, || - [|).

The discrete interval {1,2,...,n} is denoted by [n]. If R is some subset of indices,
R C [n] x [n], let us denote by A the matrix obtained from A by replacing by zero the
entries A;; with the indices (7, j) € R

Ar = (/_lij);fj:l, where fll-j = A1 jyery-
We will often consider subsets of columns of the matrix, so when R = J X [n] we use a

simplified notation: for J C [n]
AJ —- A[n]XJ-

Finally, main probability model to be considered is the following:
Aisn x n; the entries of A are i.i.d., with EA;; = 0, EA?J- = 1. (*)

We will sometimes refer to it as probability model (*), and explicitly describe all the

changes in the model we consider.
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2.2 Nets and covering numbers

In this section we give necessary definitions to be used later and briefly preview the role of
nets and covering numbers in this thesis. A detailed discussion of the subject can be found,
e.g., in [[Verl6], Section 4.2].

Definition 2.1 (¢-net). Let (7', d) be a metric space. For any subset K C T'and ¢ > 0, a
subset NV C K is called an e-net of K if for every z € K there exists 7o € N such that
d(x,ry) < e. Equivalently, N is an e-net of K if and only if K can be covered by balls

with centers in A and radii €.

Usually, nets in R™ are defined with respect to Euclidean metric, i.e., for every z,y in
R™ define d(z,y) = ||z — y||. However, other metrics can be useful in special situations.
Moreover, Definition 2.1 generalizes without changes to pseudometrics. We will also con-
sider nets with respect to the pseudometric d4(z,y) := ||A(x — y)||, where x and y are

points in R™ and A is a linear operator (see Section 3.2.1).

Definition 2.2 (Covering numbers). The smallest possible cardinality of an e-net of K is
called the covering number of K and is denoted N(K, ). Equivalently, covering number

is the smallest number of closed balls with centers in K and radii € whose union covers K.

Almost equivalent definition of the exterior covering number N°** (K ) allows the

centers of ¢ balls to lie outside of K. It is not hard to check that
N“*(K,e) < N(K,e) < N“(K,e/2).

Finally, we can define the covering number for two general subsets S, K C T as the

smallest number of parallel translates of K sufficient to cover S, denoted as N (.S, K).

It is a well-known fact (e.g. [[Ver16], Corollary 4.2.13]) that a unit ball in R" have

g-covering number at most

N(By,e) < (§) | @.1)

3

In particular, this fact is used to bound the s1(A) = sup, g1 ||Az|| for the random matrix
A with independent subgaussian entries. General idea is as follows: for every fixed x €
S"~! the norm of || Az || is tightly bounded using subgaussian concentration, and then union
bound is taken over the e-net on S™~! with the cardinality at most (3/)".

However, in many interesting cases, including smallest singular value of subgaussian

matrices, the estimate (2.1) is too weak, so that union bound does not preserve good es-
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timates, holding for individual z € S™~!. This brings us to the need to consider net re-
finements — more complicated e-nets of lower cardinality, specified to the subsets of S™1,
possessing additional nice properties.

It is probably not surprising that for the heavy-tailed matrices we need even more del-
icate net estimates: the tight subgaussian concentration is no longer available, so even
individual estimates on || Az|| with some fixed x are weaker. Net refinement idea is crucial

for the proofs of Theorems 1.1 and 1.2 (see also the discussion in the Section 3.2.1).

2.3 Concentration

A standard way to get some desired estimate on a random variable X with high probability
is to get this estimate for EX first, and then argue that X concentrates around its expecta-
tion. In this case X usually stays close to [EX, and therefore satisfies a close estimate.
This work relies a lot on the good concentration properties of sums of subgaussian (and
sub-exponential) random variables, that is, such that grow not faster than standard normal

(respectively, exponential) random variables.

Definition 2.3 (subgaussian random variable). A random variable Y is called subgaussian
if its moments satisfy
Eexp(Y?/M3) < e,

for some number M, > 0. The minimal number M, is called the subgaussian moment of
X, denoted as || Y]]y,

Equivalently, £ is subgaussian if there exists a number X > 0 such that
P{|¢] > t} < 2exp(—t?/K?), t>0. (2.2)
It is easy to check that the smallest value of K satisfying (2.2) is equivalent to the subgaus-

sian norm of £ (see, for example, [Verl2, Lemma 5.5]).

Definition 2.4 (sub-exponential random variable). Analogously, arandom variable is called
sub-exponential if
E eXp(Y/Ml) S ¢,

for some number M, > 0. The minimal number M/, is called the sub-exponential moment
of Y, denoted as [|Y'||y,

The class of subgaussian random variables contains standard normal, Bernoulli, and

generally all bounded random variables. The class of sub-exponential random variables

12



is exactly the class of squares of subgaussians. See [Verl2] for more information and

statements of standard concentration inequalities.

2.3.1 Some classical concentration inequality

The following inequalities are going to be used in the latter sections. The first one is a

standard Khintchine—type inequality (see, for example, [Hoe63]).

Lemma 2.5 (Khintchine’s inequality). Let r1, 19, ..., 1, be independent Rademacher ran-
dom variables. Then for any vector y € S™ ' the random variable Y | y;r; is C,-

subgaussian, where C,; > 0 is a universal constant.

The sum of squares of subgaussian variables has good concentration properties; the
bound below follows from a standard “Laplace transform” argument (see, for example,
[Verl2, Corollary 5.17]):

Lemma 2.6 (Subexponential tails inequality). For any T' > 0 there is L,, > 0 depending
on T with the following property: Let &1,&s, . . ., &, be independent centered 1-subgaussian

random variables. Then
P{Z@Q > Lmn} < exp(—Tn).
i=1

For the bounded distributions we will use Bernstein’s inequality (see, for example,
[Verl6, Theorem 2.8.4]):

Lemma 2.7 (Bernstein’s inequality for bounded distributions). Let &, . .., &, be indepen-

dent, mean zero random variables, such that || < K almost surely for all i. Then, for

P{ > zt} < 2exp (—%)

N
2_&
=1
Here 0% = ZZN:l E&? is the variance of the sum.

everyt > 0, we have

There are concentration inequalities that are applicable directly to sums of indepen-
dent random matrices, rather than individual random variables, like the following (see, e.g.
[Verl6, Theorem 5.4.1])
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Lemma 2.8 (Matrix Bernstein inequality). Let X;,..., Xy be independent, mean zero,

n X n symmetric random matrices, such that || X;|| < K almost surely for all i. Then, for

2
o

Here 0? = H Zf\il EX?|| is the norm of the matrix variance of the sum.

everyt > 0, we have

N

>

i=1

The matrix Bernstein inequality can be extended to non-symmetric (or even non-square)
random matrix X, by applying it to a symmetric block matrix, having zero matrices in

diagonal blocks and X and X7 in the off-diagonal. Resulting statement is the following:

Corollary 2.9 (Matrix Bernstein inequality for non-symmeric case). Let Xq,..., Xy be
independent, mean zero, m x n random matrices, such that | X;|| < K almost surely for

all i. Then, for every t > 0, we have

IP{ zt}§2(n+m)exp(—t2¢>.

— 02+ Kt/3

Finally, for a special case of Bernoulli random variables, one can apply the following

N

>

Y

N N
SCEXTX LD EXX]
=1 =1

classical inequality that provides a quite sharp result, sensitive to the expectations of the

individual variables (see, e.g. [Ver16, Theorem 2.3.1])

Lemma 2.10 (Chernoff’s inequality). Let &; be independent Bernoulli random variables
with expectations E&; = p;. Consider their sum Sy = Zf\il & and denote its mean by

w = ESN. Then, for any t > p, we have

P{Sy >t} < e " <%>t

2.3.2 Concentration inequality for random permutations

We will also need a concentration inequality for random permutations:

Lemma 2.11 (Concentration for random permutations). Consider two arbitrary vectors

a=(ay,...,a,) € R"and x € {—1,1}". Let 7 : [n| — [n] denote a random permutation

14



chosen uniformly from the symmetric group S,. Then the random sum

n

S = Z ;T (i)

=1

is subgaussian, and
1S —ES|ly, < Caaillall2.

The same inequality holds for the sum S' = """ | a)x; as well, since it has the same

distribution as S.

For the proof of this lemma we will need the following definition (essentially taken
from [MS86]). Let S be a finite set and d be a pseudometric on S. We say that (5, d) is
of length at most ¢ (for some ¢ > 0) if there is n € N, positive numbers by, bo, . . ., b, with
(b1, ba, ..., b,)|| < ¢ and asequence (Si);_, of partitions of .S such that

1. SO = {S},
2. Sn = {{s}}ses:
3. Sy is arefinement of S,_; forallk =1,2,...,n;

4. Foreach k € {1,2,...,n} and any @), )’ € S} such that Q U @)’ is a subset of an
element of Sy_1, there is a one-to-one mapping ¢ : Q — @’ such that d(s, ¢(s)) < by,
for all s € ().

In particular, the above conditions on Sy, imply that all elements of .S; have the same cardi-

nality.

Theorem 2.12 (see [MS86, Theorem 7.8]). Let (S,d) be a finite pseudometric space of
length at most ¢ and let |1 be the normalized counting measure on S. Then for any function
[ 8 = Rsatisfying | f(s) — f(s')| < d(s,s") (s,8" € S)and all t > 0 we have

2

- f 1o 2en( 2.

Remark 2.13. In [MS86], the above theorem is formulated for metric spaces. It is easy to

see that passing to pseudometrics does not change the picture.

Denote by S, the set of permutations of [n] := {1,2,...,n}.

Lemma 2.14. Let a = (aq,as, ... ,a,) be a non-zero vector and x = (x1,xs, ..., x,) be

a vertex of the cube [—1,1]". Further, let |1 be the normalized counting measure on S,,.
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Define a function f : S, — R as

)= T, PE S

j=1
Then
2 FOEL
f— /fd,u‘>t}<2exp( ) t>0.
64/lall3
Proof. Without loss of generality, we can assume that |a;| > |a;41| (j = 1,2,...,n — 1).

Define a pseudometric d on S, for any p, q € .S, let

d(p,q) = |f(p) — f(q).

Further, we define a sequence of partitions (S, x)r_, of Sy,: let S, := {S,} and for each
k=1,2,...,n,letS, consist of all subsets of .S,, of the form

{p €Sy p(l) =iy, p(2) =iy, ..., p(k) = ix}

for all {iy,ia,...,4x} C [n].

Now, let k € {1,2,...,n} and let Q,Q" € S, be such that () U @)’ is a subset of an
element of S,, ;1. Note that there are numbers i, is, . . . , i, 7, such that p(j) = ¢; for all
j<kandp € QUQ; p(k) =i forallp € Q and p(k) = ¢} for all p € @Q'. Define a
one-to-one mapping ¢ : Q — @’ by

o(p)(j) = p(j) for j # k,p ' (i}.); d(p)(k) =i} d(p)(p~ " (i})) == i
For any p € (), we have
d(p, #(p)) < 2|ar| + 2|ay-10p)| < 4fayl,

with the last inequality due to the fact that p~'(z}) > k. Thus, the space (S,,, d) is of length
at most 4||a||>. Applying Theorem 2.12, we get the result. O

Proof of Lemma 2.11. Note that Lemma 2.14 directly implies Lemma 2.11 with C51; = 8

when a is not identically zero, and if a = 0, the statement of Lemma 2.11 is trivial. OJ
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2.4 Discretization

Two-point distributions, such as Bernoulli or scaled Bernoulli, have an obvious advan-
tage of being a relatively “simple” example of random variables: having just two possible
values, they are relatively easy for direct computations. Also, stronger concentration in-
equalities (like Chernoff’s inequality, Lemma 2.10) are available in the case when random
variables in question are Bernoulli.

On the other hand, two-point distributions are already sophisticated enough to model

heavy-tailed random variables. Consider £ such that

1,  with probability p;

0, otherwise.

For small p, say, p ~ n~!, we have E£ = p ~ 0 and E£? ~ p. Centralizing and scaling £ to

have second moment 1, we arrive to a random variable ¢ ~ p~1/2¢ such that for any £ > 0

lim E¢?* = lim n°/? = o,
n—oo n—oo

that is, a random variable with exactly two moments bounded (by a constant independent
from n). Clearly, varying the order of success probability p we can obtain “simple” random
variables with any certain number of finite moments.

In light of discussion above, sometimes it is convenient to represent a general a. s.
non-negative random variable via several scaled Bernoulli random variables. One straight-

forward way to do it is to observe that

K
X< Zq/cfk, S 1= ]l{XE[Qk—h‘IIc)}’
k=0

for any increasing sequence {q}, such that X € [qo, ¢x) almost surely (or K = oo and

{qx} —k 00). Similarly we can approximate from below

K
X > Z qk—l]l{Xe(qk_th)}‘
k=0

This approximation is used, for example, to prove global obstructions for the operator norm
regularization (Section 4.3). One of the important disadvantages of this approximation is

that random variables ;. are not independent.
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2.4.1 Approximation by independent Bernoulli

The following lemma allows us to approximate a general continuous random variable by a

sum of independent, scaled Bernoulli random variables.

Lemma 2.15 (Discretization). Consider a non-negative, continuous random variable X.

There exists a non-negative random variable X' satisfying the following.
1. EX' <4EX.

2. X' stochastically dominates X, i.e.

P{X' >t} >P{X >t} forallt>O0.
3. X' is a sum of scaled, independent Bernoulli random variables:

X' = Z €k (2.3)
§=0

where qy, are non-negative numbers and &, are independent Ber(27%) random variables.

Proof. Set the values g, to be the quantiles of the distribution of X:
gr:=min{t >0:P{X >t} =2"""}  £k=0,1,2,...

(These values are well defined since the cumulative distribution function of X is continuous
by assumption.) By definition, (gx) is an increasing sequence. Define X’ by (2.3).
To check part 1, note that by definition,

EX' =) aB& =) a2 (24)
k=0 k=0

To lower bound E X, let us decompose X according to the values it can take. This gives

X > ZX]I{XE[%»%H)} > quﬂ{XE[Qk7Qk+l)}
k=0 k=0

almost surely. Taking expectation of both sides, we obtain

EX > quIP’ {X € gk qk11)}-

k=0
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Now, using the definition of g;, we have
P{X € g, )} =P{X = @} —P{X 2 g} =27"" 272 =277

This yields
EX > ) q27"7 (2.5)

k=0
Comparing (2.4) with (2.5), we conclude that EX’ < 4EX, which proves part 1 of the

lemma.

Let us prove part 2. If t € [q, g +1) for some k = 0, 1,2, .. ., then using the definitions
of X’ and ¢;, we obtain

P{X' >t} >P{X' > qpy1} 2 P{&1 =1} =27
—P{X > q} > P{X >},

as required.
It remains to check the domination inequality when ¢ is outside the range [qo, ¢~,) Where

(oo = limy oo g1 € Ry U {00} If t < ¢, we have
PIX > 1) > P{X' > ) > P{e =1} =1,

and the inequality in part 2 follows. If ¢ > ¢, then, using the continuity of the cumulative

distribution of X, we obtain
P{X >t} <P{X > ¢y} = lim P{X > ¢} = lim 27" =0,
k—o0 k—o0

and the inequality in part 2 follows again. The proof is complete. [

Remark 2.16 (Bounded random variables). Suppose X < M almost surely. Then, in the
second part of the conclusion of Lemma 2.15, X can be represented as a finite sum

X' = Z Q&
=0

where ¢ are non-negative numbers, g € [0, M|, and & are independent Ber(p) random
variables. Here pp, = 27% > 1/M for k < k and p, = 1/M.

Remark 2.17 (Coupling). Stochastic dominance of X’ over X in Lemma 2.15 implies that
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one can realize the random variables X and X’ on the same probability space so that
X' > X almost surely.

(See, for example, [Wol99, Section 4.3], or [Tho0OO, Chapter 1, Theorem 3.1]).
Moreover, in the same way we can construct a majorizing collection for any collection
of independent random variables. In particular, we can do it for all entries of a random

matrix A at once.

Lemma 2.15 is used in both invertibility and local obstructions for the norm regulariza-
tion theorems (Sections 3.2 and 4.2). Fast and controlled decay of the expectations of &
makes it especially convenient for computations.

The discretization X’ constructed in Lemma 2.15 is not compatible with original ran-
dom variable X by size. Namely, we cannot expect that X > ¢ - X’ for some chosen
constant ¢ (although it is true for the expectations: EX > ¢ - EX’). However, it is possible
to construct a two-side approximation by a sum of independent scaled Bernoulli. This will

be shown in the next section.

2.4.2 Two-side approximation by independent Bernoulli

Approximating “by size” we are bound to have a Bernoulli member of each order, namely,
we now take ¢, = 2F. Expectations of &, are defined such that there exists a non-zero
scaled Bernoulli term of size greater than or equal to ¢ with probability P{X > ¢}, for any
t > 1. As aresult, we have the following lemma:

Lemma 2.18. Let X > 0 a.s. random variable, such that EX = 1, X is not a.s. 1. Then
there exists a random variable -
i=0

where &; are independent 0 — 1 Bernoulli random variables, such that
£/2< X <a. s when X > 1.

Proof. Without loss of generality we can assume that X has continuous distribution.
Define:

& =1as.
& = 1 with probability I# and O otherwise,

— Vi
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where p; := P{X > 2'}. Observe that
P{X >1} <1,

hence, all p; < 1 and all &; are well-defined.

We are going to show the stochastic domination, i.e. that
P{/2 >t} <P{X >t} <P{{ >t} foranyt > 1.
Indeed, consider ¢ > 1. Let i be such that ¢ € (2i1, 2. Then

P{X >t} >P{X >2""} =p, 1.

On the other hand,
P{¢ >t} =P{¢ > 2'} =
IP{ at least one of the ;, j > 7 is non-zero } =
1—P{allg=0,j>i} =1-[[P{¢g =0} =
j=i

- Pj-1 —ﬁj] _ - [1—153'1] _ S o
=TT B8 o DT | =2 =1 — (1= i) = i,

]1:[ { L —=p; JEI L —=p; ( ) 1

Moreover,

P{¢/2 > t} = P{¢ > 2t} = P{¢ > 21} = j < P{X > 1},

This completes the proof of Lemma 2.18. U

2.5 Operator norm via /; norm of rows and columns

The following simple result, known as the Schur bound [Schl1, p. 6, §2], states that the
operator norm of any matrix is dominated by the ¢; norms of rows and columns. For
completeness, we state and prove the Schur bound here; the proof is almost identical to the

original one.

Lemma 2.19. For any m x k matrix A, we have

i 2
]l < (max]|Ad], - max]|A7],) "

21



where A; and A’ denote the rows and columns of A.

Proof. Recall that the operator norm can be computed as a maximum of the quadratic form:

Al = sup  [aTAyl.

[zll2=llyll2=1

Fix unit vectors x and y and express

|27 Ay| = ‘ inAijyj
1,J

< Z (|x1|\/\AU|> (\/\AU||y]|) (by the triangle inequality)
.3

1/2 1/2
< ( Z x?|Aij ]) ( Z |A;; |yj2> (by the Cauchy-Schwarz inequality)
1,3 1,3

= () (i)
i J

< max [EYHee max 149]13% (since [|z]|2 = [lyll2 = D).

Taking the maximum over all unit vectors z and y, we complete the proof. [

This lemma will be a part of the proof of Theorem 1.3 for moderately large entries of
the matrix (in the Section 4.2.3).

Let us briefly summarize what else we saw in this chapter. Nets and covering numbers
are main tools in the proof of Theorem 1.1 (recall its intermediate result, Theorem 1.2,
which proves an estimate for the covering number for random ellipsoids).

Classical concentration inequalities, gathered in Section 2.3.1, will be of crucial use
throughout the whole text of the thesis. Concentration for random permutations (discussed
in Section 2.3.2) will be used in both proofs of Theorem 1.1 and Theorem 1.3 for sym-
metrization purposes, see Proposition 3.15 and Lemma 4.10 respectively.

The discretization by independent Bernoulli (discussed in Section 2.4.1) will be also
used for both Theorem 1.1 and Theorem 1.3. It will help us accurately quantify the number
of “bad” directions of a random operator defined by a heavy-tailed matrix. See also the

discussion in the beginning of Section 3.2.2.

In the following chapter we are going to proceed with the proof of invertibility Theo-

rem 1.1.
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CHAPTER 3

Smallest singular value: invertibility

3.1 Motivation and main results

The problem of determining the distribution of the smallest singular value s,,(A) has been
given much attention in literature.

Convergence of (appropriately normalized) smallest singular values for a sequence of
random rectangular matrices with i.i.d. entries and growing dimensions was established
by Bai and Yin [BYO0S8] (see also [Tik15], where the result is proved under optimal mo-
ment assumptions). For non-asymptotic results in this direction, we refer the reader to
papers [LPRTJ0S5, RV09] for the case of i.i.d. entries (see also [Tik16] where no moment
conditions are assumed); [ALPTJ11, ALPTJ10] for log-concave distributions of rows and
[SV13, MP14, KM15, Yas14, GLPTJ17] for more general isotropic distributions. We refer
to surveys [RV 10, Verl12] (see also [Rud13]) for more information.

For random square matrices with independent standard Gaussian entries, the limiting
distribution of the smallest singular value was computed by Edelman [Ede88]; universality
of this result was established in [TV 10a]. Further, for matrices with i.i.d. entries it was
shown in [TVO08] and [TV 10b] that, given any K > 0 there are R, L > 0 depending only
on K and the law of a;; such that P{s,(A + B) < n~'} < Rn~X for any non-random
matrix B satisfying || B|| < n (we note that analogous results were recently obtained for
more general models of randomness allowing some dependence between the entries of A;
see, in particular, [NO14] and [GNT15]). In the case B = 0 which we study, those papers
do not provide optimal estimates for s, (A). A much more precise statement was proved
in [RV08] under the additional assumption that the entries of A are subgaussian; namely,

Rudelson and Vershynin showed that s,,(A) satisfies a small ball probability estimate
P{s,(A) <en Y2} < Le +u", >0,

where L > 0 and v € (0, 1) depend only on the subgaussian moment of a;;’s.
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The subgaussian condition on the entries is crucial in the proof of this result, as it
heavily relies on the assumption that || A|| < /n with probability very close to one. In the
same paper [RV08], it was shown that s,,(A) > n~'/2 with large probability provided that
the fourth moment of A;; is bounded, however, the statement is much weaker than in the
subgaussian case.

Our main goal was to relax as much as possible the moment assumptions on the entries
of A while keeping the small ball probability estimate as strong as in the subgaussian

theorem of [RV08]. The main result of this chapter is the following

Theorem 3.1. For any v € (0,1] and u € (0, 1) there are numbers L > 0, u € (0,1)
and ng € N depending only on v and u with the following property. Let n > ngy and let
A = (a;j) be an n x n random matrix with i.i.d. entries such that Ea;; = 0, ]Eafj = 1. Let
?\HEP{MH — A <9} < . Then for any € > 0 we have

€

P{sn(A) < 5n_1/2} < Le +u".

Note that any random variable o with Eaw = 0 and Ea® = 1 obviously satisfies

supP{|a — A] < v} < u for some v > 0 and u € (0,1) determined by the law of a.
AER
Thus, the above statement does not require any additional assumptions on the matrix apart

from (1.4); by introducing the quantities v and u we make the dependence of L and u on
the law of a;; more explicit.

The idea of the proof of Theorem 3.1 can be described as follows. Denote by A’ the
transpose of the first n — 1 columns of A. A principal component of the proof of [RV08] is
an analysis of the arithmetic structure of null vectors of A’, which is described with the help
of the notion of the least common denominator (LCD). To show that null vectors of A’ typi-
cally have an exponentially large LCD, the authors of [RV08] consider subsets .S of the unit
sphere corresponding to vectors with small LCD, and show that 3171612 ||A'z|| > 0 with a large
probability. For this, they use the standard e-net argument, when the infimum is estimated
by taking a Euclidean e-net N on S and applying relation 3131612 |A || > ylg{/ |Ay|| — || Al
together with the estimate | A’|| < C'v/n which holds with probability very close to one
under the subgaussian moment assumptions on the entries. In our setting, the principal dif-
ficulty consists in the fact that the condition (1.4) does not guarantee a good upper bound
for the operator norm || A’||.

To deal with this fundamental issue, we “refine” the nets constructed in [RV08] by the

following estimate on a covering number of a random ellipsoid A(B%):

Theorem 3.2. Let § € (0,1/4] and n > Then there is a (non-random) collection C of

L
45°
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parallelepipeds in R" with |C| < exp(13ndIn %e) having the following property: For any
random matrix A satisfying (1.4), with probability at least 1 — 4 exp(—dn/8) we have

Vo e By 3P €C suchthatx € Pand A(P) C Az + %EBQ.

