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ABSTRACT. We consider three different models of sparse random graphs: undirected and directed
Erdés-Rényi graphs, and random bipartite graph with an equal number of left and right vertices.
For such graphs we show that if the edge connectivity probability p € (0, 1) satisfies np > logn+k(n)
with k(n) — oo as n — oo, then the adjacency matrix is invertible with probability approaching
one (here n is the number of vertices in the two former cases and the number of left and right
vertices in the latter case). If np < logn — k(n) then these matrices are invertible with probability
approaching zero, as n — oco. In the intermediate region, when np = logn + k(n), for a bounded
sequence k(n) € R, the event o that the adjacency matrix has a zero row or a column and
its complement both have non-vanishing probability. For such choices of p our results show that
conditioned on the event 2§ the matrices are again invertible with probability tending to one. This
shows that the primary reason for the non-invertibility of such matrices is the existence of a zero
row or a column.

The bounds on the probability of the invertibility of these matrices are a consequence of quanti-
tative lower bounds on their smallest singular values. Combining this with an upper bound on the
largest singular value of the centered version of these matrices we show that the (modified) condi-
tion number is O(n'*°™M)) on the event that there is no zero row or column, with large probability.
This matches with von Neumann’s prediction about the condition number of random matrices up
to a factor of n°™), for the entire range of p.
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1. INTRODUCTION

For an n xn real matrix A, its singular values si(Ay), k € [n] :={1,2,...,n} are the eigenvalues
of |A,| := /A} A, arranged in a non-increasing order. The maximum and the minimum singular

values, often of particular interest, can also be defined as
Smax(An) = 51(Ap) := sup |[Anx||2, Smin(An) := Sp(Ay) == inf X | Anx||2,

zesSn—1 zesn
where S"7 ! := {z € R": ||z||2 = 1} and || - ||2 denotes the Euclidean norm of a vector. Further, let
(1.1) Qp := {A,, has either a zero row or a zero column}.

Obviously, smin(4,) = 0 for any A,, € Qy. For matrices with i.i.d. (independent and identically
distributed) Bernoulli entries we establish the following sharp transition of invertibility.

Theorem 1.1. Let A, be an n x n matriz with i.i.d. Ber(p) entries. That is, fori,j € [n]
P(al}j = 1) =D P(aiyj = O) =1-p,
where a; j is the (i, j)-th entry of Ay,.

(i) If np > log(1/p) then there exist absolute constants 0 < ¢; 1, 61_1, C11 < oo such that for any
e > 0, we have

~ log(l/p)\ [p 15, Cua
1.2 P (< Smin(An) < -C SANQ5) <V ——.
(1.2) <{5 (An) < 01.1€€XP< 1.1 log(np) n o] e’ + 7D
(ii) If np <log(1/p) then there exists an absolute constant Cy 1 such that
P(Q) > 1 — Ci1
logn

Theorem 1.1 is a consequence of Theorem 1.7 which is proved under a more general set-up
including, in particular, symmetric Bernoulli matrices. Throughout the paper p = p,, may depend
on n. For ease of writing we suppress this dependence.

To understand the implication of Theorem 1.1 we see that studying the invertibility property of
any given matrix amounts to understanding the following three different aspects of it. Probably
the easiest one is to find the probability that a random matrix is singular. For any given random
matrix A,, it means to find a bound on p,,, where

pn = p(A4,) := P(A4, is non-invertible) = P(det(A4,) = 0) = P(smin(4,) = 0).

If the entries of A,, have densities with respect to the Lebesgue measure then p,, = 0. However,
for matrices with discrete entries, the problem of evaluating the singularity probability p,, makes
sense.

The second question regarding the invertibility is more of a quantitative nature. There one is
interested in finding the distance between A,, and the set of all singular matrices. As

Smin(4yp) = inf{||A, — B|| : det(B) = 0},
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where || A,, — B|| denotes the operator norm of the matrix A, — B, a lower bound on sy, (A;) yields
a quantitative measure of invertibility.

The third direction, probably the most difficult, is to find the main reason for non-invertibility
of a given random matrix. To elaborate on this let us consider the following well known conjecture:

Conjecture 1.2. Let A, be a n x n matrix with i.i.d. Rademacher random variables (£1 with
equal probability). Then
1 n
pu=(5+00) |

where we recall that the notation a,, = o(b,) means lim,,_, ay /b, = 0.

It can be noted that the probability that there exist either two columns or two rows of A,, that
are identical up to a change in sign is at least

on? (;)n _ <; 4 0(1)>n,

for some absolute constant ¢ > 0. This matches with the conjectured leading order of the singularity
probability. Thus the main reason for the singularity for a matrix with i.i.d. Rademacher entries is
conjectured to be the existence of two identical columns or rows, up to a reversal of sign.

Theorem 1.1 addresses all three different aspects of invertibility for sparse random matrices. As
it yields a lower bound on the smallest singular value it readily gives a quantitative estimate on
the invertibility of matrices with i.i.d. Bernoulli entries. Setting ¢ = 0 in Theorem 1.1(i) we obtain
a bound on the singularity probability. For a sharper bound on the singularity probability we refer
the reader to Remark 4.5.

Probably, the most important feature of Theorem 1.1 is that it identifies the existence of a zero
row or a column as the primary reason for non-invertibility. To see this, let us denote

(1.3) Qcol := {4, has a zero column} and Qrow = {A,, has a zero row}.
As the entries of A,, are i.i.d. Ber(p) it is immediate that
(1.4) P(Oeet) = P(eow) = 1 — (1 — (1= p)")".
This sows that if np > logn + k(n) then
P(Qeo1) = 0, asn — oo,
whereas for np < logn — k(n) one has
P(Qeo) = 1, asn — oo,

where k(n) — oo as n — oo. As np = log(1/p) implies that np = logn — d, loglogn, for some
0n ~ 1, from Theorem 1.1 we therefore deduce the following corollary.