Here, C' > 0 is an absolute constant.

Indeed, it can be shown that Theorem 3.2 implies that, given an -net A/ on S, it is
possible to construct a subset N C Sof cardinality at most exp (135n In %e) || which is an
L'e\/n-neton S (for some L' = L'(§)) with respect to the pseudometric d(z,y) = ||A’(z —
y)|| with probability at least 1 — 4 exp(—dn/8). Then, ;Ielg |A'z|| > ylg/% |A'y|| — L'ey/n,

so the argument does not depend any more on the value of || A’||.

The rest of Chapter 3 is organized as follows: Section 3.2 contains a proof of the ge-
ometric Theorem 3.2, starting with the discussion of its proof strategy and some interpre-
tations of the result. Then, in Section 3.3.1, we collect some results from [RV08] that are

crucial to complete the proof of the main result Theorem 3.1 in Section 3.3.2.

3.2 Coverings of random ellipsoids

3.2.1 Discussion and proof overview

Let us briefly discuss geometric part of the argument: Theorem 3.2 and its more elegant

Corollary 3.3. Forany 6 € (0,1/4] and n > J; there exists a non-random subset N' C BY
of cardinality at most exp(13nd In %) such that for any n X n matrix A satisfying (1.4), we

P{A(Bg)c U (y+Cl(;/ﬁB§

yEAW)

have

)} > 1— dexp(—on/8)

for some absolute constant C' > 0.

A crucial feature of the results is that the set C in the theorem is non-random. Moreover,
C (as well as the set N from Corollary 3.3) provides a “universal” covering which is inde-
pendent of the distribution of the entries of A. Compared to Corollary 3.3, the statement
of Theorem 3.2 is more flexible as it enables us to choose the “anchor” points within the
parallelepipeds when constructing corresponding e-net (this matter is covered in detail at

the beginning of Section 3.3.2).
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Note that if the entries of A have a bounded fourth moment then the operator norm
| Al satisfies |A|| < L+/n with probability close to one (see [YBK88] and [Lat05] for
precise statements), whence P{A(BY) C L/nBy} ~ 1. If, moreover, the entries of A
are subgaussian then for some L > 0 depending only on the subgaussian moment we have
P{A(By) C L\/nBy} > 1 — exp(—n). On the other hand, for heavy-tailed entries the
operator norm of A may have a higher order of magnitude compared to y/n with probability
close to one, so the trivial argument given above is not applicable. In our case with only two
finite moments, we take advantage of the fact that although large || A|| implies the existence
of “bad” directions = € S, such that || Az||2 > +/n, with high probability there are only
few “bad” directions.

A little more precise description of the main idea of the Theorem 3.2 proof is as follows.
The collection C of parallelepipeds is constructed using a special subset D of diagonal
operators with diagonal elements in the interval (0, 1]. Namely, we define D as the set of all
diagonal operators with diagonal entries in {1}U{272"}?°  and with determinants bounded
from below by exp(—dn). Then, for every operator D from D, we take a covering of the
ball B} by appropriate translates of parallelepiped D(L"n~/2B") (for some L" = L"()),
and let C be the union of such coverings over D. It turns out that Theorem 3.2 follows

almost immediately from the following relation:

IP’{EI diagonal matrix D with diagonal entries in {1} U {2_2k}2<’:0 such that
3.1)

det D > exp(—dén) and || AD|| -2 < @} > 1—4exp(—on/8).

Vo
In Section 3.2.3, we show that (3.1) holds true under condition (1.4); see Theorem 3.11.
Geometrically, this property means that it is possible to construct a random parallelepiped
P C [—1,1]" with sides parallel to the standard coordinate axes, such that Vol(P) >
exp(—dn) and A maps P inside the Euclidean ball %Bg with probability at least 1 —
4 exp(—dn/8). Note that parallelepiped P will be “narrow” along directions w € S™~! for

which || Aw|| is large.

To put Theorem 3.2 and Corollary 3.3 into more general context, note that they answer,
in particular, the following geometrically natural question: how many translates of the
Euclidean ball \/nBY (or its constant multiple) are needed to cover the random ellipsoid
A(BY)?

Recall that for two subsets S and K of a vector space the covering number N(S, K) is
defined as the smallest number of parallel translates of K sufficient to cover S. By Theo-
rem 3.2, N(A(B7), %B’;) < exp(136nIn %) with probability at least 1—4 exp(—dn/8).
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Another similar interpretation of the result obtained is in terms of the entropy number
of the operator A. If X and Y are two Banach spaces, then k-th entropy number of a linear

operator A : X — Y is defined as follows (see, e.g. [Pis99]):
er := inf{e > 0: N(A(Bx),eBy) < 2"},

where Bx and By are the unit balls in X and Y respectively, and k£ is an integer. By
Theorem 3.2, with probability at least 1 — 4 exp(—dn/8) we have that ex(A) < /n/d for
k = [13v/2nd1n 2] and any random operator A : (R", ||.|[) — (R, |
matrix in the standard Euclidean basis satisfies probability model (*).

), as long as its

Finally, one more interpretation of these results, that will be of use for us, is related to
the net refinement (see Theorem 3.30 in Section 3.3.2). Recall that an e-net A/ on a metric
space X is a subset of X such that any point of X is within distance at most € from a point
of \V (see also Section 2.2 in Preliminaries). It is easy to see that with probability at least
1 — 4exp(—dn/8) the set N from Corollary 3.3 is a %ﬁ—net on B with respect to the
pseudometric d(z,y) := ||A(z — y)|| (z,y € BY).

3.2.2 Fitting a random vector into an (;-ball

By D,, we denote the set of all n x n diagonal matrices with diagonal elements belong-
ing to the interval (0, 1] (we will sometimes refer to such matrices as positive diagonal
contractions). Further, denote by D? the set of all n x n positive diagonal contractions
whose diagonal entries belong to the set {1} U {272°}> . The set D? can be regarded as a

discretization of D,,.

In this section, we consider the following problem: Let X be a random vector in R"
with i.i.d. coordinates. We want to find a random diagonal operator D taking values in D,,
such that D(X) is contained in an appropriate (fixed) multiple of the ¢-ball everywhere
on the probability space and at the same time the determinant of D is typically “not too

small”. The statement to be proved is

Proposition 3.4. For any o € (0, 1) there is a number L = L(«) > 0 with the following
property: Let § € (0,1], p € [1,00) and let X = (x1,x9,...,x,) be a random vector on
(Q, X, P) with i.i.d. coordinates such that E|z;|’ < oc. Then there is a random positive

diagonal contraction D taking values in D,, such that

L
[DXP < EEHXHg everywhere on the probability space, and E(det D)P*™? < exp(J).
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Remark 3.5. Proposition 3.4 is a foundation block of the proof. In Section 3.2.3, we will
amplify this result (the case p = 2) by proving its “matrix version” (Theorem 3.11). The
case p # 2 in this section is considered for completeness. It is not needed later for the

proofs of Theorems 3.1 and 3.2.

Remark 3.6. Note that a trivial definition of the diagonal operator D = (d,;) by setting

LE|X]]?
4.7 = min(l,——p>, i=12,... n,
’ 5 [ XI5

gives an unsatisfactory distribution of the determinant. For example, if the entries of X are
{0, 1}-valued with probability of taking value 1 equal to 1/n, then E||X|P = 1, and for

any m < n we have

P =m) = () (1- D)2

Thus, the above definition of D would give P{det D < 27"} > 1[2PL /5]~ [>"L/°].

Our construction of the required operator is more elaborate. Let us first describe the
idea informally. Assume that p = 1 and that X is our random vector with non-negative
i.i.d. coordinates with unit expectations. We consider a sequence of non-negative numbers
(levels) such that each coordinate exceeds k-th level with probability 27*. The main ob-
servation is that X “does not fit” into the ¢}-ball %B{‘ only if for some k there are much
more than 27%n coordinates of X exceeding the level. We define the required operator D
so that its restriction to the “bad” coordinates is an appropriate dilation, while on all other
coordinates it acts isometrically. If there exist several “bad” levels the operator D will be
defined as a product of several diagonal operators. Moreover, it will be more convenient
to “replace” the vector X by a sum of independent vectors of two-valued variables (scaled
Bernoulli random variables, see also the discussion in the beginning of Section 2.4), such
that the sum is a majorant for X on the entire probability space.

The following coupling Lemma 3.7 is a quick corollary of Lemma 2.15. It constructs
the discretization by independent scaled Bernoulli random variables for all the elements of

a random vector (corresponding to a row of the random matrix) at once.

Lemma 3.7 (Coupling). Let Y = (Y1,Y5,...,Y,) be a random vector on a probability
space (2, 2, P) with i.i.d. non-negative coordinates with everywhere continuous cdf and
EY; = 1. Then there is a vector Z = (Z1, Zs, ..., Zy,) on (2, 3, P), and probability space
((NZ, i,ﬂs) and random vectors Y = (571, Yo,...,Y, ) and 7 = (Zl, Zo, .., Zn) on ((NZ, ENJ,[?P/’)
such that
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0

k

Z = E Tk-‘rlé )
k=0

where &8 = (€§,€5. ... &8 and £F (i <n, k =0,1,...) are jointly independent 0-1
random variables with P{&F = 1} = 27" and (7)., is an increasing non-negative

sequence satisfying y p-_ 727F < oo.
b) Y and Z are equidistributed with Y and Z, respectively;
c) Z > ﬁfor all i < n everywhere on (Q, i,f”)

Proof. Fix for amoment ¢ < n and consider the distributions of Y; and Z;. Taking
Ther o= qu(Y3) == nf{t > 0: P{Y; > ¢t} =27"}, k>0,

by Lemma 2.15 and the condition EY; = 1, the first condition is satisfied and also Z;
stochastically dominates Y;.

Then, by the coupling Remark 2.17, there is a probability space (ﬁi, f]i, E) and vari-
ables }7; and Z on (ﬁz,i,f”,) equidistributed with Y; and Z;, respectively, such that
Z; > Y; everywhere on QZ

Finally, by taking (ﬁ, 5, Iﬁ’) to be the product space [, €2; and naturally extending the
variables 37,-, Z to (fl, i, IF’), we obtain the random vectors Y, Z satisfying the required

conditions. 0
The next lemma provides an actual construction of the required diagonal operator.

Lemma 3.8. For any o € (0,1) there is L = L(a) > 0 with the following property. Let

(1)%2, be an increasing non-negative sequence satisfying > oo | 27 < oo, and let

[e%S)
5 &
Z = E Tk+1§ s
k=0

where ¢8 = (€8 €5 .. &8) and €F (i < n, k = 0,1,...) are jointly independent 0-1
random variables with P{¢F = 1} = 27%. Further, let § € (0,1]. Then there is a random

positive contraction D taking values in D,, such that

~ ~ L .~ Ln &
IDZ|, < EEHZHI = Tn ZTk-i-lQ_k everywhere on the probability space,
k=0

and E(det D)~ < exp(d).
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Proof. Let L > 2e be a number which we will determine later. Now, for each £ > 0, define

random variables
vei= i & #0}]

and

( = >Vk f(s > L2 kn
L2—Fkn I 1 Vk il ’I’L,
nk =

1, otherwise.

As building blocks of the contraction 15, let us consider random diagonal matrices D®)
with

e ek _ Q).
d® .= L ey =0 j=1,2,...,n.
o min (1, £2-")  otherwise,

—ky,
§Vk

Then det D) = " and | DWek||, < L2710 = LE||¢k||; (deterministically). Note that
D) acts as a dilation on the span of {e; : £¥ # 0} provided that v}, > L2;k" = LKy, jlnd
as an isometry on the orthogonal complement. We construct the required contraction D as

the product of contractions D*) by setting D := []7>, D). Then

~ - - Ln L_. ~
IDZIly < |3 mnDWeH| < =23 m2 ™ = ZE|Z)h.
k=0 k=0

Note that - -
~yae—1 —a —a
E(det D)* =EJ[m' ™ =[] Em'
k=0 k=0
Next, for every £ > 0 we have
Eny~® <1+ i ( om )" R =m)
- L2-kn F
m=[L2=kn/§]
> ed\m L2 Fnyam
<1 (7) Gar)
S 1+ Z L om
m=[L2=kn/§]

In particular, for all £ such that L2 kn /0 > 1, using the relation L > 2e, we obtain

I\ L2 Fn/s]
s <12(3)

)

and for all k satisfying L2 %n /6 < 1, we get

En' ™ <1+ 2%@2—’%/5)9
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Now, let us choose L = L(«) sufficiently large so that both

Z 9 (%) [L2=Fn /s8] and Z 2% (L2fkn/6)a

k:L2=kn/§>1 k: L2=kn /<1

are less than §/2. Then, multiplying the estimates for En'~%, we get

E([In)" " < exio)

and the result follows. O]

Proof of Proposition 3.4. Fix admissible «,  and p. Without loss of generality, the distri-
bution of the coordinates of the random vector X is continuous on the real line. Indeed,
otherwise we can replace every coordinate x; with |z;|+u;, where uy, ua, . . . , u,, are jointly
independent with xq, s, ..., , and each u; is uniformly distributed on [0, §] for a very
small parameter # > 0 chosen so that E(|z;| + w;)? ~ E|z;|’. Then the random diagonal
contraction D constructed for the new vector X’ := (|x;| + u;), will also satisfy the
required properties with respect to X.

Set Y := (|z1|P, |z2|P, ..., |xn|P) and let Y, Z be random vectors on a space (2,3, P)

constructed in Lemma 3.7 with respect to Y. By Lemma 3.8 and in view of the relation
E¢> Y 27 In(¢)
k=0

we can find a random positive contraction Don{) taking values in D,, such that for some
L = L(«) > 0 we have

AL |~ ~
E||Y|]; everywhere on Q2

. . I~
|DY || < ||DZ||: < g]EHZHl < 5

and
E(det D)*~" < exp(d).

In general, the operator D is not a function of Y, which creates (purely technical) issues in
defining corresponding operator on the original space (€2, 3, P). For completeness, let us
describe an elementrary discretization argument resolving the problem:

Let {B.} be a partition of R”} into Borel subsets, indexed over z = (21, 22, ...,2,) €
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(Z U {—o00})™ and defined by
B, :={WeR}: W;e (25" 2% foralli=1,2,...,n}
(we set W; = 0 for z; = —o0). Further, for every z we let
Q. ={0eQ: Y@ eB.}

and Q, := D(,) = {M € D, : M = D(@) forsomed € €0} First, consider all
2 € (Z U {—00})" such that 2. is non-empty. For each . we can choose an operator D,
such that det D, > det M for all M € ()., and either D, € (), or it is a limit point of the
elements from (). (as a subspace of D,, C R"Q). Of course, the choice of D, does not have

to be unique. Otherwise, if Q. is empty then we set

Finally, define a function i : R} — D, by setting h(W) := D, forall W € B, and z €
(ZU{—0c})". Observe that h is Borel. Further, by the choice of D.’s, we have det h(Y) >
det D everywhere on €2, whence E(det 2(Y))*~ < exp(d). Next, by the choice of sets B.,
we have | M (W)||; < 2[|M'(W")||; for any two couples (M, W), (M, W') € Q, x B,.
Together with the conditions on D and the definition of D,’s, this implies ||D,(W)]||; <

8LE||Y||;/6 for all W € B., whence

AL

8L . .~
|h(W) W, < TE“YHI everywhere on R} .
Now, taking 7' := h(Y"), we obtain a random diagonal contraction on (€2, >, IP) such

that
8L

i
and E(det 7)1 < exp(d). Finally, setting D := T/?, we get the required operator. [

||T1/pX||§ =||TY |, < —E|| X[ everywhere on (2

The above statement can be “tensorized”. In what follows, we are interested only in the

casep=2and o = 1/2.

Proposition 3.9. There is an absolute constant C' > 0 with the following property. Let
A = (a;;) be an n x n random matrix satisfying (1.4), and let § € (0,1]. Then there is a

random positive contraction D taking values in D,, such that the Euclidean norms of the
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rows of AD are uniformly bounded by \%\/ﬁ everywhere on the probability space, and
Edet D' < exp(én).

Proof. Indeed, for any « = 1,2,...,n, let D; be the positive contraction defined with
respect to the i-th row of A using Proposition 3.4 (with parameters o = 1/2, p = 2),
so that Dy, Do, ..., D, are jointly independent. Then the product of these contractions
D := T, D; satisfies the required conditions. 0

Remark 3.10. It is not difficult to see that for any positive contraction M € D,, there is an
element M € D? such that M < 2M and det M~! < det M~2. Indeed, this follows
easily from the fact that for any number ¢ € (0,1] there is ¢ € {1} U {272}~ with
2 < t < /2t (the constant v/2 on the right-hand side is achieved for t = V2 /2 — o(1)).
Hence, the above statement implies that, given a matrix A satisfying (1.4) and a number
§ > 0, one can construct a random contraction D taking values in D2 such that each
row of AD has Euclidean norm at most \%\/ﬁ (for some absolute constant C' > 0), and
Edet D™Y/2 < exp(dn).

3.2.3 Proof of the Theorem 3.2

The main result of the section is

Theorem 3.11. Let 6 € (0,1] and let A = (a;j) be an n x n random matrix satisfying (1.4).
Then

IP’{EID € D2 : det D > exp(—dn) and || AD || sz < C\}gn} >1—4exp(—on/8),

where C;,, > 0 is a universal constant.

Remark 3.12. The above theorem can be seen as a way to “regularize” the random matrix
A by reducing its norm while preserving its “structure”. In this connection, let us men-
tion work [LLLV17] where a very general problem of regularizing random matrices was
discussed (see [LLV 17, Section 5.4]).

As we have mentioned in the introduction, Theorem 3.2 follows almost immediately
from the above statement; we give the proof of Theorem 3.2 at the very end of the section.
The section is organized as follows. First, we use D constructed in Remark 3.10 to verify
Theorem 3.11 under an additional assumption that the entries of A are symmetrically dis-
tributed (see Proposition 3.14). Then, we will apply a symmetrization procedure to prove

Theorem 3.11 in full generality.
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The next proposition implies that for a random matrix A satisfying (1.4) with symmet-
rically distributed entries and the operator D from Remark 3.10, the norm || AD||s_,2 can
be efficiently bounded from above as long as D is a Borel function of | A| (here and further

in the text, given a matrix B = (b;;), by | B| we shall denote the matrix (|b;;|)).

Proposition 3.13. Let K > 0 and let A be an n X n random matrix satisfying (1.4), with
symmetrically distributed entries. Further, let ' C D,, be any countable subset. Denote by
& the event

£ = {EID € F : all rows of AD have Euclidean norms at most K\/ﬁ}

Then
P{3D € F: ||AD||oos2 < CKn} > P(E) — exp(—n),
where C' > 0 is an absolute constant.

Proof. Fix any admissible /K and . Clearly, for any n X n matrix B and a diagonal matrix
D, the Euclidean norms of rows of BD and |B|D are the same. Hence, we may assume
that there is a Borel function f : R’*" — F such that

& = {all rows of A f(]A|) have norms at most K'v/n}.

For any D € F, let
Ep = EN{f(A]) = D}.

Without loss of generality, P(Ep) > 0 for any D € F.

Next, as the unit cube [—1, 1]™ is the convex hull of its vertices V' = {—1, 1}", we have
[Af([AD ooz = sup [[Af(JADyll = sup [|Af(|A])o]. (3.2)
yEBL, veV

Note that, given event £p, the entries of Af(|A|) = AD are symmetrically distributed,
so the distribution of ADwv given & is the same for any vertex v € V. Fix a vertex v.

Observe that for any ¢ > 0 we have
Pe, {|ADv| > t} < sup P{| BDv|| > 1}, (3.3)
B

where by P¢,, we denote the conditional probability given £p and the supremum is taken
over all matrices B = (b;;) such that the rows of BD have Euclidean norms at most K /n,
and B = (1i;bi;), with r;; being jointly independent Rademacher (£1) variables. Fix any
admissible B = (b;;).
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Then the variables <§DU, ei), it = 1,2,...,n, are jointly independent and, in view of
Lemma 2.5 and the choice of B, each variable K‘ln_1/2<§Dv, e;) is C,s-subgaussian. By
Lemma 2.6, there is an absolute constant C' > 0 such that

P{|BDv|| > CKn} = IP’{% Z<§DU, ei)? > (C’K)2n} <exp(—(1+1n2)n).

=1

Then, taking a union bound over 2" vertices of the unit cube and using (3.3) and (3.2), we

get an estimate
Pe {||AD||oo—s2 > CKn} <2". SupIP’{|]§DvH > CKn} <exp(—n).
B
Finally, clearly

P{||AD||so—s2 > CKn} < IP’(é’C)—IrZ Pe {|I|[AD||oo—s2 > CEKn}P(Ep) < P(E°)+exp(—n),
D

and the result follows. ]

Proposition 3.14. Let 6 € (0,1] and let A = (a;;) be an n X n random matrix satisfying
(1.4), with symmetrically distributed entries. Then

P{3D € D2 : det D > exp(—dn) and ||AD | o2 < C\}g'n} >1—2exp(—on/4).

Proof. Fix any 6 € (0,1]. In view of Remark 3.10, there is a random contraction D
taking values in D? such that each row of AD has the Euclidean norm at most %\/ﬁ and
Edet D~/2 < exp(dn/4). Denote by & the event

& := {det D > exp(—dn)}.
In view of the conditions on D and Markov’s inequality, we have
P(&) > 1 — exp(—in/4).

Hence, by Proposition 3.13, taking F to be the set of all contractions from D? having

determinant at least exp(—dn), we obtain

P{3D € D? : det D > exp(—dn) and ||AD ||z < f}g‘n} > 1 —exp(—on/4) —exp(—n)

for a universal constant C,, > 0. OJ
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The next statement shall be used in a symmetrization argument within the proof of

Theorem 3.11; we think it may be of interest in itself.

Proposition 3.15. Let B = (b;;) be a non-random n x n matrix such that the Euclidean

norm of every row is at most \/n and such that

>0
j=1

<n, i=12... n

Further, let m; (1 = 1,2, ...,n) be independent random permutations uniformly distributed

on 11,,, and denote by B= (EZ]) the random n X n matrix with entries defined by

bij = bi’ﬂ-i(j).

Then
P{HBHOO%Q < Gf.15n} >1- exp(—n)

for a universal constant C';; > 0.

Proof. We will show that for any v € {—1,1}" we have
P{HEUH > CS.ISn} < eXp(—n — nln2)

for a sufficiently large universal constant 5 and then take the union bound over the ver-
tices of the cube.

Fix any v = (v, va,...,v,) € {—1, 1}" and let m be the number of ones in (vy, . .., vy,).
Clearly, the random variables <§v, e;) (i = 1,2,...,n) are independent. Next, for a fixed
i, the distribution of (Buv,¢;) coincides with that of the variable & := > i1 Um(j)bij- By
Lemma 2.14 and in view of the condition on the rows of B, we have

2

IP’{|§1 —E&| > 7'} < 26Xp<_674—1_n)’ 7> 0.

Hence, the variables n~'/2(¢; — E&;) (i = 1,2,...,n) are C-subgaussian for an absoute

constant C' > 0. In view of Lemma 2.6, we get that

n

P{Z(& —E&)? > 6’712} <exp(—n —nln2) (3.4)

=1
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for some constant C' > 0. Finally, observe that
Yo <2Y (6 -E6)? +2) (BE)” (deterministically),
i=1 i=1 i=1

so, applying the estimate

<+/n

2 o n
E&| = ‘ mn & > by

j=1

and (3.4), we obtain

P{||Bv|? > (2C + 2)n?} = P{ng > (20 + 2)n2} < exp(—n — nln2).

i=1

]

Proof of Theorem 3.11. Let Abean independent copy of A. Obviously

E(Za;]) —EY @ =n
j=1 j=1
for every ¢« = 1,2,...,n. Then, in view of Markov’s inequality, each row of A satisfies
32 32
‘Zam " and Za <_n
with probability at least 1 — §/16 > exp(—4/8). Denote by & the event
= o /32 N
= {‘Zaii < _n and Z 2 § —— forall: =1 2,...,n}.
j=1 '
In view of the above, P(€) > exp(—dn/8). Let my, s, ..., m, be random permutations

uniformly distributed on II,, and jointly independent with A, and denote by B = (R]) the

random matrix with entries gij '= Qjm,(j) (1,7 < n). Then Proposition 3.15 yields

~ "LoNL2
P{HBHOHQ < Cy/nmax (Zafj) | A} > 1 — exp(—n),

j=1
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whence, in particular,

P{HBJHOOHQ < C'3.15 V 32/5n ‘ g} >1- eXp(_n)'

But B is equidistributed with A given &, so that

]P){HAVHOO*)z < C'3A15 V 32/(5” ’ g} >1- eXp<_n>'

Clearly, |AD|s—s2 < ||Allsoms2 for any contraction D € D, (deterministically), so we
obtain for the event £; := {HEDHOO_)Q < Cyi54/32/6n forall D € Dn}:

P(€) > (1 — exp(~n))P(E) > 3 exp(~on/8).

Next, the matrix 2-1/2 (A—Z) has symmetrically distributed entries, and satisfies conditions

of Proposition 3.14. Hence,

IP’{H(A — A)D||sors2 < Cy100/2/6n for some D € D? with det D > exp(—én)}
>1—2exp(—on/4).

Conditioning on &;, we get

IP{||(A — A)Dl|oss < Cyn/2/5n for some D € D2 with det D > exp(—on) |51}

2exp(—dn/4)
1T T RE)

>1—4exp(—on/8).

Note that, given &;, we have ||AD||w—2 < [[(A — g)DHOO_Q + C5154/32/0 n for all con-

tractions D € D,,. Combining this with the last formula, we obtain

]P’{HADHO(HZ < Co/2/6n+ /3201

for some D € D? with det D > exp(—dn) | 51} > 1—4exp(—in/8).

Finally, since A is independent from £, the conditioning in the last estimate can be dropped,

and we obtain the statement. L]

To complete the proof of Theorem 3.2, we will need two more technical lemmas:
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Lemma 3.16. For any 6 € (0,1/2] and all n € N we have

{D e D.: detD > exp(—dn)}| < <%)4§n.

Proof. Denote S := {D € D2 : det D > exp(—dn)}. Note that for any matrix D € S and
for any £ > 0, the number of diagonal elements of D equal to 272" is less than 27 +14n.

Hence, the cardinality of S can be estimated as

ST () <TG 2= ()72 = (5)

O

Lemma 3.17. Foranyn € Nand K € [2,2+/n), the unit Euclidean ball BY can be covered

by at most (2e K235 translates of the cube %BQO

Proof. First, note that for any y € B we have

frneniz o} <
i<n: yz_2\/ﬁ < 5

Hence, it is sufficient to show that the set |[{y € By : |supp(y)| < 7%}| can be covered
by at most (2eK?)%" K* translates of %Bg@,. A simple volumetric argument, together
with an estimate Vol(Bj") < (%)m/ ? implies that B3" can be covered by at most 7
translates of \/LRB(T; (for any m € N). As a consequence, we obtain a covering of BQM”/ KT

by at most 714"/ K *1 translates of %BQO. Finally, the cardinality of the optimal covering of

[{y € By : |supp(y)| < 7#%}| can be estimated from above by

n n/K?2 8n/K?
()71 < ookt

O

Proof of Theorem 3.2. Let 6 € (0,1/4] and n > Js. First, applying Lemma 3.17 with

K = 1/+/5, we see that BY can be covered by (2¢/6)*™ translates of the dilated cube
1 n

Q={DeD?: det D > exp(—dn)}.

Then, in view of Lemma 3.16, we get that B”, can be covered by at most (2¢/8)*" exp(dn)
parallelepipeds in such a way that for any y € B? and D € O, y is covered by a translate

of D(BZ). Combining the two coverings, we get a collection C of parallelepipeds covering
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B% such that

2
IC| < (2¢/8)*™ exp(6n) - (2¢/0)%™ = exp(dn + 12nd In 76),
and for any y € By and D € Q, the set C contains a translate of D(\/%Bgo) covering y.
Finally, applying Theorem 3.11, we get that with probability at least 1 — 4 exp(—dn/8) for

some D € Q we have AD(BL) C 03‘—\/‘51”33, implying

2'03'“\/535‘}

P{vxeBg 3P €C suchthat v € Pand A(P) C Av + ——

> 1—4exp(—on/8).
(the multiple “2” in the last formula appears because the translation — Az + A(P) is not
origin-symmetric in general). [

Proof of 3.3. Fix n and 9, and let C be the collection of parallelepipeds defined in Theo-
rem 3.2. For each P € C, choose a point y, € P N By, and let N :={yp: P € C}. Then,
clearly,

IN|=|C| < exp(dn + 12nd ln%e)7
and with probability at least 1 — 4 exp(—dn/8) for every x € BY thereisy = y(z) € N
with —Ax + Ay € %EBQ. In short,

IP’{A(BS) C U (y + CT\/HBS)} > 1—4exp(—in/8).
yEAWN)

3.3 The smallest singular value

Now, we proceed to the proof of the Theorem 3.1. As we already mentioned in Sec-
tion 3.1, it heavily relies on results obtained by Rudelson and Vershynin in papers [RV0S§]
and [RV09]. In the next section, we will state several intermediate results from those papers

that we will need in Subsection 3.3.2 to complete our proof.

3.3.1 Background results

A crucial step in the proof of [RV0S8, Theorem 1.2] is a decomposition of the unit sphere

into sets of “compressible” and “incompressible” vectors.
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Definition 3.18 (Sparse, compressible and incompressible vectors). Fix parameters 6, p €
(0,1). A vector x € R" is called On-sparse if |supp(z)| < On. A vector x € S™ ! is called
compressible if x is within Euclidean distance p from the set of all On-sparse vectors.
Otherwise, x will be called incompressible. The set of all compressible unit vectors will
be denoted by Comp,, (0, p), and the set of incompressible vectors — by Incomp,, (0, p).
Sometimes, when the dimension n or the parameters 6, p are clear from the context, we

will simply write Comp, Incomp to denote the sets.

Remark 3.19. A similar decomposition of the unit sphere was already introduced in an ear-
lier paper [LPRTJ05] for the purpose of bounding the smallest singular value of rectangular

matrices.

Obviously, for any € > 0 we have

Plsn(A) <en™?} <P{ inf [ Ayl <en™?} +P{ inf | Ay| <en”'/2).
Treatment of the compressible vectors is simpler due to the fact the the set Comp is “small”;
we will deal with this set in the first part of Section 3.3.2. Let us remark that, unlike in the
subgaussian result of [RV08], where an estimate for compressible vectors follows almost
directly from an analogue of Lemma 3.26 (see below) together with a standard covering
argument, in our case we will still need to use additional results (proved in Section 3.2.3)

as the norm || A|| may be “too large”. We will need the following simple lemma:

Lemma 3.20. For any 0,p € (0, 1] the set Comp = Comp, (0, p) admits a Euclidean
3p-net N C Comp of cardinality |N| < (6/9)9”(%)%.

Proof. Note that the definition of Comp implies that for any y € Comp there is 3/ € S™1
such that [supp(y’)| < On and ||y — /|| < 2p. Hence, it is enough to show that one can
find a Euclidean p-net AV on the set of On-sparse unit vectors, with the required estimate
on |[N]. This follows from a standard estimate on the cardinality of an optimal p-net on

SLOn=1 together with a bound for the binomial coefficient (LZ J). ]

Incompressible vectors have the important property that a significant portion of their co-
ordinates are of order n~'/2. In paper [RV08], this property was referred to as “incompress-
ible vectors are spread”. For reader’s convenience, we provide a proof of this fact below

(let us note once again that analogous concepts were already considered in [LPRTJ05]).

Lemma 3.21 ([RV08, Lemma 3.4]). Forany 0, p € (0, 1) and for any vector x € Incomp,, (6, p)
there is a subset of indices o(x) C {1,2,...,n} of cardinality at least §p*0n such that for
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all i € o(x) we have
<z < L
on

S
S

Proof. Forevery subset I C {1,2,...,n}, let P; be the coordinate projection onto the span
of {e;: 1 € I}. Leto = o(x) := 01 N 0y, Where

1 P
oL = ign:xig—}, J:{ign:a:iZ—}.
Since [|z[| = 1, we have |of| < 0n, and P, () is a On-sparse vector. Then the condition
that x is incompressible implies || Py, (z)|| = ||z — Pye(z)|| > p. Hence,
1P (@)I1* > 1P, ()1 = | Pog (@)II* > p* = n- |1 Pog (@) I3 > p°/2. (3.5)

On the other hand, in view of the inclusion o(z) C o7, we get

1

1P, (x)]> < 1Py ()], - |o] <
Together (3.5) and (3.6) imply that |o| > $p%0n. O
For incompressible vectors we will need the following basic estimate from [RV08].

Proposition 3.22 ([RV08, Lemma 3.5]). Let M be a random n x n matrix with column
vectors X', X2 ..., X", and let H; (j = 1,2,...,n) be the span of all column vectors
except the j-th. Then for every € > 0 we have

1 <& }
P{ inf )||My||<5pn_1/2}S%;P{dist(XJ,Hj)<5}.

yEIncomp(0,p

In view of independence and equi-measurability of the columns of A in our model, the

above proposition yields for any € > 0:

-

where X* = (X7, X5,..., X}) denotes a random normal unit vector to the span of the
n
Z XA,

=1

y€Incomp(0,p)

. _ LofIN™ s
P{ inf |Ay|| < epn 1/2} < EP{‘; X7 Ain

first n — 1 columns of A. Obtaining small ball probability estimates for was a

crucial ingredient of [RV08].
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Given a real-valued random variable &, define its Levy concentration function as
L& z):=supP{l¢ -\ <z}, z>0.
AER

First, let us look at some well known estimates of £(&, v) and then state a stronger bound
from [RVOS].

Theorem 3.23 (Rogozin, [Rog61]). Let n € N, let &1,&,, ..., &, be jointly independent
random variables and let ty,ts, ..., 1, be some positive real numbers. Then for any t >

maxt; we have
J

£(i§j’t> < Cza3t (i(l _ £(£j>)tj2>—1/2’

where C3.93 > 0 is an absolute constant.

Obviously, if £ is essentially non-constant, there are v > 0 and u € (0, 1) such that
L(&,v) < u. The following lemma is an elementary consequence of Theorem 3.23 (see
[LPRTJOS, Lemma 3.6] and [RV08, Lemma 2.6] for similar statements proved under addi-

tional moment assumptions on the variable).

Lemma 3.24. Let £ be a random variable with L(£,v) < u for some v > 0 and u € (0, 1).
Then there are v' > 0 and v’ € (0,1) depending only on u,v with the following property:
Let 1,6, ..., &, be independent copies of £. Then for any vector y € S™~! we have

E(Z yjfj,v'> <.
j=1
Proof. By Theorem 3.23, for any y € S™ ! and any h > max |y;|v, we have
j
& Cs.23h
ﬁ( j ‘;h> S
; it V1 —u

Define v/ := 2= and consider two cases.

2C3.23
1) Forevery j = 1,...,n we have |y;| < 50137;;- Then v' > max |y;|v, and we obtain from
: J

the above relation

(Ennr) <
j=1
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2) There is j, such that |y,,| > 2VC; . Then we get

<Zy]€3’ ><£y]0£]0, ) <.

Thus, we can take v/ := max(1/2, u). O

Lemma 3.25 (“Tensorization lemma”, [RV08, Lemma 2.2]). Let oy, o, ..., o, be i.i.d.

random variables, and let o > 0.

e Assume that
L(ag,e) < Le for some L > 0 and for all € > &y.

Then .
IP’{ Zaﬂ < 6271} < (CLe)" forall e > ¢,
j=1

where C' > 0 is an absolute constant.

 Assume that L(ay,v") < ' for some v' > 0 and v’ € (0,1). Then there are v > 0
and u € (0, 1) depending only on ', v’ such that

n
IP{ Zaﬁ < vn} < u”.
j=1

As a consequence of Lemmas 3.24 and 3.25, we get

Lemma 3.26. Let o be a random variable with L(«,v) < u for some v > 0 and u € (0, 1).
Then there are v > 0 and u € (0, 1) depending only on u,v with the following property:
Let A be an n x n random matrix with i.i.d. entries equidistributed with «. Then for any

y € S" ! we have

P{||Ay|| < vv/n} <u".

Remark 3.27. Lemma 3.26 can be compared with [LPRTJOS5, Proposition 3.4] and [RVO08S,
Corollary 2.7]; however, those statements were proved with additional assumptions on the

entries of A.

To get a stronger estimate than the one obtained in Lemma 3.24, the following notion
was developed in [RV08] and [RV09] (see also preceding work [TV09] by Tao and Vu).
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Definition 3.28 (Essential least common denominator). For parameters » € (0,1) and

h > 0 and any non-zero vector x € R", define
LCDp,,(x) := inf{t > 0 : dist(tz, Z") < min(r||tz||, h)}.

We note that later we shall choose r sufficiently small and A to be a small multiple of
v/n. Thus, most of the coordinates of LCDy, () - = are within a small distance to integers.
For a detailed discussion of the above notion, we refer to [Rud13].

The next statement is proved in [RV09].

Theorem 3.29 ([RV09, Theorem 3.4]). Let &1,&s, ..., &, be independent copies of a cen-
tered random variable such that L(&;,v) < u for some v > 0 and u € (0, 1). Further, let
r = (1,%9,...,2,) € S"! be a fixed vector. Then for every h > 0, r € (0,1) and for

every
1

>_ -
© = LCDy, (x)’
we have

- Ci0e
L :cl-fi, ev) < —= + Ce_zg eXP<—2(1 - u)h2)7
(; ) rv1—u

where C,,, is a universal constant.

Thus, in order to get a satisfactory small ball probability estimate for the infimum over
incompressible vectors, it is sufficient to show that the random normal X* has exponen-
tially large LCD with probability close to one. This will be done in the second part of
Section 3.3.2. As for the set Comp, our treatment of the random normal will be based on

results of Section 3.2.3.

3.3.2 Proof of the Theorem 3.1

In this section we give a proof of Theorem 3.1 stated in the introduction. Let us start with

a version of Theorem 3.2 more convenient for us:

Theorem 3.30. Ler 6 € (0,1/4], n > &, ¢ € (0,1/2, S € S"', and let N C S be a

Euclidean e-net on S. Then there exists a (deterministic) subset N' C S with
~ 2e
V] < exp(136nln ?) na

such that for any n x n random matrix A satisfying (1.4), with probability at least 1 —
dexp(—6n/8) the set N is a (5= \/n)—net on S with respect to the pseudometric d(z,y) =

|A(x — y)|| (z,y € S"7Y), where C, > 0 is an absolute constant.
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Proof. Fix parameters n and J, and let C be the collection of parallelepipeds from Theo-
rem 3.2 covering BY. Define a set C := {eP+y: PeC,yeN, SN(eP+y)#0} and
for every P € Clet yp be a point in the intersection SNP. Finally, set N := {ys: PeC }.
Informally speaking, Cisa “product” of the rescaled collection ¢ - C and the net \. For
each parallelepiped in C having a non-empty intersection with S, we take one (arbitrary)
point from this intersection to construct the refined net N. What remains is to check that
with high probability N is indeed a (%\/ﬁ)—net on S with respect to the pseudometric
d(z,y) == [[Alz = y)|.
Observe that
WV =1C| < [€] - V] < exp(13dn1n %)INI-

Next, let A be an n x n random matrix satisfying (1.4), and define event £ as

€ = {Vm € Bf JPeCsuchthatx € Pand A(P) C Az + CT\/EBS}

By Theorem 3.2, we have P(€) > 1 — 4exp(—dn/8).
Fix any point z € S. By the definition of A/, there is a vector y € N such that e~ (z —

y) € Bj. Hence, for any point w € £ on the probability space, there is a parallelepiped
P = P(w) € Csuch thate™!(z — y) € P and

_ cvn o,
A,(P) Cc Ay(e M (z—y)) + T\/_Bz.
Note that SN (eP+y) D {z} # 0, whence P := e P+y € C, and, from the above relation,

AL(P) € Ave + %Bg,

whence
eCy/n
BQ 3

Awyﬁ —A,x C 5

where y5 € N'. We have shown that

EC {Vx € S 3y = y(z) € N such that || A(z — y)|| < 805\/5},

and the result follows. L]

Remark 3.31. Let us note that a weaker version of Theorem 3.30, with condition Ncs

dropped, can be proved by applying Corollary 3.3 instead of Theorem 3.2.

At this point, a significant part of our argument follows the same scheme as in [RV08].
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In the first part of this section, we are dealing with compressible vectors.

Proposition 3.32 (Compressible vectors). Let o be a centered random variable with unit
variance such that L(«,v) < u for some v > 0 and u € (0,1). Then there are numbers
0;5, 055 > 0 and us;, € (0,1) depending only on v,u with the following property: Let
n € N and let A be an n x n random matrix with i.i.d. entries equidistributed with . Then

for Comp = Comp,,(0;,,0;;,) we have

]P){ inf HAyH < U“g\/ﬁ} < 5u,?.32n-

y€eComp

Proof. Without loss of generality, we can assume that n is large. First, note that by
Lemma 3.26 we have a strong probability estimate for any fixed unit vector: there are

v > 0and u € (0,1) depending on v, & such that for any y € S"! we get

P{l|Ayll < vv/n} < u™ 3.7)

In order to obtain a uniform estimate over a set S = Comp,, (6, 6) for some small pa-
rameter 0, we will take a net N/ C S constructed in Lemma 3.20 and refine it with the
help of Theorem 3.30 to get a net A with respect to pseudometric ||A(z — y)||. We will
apply Theorem 3.30 with parameter ¢ defined as the largest number in (0, 1/4] so that
exp(130n1n 2¢) < u="/%. Let us describe the procedure in more detail.

First, define parameter 6 € (0, 1/6] as the largest number satisfying the inequalities

On
(5—6) <u™"? and 360, <

|

- )

Let S be as above. By Lemma 3.20, there is a 30-net N' C S on S (with respect to the

usual Euclidean metric) of cardinality |NV| < (55)%". Now, by Theorem 3.30, there is a

deterministic subset N C S having the following properties:

o W] < exp(136nIn2) - [N] < w3 - (32)7 < 203,

 With probability at least 1 — 4 exp(—dn/8) for every y € S there exists z(y) € N

such that
30-C,

J

lA(z —y)| < VIS SV

Applying the union bound over N to relation (3.7), we get

P{||Ay'|| < vv/n for some iy € N} < [N|u" < u"3.
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On the other hand, the second property of N implies that

vy
2

IP{ inf | Ay|| < inf ||Ay|| — } < dexp(—on/8).
yes yeN

Combining the two estimates, we get
P{||Ay|| < vy/n/2 for some y € S} < u™?3 4 dexp(—dn/8),

and the result follows with wu,, := max{u'/3 exp(—3/8)}. O

Remark 3.33. It is not difficult to see that Proposition 3.32 can be stated and proved in the
same way for A which is not square, but instead is an n — 1 X n matrix with i.i.d. entries
equidistributed with «.. Indeed, for n large enough we can assume thaty-n < (n—1) < n
for v as close to one as we want (the values of 6;,, u,,, and v,,, may differ in that case).

This will be important for us later.

Remark 3.34. Proposition 3.32 could be proved by a completely different argument based
on [Tik15, Proposition 13] and not using results of Section 3.2.3 at all. However, we prefer

to have a “uniform” treatment of both compressible and incompressible vectors.

Let us turn to estimating the infimum over incompressible vectors. As we already dis-
cussed in Section 3.3.1, it suffices to show that the random unit normal vector to the span of
the first n— 1 columns of A has exponentially large LCD with probability very close to one.
This property is verified in Theorem 3.39 below. We start with some auxiliary statements.
First, note that Theorem 3.29 together with Lemma 3.25 imply that anti-concentration prob-
ability for a single vector can be estimated in terms of the LCD of the vector. Namely, the

bigger LCD(x) is, the less is the probability that the image Az concentrates in a small ball:

Lemma 3.35 (Small ball probability for a single vector; see [RV08, Lemma 5.5]). Let
h >0, r € (0,1) and let o be a random variable satisfying L(c«,v) < u for some v > 0
and u € (0,1). Then there is L;;; > 1 depending only on v, u with the following property:
Let A’ be an n — 1 X n random matrix with i.i.d. elements equidistributed with o. Then for

any vector x € S" ! and any

1

LoD, (20 - ’a>h2))

52§~max<

we have

P{||A'z|| < ev/n} < (Liye/r)"
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Proof. Fix any vector v € S" ! and denote Y = (Y7,Y5,...,Y, 1) := A’z. Note that, in

view of Theorem 3.29, we have

C.pe Cin(1+0 e

rv1—u 1-u

for any ¢ satisfying conditions of the lemma. Hence, by Lemma 3.25,

P{ ilYf < 2(n— 1)} < (Cwﬁlir—\/%i)ﬁ)n—l.

E(Y;a 5) < + o exp(—2(1 - a)h2) <

]

The above statement is useful for incompressible vectors: the following Lemma 3.36
shows that incompressible vectors have LCD at least of order \/n. The lemma is taken

from papers [RV08, RV09], and its proof is included for completeness.

Lemma 3.36 (see [RV09, Lemma 3.6]). Forevery 0, p € (0,1) there are ¢;5s = q:5(0, p) >
Oandr;; = 13550, p) > 0 such that for every h > 0 any vector x € Incomp,, (0, p) satisfies

LCDh,Tﬁ._sg (:L’) > q,f.;m\/ﬁ-

Proof. Set a := 1p®0 and b := p/\/2. We choose r = 1, = by\/$ = 3p°V0 and
4= g = (1/VO+2) =33,

Let 2 € Incomp,, (6, p), h > 0 and assume that LCD}, ,.(z) < g/n. Then, by definition
of least common denominator, there exist p € Z™ and A € (0, ¢y/n) such that

1 1
Az — p|| < 7X < rgv/n = 6p29\/_ = ga\/ﬁ. (3.8)
It is easy to check that for a vector with such norm the set
o(z) == {i<n:|\z; — pi| <2/3}

has a cardinality at least (1 — %)n Further, by Lemma 3.21, the set of “spread” coordinates
o(z) has cardinality at least an. Hence, the set I(z) := o(x) N &(x) is non-empty, and

|I(x)| > §n. Forany i € I(z) we have

2 2
Pl <Al +5 < -+ =1 =1

N/

(in the last step we used our definition of ¢). Since p € Z", we get that p; = 0 for all
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iel(x).
Finally, due to the definition of 7(x) and our choice of r, denoting by P; the coordinate

projection on a span {i € J : ¢;}, we obtain

2 2 2 PQ QPQCL 2
[Az = p||* > IAPr(z)||7 > A |I(z)| 5= = A= = (r)\)7,
2n 4
which contradicts (3.8) and, hence, the assumption that LCD,, .(x) < ¢/n. O

Letn € N, h > 0,0,p € (0,1), and let ¢ and r,; be as in the above statement.
Following [RV08], we consider the “level sets” Sy of Incomp,, (0, p) defined as

Sy = Sk(0,p,h) := {x € Incomp, (6, p) : k <LCDy,, . (z) <2k}, k>0.

In the proof of the theorem below we will partition Incomp,,(#, p) into subsets of vectors

having LCD’s of the same order:

Incomp,(6,p) = | | Sk, (3.9)

k=27 i>ig

where, using Lemma 3.36, we introduce the lower bound iy := log,(gs3+/1/2) (We have
Sy, = ) for all k < ¢;3/n/2). Following [RV08], we are going to combine estimates for
individual sets S},.

A principal observation made in [RV09] and [RV08] is that the sets S} admit Euclidean
e-nets of relatively small cardinality. We give both the formal statement and its proof from

[RV09] below for the sake of completeness:

Lemma 3.37 ([RV09, Lemma 4.8]). For any 6,p € (0,1) there is L = L(6, p) > 0 such
that for every h > 1 and k > 0 the set Sy admits a Euclidean (4h/k)-net of cardinality at

most (kL/\/n)".

Proof. In view of Lemma 3.36, we can assume that k& > ¢,,+/n/2. Further, without loss
of generality % < 2; otherwise a one-point net works.

Fix for a moment a point x € Sy. Then, by definition of the “level sets”, £ <
LCDy, s, (z) < 2k. By definition of LCD, there exists p = p(x) € Z" such that

|| LCDh,Ts.%(I) Y _pH < h.

Hence,
il

— || <
LCDhﬂime(x) N

> =
| —

Hx— <
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It is a simple planimetric observation that if we normalize the vector p/ LCDy, .. (), the

distance to the unit vector z cannot increase more than twice:

Hx_i <2
Il = &

Thus, the set
Nipt = {ﬁ : p = p(z) for some z € Sk}
p

is a 2h/k-net for S,. How many different p € Z™ we have to consider? Note that for any
x € Sk, the norm of p(x) cannot be too large: since ||z|| = 1, LCDy,,,, (z) < 2k and
4h/k < 2, we get

|lp(x)|| < LCDy, 4y, () + h < 3E.