Corollary 1.3. Let A,, be a matriz with i.i.d. Ber(p) entries. Then we have the following:
(a) If np =logn + k(n), where {k(n)}nen is such that k(n) — oo as n — oo, then

P(Qg5) — 1 and P(A,, is invertible) — 1 as n — oo.
(b) If np =logn — k(n) then
P(Q5) — 0 and P(A,, is invertible) — 0 as n — oo.

(¢) Moreover

P(A,, is invertible | 25) — 1 whenever P(QE) - (logn)'/* — 0o as n — co.
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Corollary 1.3(a)-(b) shows that the invertibility of a matrix with i.i.d. Bernoulli entries undergoes
a sharp transition essentially at p = lo%. On the event )y the matrix is trivially singular. The
importance of Corollary 1.3(c) lies in the fact that it shows that even when Qg has a non-trivial
probability, on the event €)f there is an exceptional set of negligible probability outside which the
matrix is again invertible with large probability. This clearly indicates that the main reason for
the non-invertibility of a matrix with i.i.d. Bernoulli entries is the existence of a zero row or a
column. Moreover, the same phenomenon occurs for other classes of sparse random matrices with
some dependence between the entries symmetric with respect to the diagonal (see Theorem 1.7 for
a precise assumption). To the best of our knowledge this is the first instance where the primary
reason of the non-invertibility for some class of random matrices has been rigorously established.

Understanding the singularity probability and the analysis of extremal singular values of random
matrices have applications in compressed sensing, geometric functional analysis, theoretical com-
puter science, and many other fields of science. Moreover, to find the limiting spectral distribution
of any non-Hermitian random matrix ensemble one essentially needs to go via Girko’s Hermitiza-
tion technique which requires a quantitative lower bound on the smallest singular value. This has
spurred a renewed interest in studying the smallest singular value. Using the bounds on the smallest
singular value and implementing Girko’s Hermitization technique there have been numerous works
in this direction over the last fifteen years. We refer the reader to [3, 4, 6, 7, 12, 30, 35, 38, 44, 51],
the survey articles [8, 40], and the references therein.

The study of the smallest singular value of a random matrix dates back to 1940’s when von
Neumann and his collaborators used random matrices to test their algorithm for the inversion of
large matrices. They speculated that

(1.5) Smin(Ap) ~ n_l/z, Smax (An) ~ n1/27 with high probability
(see [46, pp. 14, 477, 555] and [47, Section 7.8]), where the notation a, ~ b, implies that 0 <

liminf, o an/b, < limsup,,_,., a,/b, < co. Therefore, the condition number, which often serves
as a measure of stability in matrix algorithms in numerical linear algebra,

Smax (An)

1.6 Ap) =

( ) U( n) 5min<An)
A more precise formulation of this conjecture can be found in [39].

For matrices with i.i.d. standard normal entries Edelman [16] showed that

(1.7) P(Smin(Ap) < en™Y?) ~e,  fore e (0,1).

On the other hand Slepian’s inequality and standard Gaussian concentration inequality for Lipschitz
functions yield that

(1.8) P(Smax(An) > 202 + 1) < exp(—t2/2).

Therefore combining (1.7)-(1.8) one deduces (1.5)-(1.6) for Gaussian matrices. The prediction for
general matrices remained open for a very long time.

For example, even finding bounds on the singularity probability for matrices with i.i.d. Rademacher
entries turned out to be a non-trivial task. Back in the 60’s Komlés [22, 23] obtained a non-trivial
estimate on the singularity probability. His proof was later refined in [24] to show that the singu-
larity probability

~n, with high probability.

Pn = O(n71/2)7
where the notation a, = O(b,,) implies that limsup,,_, . an/b, < co. It took more than twenty-five
years to prove that p, decays exponentially fast in n. In [21] it was shown that p,, < ¢" for some
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¢ € (0,1). Subsequently the constant ¢ was improved in [41, 42] and currently the best known
bound is ¢ = 1/v/2 + o(1) (see [10]).

A quantitative estimate of the invertibility of such matrices follows from [34] where a lower bound
on the smallest singular value of matrices with i.i.d. centered sub-Gaussian entries were derived.
The assumption on the entries were later relaxed in [36] which enabled them to consider matrices
with entries having a finite fourth moment. Under this assumption it was shown that for any € > 0
there exists a > 0 such that

(1.9) P($min(An) < en™?) <

| s

Furthermore, from [26] it follows that for any ¢ > 0 there exists K large enough so that

P(Smax(An) > Kn'/?) <

NGRS

Hence, one finds that for such matrices
(1.10) P(o(A,) > Ke'n) < 4.

This establishes von Neumann’s prediction for the condition number for general matrices with
i.i.d. centered entries having finite fourth moments. If the entries are sub-Gaussian the results of
[36] further show that the probability bounds in (1.9) and (1.10) can be improved to Ce + ¢" for
some large constant C' and ¢ € (0,1) that depend polynomially on the sub-Gaussian norm of the
entries. We emphasize that one cannot obtain a probability estimate similar to (1.7), as Rademacher
random variables are sub-Gaussian and as noted earlier matrices with i.i.d. Rademacher entries are
singular with probability at least (5 + o(1))™.