Hence, all vectors p € Z" in the definition of N;,; belong to the Euclidean ball of radius
3k centered at the origin. Standard volumetric argument shows that there are at most (1 +
Ck/+/n)"™ integer points in this ball for a sufficiently large constant C' > 0. Recall that

k > q531/n/2, whence
Wil < (1+ %) < (%)

for an appropriate number L = L(6, p) > 0. The net N;,; does not have to be contained

in Si. But, by a standard argument, we can “replace” N, with a 4h/k-net of the same

cardinality, and with elements from the set .Sj. U
Together with Theorem 3.30, the above lemma gives

Lemma 3.38. Forany 6,p € (0,1) there is L;;; = L;(0, p) > 1 such that for every h > 1
and k > 0 there is a finite subset N' C S}, of cardinality at most (k‘Lijx/\/ﬁ)n with the
following property. The event

{For every y € Sy there isy' = y/(y) € N such that ||A(y — y')|| < hL./n/k}

has probability at least 1 — 4 exp(—n/32).
Now, we can prove

Theorem 3.39. Let o be a centered random variable of unit variance such that L(«,v) < u
for some v > 0 and w € (0,1). Then there exist q,s,w,r > 0 depending only on v,u
with the following property: let X', X? ..., X" ! be random n-dimensional vectors whose

coordinates are jointly independent copies of . Consider any random unit vector X*
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orthogonal to { X', X? ..., X" 1} Then
P{LCD, 5 ,(X*) < exp(qn)} < 2exp(—wn).

Proof. Without loss of generality, we can assume that n is a large number and that v < 1.
Denote by A’ the n — 1 x n matrix with rows X', X2 ..., X"~!. Then, by the definition of
X*, we have A’ X* = 0 almost surely. Let 6,, and u,, be defined as in Remark 3.33 (with
A’ replacing A). Then, by Proposition 3.32 and Remark 3.33, we have

IP’{X* € Comp,, (0, 93_32)} < Buss," < exp(—wn)

for w > 0 such that, say, exp(—2w) > u,,, and provided that n is large. Thus, it is enough

to prove that
IP’{ LCD /7., (X™) < exp(gn), X* € Incomp,, (6;.,, 03‘32)} < exp(—wn)

for small enough 7, w, s, ¢ depending only on v, . We start by defining r := r;3,(0;,, 053,).
Note that, by Lemma 3.36, we have

Incomp,, (6;3,, 053) C {x e S" . LCD, mr(T) > qm\/ﬁ}

for any s > 0, and, in particular for s defined by s : ﬁ where L,y = Ly35(6;5, 055)

and L, are taken from Lemmas 3.38 and 3.35, respectively, and ¢;;, = ¢53(6;1, 655). Let
us emphasize that no vicious cycle is created here in regard to interdependence between s
and r. Finally, we let ¢ := 2s*(1 — u) (w will be defined at the very end of the proof).

We will make use of representation (3.9) of the set Incomp,, (6;,, 6;5,). Denote

= {21 : 1 € [logy(gssev/n) — 1,qn/1n 2] ON}.
Then, in view of Lemma 3.36, we have

{a: € Incomp,,(0:5,6;5,) : LCDg . (2) < exp(qn)} C |_| Sh.
ke

It is sufficient to prove that
P{X™ € Sk} <bexp(—n/32) forallk e K. (3.10)

Indeed, since || < gn, the union bound over K will conclude the theorem.
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In turn, (3.10) will follow as long as we show that
P{A'z = 0 for some x € S} < 5exp(—n/32) forallk € K.

Fix for a moment any & € K and let \V,, be the subset of S;, of cardinality at most
(kLss/+/n)", constructed in Lemma 3.38 (with h := sy/n). Further, take ¢ := #{Z%
Note that, in view of the definition of ¢ and K, we have k < exp(2s*(1 — @)n). Hence, for

n large enough, ¢ satisfies the condition of Lemma 3.35:

1

E>U- maX<l7eXp ( —25%(1 - ﬂ)n)) = maX<LCD—($)
h,r

. Jexp(—2(1 — mh?)).

Hence,

P{|A'y|| > e/ forall y € Ni} > 1 — [Nl (Lo /r)"!

>1— (kLsss)n(Ls}sg)n_l
- vn r

> 11— kL 5 ) (?)n_l
- 2

>1—2"exp(2s*(1 — u)n),

where the last relation follows by the assumption v < 1. Finally, note that, since s < 1/4,

n/2_ Applying the definition of N}, in

Lemma 3.38 and noticing that hL;\/n/k < ey/n/2, we get

the last quantity is bounded from below by 1 — 27

P{||A'y|| > ev/n/2forally € Sy} >1—4exp(—n/32) — 272 > 1 — 5exp(—n/32).

This proves (3.10) and implies the result. [

Proof of Theorem 3.1. Without loss of generality, the dimension n is large. Let A = (a;;)
be an n X n random matrix with i.i.d. centered entries with unit variance such that for some
v > 0andu € (0,1) we have L(a;;,v) < u. We define 6 := 0,,,(v,u) and v := v, 5, (v, 1),
where 0,,,, v,,, are taken from Proposition 3.32, and let ¢, s, w, r be as in Theorem 3.39
(with respect to v, u). We will prove a small ball probability bound for s,,(A).

It is sufficient to consider the parameter domain € € (9'17 exp(—qn), 1] . We have

P{s,(A) < 5n’1/2} <P{ inf [Ay| <vvn}+P{ inf | Ayl < 87171/2}
y€Comp,, (6,0) )

y€Incomp,, (0,0

<5uy,"+P{  inf ’o) |Ay|| < en~ "/},

y€Incomp,, (0,
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where we have applied Proposition 3.32. Further, by Proposition 3.22, we have

<5h

where X* denotes a random unit normal vector to the span of the first n — 1 columns of A.

1 n
. —-1/2 - *
P{ inf 0o |Ay|| < en™'?} < GIP’{’;ﬂ X/ ap,

yEIncompn ( )

In view of Theorem 3.29, this last relation implies
P{ inf )||Ay|| <en '?} <97'P{LCD, /7, (X*) < fve'}

y€Incomp,, (0,0
C -
e — 4+ (s exp(—232(1 — u)n)

forv/1 —

Finally, noticing that e~ < exp(gn) and applying Theorem 3.39, we get

+

P inf Ay|| < en 2} < 2071 —
{yelmggpn(w [Ay|| < en™'2} < exp(—wn)
Chx€

_l’_ e
Ovrv/1 —u

+ O exp(—2s2(1 — ﬂ)n)

Together with an estimate for the compressible vectors, this implies the result. [
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CHAPTER 4

Operator norm: regularization

4.1 Motivation and main results

When a certain mathematical or scientific structure fails to meet reasonable expectations,
one often wonders: is this a local or global problem? In other words, is the failure caused
by some small, localized part of the structure, and if so, can this part be identified and
repaired? Or, alternatively, is the structure entirely, globally bad? Many results in math-
ematics can be understood as either local or global statements. For example, not every
measurable function f : R — R is continuous, but Lusin’s theorem implies that f can
always be made continuous by changing its values on a set of arbitrarily small measure.
Thus, imposing continuity is a local problem. On the other hand, a continuous function
may not be differentiable, and there even exist continuous and nowhere differentiable func-
tions. Thus imposing differentiability may be a global problem. In statistics, the notion
of outliers — small, pathological subsets of data, the removal of which makes data better —
points to local problems.

So, is bounding the norm of a random matrix a local or a global problem? To be
specific, consider n x n random matrices A with independent and identically distributed

(i.i.d.) entries. Recall that the operator norm of A is defined by considering A as a linear

operator on R" equipped with the Euclidean norm || - ||z, i.e.
A
| A|| = max [ Azl
20 |[l2

Suppose that the entries of A have zero mean and bounded fourth moment, i.e. EA}; =
O(1). Then, as it was shown in [YBKS88],

IAll = (2 + o(1))vn
with high probability. Note that the order /7 is the best we can generally hope for. Indeed,
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if the entries of A have unit variance, then the typical magnitude of the Euclidean norm of
arow of A is ~ y/n, and the operator norm of A can not be smaller than that. Moreover, by

[BSYS88, Sil89] the bounded fourth moment assumption is nearly necessary for the bound

IA]l = O(V/n). 4.1)

To put this precisely, consider an infinite array of i.i.d. random variables {A4;; : 7,7 =
1,2,...}, and the sequence of n x n random matrices A, := (A;;)i;j=1..n. Then for
almost surely convergence fourth moment is necessary and sufficient (EA{, = oo implies
a.s. limsup ||A,|*/n = oo, see [BSY88]). For convergence in probability, zero mean
EA;; = 0 and the weak fourth moment (n’P{|A;;| > n} = o(1)) are necessary and
sufficient, see [Sil89].

A number of quantitative and more general versions of these bounds are known [Seg00),
Lat05, Vu05, BVH16, vH17a, vH17b].

Now let us postulate nothing at all about the distribution of the i.i.d. entries of A. It
still makes sense to ask: is enforcing the ideal bound (4.1) for random matrices a local or
a global problem? That is, can we enforce the bound (4.1) by modifying the entries in a
small submatrix of A? We have shown that this is possible if and only if the entries of A

have zero moment and finite variance. The “if” part is covered by the following theorem.

Theorem 4.1 (Local problem). Consider an n x n random matrix A with i.i.d. entries that
have zero mean and unit variance, and let € € (0,1/6]. Then, with probability at least
1 — Texp(—en/12), there exists an en X en submatrix of A such that replacing all of its

entries with zero leads to a well-bounded matrix A:

Clne!
Ve

where C'is a sufficiently large absolute constant.

Remark 4.2 (Optimality). The dependence on ¢ in Theorem 4.1 is best possible up to the
Ine! factor. To see this, let p := 2¢/n and suppose A;; take values £1/,/p with probabil-
ity p/2 each and value 0 with probability 1 — p. Then A;; have zero mean and unit variance
as required. The expected number of non-zero entries in A equals pn? = 2en. Thus the
number of the rows of A containing these entries is bigger than en with high probability.
(This is a standard observation about the balls-into-bins model.) Therefore, no en X en

submatrix can contain all the non-zero entries of A. In other words, A must contain at least
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one non-zero entry of A, and thus it has magnitude

1Al > — >

Sl-
BE

This shows that the dependence on € in Theorem 4.1 is almost optimal.

By rescaling, a more general version of Theorem 4.1 holds for any finite variance of
the entries. The two main assumptions in this theorem — mean zero and finite variance —
are necessary in Theorem 4.1. Without either of them, the problem becomes global in a
strong sense: the desired O(y/n) bound can not be achieved even after modifying a large

submatrix. This is the content of the following result.

Theorem 4.3 (Global problem). Consider an n X n random matrix A, whose entries are
i.i.d. copies of a random variable that has either nonzero mean or infinite second moment,'

and let € € (0,1). Then )
| An||

mn-——e —00 as n— oo

Vn
almost surely. Here the minimum is with respect to the matrices A, obtained by any modi-

fication of any en x en submatrix of A,,.

It should be noted that while Theorem 4.1 becomes harder for smaller ¢, Theorem 4.3
becomes harder for larger ¢, those near 1.

We prove Theorem 4.3 in Section 4.3. The argument is considerably simpler than for
Theorem 4.1. Indeed, the nonzero mean forces the sum of the entries of fln to be > n?, and
the infinite second moment forces the Frobenius norm of A,, (the square root of the sum of
the entries squared) to be > n? with high probability. Either of these two bounds can be
easily used to show that the operator norm of A4, is > \/n.

4.1.1 Overview of the proof

The approach to the proof of Theorem 4.1 utilizes and advances the ideas described in
the previous chapter (wile proving invertibility Theorem 3.1), and combines them with the
methods developed recently in [LLLV 17]. We first control the cut norm of A and then pass
to the operator norm using Grothendieck-Pietsch factorization. Let us describe these steps

in more detail.

! Although this is a minor terminological distinction, in this theorem we prefer to talk about second mo-
ment rather than variance. This is because the second moment EX? of a random variable X is always defined
in the extended real line, while the variance Var(X) = E(X — EX)? is undefined if the mean EX is infinite.
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The operator norm of a matrix A, as we already mentioned, is defined by considering

A as a linear operator on the (finite dimensional) space /s, i.e.
[All = 1A £ = L]

Rather than bounding the operator norm of a random matrix A directly, we shall compare

it with two simpler norms,

Az
||A||oo_>2 = ||A . EOO - EQH — max H H2
70 |2 |00
and
Az
Al = 14+ £y — £ = ma 1A%l
220 ||z |2

The simplest of the three is the 2 — oo norm. A quick check reveals that it equals the

maximum Euclidean norm of the rows A of A:
14200 = maac | Aiflo. (4.2)
The next simplest norm is oo — 2, which can be conveniently computed as

Alloos2 = Az||s. 4.3
[Allosz = _mase | A 4.3)
This norm is equivalent within a constant factor to the cut norm from the computer science
literature [BJR10, AN04], where the maximum is taken over {0, 1}". The hardest of the

three is the operator norm,
|Al = max | Az||2. 4.4)
resSn—1

To see why the difficulty in bounding these norms rises this way, note that one has to control
n random variables in (4.2), 2" random variables in (4.3), and infinitely many random
variables in (4.4).

How large do we expect the three norms to be for random matrices? For a simple
example, let us first consider a Gaussian random matrix A with i.i.d. N (0, 1) entries. Then
it is not difficult to check that

[All2m00 ~ vV, [[Alloosz ~n, [JA] ~ /. (4.5)

Indeed, note that the rows of A have Euclidean norms /n on average, so the bound on the
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2 — oo norm follows by union bound and using Gaussian concentration. The bound on the
oo — 2 norm follows from (4.3) by using Gaussian concentration for the normal random
vector Az and taking the union bound over {—1, 1}". The bound on the operator norm is a
non-asymptotic version of Bai-Yin’s law, see e.g. [Ver12, Theorem 5.32].

One might wonder if (4.5) holds not only in the Gaussian case but generally for random
matrices A with i.i.d. entries that have zero mean and unit variance. In particular, it would
be wonderful if the three norms were always related to each other as follows:

jan g Pl < gy, < v @6
NLD

This, however, would be too optimistic to expect, since the bound ||A| < +/n cannot
hold without higher moments assumptions as we mentioned in Section 4.1. Nevertheless,
we will obtain a version of (4.6) after removal a small fraction of rows of A. With high
probability, we will be able to find subsets of rows J; C Jo C J3 with cardinalities |.J;| <
en and such that

A je
) 5 1A

SN Asellzme0 S V0 4.7
where the inequalities hide a factor that depends on ¢.

The first step in proving (4.7) is to find a small set J; with |.J;| < en and such that

|Asell2s00 S V0 (4.8)

with high probability. In other words, we would like to bound all rows of A simultaneously
by O(y/n) after removing a few columns of A. To show this we first focus on one row,
where we need to bound a sum of independent random variables (the squares of the row’s
entries). In Theorem 4.6 we show how to bound sums of independent random variables
almost surely by gently damping the summands. Damping, or reweighting down, is a
softer operation than removing entries. It allows us to treat in Section 4.2.2 all columns
simultaneously without much effort, thus proving (4.8). The argument in this step is similar
to the one developed to fit a random vector into an Eg—ball (Section 3.2.2). We still need to
improve the dependence between the number of removed columns and the resulting 2 — oo
norm; this will ultimately lead to the optimal dependence on ¢ in Theorem 4.1.

At the next step, we extend J; to a bigger set of rows .J, with |J5| < en and so that

| Aug

o2 S M. (4.9)

Suppose for a moment that we are not concerned about removal of any columns. It is not
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too hard to show the general bound

EfAllss2 S VIE[ A2 00, (4.10)

for a random matrix A with independent, mean zero entries; we prove this in Lemma 4.8.
However, this bound is not very helpful in our situation. We need to work with the matrix
A e instead of A, which is not trivial: the removal of the columns in J; that we did in
the first step made the entries of A ;e dependent. In Lemma 4.9, we first prove a variant of
(4.10) for A ¢ under an additional symmetry assumption on the distribution of the entries of
A. Then we manage to remove this assumption with a delicate symmetrization argument,
which we develop in the rest of Section 4.2.2, with the final result being Theorem 4.13.
The general idea of this step again follows the ideas from the previous chapter (proof of
Theorem 3.2). However here we need to produce much more delicate symmetrization
argument to obtain (4.9) with a logarithmic dependence on .

Next, we pass from oo — 2 norm to the operator norm in Section 4.2.2. This is done
by using Grothendieck-Pietsch factorization (Theorem 4.14), a result that yields the first
inequality in (4.7) for completely arbitrary, even non-random, matrices. This reasoning
was recently used in a similar context in [LLV17].

The argument we just described works under the additional assumption that the entries
of A be O(y/n) almost surely. To be specific, such boundedness assumption is needed
to make the damping argument in Step 1 work with mild, logarithmic dependence on e.
The contribution of the entries that are larger than y/n are controlled in Section 4.2.4 by
showing that there can not be too many of them. The unit variance assumption implies that
there are O(1) such large entries per column on average. This does not mean, of course,
that all columns will have O(1) large entries with high probability; in fact there could be
columns with ~ logn/loglogn large entries. But we will check in Lemma 4.17 that the
number of such heavy columns is small; removing them will lead to the desired bound
O(4/n) on the operator norm for the matrix with large entries. We develop this argument
in Proposition 4.20 and Corollary 4.22, and derive the full strength of Theorem 4.1 in the
end of Section 4.2.4.

Theorem 4.3 is proved in Section 4.3.
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4.2 Local problem

4.2.1 Damping a sum of independent random variables

Remark 4.4. Both results and methods of this section follow closely the ones of Sec-
tion 3.2.2. The only important improvement is that we obtain better (logarithmic) depen-
dence on ¢ in (4.13) in trade of the additional boundedness assumption. For the sake of
integrity of the exposition, we decided to keep this section self-contained, and re-introduce

everything needed for the further sections with the most convenient notations.

Let X, ..., X, be non-negative i.i.d. random variables with EX; < 1. The linearity of

expectation gives the trivial bound

=1

Here we will be interested in a stronger result — that the sum be O(n) almost surely instead

of in expectation. To do this, we will be looking for random weights
Wy,..., W, €10,1]

that make the “damped” sum satisfy
Z W;X; = O(n) almost surely.
j=1

To make the damping as gentle as possible, we are looking for largest possible weights 1/;,
hopefully very close to 1.

To get started, let us consider the simple case where n = 1 and try to damp one random

variable.

Lemma 4.5 (Damping a random variable). Let X be a random variable such that
X>0 and EX <1.
Let ¢ € (0,1). There exists a random variable W taking values in [0, 1] and such that

XW < et almost surely; 4.11)
I<EW'<1+4e¢. (4.12)
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Proof. Fix alevel L > 1 whose value we will choose later, and define
W :=min(1, L/ X).
To check (4.11), we have
XW =min(X,L) <L almost surely.
Next, the lower bound in (4.12) holds trivially since W < 1. For the upper bound, we have
EW~' = Emax(1, X/L) < E(1+ X/L) < 1+ %

where we used the assumption that EX < 1. Setting L = ¢! completes the proof. U

Now let us address the damping problem for general number n of random variables,
which we described in the beginning of this section. Applying Lemma 4.5 for each random

variable X;, we get weights IV, such that

n
Z W;X; < e 'n  almost surely;
j=1
n

1 gE(ij)_l < (14¢)"=1+O0(en)

J=1

for small €. Note that this would be exactly the result proved in Proposition 3.4 in the case
p = 2. We will now considerably improve both these bounds, making only one mild extra

assumption that X; = O(n) almost surely.

Theorem 4.6 (Damping a sum of random variables). Let X;,..., X, be i.id. random
variables such that
0<X;, <Kn and EX; <1

for some K > 1. Let ¢ € (0,1/2). There exist random variables W7, . .., W, taking values
in [0, 1] and such that

Z W;X; < CKlog(e™')-n  almost surely; (4.13)
j=1
n -1
1§E<HWj) <l+e. (4.14)
j=1
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Proof. Step 1: Bernoulli distribution. Let us first prove the theorem in the particular case
where X; are scaled Bernoulli random variables. Assume that X; can take values ¢ and 0,

and
1

P{X;=q}=p> Tn

Let v denote the (random) number of nonzero X’s:

(4.15)

=Nj: X; #0}, then Ev=pn.

Here is how we will define the weights ;. If X; = 0 then clearly there is no need to
damp X; so put W; = 1. The same applies if the number v of non-zero X;’s does not
significantly exceed its expectation pn. Otherwise we damp all terms by the same amount
W; ~ pn/v. Formally, we fix some parameter L = L(K, £) whose value we will determine
later, and set

1, ifv < LpnorX; =0

Wj =
Lpn/v, ifv > Lpnand X; # 0.

Let us check (4.13). In the event when v < Lpn, we have
ZWij :Zl-q:qy <qLpn = Ln- -EX;.
— o

And in the event when v > Lpn, we have
Lp
ZWX Z -q= Lpng= Ln-EX;.
as before. Thus, we showed that

> W,;X; < Ln-EX, < Ln  almost surely. (4.16)
j=1
Let us now check (4.14). Since the lower bound is trivial, we will only have to check

the upper bound. We will again split the calculation into two cases based on the size of v.

If v < Lpn then all W; = 1, so we trivially get

n

-1
E=E(JIW)) Tpeipm <1

J=1
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If v > Lpn, then the definition of IV gives

—1 1% 14
E :E< W) 1, n:E<—>]1V .
+ Jl:[l J {v>Lpn} Lpn {v>Lpn}
— NPy, =k
Z (Lpn) v }
k=[Lpn]+1

Since v ~ Binom(n, p), we have

== ()= ()

using a standard consequence of Stirling’s approximation. Thus
n e\k e\ Lpn
ges 3 (7)) =z
T = Z L) = \[
k=[Lpn]+1

provided that L > 10. Thus we showed that
n -1 e\ Lpn e\ L/K
E(JIwi) <E +B <1+(5) " <1+(5) 417
Jl;[l i) SE-+E.<1+(7) <1+ (4.17)

where in the last step we used the assumption that p > 1/Kn that we made in (4.15).
Now that we have the bounds (4.16) and (4.17), it is enough to choose

L:=CKlog (%)

which implies that £/ < 1 4 <. The proof for the Bernoulli distribution is complete.

Step 2. General distribution. Let us now now prove the theorem in full generality.
First we discretize the distribution of X; using Lemma 2.15. This result requires X to be
continuous, which can be arranged by a standard approximation argument. For example,
we can add a small Gaussian independent component to X ; and then let the variance of this
component go to zero. Taking into account Remarks 2.16 and 2.17, we obtain independent,

non-negative random variables X J’ that satisfy EX ]’ < 4 and such that
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Here X, are independent random variables; each X, can take values ¢, and 0, and
P{Xjt = a} = p&

with
Pk = Kn y Pk FYTL. 4.

The argument will be similar to step 1 of the proof. For each level k£ we let v/, denote

number of non-zero X;’s:
v ={j: Xjs #0}, then Ev=ppn.
Again, for each level & define the weights 17, like in step 1:

1, if Vg < kan or Xjk =0

ij =
Lpin/vy, if vy, > Lpgn and X, # 0.