As sparse matrices are more abundant in many fields such as statistics, neural network, financial
modeling, electrical engineering, wireless communications (we refer the reader to [1, Chapter 7]
for further examples, and their relevant references) it is natural to ask if there is an analogue of
(1.5)-(1.6) for such matrices. One natural model for sparse random matrices are matrices that
are Hadamard products of matrices with i.i.d. entries having a zero mean and unit variance, and
matrices with i.i.d. Ber(p) entries, where p = o(1). In [43] it was shown that (a similar result
appeared in [20]) if p = Q(n™%), for some o € (0,1) (the notation a, = Q(b,) implies that
b, = O(ay)), then for such matrices one has that spyin(A,) > n~Y with large probability, for
some large constant C1 > 0. In [20] it was further shown that spax(An) < n./p, with probability
approaching one, under a minimal assumption on the moments of the entries. This shows that
o(A,) = O(n%), for some large constant C, which is much weaker than the prediction (1.6).

In [5], under an optimal moment assumption on the entries, this was improved to show that
o(A,) is indeed O(n) with large probability, whenever p = Q(n~%) for some « € (0,1). Results
of [5] further show that when the entries of the matrix are products of i.i.d. sub-Gaussian random
variables and Ber(p) variables then o(A,,) = O(n'T°())) with large probability, as long as p > C lo%,
for some large C. This also matches with von Neumann’s prediction regarding the condition number
of a random matrix except for the factor n°®. As noted earlier in Corollary 1.3 when p is near
10% one starts to see the existence of zero rows and columns, which means that matrix is singular
with positive probability, and therefore von Neumann’s prediction can no longer hold beyond loi L
barrier.

In this paper our goal is to show that 105" is the sharp threshold where a general class of random
matrices with 0/1-valued entries undergoes a transition in their invertibility properties. Moreover,
for such matrices we show that the existence of a zero row or a zero column is the main reason for
the non-invertibility.
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A related research direction was pursued by Costello and Vu in [14] where they analyzed the rank
of Adj,,, the adjacency matrix of an Erdés-Rényi graph. Later in [15] they considered the adjacency
matrix of an Erdés-Rényi graph with general edge weights. In [14] it was shown that if np > clogn,
where p € (0,1) is the edge connectivity probability and ¢ > % is some absolute constant, then
the co-rank of Adj,, equals the number of isolated vertices in the graph with probability at least
1 — O((loglogn)~'/%). This, in particular establishes an analogue of Corollary 1.3(a)-(b) for such
matrices. Since [14] studies only the rank of such matrices, unlike Theorem 1.7 and Corollary 1.16,
it does not provide any estimate on the lower bound on s, and the upper bound on the modified
condition number. Moreover, it does not provide an analogue of Corollary 1.3(c).

Before describing the models for the sparse random graphs that we work with in this paper, let
us mention the following class of random matrices with 0/1-valued entries that are closely related.
Recently, there have been interests to study properties of the adjacency matrices of directed and
undirected d-regular random graphs. In the context of the invertibility, it had been conjectured that
the adjacency matrices of random d-regular (d > 3) directed and undirected graphs on n vertices
are non-singular with probability approaching one, as n — oo, see [17, 48, 49]. After a series of
partial results [3, 11, 12, 27, 28, 29, 25] the conjecture has been recently proved in [18, 19, 32, 33]
for both the configuration model and the permutation model.

The adjacency matrix of a random d-regular graph and that of an Erdds-Rényi graph are similar
in nature in many aspects. In the context of the invertibility property, the latter ceases to be
non-singular when the average degree drops below log n, and whereas the former remains invertible
even when the degree is bounded. As highlighted in Corollary 1.3(c) (see also Remark 1.9) the
non-invertibility of the latter is purely due to the existence of a zero row or a column. Since, the
former always have d non-zero entries per row and column one does not see the transition in its
invertibility property.

Let us now describe the models of the random graphs. We begin with the well known notion of
undirected Erdés-Rényi graph.

Definition 1.4 (Undirected Erdés-Rényi graphs). The undirected Erdds-Rényi graph G(n,p) is
a graph with vertex set [n] such that for every pair of vertices i and j the edge between them
is present with probability p, independently of everything else. Thus denoting Adj(G) to be the
adjacency matrix of a graph G we see that

(51"3' fori < j

Adj(G(n,p))(i,j) = § 0ji fori>jg

0  otherwise
where {;;}i<; are ii.d. Ber(p) random variables taking one with probability p and zero with
probability (1 —p).

Next we describe the model for the directed Erdos-Rényi graph.

Definition 1.5 (Directed Erddés-Rényi graphs). We define the directed Erdés-Rényi graph with
vertex set [n] as follows: for each pair of vertices ¢ and j the edge between them is drawn with
probability 2p, independently of everything else, and then the direction of the edge is chosen

uniformly at random. Such graphs will be denoted by a(n, p). We therefore note that

éi’j . QZ'J' for ¢ <jJ
Adj(a(n,p))(l,j) =9q 6j;-(1—05;) fori>j
0 otherwise

where {0; j}i<; are ii.d. Ber(2p) and {6; ;}i<; are i.i.d. Ber(1/2) random variables.
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It is easy to note that Adj(a(n, p)) has the following representation which will be useful later:

(.S.i’j . Hi,j for ¢ <jJ
(1.11) Adi(G (n,p)) (i) = { biy-(1—0;0) fori>j
0 otherwise

where {6; ;}i<; are as above and {Sivj},ﬁj:l are i.i.d. Ber(2p) random variables. This representation
yields additional independence which is exploited in our proofs.

Below we define a random bipartite graph.