Then we set

WjI:Hij, ]:1,,TL

k=1
Let us check (4.13). We have

SWX; <Y WX =D WX <0 WinXy, (4.19)
j=1 j=1 j=1 k=1 k=1 j=1

since WW; < W), by construction. Now, for each level £, we can use step 1 of the proof,
where we showed in (4.16) that

> WX < Ln-EXyy.
j=1
Substituting into (4.19), we obtain
> W,X; < Ln-Y EXy=Ln-EX] <5Ln (4.20)
j=1 k=1

by construction.
Let us now check (4.14). The lower bound is trivial, and we will only have to check the

upper bound. For each level k&, we can use step 1 of the proof, where we showed in (4.17)
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that

1 Lpgn

B(11W)
j=1
which is true as long as L > 10. Then, by construction we have
n 1 K n 1
E(TTw:) =®=IT(TTwx)
j=1 k=1 j=1
K n 1
= H E( H ij) (by independence)
k=1 j=1

< ﬁ (1 + e_L”k”) < exp (i e_ka")

k=1 k=1

where in the last step we used the inequality 1 + =z < e®. Recall from (4.18) that the expo-
nents p;, form a decreasing geometric progression with values 2~* until the last (smallest)

term of order 1/Kn. So this last term dominates the sum »_,_, e~ 7" and we obtain
i -1
E(ij) < exp(2e~H/2K), 421)
j=1

Now that we have the bounds (4.20) and (4.21), it is enough to choose
AyL = CyK log (é)
with C'; s > 6K and the right hand side of (4.21) will be bounded by
exp(2e®) <exp(e/2) <1 +¢,
as claimed. The proof of the theorem is complete. 0

4.2.2 Controlling the bounded entries: three matrix norms

In this section we prove Theorem 4.1 under the additional assumption that all entries A;;

of A are not too large. Specifically, let us assume that

|A;| < 4 almost surely. (4.22)

66



The 2 — oo norm of random matrices

Lemma 4.7 (Bounding 2 — oo norm by removing a few columns). Consider an n X n
random matrix A with i.i.d. entries A;; which have mean zero and at most unit variance
and satisfy (4.22). Let € € (0,1/2]. Then with probability at least 1 — exp(—en), there
exists a subset J € [n| with cardinality |J| < en such that

||AJC||2—>00 < CvVlnet. \/ﬁ

Proof. We apply Theorem 4.6 for the squares of the elements in each row of A, i.e. for the

random variables (a7, ..., aZ,). This gives us random weights W;; € [0, 1] which satisfy

for each i € [n] that
g -1
Z Wi A% < Clog(e ')n as; E( H V[/Z> < exp(e).
j=1
To make the same system of weights work for all rows, we define

v, =[[Wse 1, jeml

i=1
Then obviously V; < W;; for every i, and so

n

n -1
Z V;AZ < Clog(e M)n Vi as.; ]E( H V}) < exp(en). (4.23)
=1

=1

We will remove from A the columns whose weights V; are too small, namely those in
J:={jen]: V;<e?}.
Let us first check that
|J| <en with probability at least 1 — exp(—en), (4.24)

as we claimed in the lemma. Indeed, if | /| > en then using that all V; € [0, 1] we have

Z = ﬁvj <[[vi<e™
j=1

jeJ
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But the probability of this event can be bounded by Markov’s inequality:
P {Z < 672511} —P {Zfl > e?an} S efQEnEZfl S efsn’

where in the last bound we used (4.23). This proves (4.24).
It remains to check that all rows B; of the matrix B = A« Je are bounded as claimed.
We have

I1Bill3 = Z A < ¢ Z V;AZ (by definition of .J)

J
jeJe jeJje

<€) VA3 (sinceall V; < 1)
j=1
<e*Cln(e')n  (by (4.23)).

Taking the square root of both sides completes the proof. [

From 2 — oo norm to oo — 2 norm

Now we will control the co — 2 norm of a random matrix. Our first task is to bound the
oo — 2 norm by the simpler 2 — oo norm. The resulting comparison inequalities are
interesting in their own right; we state them in Lemmas 4.8 and 4.10. The ultimate result
of this section is Theorem 4.13, which gives an optimal bound O(n) on the co — 2 norm

of a random matrix after removing a small fraction of columns.

The first method is based on flipping the signs of the entries independently at random.
Here is the main result of this section.

Lemma 4.8 (From 2 — oo to oo — 2). Let A be an n X n random matrix whose entries

are independent, mean zero random variables. Then
E|Afos2 < CvVn - El|All2-00-

Proof. Let ¢;; be independent Rademacher random variables (which are also independent

of A) and consider the random matrix
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A basic symmetrization inequality (see [LT13, Lemma 6.3]) yields
E[[Alloosz < 2B Al ooz

Condition on A; the randomness now rests in the random signs (¢;;) only. It suffices to

show that the conditional expectation satisfies

E||Allocsa S V- [ A]l2500- (4.25)
Recalling (4.3), we have
| Aoz = max || Az]|s. (4.26)
ze{-1,1}"

According to the matrix-vector multiplication, we can express || Az||? as a sum of indepen-

dent random variables
|Az|2 = ZSZQ where & := (A;,z) = ZEUAU%
i=1
Fix x € {—1, 1}". Using independence and (4.2), we get

Ef? = Z Aljxlj ZA < HAHgﬁ\oov
7j=1

SO
E) & <nlAlj (4.27)
i=1
Moreover, the standard concentration results ([Ver12, Lemma 5.9]) show that each ¢; is a

subgaussian random variable, and we have

3

n
&, = || 3o codom S DAy < AR
j=1 j=1

Thus &7 is a sub-exponential random variable (see [Ver12, Lemma 5.9]) and

171w S N&N1Z, S Al o0- (4.28)

Applying Bernstein’s concentration inequality [Verl2, Corollary 5.17] together with
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(4.27) and (4.28), we obtain
P {Zf? > 1| All3500 + tnllAH%%o} < exp(—ctn)
i=1

for all £ > 1. Thus we obtained a bound on ||Az||2 = 31" | £2. It remains to recall (4.26)

and take a union bound over z € {—1,1}". It follows that the inequality

1Az < (1 + )l All3 o

c0o—2 —

holds with probability at least
1 —2"exp(—ctn) > 1 —exp|(1 — ct)n],

where ¢t > 1 is arbitrary. Integration of these tails implies (4.25). O

We will need a minor variation of Lemma 4.8 that can be applied even when some of

the columns of A are removed.

Lemma 4.9 (From 2 — oo to oo — 2 for symmetric distributions). Let A be an n X n
random matrix whose entries are independent, symmetric random variables. Let J C [n]

be a random subset, which is independent of the signs of the entries of A. Then

[Asllso2 < CVnllAgll2500

with probability at least 1 — e™".

Proof. Itis quite straightforward to check this result by modifying the proof of Lemma 4.8.
By the symmetry assumption, the matrix A := (€i;A;;) has the same distribution as A.
Conditioning on A and .J leaves all randomness with the signs (¢;;), as before. Then we
repeat the rest of the proof of Lemma 4.8 for the submatrix A ;. In the end, we choose ¢ to

be a large absolute constant to complete the proof. [

So, the only part of Lemma 4.8 that does not work for a matrix with removed columns
is the symmetrization part. In the following two sections we will develop the tools to

overcome the extra symmetry assumption we have to add in Lemma 4.9.

We just showed how to convert an co — 2 bound to a 2 — oo bound for random
matrices by using random signs. Alternatively, one can use random permutations for the

same purpose, and obtain the following bound.
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Lemma 4.10 (From 2 — oo to oo — 2). Let A be an n X n random matrix with i.i.d.

entries. Then

El|Aflscs2 < CVn - E||Allaso + CE[J AL,

where 1 = (1,1, ...,1) denotes the vector whose all coordinates equal 1.

Before we turn to the proof, note that the only difference between Lemmas 4.8 and 4.10
is the term [E|| A1||5. It makes its appearance since there is no mean zero assumption on the

entries. This term is usually quite innocent. Note also that (4.3) trivially implies that
E[[All o2 > E||AL]5,

so we have to control this term anyway.

Proof. Let us apply a random independent permutation 7; to the elements of each row of
A. The resulting matrix A has the same distribution of A due to the i.i.d. assumption.
Condition on A; the randomness now rests in the random permutations 7; only. It suffices

to show that the conditional expectation satisfies
El[A]lscs2 < CVn - | Allasee + Cl| A1, (4.29)

Similarly to the proof of Lemma 4.8, we express || Az||? as a sum of independent random

variables
n

|Az]|3 =& where & :=(A;x) = Air;a; (4.30)
=1

j=1
The concentration inequality for random permutations (Lemma 2.11) states that each &; is

a subgaussian random variable, and we have
1€ — E&illy, S [Aill2 < [[A]l2-00-
Just like in the proof of Lemma 4.8, this implies that

108 = E&) vy S IAl2 o0

Since the expectation is bounded by the 1)y norm (see e.g. [Verl2, Definition 5.13]), we

conclude that
E(& —E&)? S (& —EE) v S Ao
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and thus
EZ —E&)? SnllAllf .

Applying Bernstein’s inequality like in Lemma 4.8, we find that

P {Z(fi —E&)* > nl|Allzs0 + tn\\A!@%@} < exp [—cmin(t*, ¢)n]

i=1
for all t > 0. Thus, for any ¢ > 1 we have with probability at least 1 — exp(—tn) that

n

> (6 —E&)’ < (1+t)nl| Al . (4.31)

i=1

From (4.30) we see that we are almost done; we just need to remove E¢&; from our
bound. To this end, note that

n

Hflfv||§—25<2z —E&)?+2) (E&)™ (4.32)

=1

We have already bounded the first sum. As for the second one, the definition of ¢ in (4.30)
yields

2m —n
= Alal
—2(4,,1)

where m denotes the number of ones in z; and A/ is the i-th row of A. Thus

n

SoEe) = (YIS (a1 < A

i=1 i=1

We substitute this and (4.31) into (4.32) and obtain that for any ¢t > 1,
1Az13 < 2(1 + t)n[| All5 + 2[| AL

with probability at least 1 — exp(—tn).
It remains to recall (4.26) and take a union bound over x € {—1,1}". It follows that
the inequality
JAIZ L < 201+ Dnll Al + 20| A1) (4.33)
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holds with probability at least
1 —2"exp(—ctn) > 1 —exp|(1 — ct)n]

where ¢ > 1 is arbitrary. Integration of these tails implies (4.29). U
It is worthwhile to mention a high-probability version of Lemma 4.10.

Lemma 4.11 (From 2 — 0o to oo — 2 with high probability). Let A be an n x n random

matrix with i.i.d. entries. Then with probability at least 1 — e™" we have
JAllsr2 < OV - E[[ Alls-so0 + CEJ| AL

where 1 = (1,1, ..., 1) denotes the vector whose all coordinates equal 1.

Proof. At the end of the proof of Lemma 4.10, we obtained inequality (4.33) which states
(for large constant t) that

[Allocs2 < CV/n - [|Allzo00 + || AL
with probability at least 1 — e~ ". Note that
1All200 = [|All200  and  [[AL]|z = [ A1]]2

deterministically. Indeed, it is easy to check that permutations of the elements of the rows

of A do not affect these two quantities. It follows that
[Alloomz < CVR - [|A]l3500 + C|AL2

with probability at least 1 — e™". It remains to note that A has the same distribution as
A. [

Recall from Section 4.1.1 that ideally, we would want

[All2500 S VR and (Al S0

with high probability. But this is too good to be true in our situation, where we assume
only two moments for the entries of A. Nevertheless, we will now show that these bounds

still hold, albeit with exponentially small probability.
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Lemma 4.12 (2 — oo and co — 2 norms with tiny probability). Let A be an n x n random

matrix whose entries are i.i.d. random variables with mean zero and at most unit variance.
Let 6 € (0,1/2). Then

| All2m00 <2070 and || Aljoese < C6 'n (4.34)

with probability at least § exp(—d2n).

Proof. We will first bound below the probability of the event

£ = {||A||2%o < 2671/ and || Al]]; < 25-1n}

and then use Lemma 4.11 to control || A||so—2-
Recall from (4.2) that

[All200 = max |Aills and | A1]2 = Z<Ai’ 1)?

=1

where AT denote the rows of A. Thus £ C (), & where
gi = {”AZHQ S 25_1 n and |<1417 1>| S 2(5_1\/5}

are independent events. This reduces the problem to bounding the probability of each event
&; below.

The assumptions on the entries of A imply that
E||A;]|5<n and E(A;1)* <n.
Using Chebyshev’s inequality, we see that
52 52
P {||Aill2 > 26~"v/n} < T and P {|(A;,1)] >20""/n} < T

Then a union bound yields
52

By independence of the events &;, this implies

52

P(E) > (1 - 3)" > exp(—0%n).
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Next we apply Lemma 4.11, which states that the event
F = {|[Allws2 < CVn - E[|Allawo + CE[| AL]2f

is likely:
P(F) > 1 —exp(—n).

It follows that
1
P(ENF) > exp(—6°n) — exp(—n) > 5 exp(—d°n).

It remains to note that by definition of £ and F, the event £ N F implies the inequalities in
(4.34). ]

In the previous section, we were able to prove the optimal bounds

[All2500 S v and || Allosz S0

~

for a random matrix A, but they only hold with exponentially small probability. We claim
that the probability of success can be increased to almost 1 if we are allowed to remove a
few columns of A. We already proved this fact for the 2 — oo norm in Lemma 4.7. It is

time to handle the co — 2 norm.

Theorem 4.13 (Bounding oo — 2 norm by removing a few columns). Consider an n x n
random matrix A with i.i.d. entries A;; which have mean zero and at most unit variance
and satisfy (4.22). Let € € (0,1/2]. Then with probability at least 1 — 2 exp(—en), there
exists a subset J € |n| with cardinality |J| < en such that

| Aselloos2 < CVIne=t-n.

Proof. Step 1: Defining the two key events. We will be interested in the two key events
that suitably control the 2 — oo and co — 2 norms of a random matrix. Thus, for a random

matrix B and numbers r, X' > 0, we define

Eryoo(B, 1, K) := {EIJ, |J| <ren: ||Bye

2—00 S Kv Ing=t- \/ﬁ}v
somsa < Kvlnsfl-n}.

Enosa(B,1 K) = {HJ, 7| < ren: ||Bye
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In terms of these events, we want to show that
P(Ep2(A,1,0)°) < 2exp(—en),
while Lemma 4.7 can be stated as
P (£ 00(A,1,C") > 1 — exp(—en).

for some absolute constant C”. Since the latter event is so likely, intersecting with it would

not cause much harm. Indeed, we will show that the bad event
B =& (A1, C') N Euo2(A,1,C)°

satisfies
P(B) < exp(—n/2). (4.35)

This would finish the proof, since we would then have
P(Ex2(A,1,0)) < exp(—n/2) + exp(—en) < 2exp(—en)

as required.

Step 2: Symmetrization. As an intermediate step, let us bound the probability of a

symmetrized version of 13, namely the event
B =& 0o(A,1,2C") N Eseya(A, 1,C/2)C

where
A=A-A
and A’ is an independent copy of the random matrix A. We claim that

P(B) < exp(—n). (4.36)

To prove this claim, choose a subset J, |J| < en, that minimizes HA Je

200- Recall
from (4.2) that the 2 — oo norm of a matrix is determined by the Euclidean norms of
the columns and thus does not depend on the signs of the matrix elements. Thus J is

independent of the signs of the elements of A. This makes it possible to use Lemma 4.9 for
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the matrix A and the random set J. It gives
1Az ooz S VRl Asell200 (4.37)

with probability at least 1 — exp(—n).

Then, turning to B, we can bound its probability as follows:
P(B) < P(B and (4.37)) 4 exp(—n).

To prove the claim, it remains to check that B and (4.37) can not hold together. Assume
they do; then

1A se|loosz < V- 2C"VIne'v/n < Vine ! - n,

which contradicts the event Soo_g(fl, 1,C/2)¢ in the definition of BB for a suitably chosen
constant C. This completes the proof of the claim (4.36).

Step 3. Using the small-probability bounds. The last piece of information we will

use is the conclusion of Lemma 4.12 for 6 := 1/(2Ine™!). It states that the good event
g = 82—>OO(A/7 07 C,) N goo—>2<A,7 07 0/2)

is likely to happen:
P(G) > %exp ( — #871) (4.38)
Note in passing that there is no guarantee that this statement would hold for the same
constants C' and C’ as we chose in the definition of B above. However, we can make this
happen by adjusting these constants upwards as necessary. The reader can easily check
both (4.36) and (4.38) would still hold after such an adjustment.
We claim that

BNgGcB. (4.39)

To see this, recall that each of B, G and B is defined an an intersection of two events,
one controlling 2 — oo norm and the other, co — 2 norm. Thus it suffices to check the
inclusion for each of these two parts separately. Namely, the claim (4.39) would follow at

once if we show that

Erro0(A,1,C") N Exoo(A',0,C") C Er500(A,1,2C")  and
Enosa(A,1,0) N Esa(A,0,C/2) C Enosa(A,1,C/2)°.

Both these inclusions are straightforward to check from the definitions of the events & _,
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and £,,_,2, remembering that A=A— A and using triangle triangle inequality. This
verifies the claim (4.39).

The event B is determined by A, and G is determined by A’ only. Thus B and G are
independent, and (4.39) gives

P(B)P(G) =P(BNG) < P(B).

Thus, using (4.36) and (4.38), we conclude that

P(B) < P(B)/P(G) < 2exp (—n+ ) < exp(-n/2)

n
4lnet

We have shown (4.35) and thus have completed the proof of the theorem. U

From co — 2 norm to the operator norm

In Theorem 4.13, we gave an optimal O(n) bound for the co — 2 norm of a random matrix
with few removed columns. We will now convert this into an optimal O(/n) bound for
the operator norm. This can be done by applying a form of Grothendieck-Pietsch theorem
(see [LT13, Proposition 15.11]), which has been used recently in [LLV 17, section 3.2] in a

similar context.

Theorem 4.14 (Grothendieck-Pietsch). Let B be a k x m real matrix and § > 0. Then
there exists J C [m] with |J| < dm such that

2| Bl o2
Vom

Applying Theorem 4.13 followed by Grothendieck-Pietsch theorem, we obtain the fol-

||BJC

<

lowing result.

Lemma 4.15 (Bounding the operator norm by removing a few columns). Consider an nxn
random matrix A with i.i.d. entries A;; which have mean zero and at most unit variance
and satisfy (4.22). Let ¢ € (0,1]. Then with probability at least 1 — 2 exp(—en/2), there
exists a subset J € |n| with cardinality |J| < en such that

1 -1
Al < Oy = V.

Proof. Apply Theorem 4.13 for /2 instead of . We obtain a subset of columns J; C [n],
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|J1] < en/2, which satistfies
[Asellocse < CVIne=t-n (4.40)

with probability at least 1 — 2 exp(—en/2).

Next apply Grothendieck-Pietsch Theorem 4.14 for the matrix A ;e and for § = ¢ /2.
We obtain a further subset Jo C J{, |Jo| < 0|Jf| < en/2, such that the removal of columns
in both J := J; U J; leads to

2| A [loo—s2 Ine~!

SC

VOl ] e

In the last inequality, we used the bound (4.40) and that 6 = /2 and |J{| > n —en/2 >
n/2. The proof is complete. O

[Ae < V.

We are ready to prove a partial case of Theorem 4.1, for the matrices whose entries are
O(y/n). Tt follows by applying Lemma 4.15 for A and AT separately, and then superposing

the results.

Proposition 4.16 (Bounded entries). Consider an n X n random matrix A with i.i.d. entries
A;; which have mean zero and at most unit variance and satisfy (4.22). Let ¢ € (0, 1]. Then
with probability at least 1 — 4 exp(—en/2), there exists an en X en submatrix of A such

that replacing all of its entries with zero leads to a well-bounded matrix A:

Inet

N

IAl < C
€
Proof. Apply Lemma 4.15 for A and AT. We obtain that with probability at least 1 —

4 exp(—en/2), there exists sets I and .J with at most en indices in each, and such that

. lne-! Ine-!

< vnoand  |[Apexpll S
g 19

/. (4.41)

| Apg e

We claim that A := A(rx.)e satisfies the conclusion of the proposition. The support of this
matrix, (I x J)¢, is a disjoint union of two sets, [n] x J¢ and /¢ x J. Then, using the triangle

inequality, we have

S ”A[n]XJC

| A(rxsye + [[Arexs||-

We already controlled the first term in (4.41). As for the second term, since adding columns
can only increase the operator norm, we have || Aje, 7| < ||Azexpy ||, which we also bounded

in (4.41). The proof is complete. U
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4.2.3 Controlling the moderately large entries: Bernoulli matrices

In the previous section, we proved a partial case of Theorem 4.1 that controls relatively
small entries of A, those of the order O(y/n). Larger entries will be controlled in this
section.

The following general lemma will help us analyze the patterns such large entries can

form.

Lemma 4.17 (Bernoulli random matrix). Let B be an n x n random matrix whose entries
are independent Bernoulli random variables with mean p. Let € € (0,1/2]. Consider the

1

rows of B with more than 21pn + 21Ine~! ones. Then with probability 1 — exp(—en/2),

these rows have at most en ones altogether.

To see the connection to our original problem, we will later choose the entries of B to

be the indicators of the large entries of A.

Proof. Let S; denote the number of ones in the i-th row of B. Then ES; = pn. A standard

application of Chernoff’s inequality shows that
P{S; >t} <e® fort>2lpn. (4.42)

Let K > 21pn be a number to be chosen later. (We will eventually choose K as 21pn +

2Ine~"! as in the statement of the lemma.) Define the random variables
Xi = 51]1{51>K}

The quantity of interest is the total number of ones in the heavy rows, and it equals > " | X.
To control this sum of independent random variables, we can use the standard Bernstein’s
trick (commonly called Chernoff’s bound), where we use Markov’s inequality after expo-

nentiation. We obtain

P {2”: X; > an} < e “"Eexp <Xn:XZ> = [e’s]Eexlr, (4.43)
i=1 i=1

where the last equality follows by independence and identical distribution. Now, by defini-

80



tion of X; we have

EeX1 — ]EeXl]l{Xlz()} + EeXll{Xl¢o} <1+ E65111{31>K}
- 1+/ P{e% > u}du
eK

=1+ / P{S; > t}e'dt (by achange of variables)
K

<1+ / e 2te! dt  (using (4.42) fort > K > 21pn)
K

=1+e ™ <exp(e™™).

Substituting this bound into (4.43), we conclude that

=1

P {i X; > 5n} <exp [(—e + e F)n] <exp(—en/2),

if we choose K so that e=® < £/2. To finish the proof, recall that our argument works
if K satisfies the two conditions: K > 21pn and e % < £/2. We thus choose K :=
21pn + 2Ine~! and complete the proof. O

Corollary 4.18 (Bernoulli random matrix). Let B be an n X n random matrix whose en-
tries are independent Bernoulli random variables with mean p. Let € € (0,1]. Then with
probability at least 1 — 2 exp(—en/4), there exists an en X en submatrix of B such that
replacing all of its entries with zero leads to a matrix B whose rows and columns have at

most 21pn + 41Ine~! ones each.

Proof. Apply Lemma 4.17 for B and BT with /2 instead of ¢, and take the intersection of
the two good events. With the required probability, we obtain a set of en bad entries of B
whose removal makes all rows and columns of B contain at most 21pn + 2Ine~! ones. It
remains to note that these en entries can be trivially placed in some en X en submatrix of
B, and deletion of the whole en x en submatrix can only decrease the number of non-zero

elements in the rows and columns of the residual part. [

Remark 4.19 (Random graphs). It is not difficult to obtain a version of Corollary 4.18 for
symmetric random matrices. This version can be interpreted as a statement about Erd&s-
Rényi random graphs G(n,p), with B playing the role of the adjacency matrix. It states
that with high probability, one can make all degrees of a G(n, p) random graph bounded by

O(pn + Ine™ 1) after removing the internal edges from a sub-graph with en vertices.
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We will use Corollary 4.18 to deduce Theorem 4.1 for matrices with moderately large
entries. Namely, we assume here that all entries of A satisfy

Ay=0 or \/TE <Ay < 20 (4.44)

E
Proposition 4.20 (Moderately large entries). Consider an n X n random matrix A with
i.i.d. entries which satisfy EA% < 1 and (4.44). Let € € (0,1/2]. Then with probability at
least 1 — 2 exp(—en/4), there exists an en x en submatrix of A such that replacing all of

its entries with zero leads to a well-bounded matrix A:

Clne™t
VE

Proof. Consider the matrix B whose elements are indicators of moderately large entries of
A, ie.

4] < V. (4.45)

Bij = Lia,z01-

Then B;; are 1.i.d. Bernoulli random variables with mean

(In the last inequality, we used Chebyshev’s inequality and the assumption EA?j < 1)
Corollary 4.18 applied to B gives us an en X en submatrix of A such that the number of
non-zero elements in every row and column of A (obtained by zeroing out the elements of

A outside that submatrix) is bounded by
2lpn +4lne ! <Ine ', (4.47)

where we used (4.46) in the last bound.
Moreover, assumption (4.44) shows that all entries of A are bounded in absolute value
by 5v/n/+/€. This and (4.47) imply that the ¢; norm of all rows A; and columns A7 can be

bounded as follows:

e g \/ﬁ —1
. J < X .
ma (| A, | 47]:) $ Y2 e

Applying Lemma 2.19 leads to (4.45). [l
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4.2.4 Controlling the large entries and proof of Theorem 4.1

Finally, we will need to prove Theorem 4.1 for very large entries — now we assume that all

entries of A satisfy

NG

There are typically very few such entries, as the following simple result shows.

Lemma 4.21 (Few very large entries). Consider an n X n random matrix A with i.i.d.
entries which satisfy EA}; < 1 and (4.48). Let ¢ € (0,1/2]. Then with probability at least
1 — exp(—en), the matrix A has at most en non-zero entries.
Proof. Using Chebyshev’s inequality and the assumption that EA% < 1, we see that the
probability that a given entry is nonzero is
5v/n 5
P{A; #0} <P |Aj| > ——F— 7 < —.
(g 20 <2 {lag> V0L < S

Thus the expected number of non-zero entries in A is at most en/25. A standard application

of Chernoff’s inequality gives

[P { A has more than en nonzero entries} < e ".

The proof is complete. ]

Since a set of en indices can be always placed in an en X en submatrix, we can state

Lemma 4.21 as follows.

Corollary 4.22 (Very large entries). Consider an n x n random matrix A with i.i.d. entries
which satisfy EA7; < 1 and (4.48). Let ¢ € (0,1/2]. Then with probability at least

1 — exp(—en), all non-zero entries of A are contained in an en X en submatrix.

We are going to assemble Proposition 4.16 for the bounded entries of A, Proposi-
tion 4.20 for moderately large entries, and Corollary 4.22 for very large entries. The
en X en sub-matrices that appear in these results are possibly different. The following

simple lemma will help us to combine them into one.

Lemma 4.23. Let B be a matrix. Zeroing out any submatrix of B cannot increase the

operator norm more than twice.

Proof. Let B denotes the matrix obtained by zeroing out a submatrix of B spanned by the

index set [ x J. Triangle inequality gives

1Bl < || Brxse

+ [ Breximll < |B]| + || BI|
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The last inequality follows from the fact that zeroing out any subset of rows or columns

cannot increase the operator norm. [

Proof of Theorem 4.1. Decompose A into a sum of three n X n matrices with disjoint sup-
port,
A=B+ M+ L, (4.49)

where B contains bounded entries of A — those that satisfy |A;;| < /n/2, the matrix
M contains moderately large entries — those for which \/n/2 < |A;;| < 5y/n/e, and L
contains large entries — those satisfying |A;;| > 5./n/e.

To bound B, let us subtract the mean and first bound
G:=B—-EB.
The entries of this matrix have zero mean and satisfy
EG;; = Var(B;;) <EB}, <EA} =1
(where we used the moment assumption) and
1Gijllce = [1Bij = EBijlloe < 2/ Bijlloe < V/n.

Thus we can apply Proposition 4.16 for 0.5G. It says that with probability at least 1 —
4 exp(—en/2), the removal of a certain en x en submatrix of G leads to a well-bounded

matrix G, i.e.
Ine—!

IGI'< V.

Next, we bound EB, a matrix whose entries are the same. Thus

£

|EB|| = n|EB;;| = n|E(A; — By)| (since EA;; = 0)
= n|EA;;1 4,5 m2| (by definition of A;)
< n(EA2)*(P{|Ay] > vn/2})"?  (by Cauchy-Schwarz inequality)
<n-1-2/v/n<2yn (by Chebyshev’s inequality). (4.50)

To bound M and L, note that
EM} <EA}, = land EL}; <EA}, =1
Thus, Proposition 4.20 can be applied to M: with probability 1 — exp(—en/4) there exist
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a en X en submatrix of M, the removal of which leads to a matrix M , such that

Clne!
\/E

Proposition 4.22 can be applied to L. We can interpret its conclusion as follows: with

|| < -Vn.

probability 1 — 2exp(—en) there exist a en X en submatrix of L, the removal of which

leads to an identically zero matrix L,ie.
IL][ = 0.

Now, let us embed the three en x en submatrices of A we just constructed into one
3en X 3en submatrix and zero out this whole submatrix. By Lemma 4.23, the norms of
G, EB, M and L will not increase more than twice as a result of this operation. Taking

intersection of the three good events, we conclude that with the probability at least
1 —4dexp(—en/2) — 2exp(—en/4) — exp(—en) > 1 — Texp(—en/4)
there exists an 3en x 3en submatrix of A such that replacing all of its entries by zero leads

to a well-bounded matrix A:

1

/.

lne-! lne™

\/_+2\/_+\[ \/_0<\/g

This proves the conclusion of Theorem 4.1 with 3¢ instead of ¢, where ¢ € (0,1/2] is

1Al <

arbitrary. By rescaling, Theorem 4.1 holds also as originally stated. This concludes the
proof of Theorem 4.1. [

4.3 Global problem

In this section we prove Theorem 4.3, which states that either nonzero mean or infinite sec-
ond moment make it impossible to repair the matrix norm by removing a small submatrix.
We will first prove a non-asymptotic version version of this result. Once this is done, an

application of Borel-Cantelli Lemma will quickly yield Theorem 4.3.

Proposition 4.24 (Global problem: non-asymptotic regime). Consider an n X n random
matrix A whose entries are i.i.d. random variables that have either nonzero mean or infinite
second moment, and let ¢ € (0,1). Then, for any M > 0 there exists ng that may depend
only on ¢, M and the distribution of the entries, and such that for any n > ny the following
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event holds with probability at least 1 — e™": every (1 —e)n x (1 — )n submatrix A" of A

satisfies

[A']| = M+/n.

Before we prove this proposition, let us pause to see its connection to the matrix A,, of
Theorem 4.3. Proposition 4.24 yields that this matrix satisfies

|A,| > M+/n.

Indeed, modifying an en X en submatrix always leaves some (1 —e)n x (1 —&)n submatrix

A’ intact, so we can apply Proposition 4.24 for that submatrix.

4.3.1 Infinite second moment

Here we will prove the part of Proposition 4.24 about infinite second moment; the case of
nonzero mean will be treated in Section 4.3.2. Let us start with the following lemma which

will help us treat a fixed submatrix.

Lemma 4.25. Consider an m x m random matrix B whose entries are i.i.d. random
variables with infinite second moment. Then, for any M > 0 there exists mq that may
depend only on M and the distribution of the entries, and such that for any m > mg we

have
|Bl| > M+y/m

with probability at least 1 — exp(—M?m).

Proof. By assumption, we have EB% = o0. Therefore, for any M > 0 one can find a
truncation level K that depends only on M and the distribution, and such that the truncated
random variables

Bij := Bijlip, <k satisfy EB > 2M°. (4.51)

1,

(This follows easily from Lebesgue’s monotone convergence theorem.)

Consider the matrix B with entries Bij. We have

1 1, =
1Bl = —=IBllr = —=IIBllF-
m

Jm m
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Then we bound the failure probability as follows:

P{||B|| < Mym} <P{||B|r < Mm} :P{zm: B} < M2m2}

3,j=1

<P { > (B} —EB}) < —M2m2}

1,7=1

where we used (4.51) in the last step.
Apply Hoeffding’s inequality for the random variables ij and use that they are bounded
by K2 by construction. The probability above gets bounded by

M4m2>

o (- S

If m > 2K?/M? = m,, this probability can be further bounded by exp(—M?m), as
claimed. 0

Proof of Proposition 4.24 for infinite second moment. We can assume without loss of gen-
erality that M is large enough depending on . (Indeed, once the conclusion of the propo-
sition holds for one value of M it automatically holds for all smaller values.)

Apply Lemma 4.25 for an m x m matrix A/, with m = (1 — ¢)n, and then take a union
bound over all (:;L) ? possible choices of such submatrices. It follows that the conclusion of

Proposition 4.24 holds with probability at least

1 (Z)Qexp(—M%).

By Stirling’s approximation, we have (") < (en/m)™. Using this and substituting m =

(1 — )n, we bound the probability below by

. M2)(1 . g)n]

1 —exp [(210g ] ¢

If the value of M is sufficiently large depending on ¢, this probability is larger than 1 —

exp(—n), as claimed. Proposition 4.24 for infinite second moment is proved. [l

4.3.2 Nonzero mean

Now we will prove the part of Proposition 4.24 about nonzero mean. We can assume here

that the second moment of the entries A;; is finite, as the opposite case was treated in
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Section 4.3.1. As before, we will first focus on one submatrix. In the following lemma we

make an extra boundedness assumption, which we will get rid of using truncation later.

Lemma 4.26. Consider an m X m random matrix B whose entries are i.i.d. random

variables that satisfy
EB;; = pu >0, EB?j <o® |Byl < Kvmas.

Then, for any M > 0 there exists mg that may depend only on i, o, K and M, and such

that for any m > mg we have

13| > £
2

with probability at least 1 — exp(—M?m).

Proof. Notice that

1 m
1B = — > By

ij=1
(To check this inequality, recall that || B|| > =" Bx for any unit vector x; use this for the

vector 2 whose all coordinates equal 1/1/m.) Then we can bound the failure probability as

follows:
m 2 m 2
um m um
P {HBH < T} <P {iJEZI Bij < T} <P {i]EZI(Bij — ]EBZ]) < —T}

where we used that EB;; = 1 in the last step.

Apply Bernstein’s inequality for the random variables B;; and use that they have vari-
ance at most o and are bounded by K+/m by assumption. The failure probability gets
bounded by

p°m*/8
exp ( -5 ) .
o?m? 4+ K\/m/3
If m is large enough depending u, o, K and M, then this probability can be further bounded
by exp(—M?m), as claimed. O

Next, we will use truncation to get rid of the boundedness assumption in Lemma 4.26

and thus prove the following.

Lemma 4.27. Consider an m X m random matrix B whose entries are i.i.d. random
variables that satisfy
2 2
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Then, for any M > 0 there exists mq that may depend only on u, o, K, M and the

distribution of the entries, and such that for any m > mgy we have
|B|| = M~v/m (4.52)

with probability at least 1 — exp(—M?*m).

Proof. Choosing my large enough depending on M and the distribution of B;;, we can

make sure that for any m > my the truncated random variables

Bij = Bijlip,j<uym  satisfy EBj; > EB;; —

SThs
STh=

(This follows easily from Lebesgue’s monotone convergence theorem.)

Let us consider the event that all entries of B are appropriately bounded:
&= {|By| < My/mforalli,j € [n]}.

Suppose for a moment that (4.52) fails, so we have || B|| < M+/m. Since the inequality
|B|| > max; ; | B;;| is always true, the event £ must hold in this case. This in turn implies
that the truncation has no effect on the entries, i.e. Bij = B;; forall i, 5.

We have shown that in the event of the failure of (4.52), we may automatically assume

that the entries of B are appropriately bounded. Therefore the failure probability satisfies

P{IB < Mym} =P {||Bl| < Mv/m}

where B denotes the matrix with the truncated entries B;;. It remains to apply Lemma 4.26
for the random matrix 53, noting that truncation may only decrease the second moment.

The failure probability gets bounded by exp(—M?m), as claimed. O

Proof of Proposition 4.24 for non-zero mean. As we mentioned in the beginning of this
section, we can assume that the entries 5;; have finite second moment o2. Then the con-
clusion of the proposition follows by exact same union bound argument as in the end of
Section 4.3.1 (just use Lemma 4.27 instead of Lemma 4.25 there.) [
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4.3.3 Proof of Theorem 4.3

We will prove a stronger fact that

A/
min M — 00 as n — oo almost surely, (4.53)
vn
where the minimum is taken over all (1 — )n x (1 — ¢)n submatrices A, of A,,. As we
mentioned below Proposition 4.24, this would imply the conclusion of Theorem 4.3, since
modifying an en X en submatrix leaves some (1 — £)n X (1 — €)n sub-matrix intact.

Fix any M > 0 and consider the events

A
£ { i Aol
NLD
where the minimum has the same meaning as before. By Proposition 4.24, there exists ng
such that

ZM}, n=1,2...

P(&) < e " forall n > ny.

In particular, the series » -, P(£S) converges. The Borel-Cantelli lemma then implies
that the probability that infinitely many £ occur is 0. Equivalently, with probability 1 there
exists /V such that £, hold for all n > N.

We have shown that for any M > 0, with probability 1 there exists N such that

1A

mmWEM fOI'aanN.
Intersecting these almost sure events for M = 1,2,..., we conclude (4.53). Theorem 4.3
is proved. [

4.4 Discussion of Theorem 4.1

There are several possible extensions of Theorem 4.1. Let us list some of them and then

discuss the constructiveness question in more details.

1. It is natural to expect a version Theorem 4.1 even if the entries of A are not identi-
cally distributed. Our argument relies on the identical distribution in several places,
including discretization arguments (proof of Theorem 4.6) and symmetrization (proofs
of Lemmas 4.10 and 4.11).

2. A version of Theorem 4.1 should hold for symmetric matrices A with independent en-
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tries on and above the diagonal. A simplest way to get this result would be to use
Theorem 4.1 to control the parts of A above and below the diagonal separately, and then
combine them. However, for this argument one would need a version of Theorem 4.1

for non-identical distributed entries.

. It would be good to remove the logarithmic factor In ! from the bound in Theorem 4.1,
or to show that this factor is necessary. Such bound would be optimal up to an absolute

constant factor.

. Finally, while Remark 4.2 states that the dependence on ¢ in Theorem 4.1 is optimal in
general, this dependence might be dramatically improved under a natural boundedness
assumption. Namely, suppose that the entries of A are O(y/n) almost surely. (In fact,
most of the proof — until Section 4.2.4 — was done under this additional assumption.) In

this case, is the dependence of the norm on ¢ logarithmic in Theorem 4.1, i.e.
|A]| < C'ln(e™)y/n? (4.54)

In fact, for the partial case of Bernoulli matrices such that np = ¢y = const (where p
is a probability of a non-zero entry) this bound can be quickly deduced from Corollary
4.18.

Indeed, after renormalization that imposes matrix elements to have variance one (so
we deal with the scaled Bernoulli matrix with B;; = O(p~1/2)), we can see that such
matrices satisfy the boundedness assumption, as B;; = O(p~'/?) = O(y/n/\/c0) =
O(y/n). Then, by Corollary 4.18 after a deletion of en x en submatrix we get a matrix

B with all rows and columns having at most
21pn +41n e 1 <100¢yIne?
non-zero elements of order O(y/n). Hence,

max (I1Bil, 1B7]) S vi-ne™.

)

Applying Lemma 2.19 leads to (4.54).

. Theorem 4.1 does not indicate what sub-matrix should be removed to improve the norm;
it is rather an existential result. It would be nice to have an explicit description of a

submatrix to be removed.
The last question was resolved in some partial cases in the previous related work. For
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example, for Bernoulli random variables, a variant of Theorem 4.1 was proved by U. Feige
and E. Ofek [FOO5]; see [LLV17] for an alternative argument and more general way to reg-
ularize such matrices. Suppose the entries of an n X n matrix B are independent Bernoulli
random variables with mean p € (0,1). If one removes the heavy rows and columns —
those containing more than 2pn ones, then the resulting matrix B’ satisfies the optimal
norm bound ||B’ — EB'|| = O(,/pn). To see that this bound is consistent with that of
Theorem 4.1, divide both sides by ,/p to normalize the variance of the entries. Moreover,
one can quickly check using concentration that the number of heavy rows and columns in
B is typically small. With a little more work, one can even place all ones from the heavy
rows and columns into a small submatrix (see Lemma 4.17 and Section 5.2 below). Thus,
Feige-Ofek’s result is an example of Theorem 4.1, and in this example we actually have an
explicit recipe of regularization: removal of the heavy rows and columns. Note, however,
that the results of [FOOS5, LLV17] hold for symmetric matrices as well, while we do not
know how to immediately extend Theorem 4.1 for symmetric matrices (the requirement of
the identical distribution of entries of A prevents doing simple symmetrization tricks).

Weaker (constructive) versions of Theorem 4.1, with an additional factor logn in the
norm bound and weaker probability guarantees, can be derived from known general bounds
on random matrices, such as the matrix Bernstein’s inequality (Lemma 2.8). One would
apply the matrix Bernstein’s inequality for the entries truncated at level y/n, and control
the larger entries as in Section 4.2.4.

In the next chapter we discuss several more approaches to a constructive “improvement”

of the random matrix structure, in particular, to the regularization of its operator norm.
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CHAPTER 5
Constructive regularization

One may naturally wonder what exactly causes the norm of a mean zero random matrix
A to be too large. A natural guess is that the only troublemakers are a few large entries
of A. Indeed, this is exactly how the necessity of the fourth moment for (4.1) was shown
in [BSY88, Sil89]. So we may ask — can we obtain a result like Theorem 4.1 simply by
zeroing out a few largest entries of A?

The answer is no. A counterexample is a sparse Bernoulli matrix A, whose i.i.d. entries
take values ++/n with probability 1/2n each and 0 with probability 1 — 1/2n. It is not hard
to check that A is likely to have a row whose norm exceeds c¢y/nlogn/loglogn > \/n,
and consequently we have ||A|| > y/n. In other words, without removal of any entries the
norm of A is too large. However, if we are to remove any entries based purely on their
magnitudes, we must remove them all. (Recall that all non-zero elements of A have the
same magnitude \/ﬁ.) But removal of all nonzero entries of A is not a local intervention,

since such entries can not be placed in a small submatrix (as we explained in Remark 4.2).

In Chapter 5 we will discuss some algorithms that bound the operator norm of a random
matrix, changing only a small fraction of the matrix entries. First, if the matrix entries have
more than two bounded moments, then the approach discussed above actually works: we
can zero out a few of the largest entries of the matrix A to make the norm O(/n). This is
demonstrated in Section 5.1.

Then, if the entries of the matrix are scaled Bernoulli random variables (e.g. like in
the counterexample above) a simple regularization procedure is possible: to ensure that
the norm is O(y/n), it is enough to zero out (or otherwise reweigh) a small fraction of the
matrix rows and columns that have too many non-zero entries. This was proved earlier in
[FOO5, LLV17]. In Section 5.2 we improve upon these results by showing how to construct
a small sub-matrix to zero out for the norm regularization. We also obtain a nice structural

description of the sub-matrix to be deleted (see Theorem 5.3).
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Finally, in Section 5.3 we state and prove the regularization algorithm that allows to
work with general matrices which entries have only two finite moments. It allows to bound
the norm to the order /loglogn - n with high probability after zeroing out ne rows and

columns of the matrix for any € > 0 of our choice (see Theorem 5.14).

5.1 More than two finite moments

Under slightly stronger moment assumptions than in Theorem 4.1, zeroing out a few large
entires does bring the norm of A down. The following result can be quickly deduced by

truncation from known bounds on random matrices such as [vH17a, Seg00, AT16].

Theorem 5.1 (2 + ¢ moments). For any ¢ € (0, 1] there exists ng = ng(e) such that
the following holds for any n > nq(e). Consider an n x n random matrix A with i.i.d.
mean zero entries which satisfy E|A;;|*™¢ < 1. Then, with the probability at least 1 —

1—¢/9

2exp(—n®/?), there exists a integer K < n such that the matrix A obtained by zeroing

out K largest entries of A satisfies

1Al < 9v/n.

We will deduce Proposition 5.1 from the following general bound [BVH 16, Remark 3.13]

(version for rectangular matrices):

Theorem 5.2 (Bandeira-van Handel). Let X be an n X n matrix whose entries X;; are
independent centered random variables. Then there exists for any € € (0,1/2] a constant

ce such that for every t > 0
P{||X|| > (14 )60 + t} < nexp(—t?/c.0?),
where

0 :=max(oy1,09), where 0 = max E ]E(Xz-zj), 09 = max E ]E(Xf])7
i i
J 7

0, 1= max || Xyj|oo-
)

Proof of Theorem 5.1. Let us call an entry A;; large if |A;;| > R := n'/?7¢/%, otherwise
call the entry small.
We claim that there are very few large entries with high probability, and we can check

this by the same argument as in Lemma 4.21. Indeed, the 2 + ¢ moment assumption and
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Chebyshev’s inequality give

1
R2+e < nlite/8’

P {A,;islarge} =P {|A;;| > R} < (5.1)

where the last inequality follows by our choice of R. Thus the expected number of large
entries is at most n? /n'*e/8 = n1=¢/8_ A standard application of Chernoff’s inequality (see

e.g. [Ver16, Chapter 2]) gives

e enl—e/8 n'=</°
—E :
P {A has more than n large entrles} < (—nl—a 79 > ,

which can be further bounded by exp(—n'/?) if n is sufficiently large in terms of . Hence
we can zero out all large large entries of A. It remains to show that the result of this
operation, which we denote by A, has norm at most 8,/n with high probability.

For convenience, let us subtract the mean, and first bound

which is an n X n random matrix with independent mean zero entries GG;;. By Theorem 5.2,

for any ¢ > 0, we have
P{||G|| > 7o + t} < nexp(—ct*/o?), (5.2)

where ¢ > 0 is a constant and
o2 := max {m?XZE(G?j), m]aXZE(G?j)} , Oy 1= H?X 1G] -
] 1

In our case,
2 _ 1 72 2
EG; = Var(A;;) < EA;; <EA; <1

(where we used the moment assumption) and
1Gijlloo = 14i; = EAjjlloc < 2[[Allc0 < 2R.

Hence
oc<+vn and o, <2R.
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Then, using (5.2) with ¢ = \/n, we conclude that
P{||G|| > 8v/n} < nexp(—cn/4R?) < exp(—n*/?) (5.3)

where the last inequality holds due to the definition of R, if n is sufficiently large in terms
of e.

Finally, we need to bound the contribution of the mean EA which we subtracted in
defining G. This can be done by the exactly same argument as we used in the proof of
Theorem 4.1 in Section 4.2.4. We repeat it here for completeness. Note that all entries of

EA are the same, thus

= n|EA;j1L 4, >r| (by definition of A)
< n(EA?j)l/z(P{\Aiﬂ > R})

<n-1-n"Y2<pl? (5.4)

1/2 (by Cauchy-Schwarz)

where we used the moment assumption and a weaker form of the bound (5.1).
Concluding, it follows from (5.3) and (5.4) that with probability at least exp(—ne/ 5),
we have
IA]] < |A - EA|| + |[EA| < 9v/n.

The proof of Proposition 5.1 is complete. [

5.2 Bernoulli random matrices and random graphs

Random matrices with the entries distributed as scaled Bernoulli distributed is an another
case when local regularization of the norm can be made in a simple constructive way.

We can view any symmetric n X n Bernoulli random matrix B as an adjacency matrix
of a random graph (on n vertices, so that the edge between ¢ and j is present if and only
if B;; # 0). In this graph interpretation, to regularize the norm of the adjacency matrix
means to obtain a version of the original graph, for which certain graph algorithms (such as
spectral methods for community detection) are guaranteed to work with high probability.
This is why for the graph applications it is especially important to be able to regularize
operator norm of the matrix locally and constructively.

The main part of this section is Theorem 5.3. It justifies the work of the Adjacency

Matrix Decomposition algorithm, that finds a small sub-matrix of the original matrix (i.e.,
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a small sub-graph of the original random graph), which one needs to zero out for the norm
regularization. Another result of Theorem 5.3 is a description of the “bad” sub-graph to be
deleted. It turns out that, with high probability, one can direct the edges of this subgraph
without cycles, such that every its vertex will have constant outcoming degree.

We start the next section with a short overview of the norm regularization question in
the graph interpretation. Namely, we will discuss concentration on Erd6s-Rényi graphs, its
connection to the graph density and to the number of bounded moments of the standardly
scaled adjacency matrix. Then we state Theorem 5.3 and Adjacency Matrix Decomposi-
tion algorithm. Then, in Section 5.2.3, we will discuss in more details the connection to
the earlier results, such as [LLV17, FOO5]. After that, we will prove Theorem 5.3 in the
Section 5.2.4.

5.2.1 Concentration on random graphs

We consider random graphs generated from inhomogeneous Erd6s-Rényi model G(n, (p;;)),
that is, every graph has exactly n vertices and the edges are formed independently with
given probabilities p;;. This is a generalization of the classical Erdés-Rényi model G(n, p)
where all edge probabilities are equal to p.

One of the crucial applications of such random graphs is that they can be successfully
used to model large (non-random) networks. One can use this model to infer various net-
work properties, such as the network radius, the node degree distribution, or community
structure. These inference procedure will work only if a single realization of the network
(represented by the random adjacency matrix A) is close to the population mean, or the
true model, EA (which is not known). If A is close to [EA, then the observed A retains
some good properties of EA (such as eigenstructure, necessary for the spectral methods,
or approximate block structure, revealing the communities within the network). Then the
algorithms that proved to work on EA will work almost as efficiently on A, the matrix that
we actually observe. See a survey [LLV18b] for much more detailed discussion of this
property, also called concentration of the random graph and its applications to the network
analysis.

Concentration of the random graph depends on a crucial parameter of the graph G,

namely its, generalized maximal expected degree
d := maxnp;;.
ij

Clearly, d measures expected sparsity of a random graph. It is known that if the graph is

dense (d is at least of order O(logn)), then the concentration usually takes place. Indeed,
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the adjacency matrix A of the graph G with d > C'log(n) satisfies with high probability
1A~ EA| = 0(Vd) (5.5)

(see [FO05, LR15]). The estimate (5.5) means concentration as soon as |[EA| > v/d.
Note that this is the case for the classical Erd6s-Rényi model (if d = np, then |EA|| = d)
and for all the cases when p;; are of similar order (so that maximum in the definition of d
gives correct information about the expected degree of a vertex of (7).