Definition 1.6 (Random bipartite graphs). Fix m,n € N and let BG(m, n,p) be a bipartite graph
on [m+n] vertices such that for every i € [m] and j € [m+n]\[m] the edge between them is present
with p, independently of everything else. Therefore,
0i; forie[m],je[n+ml\[m]
Adj(BG(m, n,p))(i,j) = § &ji fori € [n+m\[m],je[m] ,
0  otherwise

where {J; ;} are i.i.d. Ber(p). When m = n, for brevity we write BG(n, p).

Now we are ready to describe the main result of this paper. Let us recall the definition of g
from (1.1). Definitions 1.4, 1.5, and 1.6 give rise to three classes of random matrices: fully i.i.d.
Bernoulli matrices, symmetric Bernoulli with a zero diagonal, and the third class which does not
belong to the classical random matrix theory ensembles. The next theorem states that on the event
that the graph has no isolated vertices, the same lower bound for the smallest singular value holds
for all three classes.

Theorem 1.7. Let A, = Adj(G(n,p)), Adj(E(n,p)), or Adj(BG(n,p)).

(i) If np > log(1/p) then there exist absolute constants 0 < ¢; 7, 61,7, C1.7 < 0o such that for any
e > 0, we have

~ log(1/p)\ [p 5, Cit
1.12 P smin(An) < _, o8U/P) Y P e < p1s . G
( ) <{s (A,) < 01_75exp< Ci 7 og(np) " NQy | <e’”+ b
(i) If np <log(1/p) then there exists an absolute constant Cy 7 such that
P(Q) > 1 — Ciz
logn
Remark 1.8. Note that
| 0, Adjyy(BG(n p>>]
Adj(BG(n,p)) = |, 1us 12 R
I(BG(n, p)) [AdJ12(BG(n,p)) 0,

where 0,, is the n x n matrix of all zeros and Adj;5(BG(n,p)) is a matrix with i.i.d. Ber(p) entries.
Therefore the set of singular values of Adj(BG(n,p)) are same with that of Adj;5(BG(n,p)) and
each of the singular values of the former has multiplicity two. To simplify the presentation, we will
use the n x n matrix Adj;5(BG(n,p)) as the adjacency matrix of a bipartite graph instead of the
(2n) x (2n) matrix Adj(BG(n,p)). This is the random matrix with i.i.d. Ber(p) entries considered
above.

Remark 1.9. Theorem 1.7 implies that Corollary 1.3 holds for all three classes of adjacency
matrices of random graphs. It means that the phase transition from invertibility to singularity
occurs at the same value of p in all three cases, and the main reason for singularity is also the same.
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Remark 1.10. A straightforward modification of the proof of Theorem 1.7 shows that the same
extends for a symmetric matrix with i.i.d. Bernoulli entries on and above the diagonal. We leave
the details to the reader.

Remark 1.11. For m ~ n, one can extend the proof of Theorem 1.7 to derive a quantitative lower
bound on Smin(Adj(BG(m,n,p))). We do not pursue this extension here.

Remark 1.12. A result similar to Theorem 1.7 holds also for general sparse random matrices. We
will not discuss it here to keep the paper to a reasonable length.

Building on Theorem 1.7 we now proceed to find an upper bound on the condition number. We
point out to the reader that as the entries of A, have non-zero mean sy.x is of larger order of
magnitude than the rest of the singular values. So, we cannot expect an analogue of (1.6) to hold
for the condition number of A,, where A,, is as in Theorem 1.7. Therefore, we define the following
notion of modified condition number.

Definition 1.13. For any matrix A, we define its modified condition number as follows:
S92 (An)

g(Ay,) = 73min(An)‘

To obtain an upper bound on ¢(A,,) we need the same for sa(A;,) which follows from the theorem
below.

Theorem 1.14. Let A, be as in Theorem 1.7. Fix co > 0,Cy > 1 and let p > colo%. Then there
exists a constant C1 .14, depending only on ¢y and Cy such that

P (|| An — EA,|| > Ci1uy/mp) < exp(—Cologn),

for all large n.

Remark 1.15. If A, = Adj(G(n,p,)) or Adj(g(n,pn)) we note that pJ, — EA,, = pl,, where
J,, is the matrix of all ones and I,, is the identity matrix. Therefore, Theorem 1.14 immediately
implies that ||A,, — pJ,|| = O(y/np) with large probability for such matrices. Since

s2(Ay) = inf sup |Anz|l2 < sup ||(An — pdn)z]e,
VER" pegn—1 21y zesn—1

it further yields that the same bound continues to hold for the second largest singular value of the
adjacency matrices of directed and undirected Erdds-Rényi graphs. As Adj;,(BG(n,p)) is a matrix
with i.i.d. Bernoulli entries we have that EAdj,(BG(n,p)) = pJ,. Therefore, recalling Remark
1.8 we deduce from Theorem 1.14 that sy(A,) = O(\/np), with large probability, when A,, is the
adjacency matrix of a random bipartite graph.

Remark 1.15 combined with Theorem 1.7 yields the following corollary.

Corollary 1.16. Let A, = Adj(G(n,p)), Adj(a(n,p)), or Adj(BG(n,p)). If np > log(1/p) then
there exist absolute constants 0 < C.16,C1.16,C1.16 < 00 such that for any € > 0, we have

~ _ Crie . C 16
(1.13) P ({O’(An) > C 168 1n1+loglogn} N Qo) <el/s 4 ﬁ

Thus, Corollary 1.16 shows that
up to a set of a small probability, we have a dichotomy: either the matriz A, contains a zero row
or zero column, and so o(A,) = 0o, or a(A,) is roughly of the same order as for the dense random
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matriz.
This establishes an analogue of von Neumann’s conjecture for the condition number for the entire
range of p.

While the results of this paper are formulated for adjacency matrices of graphs, similar statements
can be proved for matrices with i.i.d. random entries and for symmetric random matrices whose
entries are products of Bernoulli variables and i.i.d. sub-Gaussian variables, i.e., in the setup similar
to [5, 50]. We would not discuss this setup here as it would add an additional level of technical
arguments to the proof.

The rest of the paper is organized as follows: In Section 2 we provide an outline of the proofs
of Theorems 1.7 and 1.14. In Section 3 we show that A,, is well invertible over the set of vectors
that are close to sparse vectors. We split the set of such vectors into three subsets: vectors that
are close very sparse vectors, close to moderately sparse vectors, and those that have a large spread
component. Section 4 shows that the matrix in context is well invertible over the set of vectors
that are not close to sparse vectors. In Section 5 we first prove Theorem 1.7(ii) which essentially
follows from Markov’s inequality. Then combining the results of Sections 3-4 and using Theorem
1.14 we prove Theorem 1.7(i). The proof of Theorem 1.14 can be found in Section 6. Appendix A
contains the proofs of some structural properties of the adjacency matrices of the sparse random
graphs that are used to treat very sparse vectors. In Appendix B we prove invertibility over vectors
that are close to sparse vectors having a large spread component.

2. PROOF OUTLINE

In this section we provide outlines of the proofs of Theorems 1.7 and 1.14. Broadly, the proof of
Theorem 1.14 consists of two parts. One of them is to show that ||A,, —EA,|| concentrates near its
mean. This is a consequence of Talagrand’s concentration inequality for convex Lipschitz functions.
The second step is to find a bound on E||A4,, — EA,||. This can be derived using [2]. The proof of
Theorem 1.7(ii) follows from standard concentration bounds.

The majority of this paper is devoted to the proof Theorem 1.7(i), i.e. to find a lower bound
on the smallest singular value. As we are interested in finding a lower bound on sp, for sparse
matrices, we will assume that p < ¢ for some absolute constant ¢ € (0,1) whenever needed during
the course of the proof.

We begin by noting that

Smin(Ap) = inf ||Anx]2.
zesSn—1

To obtain a lower bound on the infimum over the whole sphere we split the sphere into the set of
vectors that are close to sparse vectors and its complement. Showing invertibility over these two
subsets of the sphere requires two different approaches.

First let us consider the set of vectors that are close to sparse vectors. This set of vectors has
a low metric entropy. So, the general scheme would be to show that for any unit vector x that is
close to some sparse vector, || A,z||2 cannot be too small with large probability. Then the argument
will be completed by taking a union over an appropriate net of the set of such vectors that has a
small cardinality.

To obtain an effective probability bound on the event that ||A,x||2 is small when x is close to a
sparse vector we further need to split the set of such vectors into three subsets: vectors that are
close to very sparse vectors, vectors that are close to moderately sparse vectors, and vectors that
are close to sparse vectors having a sufficiently large spread component, or equivalently a large
non-dominated tail (see Sections 3.1-3.3 for precise formulations).
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Unlike the dense set-up, the treatment of very sparse vectors turns out be significantly different
for sparse random matrices. It stems from the fact that for such vectors, the small ball probability
estimate is too weak to be combined with the union bound over a net. A different method introduced
in [5] and subsequently used in [50] relies on showing that for any very sparse vector x, one can find
a large sub-matrix of A,, such that it has one non-zero entry per row. It effectively means that there
is no cancellation in (Ay,z); for a large collection of rows i € [n]. This together with the fact that
the set of coordinates of x indexed by the columns of the sub-matrix chosen supports a significant
proportion of the norm completes the argument. However, as seen in [5], this argument works only
when np > C'logn, for some large constant C. When, np < C'logn light columns (i.e. the columns
for which the number of non-zero entries is much smaller than np, see also Definition 3.6) start to
appear, with large probability. Hence, the above sub-matrix may not exist.

To overcome this obstacle one requires new ideas. Under the current set-up, we show that given
any unit vector x, on the event that there is no zero row or column in A,, the vector A,x and
the coordinates of x that are not included in the set of light columns cannot have a small norm at
the same time (see Lemma 3.12). This essentially allows us to look for sub-matrices of A,, having
one non-zero entry per row, whose columns do not intersect with the set of light columns. In the
absence of the light columns one can use Chernoff bound to obtain such a sub-matrix. This route
was taken in [5, 50]. However, as explained above, to carry out the same procedure here we need
to condition on events involving light columns of A,,. So the joint independence of the entries is
lost and hence Chernoff bound becomes unusable.

To tackle this issue we derive various structural properties of A, regarding light and normal
(i.e. not light) columns. Using this we then show that there indeed exists a large sub-matrix of A,
with desired properties, with large probability. We refer the reader to Lemmas 3.7 and 3.10 for a
precise formulation of this step.

Next, we provide an outline of the proof to establish the invertibility over the second and the
third sets of sparse vectors. To treat the infimum over such vectors, we first need to obtain small
ball probability estimates. This is done by obtaining bounds on the Lévy concentration function

which is defined below.

Definition 2.1 (Lévy concentration function). Let Z be a random variable in R™. For every ¢ > 0,
the Lévy concentration function of Z is defined as

£(Z,2) = sup B(|Z —ulls < o).
u€ER™

The desired bound on the Lévy concentration function for the second set of vectors is a conse-
quence of Paley-Zygmund inequality and a standard tensorization argument. Since the third set of
vectors has a higher metric entropy than the second, the small ball probability bound derived for
the second set of vectors becomes too weak to take a union bound. So using the fact that any vector
belonging to the third set has a large spread component, we obtain a better bound on the Lévy
concentration function which is essentially a consequence of the well known Berry-Esséen theorem
(see Lemma 3.19). Using this improved bound we then carry out an e-net argument to show that
A, is also well invertible over the third set of sparse vectors.