When d is less than O(logn) (graph G is too sparse) the estimate (5.5) does not take
place and there is no good concentration. In this case the natural question is whether and
how can we modify the original graph to achieve the same concentration for the regularized

version:

1A — EA| = O(Vd). (5.6)

Finally, consider for simplicity the standard Erds-Rényi model G(n,p) and let us
normalize the adjacency matrix to have second moment one (the same scale we consider
throughout the majority of this text, including Theorems 4.1 and 4.3). Then B;; := A;;/\/p

and EB}; = EA?;/p ~ 1. Note that (5.6) is equivalent to the familiar bound

1B ~EB| = O(v/n),

and sparse regime d ~ const corresponds to the case when p ~ n~!, and EB;;"* ~ n®/?
unbounded for n — oo for any € > 0. So, this is the case when the matrix elements have
exactly two finite moments.

Keeping this in mind, we will stick to the original (5.6) normalization until the end of
Section 5.2, as it is standard for the random graphs literature and was used in predecessor
results such as [LLV17, FOO05].

5.2.2 Graph regularization theorem and Adjacency Matrix Decompo-

sition algorithm

We show that for the regularization (5.6) it is enough to delete a small sub-matrix A, of
the adjacency matrix A, and that A, itself has a reasonable structure. Let us give some

notations and then state our main decomposition theorem for random (adjacency) matrices.
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If A= (A)7;—,, then we denote

0. if(i.j) € Ay
AN\ Ay = if (7,7) € Ao

A;;, otherwise.

By symmetric permutation (or symmetric swap) of the rows and columns of A we mean a
pair of permutations, exchanging i-th row with j-th row of A, and then i-th column with j-

th column. For two subsets of rows (and columns) we denote it {1, ..., ix} <> {j1,..., I}

Theorem 5.3. Let G = G(n, (pi;)) be an inhomogeneous Erdés-Rényi graph and d denotes
its maximal expected degree d = maxnp;;, d > 5 and let v > 1. Then for any n large
ij

enough with probability at least
1—6-(10ne )" (5.7)
there exists a symmetric permutation 7(A) of the graph adjacency matrix A with the fol-

lowing structure:

(a) A top left s x s submatrix of Ay C w(A) has no more than 40r ones in each column
above its main diagonal (and, from symmetry, as well in every row to the left from

main diagonal), and s < 10ne~4;

(b) All the rows and columns of 1(A) \ Ao have at most 12d ones. In particular, the matrix

m(A) concentrates on the complement of Ay, namely,

Im(A)\ Ay — EA|| < Cr/?Vd.

Remark 5.4. In the proof of Theorem 5.3 obtain the following probability estimate for the
good event:
1 — 3max{(10ne™%) ™", exp(—ne~?/4)}.

As it is shown in the end of Section 5.2.4 (proof of Theorem 5.3), the polynomial term
dominates if we can take any
n > 27rked. (5.8)

Note that inequality (5.8) is always satisfied for n large enough, given that d < logn.
Indeed, this implies 277%e? < €'°8™ = n. And for d > log n regularization is not needed,

since, as we mentioned above,
|A —EA| = O(Vd) as long as d = Q(log n).
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Algorithm 1: Adjacency Matrix Decomposition

Input: A - symmetric n x n matrix with a;; € {0,1},d,r

Output: 7(A) with the structure described in Theorem 5.3 and Figure 1

1. Find {11, ..., i, } — all the rows of A with more than 12d ones;
make a swap {i1,...,7% } < {1,..., &}

2. Find {41, ..., } — all non-empty columns inside the block {1,...,&} x [n];
make a swap {j1,...,Je} < {&+ 1.6+ &}

-----

3. Set A" .= Ao, k=1.
4. While [A’ is not empty and k < |log,(10ne~?)|] repeat

4a. Find {iy, ..., i, } — all the rows of A’ with more than 40r ones;
make a swap {i1,...,0n, } < {1,...,m}

4b. A = {1,...,777,1} X {1,...,m1},
k:=k+1

Table 5.1: Regularization algorithm

Finally, note that in the most interesting case when d is a large constant independent from
n (A is very sparse and yet the size of Ay is a very small fraction of n), ng := 5r2e? is a

constant and it is enough to take n > ny.

10ne=4
Apo

A\ Ay

Figure 5.1: The adjacency matrix structure: short rows in Agz, short columns in Agj, concentration on the rest

Remark 5.5. A crucial feature of this theorem is that a symmetric permutation 7(A) with
the claimed structure can be obtained in a constructive way for any sample graph G (n, (p;;)),
see Adjacency Matrix decomposition Algorithm below. If A is an adjacency matrix of
a sample graph G taken form the probability model G(n, (p;;)) with d being its maxi-
mal expected degree, then Theorem 5.3 justifies that the algorithm works with probability
1 —O((ne=4)=7).
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Remark 5.6 (Graph interpretation). To conclude the first section, let us discuss what the
result of Theorem 5.3 means in terms of vertices and edges of the sample graph G = (V, E).
Assume that GG was taken from the inhomogeneous Erdés-Rényi model and d is its maximal
expected degree.

Theorem 5.3 claims that with high probability G = (V, E') can be decomposed into two
subgraphs G; = (V1, Ey) and G5 = (V3, E») in the following way.

Set of edges is decomposed into two non-intersecting subsets &/ = F; Ll E5. Here,
E; is a subset of the edges defined by A, being symmetric sub-matrix of the adjacency
matrix of the graph (note that symmetric permutations of an adjacency matrix correspond
to enumerations of the graph vertices, i.e. they do not change the graph itself). We define

sets of vertices in a natural way:
V1 = {all ends of the edges in E} },

V, = {all ends of the edges in F,}.

The subgraph G» = (V5, E») has all the vertices of degree at most 8d, and its adjacency
matrix satisfies concentration property (5.5). And the subgraph G; = (V1, Ey) is

e small: it has at most 10ne~¢ vertices, all in 1-neighborhood of “heavy” vertices, that

is the vertices of G with the degree more than 12d,

* its edges can be directed without cycles, such that every vertex in G; will have at

most 40r outcoming edges.

Indeed, Theorem 5.3 provides us with the ordering of vertices of GGy such that if we
direct the edges F; according to this order, from smaller to larger index, every vertex will
have at most 40r outcoming edges. It is enough to note that the collection of ways to direct
the edges with respect to some enumeration coincides with the collection of ways to do it

cycle free (see, for example, [Koz12]).

5.2.3 Prior work on random graphs regularization

Originally, it was proved in [FOO05], that given a random symmetric Bernoulli matrix, ze-
roing out all its rows and columns with more than O(d) non-zero elements brings the norm
of the matrix to the order O(v/d). Here, d is expected number of the non-zero elements
in each row. In terms of random graphs, this means to delete all the edges adjacent to the

high-degree vertices. However, if high-degree vertices are exactly the “important” vertices
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of the graph, cutting all the edges adjacent to them might change the structure of the graph
too much.

The following more delicate regularization theorem was proved in [LLV 17]:

Theorem 5.7 (Le-Levina-Vershynin). Consider a random graph from the inhomogeneous
Erdds-Rényi model G(n, (p;;)), and let d = max;; np;;. For any r > 1, the following holds
with probability at least 1 —n~". Consider any subset consisting of at most 10n/d vertices,
and reduce the weights of the edges incident to those vertices in an arbitrary way. Let d’
be the maximal degree of the resulting graph. Then the adjacency matrix A’ of the new

(weighted) graph satisfies
|A' = EA|| < Or¥2(Vd + V).

Regularization procedure proposed by Theorem 5.7 is simple and flexible. Comparing
to the regularization we propose in Theorem 5.3, the disadvantage of our approach is that
we zero out a fraction of the entries, whereas Theorem 5.7 allows an arbitrary reweighing
of the matrix entries. However, Theorem 5.3 shows that we can localize all the required
changes to a small subgraph (which was not directly guaranteed by Theorem 5.7). Addi-

tional advantage of our result is the description of the “bad” submatrix Ay.

The idea of our work was inspired by the following decomposition theorem, used for
the proof of Theorem 5.7 ([Theorem 2.6, [LLV17]]):

Lemma 5.8 (Adjacency Matrix Decomposition-1). Consider a random directed graph from

taken the inhomogeneous Erdds-Rényi model, and let d = maxnp;;. For any r > 1, with
ij

probability 1 —3n~", we can decompose the set of edges [n] x [n] into three classes N, R, C

so that the following properties are satisfied for the adjacency matrix A:

(A—EA)N| < Cr32/d.

1. The graph concentrates on N, namely,
2. Each row of Ag and each column of Ac has at most 32r ones.

Moreover, all elements of R are within at most n/d columns of A, and all elements of C

are within at most n/d rows of A.

In [LLV17] this theorem was used to identify the heaviest rows and columns of A (and
then bound norms of Ar. Ac and Ap in the different ways). However, this result is
of independent interest, as it describes the structure of a random graph, in particular, of
its part containing the high-degree vertices. The disadvantage of Lemma 5.8 is that the

decomposition was obtained in a completely non-constructive way: it finds a block N’
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such that the norm |[(A — EA)n/||o—s2 concentrates, and then uses Grothendieck-Pietsch
factorization (see [Pie78, LT13] or [LLLLV17] for discussion) to conclude that the operator
norm concentrates on a large sub-matrices of NV'. The Grothendieck-Pietsch step makes it

impossible to actually find classes N, R and C' for any given sample matrix.

Our proof uses the known regularization result (Theorem 5.7) to improve the descrip-
tion of the set of heavy vertices. The observation playing a crucial role in this improvement
is quite obvious by itself: with the high probability the quantity of heavy vertices of G
is much smaller than n/d used in Theorem 5.7. The main step of the construction (an

inductive decomposition procedure) is similar to the one used for the proof of Lemma 5.8.

Before we proceed to the proof, let us state an almost immediate corollary of the The-
orem 5.7 (effectively a version of the Theorem 5.7 that is convenient for us for the later

use):

Corollary 5.9. Let G = G(n, (pi;)) be an inhomogeneous Erdds-Rényi model and d =
max;; np;j. Then for any r,d > 1 with the probability at least 1 — 2n~" the following
holds. Let us consider all the vertices of the graph with degrees larger than 12d and reduce
the weights of their vertices in arbitrary way such that all degrees become bounded by 12d,

then the adjacency matrix A’ of a new graph concentrates:
|A" — EA|| < Cr*/?Vd.

To derive this corollary from Theorem 5.7 it is easy to check that there are at most
n/d rows having too many (more than 12d) non-zero elements with probability at least
1 —n~". We will use only a simple version of Corollary 5.9, when the reduction of weights

is performed by deletion of all edges adjacent to vertices with degrees more than O(d).

5.2.4 Proof of the Theorem 5.3

The proof of Theorem 5.3 is constructive: it follows the steps of the Adjacency Matrix
Decomposition algorithm (Table 5.1). First, we will prove three lemmas, estimating ““prob-
ability losses™ at Step 1, Step 2 and at one iteration of the Step 4 (see also Figure 2), and
then combine their results in the end of the section.

Lemma 5.10 shows that the number of high-degree vertices in G = G(n, p;;) is at most
O(ne~¢/d) with high probability (compare with n/d > ne~?/d that was used in [LLV 17]):
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Lemma 5.10. Let A be an adjacency matrix of the graph G(n, p;j) with the maximal ex-
pected degree d (i.e. d = maxnp;;), assume that d > 5. Then with the probability

1 —2exp(—ne™?)

the number of the rows of A with more than 12d non-zero elements is at most ne~?/d.

Proof. By definition, A is a symmetric matrix such that all its entries below main diago-

nal are independent Bernoulli random variables. Then if we define A; := (a;;);;—; and

~ 0, if1 < j;
aij = )
a;j, otherwise;
and
- 0, if 1 > 7;
aij =

a;j, otherwise;

then both A; and A, have independent entries and expected number of ones in any row of
Ajq or Ay is at most d, as
Zpijn < maxp;; -n = d.
- J
J

Hence, by Chernoff’s inequality,

P{ a row of A; has more than 6d ones } < (%) <e M

Let y; be a set of rows of A; with more than 6d ones, x; C {1,...,n}. Then
E{|x1]} = ]EZ T{ithrowisiny } = 1 - P{i-throwisin y } < ne 44,
i=1
Again, by Chernoff’s inequality,

ne

—d
P{al > b < < exp(—ne™).

2ende™ 1, pe—d 24
——)

ne—
Similarly, if 5 is a subset of rows A, containing more than 6d ones, then

ne’d

< —ne~ ).
5 } < exp(—ne )

P{lx2| >

Hence, with probability 1 — 2 exp(—ne~?) all but ne~¢/d rows of A = A; + A, contain at
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most 12d ones. O

As the conclusion of this lemma and Corollary 5.9, we expect to have concentration on
n(l — e ?/d) x n(1 — e~?/d) sub-matrix A’. The next lemma shows that A \ A’is very
sparse (regardless of the fact that it contains the heaviest rows and columns).

Lemma 5.11. Let A be an adjacency matrix of the graph G(n, p;;) with the maximal ex-
pected degree d = maxnp;;. Let d > 5 and m = ne~?/d. Then with the probability

1 — exp(—ne~%/4)

the following holds for all mxn blocks of A. If B = I x[n] is any such block (I C {1,...,n},

|I| = m), then its m x (n — m) part B\ (I x I) has at most 9ne~¢ non-empty columns.

Proof. Consider one m x n block B = I x [n] C A. Let B = B\ (I x I), then B has
independent entries and expected number of ones in every column of B is at most e=¢ < 1.

Hence, by Chernoff’s inequality,
IP{ a column in the block is non-empty} < % < el
e

Let x5 be a set of non-empty columns in B, xg C {1,...,n} \ I (by definition of B all

the columns in [ are empty). Then

E{|xgl} =n -P{i-throwisin yz } <n-e'

Again, by Chernoft’s inequality and taking a union bound over all m x n blocks in A,

PP{ there exists a m x n block A’ with |x 4| > 9ne %}

n
< -P N >9 —d
< () Blbal > 9ne

n-ed ne=%/d 62 9ne
< R
() (5)
d+1 Ind

< exp [ned <T + v + 18 —91n9)]

< exp(—ne ?/4),

—d

for all d > 5. Lemma 5.11 is proved.
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The next lemma uses the same technique as Lemmas 5.10 and 5.11. It is needed for the
inductive decomposition of the non-empty part of heavy columns into two parts (the one
with light rows and the one with light columns, see also Figure 3 below). It shows that with
high probability any small square sub-block of A has constant number of ones in half of its

columns.

Lemma 5.12. Let A be an adjacency matrix of the graph G(n, p;j) with the maximal ex-
pected degree d = maxnp;;, assume that d > 5. Let k € Z. and we consider square
sub-matrices of the size 2my, X 2my, where my, = LlOne‘dQ_kJ. Let r > 1. Then with the
probability

1 —2-exp(—401In2 - nrke?27%)

all 2my, X 2my, blocks of A have no more than my, columns with at least 40r non-zero

elements.

Proof. First, let us decompose A into the sum of two matrices (upper and lower triangular)
with independent entries, as we did in Lemma 5.10, A = A;+ As. Let us fix one 2my, x 2m,
block A’ and estimate the expected number of heavy columns (i.e. containing at least 40r
non-zero elements) in A’ N A; and in A’ N A, separately.

Consider a fixed 2m;, x 2my, sub-matrix. In both cases, the expected number of ones

—d2—k

in one column is at most 2myp < 20de and probability that some column contains

more than 207 ones is bounded by Chernoff’s inequality by

(e - 20de 427k

20r
< d20'r6(1—d)20r2—20k'r
20r - '

Let x 4, be the set of columns in A’ N A; with more than 207 ones, x4, C {1,...,2my}.
Then
E{lxa|} < 20ne~197F . J20r o(1=d)20ro—20kr

By Chernoff’s inequality again,
P{|XA’1| > my/2} < 1-(de - 6(1fd)QOr2720krd207’)5n6_d2_k.

Clearly, the same estimate holds for the heavy rows of A’N As,, so, if x 4/ be a set of columns

in A’ with more than 407 ones, then

]P){‘XA/‘ = mk} < 2(46 . e(l—d)20r2—201~<:rdQOr)5715*‘12*’C
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Now, taking a union bound over all 2m;, x 2my, blocks in A,

PP{ there exists a 2my, x 2my, block A’ with |x 4| > 10ne 927%}

2

n
< Pl ar| > 10ne %27k
_(ka) {Ixa| > 10ne"27)

5ne—d2—k
<9 ( n-e )8 e . p(1=d)20r9—20kr j20r
- 20ne—42-k
4 5ne—d2—k
k(8—16r) o—4kr *€ (1+d)8+(1—d)20r 720r
§2[2< 2o ge )8+( d } (5.9)
We will use that
—4k;r£€(1+d)8+(1—d)20rd20r <1
208 -
forany £ > 1,7 > 1 and d > 5. Indeed, % < 1 and to check
exp(—41In2kr + 8d + 20r — 20dr 4+ 20rInd) <1
it is enough to show that
8d + 18r — 20dr + 20rInd < 0 (5.10)

for r and d as considered (since —4 In 2kr < —2r for k£ > 1). Finally, (5.10) is satisfied, as
ford > 5

8d + 18r — 20dr + 20rlnd < 8d + 18r — 20r(d — d/3))
= 8d + 18r — 40/3dr
< (8 — 40/3)dr + 18r
< (18 — 16/3d)r < 0, (5.11)

as the product of a negative and a positive numbers.

Hence,

ne*d —k
M < exp[—401In 2rkne*27%].

(59) S 2 [2]{:(8—167‘)}
This concludes the proof of Lemma 5.12. 0

Now we are ready to combine all probability estimates obtained to prove that Adjacency

Matrix Decomposition algorithm achieves the claimed results, i.e. to prove Theorem 5.3.

Proof of Theorem 5.3. First, let us find all the rows of A with more than 12d ones and
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perform a symmetric swap, placing then on the top of the matrix. Let {1,...,&} be
their new indices. Then, consider columns of A that are non-empty within the block
{1,...,&} x{& + 1,...,n}. Let us place them into positions {&; + 1,...,&} by an-
other symmetric swap. We define Ag :={1,...,&} x {1,..., &}

n
ne~4/d| ne~?/d
e~ |
0
Step 1: heavy rows/columns are dashed Step 2: Ag is dashed
Figure 5.2: Construction of Ag
So, all the rows and columns with the indices {&; + 1, ...,n} contain at most 10d ones

by construction, and this property will be preserved as all further symmetric permutations
will happen within rows and columns with the indices in {1,...,&}. Hence, by Corol-

lary 5.9 we will have the concentration outside Ag:
P{||7(A)\ Ay — EA|| > Cr*/?Vd} < 207", (5.12)

so, condition (b) of Theorem 5.3 is satisfied.
Also note that with high probability the size of A is at most m xm, where m = 10ne~%.

Indeed, consider exceptional events
E =& >ne tdy, & = {& — & > 9Ine ).
By Lemmas 5.10 and 5.11
P(&)) < 2exp(—ne~?), Pg (&) < exp(—ne~/4),

and
P(& > 10n6_d) = P(gl U gg) < 3exp(—n6_d/4). (5.13)

To conclude the proof of Theorem 5.3 we just need to permute the rows and columns
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of Ay to satisfy the structure condition (a). We proceed with the algorithm: set A" := A,

find all the columns in A’ with more than 407 ones, make a symmetric swap assigning them

indices {1,...,m} (for some m; < m). Then note that due to the symmetry of A’, the

restriction A"\ ({1,...,my} x {1,...,my}) already satisfies the structure condition (a).

So we redefine A’ to be just the exceptional minor, A" := {1,...,m} x {1,...,my} and

repeat with the new A’ (see Figure 3 below).

Step 1 + symmetry

Inductive steps

Figure 5.3: Inductive decomposition Ag. Dotted lines — “light” rows or columns

By definition, the algorithm makes at most & = |log,(10ne~?)] steps and, clearly, in
the end condition (a) is satisfied for the matrix Ay \ A’. So, we just need to show that with

high probability A’ will be empty after k steps.

To estimate this probability, note that if the size of the matrix A’ decreases at least twice

at every step, then on the complement of £ U &, we have as required: A’ = 0 after k steps.

Let us introduce several notations:

/. / . .
Aj = A’ after j steps of the algorithm.

So, we obtain a m; x m; matrix A’ for j = 1,..., k. Let £; be the j-th exceptional event:

&; := { there are m;/2 columns with more that 40r ones in A4; }.

Then we need to bound P(€) = IP’(U?:O &;). Note that on ()/_, &f the size of A; is bounded
above m; < 10ne %277, So, by Lemma 5.12,

j—1

P& N ﬂ EF) < 2exp(—40In2 - nrje 277).

=1
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Therefore, we can estimate the probability of the exceptional event

k k 7—1
e=J&=U (@mﬂé‘f)
j=1 i=1

J=1

using the union bound:
k
PE) <2 Z exp(—401n2 - rjne ?279).
j=1

Then, let us upper bound every member of the sum by the maximal one, which is the one
with j = k, since j-277 is a decreasing function for j € Z,. Recall thatk = |log,(10ne~%)].
So,

P(E) < 2log,(10ne™%)- exp(—401n2 - rne " log,(10ne™%)(10ne~") ™)
< 2log,(10ne™?) - exp(—41n2 - rlog,(10ne™?))
log,(10ne=9)
(10ne—9)?r
2

s (10ne=d)r” G194

So, by (5.12), (5.13) and (5.14) we will get to an adjacency matrix satisfying both
conditions (a) and (b) after |log(10ne~?)] steps of the Algorithm 1 with the probability at

least
1—2n"" —3exp(—ne %/4) — 2(10ne™4) ™" > 1 — 6 max{(10ne )", exp(—ne */4)}.

The polynomial term dominates as long as n is large enough, in particular, n > 27r2%e?.
This follows from the fact that

(10m)" < exp(m/4) (5.15)

when m = 2772, and that the right hand side grows faster with m for m > 27r2. To check
(5.15), let us note that x > 8Inz for > 27. Asr > 1, we have that 81In(27r) < 27r,
thus, 87 In(v/2707) < 27r2. Finally, this implies

2 2
rin10-27r2 < 74T ,

which is exactly (5.15) with m = 27r2. This concludes the proof of Theorem 5.3. [
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5.3 General matrices with exactly two finite moments

Now, suppose that we have a general matrix with the entries having zero mean and finite
second moment (no specific distribution assumptions, or extra moments assumptions are
made). Theorem 4.1 does not provide an answer how to find the small submatrix to be
deleted — it is rather an existential result. So, what can we do to regularize the norm?

As it was already mentioned in the end of Section 4.4, it is easy to show that deletion

of the large entries regularizes the norm to the order \/n - Inn. Indeed,

Lemma 5.13. Consider an n X n random matrix A with i.i.d. entries that have zero mean
and unit variance, and let ¢ € (0, 1]. Then, for any ¢ > 1, with probability at least 1—4nt~¢,
one can replace with zeros an en x en submatrix of A containing all elements A;; such that
|A;;] > % to get a matrix A with the norm

Ji

. n
|Al] < 10c¢~——= - Inn.
NG

Proof. By Lemma 4.21, with probability 1 — exp(—en), all but en entries of the matrix A
are large such that |A4;;| < % Let us zero out an en X en submatrix containing all these
large entries. Let A be the resulting matrix.

Exactly in the same way as we have checked in the proof Theorem 4.1 in Section 4.2.4,
|IEA|| < v/n and by triangle inequality

|A| < ||B|| + |[EA||, where B:=A-EA.

The matrix B has zero mean elements such that |B;;| < 1%5 and EB}; < 1 (also like in
the proof of Theorem 4.1). Note that

_ ij
B = E EY,
i7j
where E% are an n X n matrices with one non-zero element each:

EY = <€kjl>k,l:1 = )
0, otherwise.

Let us apply matrix Bernstein concentration inequality (Corollary 2.9) to the >, ; E'. For
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r > 1 (to be specified below), take ¢ = ry/n Inn, then

1,3
where K = max||E¥| and o® = max ( HZU BB (E)T ] , ‘ >, E(B9)T B D
We have 02 < n as the elements of the matrices EEY(E“)T and E(EY)TEY are

EB? € [0,1]. Also, K = || E¥|| < 14, thus

r?nln’n
302+ 2Kry/nlnn)’

> T\/ﬁlnn} < 4nexp (—

P{||B|| > rv/nInn} < 4nexp(—£lnn).

10
Taking r = 10ce~'/2, we obtain
P<|Bl > 100\/—% Inn p <4n'"c
\/E
This concludes the proof of Lemma 5.13. [

We can also relax extra In n to extra v/In In n if we adopt more complex (but still local

and constructive) regularization procedure.

Theorem 5.14 (Constructive regularization). Suppose A is a random nxn matrix with i.i.d.
symmetric entries A;; such that ]EA% = 1. Let us denote 2~*-quantiles of the distribution
of |Aij| as

qr = inf{t : P{|Ay| >t} < 27F}. (5.16)

Let £ € (0,1/2) and A be the original matrix A after deletion of
* elements A;; such that |A;;| > qi,
s rows and columns of A that contain more than (c.2~*n) elements such that

Q1 < |Aij| < qi. for some k < ky

25n
€

where ki = [log, 22|, c. = 50/e. Then with probability 1 — 9n™° the regularization

described above is local (changes at most 2en rows 2en columns), and
|A|| < CecVn - Inlnn.

Here C' > 0 is an absolute constant.

Theorem 5.14 will be proved in the next Section 5.3.1, followed by the discussion of

the Theorem 5.14 conditions and potential improvements in the Section 5.3.2.
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5.3.1 Proof of Theorem 5.14

General idea of our proof is the following. First, with high probability the regularization
procedure described does not change the entries A;; with |4;;| < \/m ~ @, (Propo-
sition 5.15). So, the matrix S = A - 14)4,;<qy,} has independent bounded entries and its
norm is O(y/n). This is shown in Lemma 5.16 (with a simple application of Theorem 5.2).

Because we also zero out the large entries such that |A;;| > g,, we are left to bound
M = A Ltqy, <14s;1<qx, }- For this part we use the proof strategy of Feige and Ofek (made for
Aij| € (r-1, qx]
are bounded by the entries of gx-scaled Bernoulli matrices. We bound the norm of each of

Bernoulli random matrices, see [FO05, CRV15]). Entries at every “level”

these Bernoulli matrices separately. Extra v/InInn factor appears when we sum up InInn
levels.

We will need several auxiliary results for the proof of Theorem 5.14. The first one
checks that the regularization is likely to be local, and also does not change the entries in

A that are small enough:

Proposition 5.15. Let ¢ € (0,1/2). Suppose A is a random n x n matrix with i.i.d. entries
A;j such that EA;; = 0, ]EA?j = 1. Let q;, be the quantiles of the distribution of A;; defined
by (5.16) and

row col

er =17 Ayl € (-1, ] and e =[] : |Aji] € (@1, ]
be the number of entries on the level k in i-th row or column of A. Then, let

RhKeavy = H@ : 3k € K, such that ¢[° > c. -27"n}

Ty = |{i : 3k € K, such that e > c. - 27 n}|

denote the number of “heavy” rows and columns on the levels k € K. Let ky = [log, 22%]

and ko = |log, 82| for some ¢; < 1/12. With probability at least 1 — 6n~1°,

n

e RE ~<en, TE,  ~<en for K={ky+1,... k},

heavy heavy
. RhKeaUy =0, T,f;wy =0 for K ={1,... ko},

* Ay Ayl > qu| < en.

Proof. Fixarowiandalevel k € {ko+1,...,k;}. By Chernoff’s inequality (Lemma 2.10),

cEQ’kn
e
P{e?” > c. - 27 n} < (—) :

Ce
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Taking union bound over k = k, ..., k1,

k1 CEQ_kTL
P{3k € {ko+ 1, .k} e > cc- 27} < (E)

k=ko+1

e ce2 k1n e ceen/50n e e
<92. (£ <92.(£ <9.8 ¢
- (05> - <05> - 50 4’

if we take c. = 50/e (we used that geometric series in k can be it estimates by its largest

term). Then,

ne

E|{i: 3k € {ko+1,...,k}, suchthate;?” > c.-27"n}| < 1

Finally, by Chernoff’s inequality, for K = {ko + 1,...,k1},

P{|RE ...| > ne} < (e/4)" < exp(—ne/2).

heavy

Clearly the same estimate is true for the heavy columns.

Now, for K = {0, ..., ko} we can repeat almost the same argument:

ko ce27kn
P{3k € {0,... . ko} : e > .- 27} < Y (£>
c
k=0

()

e c27on e\ 50Inn/cie
<2.(2 <2-(5) <p M
Ce 50

for n large enough.
E|{i:3k € {0,...,ko}, suchthat e[ > c. - 2 *n}| < n~1°

then, for K = {0, ..., ko},

P{|Rpcquy| =1} < en™"

Clearly the same estimate is true for the heavy columns. Finally, with probability at least
1 —2en* —2exp(—ne/2) > 1 —6n"1°

all four good events hold.
Then, note that P{|A;;| > g, } = 27" < ;Z-. Then exactly the same argument as

in Lemma 4.21 (the part of proof of Theorem 4.1 for very large entries) implies that with
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probability at least 1 — e™*" matrix A3 contains at most en non-zero entries.
]

The following lemma checks that the matrix A restricted to the small enough entries

has a norm of order \/n:

Lemma 5.16. Suppose A is a random n X n matrix with symmetric i.i.d. entries A;; such
that ]EAZZJ- = 1. Let g, be 27 "-quantiles of the distribution of | A;;| defined by (5.16). Let S
contains the entries of A that satisfy |A;;| < qi,, where kg := |log,

cn
Inn

constant c¢; small enough. Then with probability at least 1 — n~=? we have

| with some positive

S]] < 8v/n.

Proof. Note that

Inn con
{l J‘>q[€0} = en = {‘ j|> lnn}’

50, all the elements in S are such that |A;;| < gy, < /c1n/Inn. Then the norm of S can
be estimated by Bandeira-van Handel Theorem 5.2, exactly in the same way it was done in
the proof of Theorem 5.1 (with K := \/% ).

The application of Theorem 5.2 with ¢t = /n gives

P{l A1l > 8V} < nexp(—y—lnn) <m0 =n”,

if we take any ¢; < ¢/40 (c here is a constant defined by Theorem 5.2). 0

To bound the norm of the rest, we will use several known results for Bernoulli random
matrices. The following two lemmas are the versions of [Lemma 22, [CRV 15]], in modi-
fication from the proof of [Lemma 12, [CRV15]], and [Lemma 22, [CRV 15]]. Originally
they were proved in [FOO05] for symmetric Bernoulli matrices — adjacency matrices of the

random graphs — but their proofs follow without modifications for the non-symmetric case.

Lemma 5.17. Let B be a n x n Bernoulli 0-1 matrix with P{B;; = 1} = p. Let B be
the matrix obtained from B by zeroing out some rows and columns of B, such that B has
at most Conp positive entries in every row and column. Let e(S,T) := 3, g icr By; (ie.
number of non-zero elements in the submatrix spanned by S x T).

Then with probability at least 1 — n~'° for any S, T C [n] one the following holds:

(A) e(5,T) < G1[S|T

p, or
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(B) e(S.T) log (#5022} < ColTog ()

where C' and Cy are constants independent from S, T and n. Moreover, Cs is independent
from Cy and Cy = Cy - e.

The second lemma is a deterministic statement. It shows that bounded rows and columns,
and one of the two tail conditions (A) or (B) are enough to bound the quadratic form (Bu, v)

for all unit vectors « and v:

Lemma 5.18. Let B be an n X n matrix with 0-1 elements and p > 0, such that every its
row and column contains at most Csnp ones and for any S, T C [n] either condition (A) or
(B) (from Lemma 5.17) holds . Then for any u,v € S"!

E Bijluvj| < Cs1s4/np,
i,J:|ujvi|>~/p/M

where Cs 13 = C(Cy, C1, Co, C3). In particular, Cs 15 < 8e - Cy,.

The next lemma is a version of [Claim 2.7, [FOO5]]. Original claim bounds a con-

tribution of the “light couples” to the quadratic form Zije 1 Mijuv;, where M;; were
Bernoulli random variables, u = (u;)i-, and v = (v;)}_,; were some fixed unit vectors,
and L := {i,j € [n] : |u;vj] < 1/y/n}. In our version M;; are no longer Bernoulli, so the
definition of the “light couples” would depend on the absolute values |M/;;].

The possibility of additional conditioning on an index subset () will be explored later
when we apply Lemma 5.19 to the regularized matrix (with some rows and columns

deleted).

Lemma 5.19. Consider an n X n random matrix M with independent symmetric entries
and EM; < 1. Consider two vectors u = (u;)j—, and v = (v;)7_, such that u,v € S*".
Denote the event MZ-ght = {|M;;]|uv;| < \/2/n} and QQ C [n] x [n] is an index subset.
Then for any constant C' > 2

| Z uiMij]l{(Z"j)eQ}]lMZghtUj| < Cyn

]
with probability at least 1 — 2 exp(—Cn/2).

Proof. Let R;; := M;j1; el Atiaht. Note that R;; are centered due to the symmetric

distribution of M;;, and they are independent as M;; are. So we can apply Bernstein’s
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inequality for bounded distributions (Lemma 2.7) to bound the sum:
P{> wRijuv;| >t} <2 £/2
uRjjv;| >t <2exp | ————F—7 |,
i P\ 2 Kt/3

where
K = max |uiRijUj| S 2/n and O'2 = ZE(uiRijvj)Z.
17] ..
ij

Note that ER?; < EM

7. as R, < M7 almost surely, and EM7; < 1. So,

2 2 p2 2 2,2
0" = Z%ERM%’ < Zuivj =1,
] 4,3
as ), ui =y, vi = 1. So, taking t = C'y/n, we obtain

P{| Z u,‘MZ‘j]l{(i’j)eQ}]lMZghtUj| Z C\/ﬁ} S 26Xp(—CTL/2)
(i.9)

for any C' > 2. This concludes the statement of the lemma. O]

Finally, we will use the following simple lemma about the rate of growth about of the

27"-quantiles of | A;;|.

Lemma 5.20. For every “level” k =0, ..., k| we have
g < 20172 (5.17)

Proof. Indeed, we can trivially estimate

ki1+1
2 2
AL =Y G Ay el
k=1
Hence, due to the moment condition EA%J- =1,
k:l—i-l

k1
L=FA; > ) g 27" =) g2
k=1 k=0

Multiplying each side by to, we have an estimate for the sum
k1
d g2t <2 (5.18)
k=0
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As all the term are non-negative, for any £ = 0, ..., k; we have

This proves Lemma 5.20. O

Now we are ready to combine these results to prove the key part of Theorem 5.14: the

bound for the norm M = A - Ligp, <14 <a, }+

Proposition 5.21. Suppose A is a random n x n matrix with i.i.d. symmetric entries A;;
with EA% = 1. Let g be 2 %-quantiles defined by (5.16) and let A be its regularized
version after we deleted rows and columns that contain more than (c.27%n) elements such
that qu—1 < |Ayj| < qi for some k € {ko +1,... ki}. Here c. = 50/¢, ko := [log, {* |
(for ¢, defined in Lemma 5.16) and ky = [log, *2*]. Let

M= A 14, ety an )

Then with probability at least 1 — 2n=° we have
|M|| < C.vVnInlnn.

Here, Ce = C' - c. where C is an absolute constant.

Proof. Step 1. Net approximation.

Let N be a 1/2-net on S™! with cardinality || < 5" (the existence of such net is a
standard fact that can be found, e.g. in [Ver16]). We will use a simple net approximation
of the norm (see, e.g. [Lemma 4.4.1, [Ver16]]), namely,

|27 < 4 max (M, v) = 4 max | > 7 Miuivj].
ij
We will split the sum into two parts and bound each of them separately (this part is a variant
of Feige and Ofek argument, presented in [FOO05, CRV15]), based on the absolute value of
the element. Let M := A - 1y, e (qy.00, 1}
For any fixed u,v € N and every i, j € [n] we can define an event

MU = (| M| |uiv;| > /2/n}.
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Then,

g}gj@l Z Mijuivj]

< max ‘ Z Mlj thht -+ ]I(Mluht )u U]‘

u,veN

u,veN

< max E M1 ht UV +max E Agliohtye UiV |-
_u,ve/\f‘ ‘ UMY J’ | Myt ]|
l

Step 2. Light members.
By Lemma 5.19, for any fixed v,v € S"! and a fixed subset of indices () (assuming

that ()¢ is a set of rows and columns to delete),

\Zuz iapeay Lyt vs] > 12v/n (5.19)

with probability at most 2 exp(—6n). Now, taking union bound over 5" choices for u, as

many choices for v, and 227 choices for the row and column subset ¢, we obtain that

P{| Zul i leghfv]| < 12v/n} > 1—2exp(—n). (5.20)

Step 3. Other members.

The second term can be roughly bounded by the sum of absolute values:

| Z Mij]l(Mng)cuivﬂ
ij
S Z \Mij]]l(Mng)Juivﬂ

ij

k1
S Z< Z q’“]l{lMuIE(qk_l,qk]})]lﬂMij|\uivj\z,/2/n}|“i”j|

i k=ko+1

= 1 we also have that | il < qx. Indeed, |M;;| > gy
ij| ¢ (qx_1,qr]- So, the last

Note that as long as ]l{|M”|e(qk Laklt =

implies either |M;;| > g or |M

expression is bounded above by

k1
Z Z Qk]l{|]\7[ij|€(%—17%]}]l{qk\uiva\ /2/n} |Uﬂ)j|

ij k=ko+1
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Using Lemma 5.20, we can further estimate

1{Qk|uiv,j|2\/ 2/n} = ]1{2“““)/2luw]-|2\/ 2/n} ]1{‘Uivj|2\/ 2=k /n}"
As a result, we got

k1
ij

k=ko+1 ij:|u¢vj|2‘/2*k/"

Step 4. Bernoulli matrices. For each “level” k = kg + 1, ..., ky let us define a matrix

B* = (BE) 21 = L, le(qnoranl)

It has independent Bernoulli entries with IEJB’I€ = 27%, Note that the matrix

]

k . -
B = (BY)is=1 = Lty letae 1.0l
is obtained from B by zeroing out some rows and columns, such that new maximal degree is
at most c.n2~*. So, we can apply Lemma 5.17 to B, to conclude that one of the conditions
on the number of ones in sub-blocks (A) or (B) holds with probability at least n~1°.
So, with probability at least 1 — n~'°|k; — ko| we can apply Lemma 5.18 to every B,

with k = ko + 1,..., k;. Which means that by Lemma 5.18,

Z BZ’Uﬂ)]‘ < 05.18 V 2-Fkn for every k= ]{IO -+ 1, ey kl- (522)
ij:|usv;|>vV2=k/m

Step 5. Conclusion. Note that the number of terms in the sum
25m
|k — ko| < log2 — —log, 1— +2 < 2log,Inn (5.23)

for all large enough n.
So, we can combine the estimates (5.21) and (5.22) to claim that with probability at
least 1 — 2n log,Inn > 1 —n="?

k1
E ij (Mlzght UZU]| < 05 18 E qrV 2= k?’L
k=ko

To estimate right hand side, recall that C'5 15 < 8ec.. Also, by Cauchy-Schwarz, (5.18) and
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the number of terms estimate (5.23), we have that

k1 k1 k1
Soav2 < |3 geh | S 1< 4vinlnn,

k=ko k=ko k=ko

Finally, combining this with the estimate for the light part (5.20), we get
|M|| < 12v/n +4C515Vn-Inlnn < c.vVn - Inlnn

with probability at least 1 — 2¢™ — n=? > 1 — 2n~? for all n large enough.
[

Proof of Theorem 5.14. Decompose A into a sum of three n X n matrices with disjoint
support,
A=S+ M+ L,

where S contains the entries of A that satisfy |A;;| < gy,, the matrix M contains the entries
for which g, < |Aij| < q,. and L contains large entries — those satisfying |A;;| > gy,.
Here, qi, and ¢z, are quantiles of the distribution of A;;, defined by (5.16), and k¢ :=
[log, £ | (with a small constant ¢; defined in the Lemma 5.16), k; = [log, 2%].

By Lemma 5.15, there is an event £ (with P{€} > 1 — 6n~'°), on which a) the regular-
ization procedure of Theorem 5.14 is local (changes at most en rows, en columns and en
entries of A) and b) .S does not have rows or columns that are too “heavy”.

Hence, when £ holds, the regularization does not touch the elements of S, deletes the
heavy rows and columns in M (let us call the resulting matrix M) and completely zeroes

out L, as all its non-zero entries are greater than g,. So,
A=S5S+ M,

Now we are going to estimate the norms of S and M separately. Elements of S are
independent (since they are obtained by independent individual truncations from the i.i.d.
elements A;;) and have zero mean (since A;; have symmetric distribution). So, we can

apply Lemma 5.16 to conclude that
P{|IS]| > 8v/n} <n~?.
Finally, the norm of A/ is estimated in Proposition 5.21. We proved that

P{||A;|| > CecVn-Inlnn} < 2n7°.
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Hence, we have that

|A|| < e.Vn-Inlnn

and the regularization process described in Theorem 5.14 is local with probability at least
1—-6n"1—n=—2n"%>1—9n° Theorem 5.14 is proved. O

5.3.2 Discussion of Theorem 5.14

Dependence on ¢

Theorem 5.14 shows that

|A]| < CeaVn - Inlnn.

with ¢. = 50/e. Thus, the dependence of the resulting matrix norm on the fraction of the
entries to be deleted is of order 1/e. This is worse than order Ine~!/,/¢ dependence (that
we obtained in Theorem 4.1), and, of course, 1/4/z (that we conjectured in Remark 4.2 as
optimal).

However, with a slightly more complex version the algorithm presented in Theorem 5.14
the norm can be locally regularized to the order c./log log n - n with

Namely, we could do the same rows and columns regularization as described in Theo-
rem 5.14 with ¢, ~ In(e7!), only up to the level g, with ks = [log, 1. For the entries A;;
such that | A;;| € (qk,, qx, ] we would need to do a separate regularization procedure, like the
one we used in Section 4.2.3. Considering the rows of A with more than ¢27%2n + 2Ine~*
elements such that g, < |A;;| < gx,, we can prove that with highh probability they do not
have more than O(en) such elements collectively. As in Lemma 4.17, deletion of all such
elements achieves the norm of order /nIn(e™')//c.

We will still have extra /In In n factor from the estimate for A;j such that |A;;| < gy,.
So, we decided to concentrate on simpler regularization algorithm in Theorem 5.14, as the

e-dependence loss is still negligible comparing with the extra v/In In n term.

Dependence on n

The main disadvantage of our result is, of course, that the resulting norm [|A|| > /n.
The reason for the extra n-dependent term is that in the proof we consider restrictions of A
to the discretization “levels” independently, and independently estimate their norms. The

second moment assumption gives us that Y ¢227% ~ 1. However, the best we can hope for
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a norm of one “level” (after proper regularization) is ¢V n2~* (since this is an expected
Lo-norm of a restricted row). Thus, we end up summing square roots of the converging
series, > g2 F/?

in our case).

, which can be as large as square root of the number of summands (InInn

Symmetry assumption

Another additional condition we have is symmetric distribution of the entries. We use
this to keep zero mean after various truncations by absolute value. A simple argument
that helped us before to claim that the mean cannot change too much in truncation (e.g.
in the proof of Theorems 4.1 and 5.1) does not work when the level of truncation is low
enough (like we have in Lemmas 5.16 or 5.19). The standard symmetrization techniques
also would not work since we combine the convex norm function with truncation (zeroing
out of some rows), which is not convex. But it is likely that some regularization procedure
(in flavor of the one we used in Theorem 3.11 and 4.13 for ||.||s—2) would work for the
Theorem 5.14.

Conjectured optimal regularization

Finally, what would be an ideal conjectured way to locally regularize the norm? Clearly,
we have to delete all the rows and columns with Lo-norm greater than /n. Is this enough?

A result by Seginer ([Seg00]) shows that in expectation the norm of the matrix with
i.i.d. elements is bounded by the largest norm of its row or column. However, note that
after cutting “heavy” rows and columns we lose independence of the entries in the resulting
matrix, so the result of Seginer cannot be directly applied.

It would be desirable to remove extra v/log log n term, and to simplify the regularization
procedure in the Theorem 5.14, proving something like the following

Conjecture 5.22. Consider an n x n random matrix A with i.i.d. mean zero variance one
elements. Let R;(A) and T;(A) denote the i-th row and column vector of the matrix A
respectively. Let A be the matrix that obtained from A by zeroing out all rows and columns
such that

IR A) I = CEIR(A) s ITH(A)lln = CEITi(A) | (5.24)

for some L,,-norm to be specified (e.g. m = 2).
Then with probability 1 — o(1) the operator norm satisfies | A|| < C'v/n.
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CHAPTER 6

Further directions

In the end of the Chapter 5 we discussed an open question regarding constructive regu-
larization of the norms of the square matrices with i.i.d. entries having exactly two finite
moments. In this chapter we would like to collect several more open questions related to
the work described in this thesis.

e Optimal moment assumptions. The key step of our proof of the heavy-tailed in-
vertibility theorem (Theorem 3.2 — construction of the universal covering) requires finite
second moment assumption. But it is an open question to identify an optimal moment con-
dition for the invertibility estimate (1.5) for square random matrices having i.i.d. elements.

For example, in the case of random rectangular matrices prior work [LLPRTJ05, RV(09]
was extended by K. Tikhomirov ([Tik16]) to the matrices with no assumptions on moments
at all. However, this argument works only for the matrices of the size m x n such that
m < dn for some constant § < 1.

¢ Intermediate singular values. The work discussed above, in particular, answers the
question if s,,;, and S,,,, typically have the same order as in “ideal” gaussian case: for
Smin = Sp the answer is “yes,” and for s,,,,, = 51 the answer is “no” (but local regulariza-
tion is possible).

It would be interesting to know the answer for the other s;, 1 < k£ < n. The distribution
of all s, for “ideal” square matrices is known: s ~ L\}ﬁ_k (see [Sza90] for the Gaussian
case, [RV09] and [Weil7] imply the same estimate for subgaussian under an additional
mild assumption). Is there a threshold kg, such that for £ > k; the order of s, stays the
same for the heavy-tailed matrices, and for £ < Ky it is not? How does the size of the
submatrix to be deleted depend on k£ > 1? One way to approach this question is try to
combine refined net and regularization techniques developed in [RV 18, RT15] with the
analysis of the projections onto subspaces in the flavor of [Weil7].

e Non-identically distributed entries. We use the i.i.d. entries assumption in Theo-
rem 1.1 several times, in particular, adopting from [RV08] the small ball probability esti-

mate via LCD (least common denominator is a notion that measures the additive structure

124



of the vector). One approach to relax identical distribution condition is is to generalize the
notion of LCD of a vector to the several not identically distributed vectors, and prove a new
small ball probability estimate with it. For example, this can be done in a simple partial
case of several Bernoulli vectors.

The lower bound for s,,;, for the matrices with the non-identically distributed entries
would help, in particular, to improve probability estimates for the sparse random matrices
(in continuation of the work [LR11]).

¢ Restricted singular values Another objects to look at are restricted singular values.
For example, smallest singular value of an m x n matrix A restricted on a closed 7" C R"

is defined geometrically as
Smin(A; T) := inf || Az||s.
zeT

In their recent paper Tropp and Oymak ([OT15]) employ Lindeberg’s technique ([Lin22])
to bound a restricted smallest singular value of the matrices with no identical distribution

assumed:

|Smin(A; T) - (gm(T>)+| < vV m +n

with high probability. Here, &,,(7") is a m-excess width of the set T":
En(T) := Emin(v/m +g - t/]]]),

where g ~ N(0, I).

This work requires at least fourth finite moment of the entries A;; as well as indepen-
dence of the entries. It is interesting to relax moment conditions required to make a high
probability estimate, as well as allow some dependence (for example, to assume isotropic
TOWS).

e Markov matrices An interesting matrix associated with the Erdos-Rényi random
graph is Markov kernel matrix that was recently studied in the works of Chafai, Bordenave,
Caputo, and Piras (see [BCCP17, BCC12]).

Markov matrix is a transition probability matrix for a random walk on the underlying
graph, for example, an Erdos-Rényi random graph. A natural way to define it is to take
(X,k)jk>1 independent identically distributed non-negative random variables (under cer-
tain regularity conditions), then M is the n X n random Markov matrix with i.i.d. rows
defined by M, = X;i/(X;1 + ...+ X;n). The paper [BCC12] studies the properties of
the limiting empirical measure of the eigenvalues of M, which is, informally, character-

izes the behavior of the random walk in the long run. The results obtained are based on a

125



non-asymptotic estimate for /V:
P{Smin(v/nM — 21d) <n "} <n™% (6.1)

where |z| < C'and a, b, C' > 0 are the absolute constants. This is an invertibility estimate of
the type obtained in Theorem 3.1, valid for a broader class of matrices (with dependencies
and shift). At the moment, (6.1) is proved under condition that elements )/;; have bounded
density, which automatically implies that underlying Erdos-Rényi graph has to be complete.
The authors believe that a similar estimate should hold without boundedness condition, and
clearly it would be good to extend the results for the case of non-complete (potentially,

sparse) random graphs.
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