Now it remains to provide an outline of the proof of the invertibility over non-sparse vectors. It
is well known that such vectors have a large metric entropy, so one cannot use the same argument
as above. Instead, using [36] we obtain that it is enough to control dist(A, 1, Hy 1), the distance
of Ay 1, the first column of A,, to H, 1, the subspace spanned by the rest of the columns. To
control the distance, we derive an expression for it that is more tractable (see Proposition 4.3).
From Proposition 4.3, after some preprocessing, we find that it suffices to show that (C, 'z, y) is
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not too small with large probability, where C;T is the (n — 1) x (n — 1) sub-matrix of A,, obtained
by deleting its first row and column, and ! and y are the first row and column of A, with the
first common entry removed, respectively (if C), is non-invertible, then there is an alternate and
simpler lower bound on the relevant distance).

Since Theorem 1.7 allows « and y to be dependent a bound on L({C, 'z, y),¢) is not readily
available. We use a decoupling argument to show that it is enough to find a bound on the Lévy
concentration function of the random variable (C;, '@, ) for some properly chosen Z and ¥, where
Z and y are now independent. This follows the road-map introduced in [45] for symmetric matrices,
although the implementation of it in our case is harder due to the fact that  and y may be different.
Having shown this, the desired small ball probability follows once we establish that the random
vector v, := C,, 'Z has a large spread component. Note that v, solves the equation C,,v = Z. We
have already established invertibility of C,, over sparse vectors that has a large spread component.
Now, we extend that argument to show that any solution of the equation C,v = Z must also have
a large spread component. This allows us to deduce the desired properties of v,. It completes the
outline of the proof of Theorem 1.7(i).

3. INVERTIBILITY OVER COMPRESSIBLE AND DOMINATED VECTORS

To prove a uniform lower bound on ||A,x||2 for x close to sparse vectors when A, is the adjacency
matrix of one of the three models of the random graphs described in Section 1, we will unite them
under the following general set-up. It is easy to see that the adjacency matrices of all three models
of random graphs satisfy this general assumption.

Assumption 3.1. Let A, be a n x n matrix with entries {a;;} such that

(a) The diagonals {a;;};-; and the off-diagonals {a; ;},x; are independent of each other.

(b) The random variables {a;;} ; are jointly independent and a;; ~ Ber(p;) with p; < p for
all i € [n].

(c) Forevery i # j € [n], a; j ~ Ber(p) and independent of the rest of the entries except possibly
Qjj-

Remark 3.2. The proofs of the main results of this section extend for matrices with symmetrized
Bernoulli entries satisfying the dependency structure of Assumption 3.1. That is, one can consider

the matrix A,, with

P(CLZ’J‘ = il) = g, P(ai’j = 0) =1 — P,

and aj; = —a;;. Note that, this extension in particular includes skew-symmetric matrices. Al-
though skew-symmetric matrices of odd dimension are singular, it shows that they are invertible
over sparse vectors.

Before proceeding further let us now formally define the notions of vectors that are close to
sparse vectors. These definitions are borrowed from [5].

Definition 3.3. Fix m < n. The set of m-sparse vectors is given by
Sparse(m) := {z € R" | [supp(x)| < m},

where |S| denotes the cardinality of a set S. Furthermore, for any § > 0, the unit vectors which
are d-close to m-sparse vectors in the Euclidean norm, are called (m, d)-compressible vectors. The
set of all such vectors hereafter will be denoted by Comp(m, §). Thus,

Comp(m, §) := {z € S"~' | Iy € Sparse(m) such that |z —y|, <},
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where || - |2 denotes the Euclidean norm. The vectors in S"~! which are not compressible, are
defined to be incompressible, and the set of all incompressible vectors is denoted as Incomp(m, d).

As already seen in [5, 50] for sparse random matrices one can obtain an effective bound over the
subset of the incompressible vectors that have a non-dominated tail. This necessitates the following
definition of dominated vectors. These are also close to sparse vectors, but in a different sense.

Definition 3.4. For any z € S"! let 7, : [n] — [n] be a permutation which arranges the
absolute values of the coordinates of x in a non-increasing order. For 1 < m < m’ < n, denote by
T[] € R™ the vector with coordinates

Llm:m/) (]) = Zj - 1[m:m’] (7‘—27(]))
In other words, we include in z,,.,, the coordinates of x which take places from m to m’ in the

non-increasing rearrangement.
For o < 1 and m < n define the set of vectors with dominated tail as follows:

Dom(m,a) := {z € §" 1| Hx[mH:n]HQ < aym Hx[erlm]Hoo}'
Note that by definition, Sparse(m) N S™~! C Dom(m, @), since for m-sparse vectors, T{y, 1., = 0.

3.1. Invertibility over vectors close to very sparse. As mentioned in Section 2, the key to
control the ¢ norm of A,z when x is close to very sparse vectors is to show that A,, has large sub-
matrices containing a single non-zero entry per row. This will be then followed by an e-net argument
and the union bound. As we will see a direct application of this idea requires that || A, || = O(\/np)
which does not hold with high probability, because the entries of A, have a non-zero mean. To
overcome this obstacle we use the folding trick introduced in [5].

Definition 3.5 (Folded matrices and vectors). Denote n := |n/2]. For any y € R" we define

fold(y) := y1 — v,

where y;, ¢ = 1,2, are the vectors in R" whose entries are the first and the next n coordinates of y.
Similarly for a n x n matrix B,, we define

fOld(Bn) = Bn,l — Bn,27
where B, ;, 1 = 1,2 are n X n matrices consisting of the first and the next n rows of B,,.

It is easy to see that except a few of entries of fold(A,,), the rest have zero mean which allows us to
deduce that || fold(A,)|| = O(,/np) with large probability. Moreover, using the triangle inequality
we see that || fold(Ay)x|2 < 2||Anz|l2. So, we can work with fold(A,,) instead of A,.

To obtain the small ball probability estimate on || fold(Ay,)x||2, where z is very close to a sparse
vector we need to derive some structural properties of A,,.

To this end, we introduce the following notion of light and normal columns and rows.

Definition 3.6 (Light and normal columns and rows). For a matrix B, and i € [n], let us write
row;(By) and col;(By,) to denote the i-th row and column of B,, respectively. Let dy € (0,1/10) be
a fixed constant. We call col;(By), j € [n], light if |supp(col;((By))| < donp. A column which is
not light will be called normal. Similar definitions are adopted for the rows.

Next denote
L(By) :={j € [n] : colj(B,,) is light}.
We are now ready to state the following result on the typical structural properties of A,,.
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Lemma 3.7 (Structural properties of A,). Let A,, satisfies Assumption 3.1 and

(3.1) np > log(1/Cp),
for some C > 1. Denote Q3.7 be the event such that the followings hold:
(1) (No heavy rows and columns) For any j € [n],

| supp(row;(An))l, | supp(col;(An))| < Cs7np,
where C5.7 1s a large absolute constant.

(2) (Light columns have disjoint supports) For any (i,7) € ([g]) such that col;(Ay), colj(Ay) are
light, supp(col;(Ay)) Nsupp(col;(A4y)) = @.

(8) (The number of light columns connected to any column is bounded) There is an absolute
constant ro such that for any j € [n], the number of light columns col;(Ay), i € [n], with
supp(col;(Ay)) N supp(colj(Ay,)) # @ does not exceed ry.

(4) (The support of a normal column has a small intersection with the light ones) For any
J € [n] such that col;(Ay) is normal,

supp(col;(fold(Ay))) N U supp(col;(fold(A4,))) || < (Lonp_
i€L(Ar)

(5) (Extension property) For any I C [n] with 2 < |I| < c37p~*

)
LNWMMNMMM»ZZNWW%®W%WF%WW
jel jel
where c3.7 is a constant depending only on dg.
(6) (supports of columns of the matriz and its folded version are close in size) For every j € [n],

0,
[Isupp(eol;(4x)| | supp(col;(fold(An)) | < Fmp.

Then there exists ng, depepding only C and &y, such that for any n > ng the event Q3.7 occurs with
probability at least 1 — n=%7 for some €37 > 0 depending only on d&g.

The proof of Lemma 3.7 relies on standard tools such as Chernoff bound, and Markov inequality.
Its proof is deferred to Appendix A.

Remark 3.8. As we will see in Section 4 (also mentioned in Section 2), to establish the invertibil-
ity over incompressible and non-dominated vectors for the adjacency matrices of undirected and
directed Erd6s-Rényi graphs, one needs to find a uniform lower bound on || fold(A4,)x — yol|2 over
compressible and dominated vectors z and some fixed yo € R™ with |supp(yo)| < Cynp for some
C, > 0. While showing invertibility over vectors that are close to very sparse vectors, we tackle this
additional difficulty by deleting the rows from A, that are in supp(yg). This requires proving an
analog of Lemma 3.7 for rectangular sub-matrix A4,, of dimension 7 x n, where n — Cynp < n < n.
This means that to apply Lemma 3.7 for the original matrix A,, we need to prove it under the
assumption (3.1) rather than the assumption np > log(1/p). To keep the presentation of this paper
simpler we prove Lemma 3.7 only for square matrices. Upon investigating the proof it becomes
clear that the extension to rectangular, almost square, matrices requires only minor changes.

Next we define the following notion of a good event needed to establish the small ball probability
estimates on fold(A,,)z — fold(yg) for = close to very sparse vectors and some fixed vector yy € R™.
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Definition 3.9 (Good event). Let A, satisfy Assumption 3.1. Fix x € N, J,J’ € [n] disjoint sets.
Denote - B

J=JJ):={jem:je€Jorj+neJ}
and similarly .J'. For any ¢ > 0, define A7’ to be the event that there exists I C [\ (J U J') with
|I| > cknp such for every i € I there further exists j; € J so that

‘Cli,ji| =1, a;=0foralljecJuU J/\{ji},
where {a; ;} are the entries of fold(4,,), and
(3.2) supp(row;(fold(A4,))) N L(A,) =@, forallie I.

Now we are ready to state the structural lemma that shows that the good event .ACJ’J/ holds with
high probability for appropriate sizes of J and J'.

Lemma 3.10. Let A, satisfy Assumption 5.1 and np > log(1/Cp) for some C > 1. Then, there
exist an absolute constant ¢3.10, and constants c3.10,¢3 1, depending only on do, such that

7\ € =
(3'3) F U U U <'ACJ;J10> NQs7 Sn_%'m,
r<eqo(pvPn) VL ge()  re(t) Jngr=o
JNL(AR)=2

for all large n, where for k € N we write
cx
m=m(k) = ky/pn A =22,
p

Remark 3.11. We point out to the reader that [5, Lemma 3.2] derives a result similar to Lemma
3.10. The key difference is that the former assumes np > C'logn, for some large constant C'; which
allows to use Chernoff bound to conclude that given any set of columns J C [n] of appropriate size,
there is a large number of rows for which there exists exactly one non-zero entry per row in the
columns indexed by J. When np < C'logn this simply does not hold for all J C [n] as there are
light columns. Moreover, for such choices of p the Chernoff bound is too weak to yield any non-
trivial bound on the number of rows with the desired property. Therefore we need to use several
structural properties of our matrix A,, derived in Lemma 3.7, to obtain a useful lower bound on
the number of such rows.

Proof of Lemma 5.10. Fixing r < ¢ ,,(p\/pn) ™!, for some constant ¢, to be determined during

the course of the proof, we let J € ([Z]). Let I'(J) be the set of all rows of fold(A,) containing
exactly one non-zero entry in the columns corresponding to J. More precisely,

'J):= {z € [n] :a; 5 # 0 for some j; € J, and a; ; =0 for all j € J\{jl}}
Similarly for a set J' € ([;;3) we define
10(J) = {z e M\(JUJ) :a;; =0 forall j € J'}.

Note that we have deleted the rows in J U J’ while defining I°(J’). This is due to the fact that
matrices satisfying Assumption 3.1 allow some dependencies among its entries. Later, in the proof
we will require I*(J) and I°(J’) to be independent for disjoint J and .J'.
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To estimate |I*(J)| we let & := (Uje s supp(col;(fold(4y,)))) and define a function f : & — N by
f@) = ZH{Z € supp(col;(fold(4,)))}, i€ é&.
jedJ
We note that I'(J) = {i € &: f(i) = 1}. Hence,

(3.4) TN =208 = > fE) = fi) -2 (Z £i) - £|) :

ic& ic& ic&
If JN.Z(A,) = @, then by property (6) of the event 37 we have

. 0 76
> 1) = | supp(colj(fold(4,)))| > > [ supp(col;(An))| - gnplJ| > anur

icé ieJ ieJ
Thus, upon using property (5) of the event €37, it follows that

S 1) - 161 = 3 Isupp(eoly(40)] — 18] < Znpl ]
16

€€ icJ
Therefore, from (3.4) we deduce that

(3.5) 1) = Lupl

on the event Q3 7.

Using the above lower bound on the cardinality of I'(.J) we now show that it has a large intersec-
tion with I°(.J’). Therefore we can set the desired collection of rows to be the intersection of I'(.J)
and I°(.J'). However, the caveat with this approach is that the collection of rows just described
does not satisfy the property (3.2). To take care of this obstacle, we define

I'JT) = TNI)\T(A,), where J(A,):= U supp(col;(fold(Ay)))
JEL(An)

From the definition of .7 (A,) it is evident that any subset I C I'(J) now satisfies the property
(3.2). We further note that

)N 7 ()] < 3 lsupp(eol; (old(4,)) N 7 (4,)] < gl ],
jeJ
where in the last step we have used the property (4) of Q3 7. Thus we proved that on the event
Q3.77
(3. )= D
for any J C [n] satisfying J N .Z(A,) = @.

It remains to show that I°(J') N I'(J) has a large cardinality with high probability. To prove
it, we recall that I9(J’) C [n]\(J N J’'). Thus, using Assumption 3.1 we find that for any J’ C ([:1])
and any i € [n]\(JUJ')

P(i € I°(J") > (1 —2p)’l > 1 — 2pm
Hence, for a given I C [n], E|[I\I°(J")| < 2pm - |I| < |I|/4 by the assumptions on x and m. So, by

Chernoft’s inequality
1 1| 1
P (|I\I°(J)| > =|I|) < —llog | — ).
(N1 = 5101) < exw (< roe (o))
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Therefore, for any I C [n] such that |I| > %Ofmp, we deduce that

]P(EIJ’ € <[n]> such that [I°(J)N 1| < %Hﬂp)
m

<y IP’(\I\IO(J’)\Z%UD

re(3)
(o) o (e (am)
—\m 16 4pm
n 50

where

do 1 m en
U:=20g(—) - 21 ( )
64 08 <8pm> ) “\m

We now need to find a lower bound on U for which we split the ranges of p. First let us consider
p € (0,1) such that ¢%,,(py/np)~! > 1. For such choices of p we will show that for any xk <
1 - (py/mp)~t, with ¢, sufficiently small, and m = x,/np we have U > 3. To this end, denote

1 1

3.7 o= > .
(3.7) 8kpy/Dn — 8¢; 1
Note that
50 1 1 en (50 1
U=—1 — 1 =—1 — log(8
64 8 <8np,/np> /1P 8 </<.;‘/np) 64 o8 /np og(8epna)
1 1
= % log v — T log o — WG (log(8e) + log(np))
o
=128 B

for all large n, where the last step follows upon noting that by the assumption on p we have np — oo
as n — oo, using the fact that 2~ /2logz — 0 as 2 — oo, and the lower bound on «a (see (3.7)).
Choosing ¢4, sufficiently small and using (3.7) again we deduce that U > 3, for all large n.

Now let us consider p € (0,1) such that ¢ ,,(py/np)~" < 1. For such choices of p we have that
k=1and m = ¢4 ,p~!. Therefore, recalling the definition of U we note that

50 1 C§ 10 1 50 1 -1 — —
U=—1 — =] * > 22 o (x /3,-1/3] x 1
64 og (80§,10> np? og(e(cs 1) np) > 64 og 8¢ 0 (%.10) n og(e(cs 19)” n)
1
2 570 IOg < ~ > 2 3’
128 8¢5 10

where the first inequality follows from the assumption that ¢} ,,(p,/np) 1 < 1.

This proves that, for any p € (0,1) such that np > log(1/Cp) and any I C [n] with |I| > %‘)/mp,
we have

)
P <3J' € <[:1]> such that |I°(J)NI| < Sofmp> < exp(—3knp).
To finish the proof, for a set J € ([Z]) we define

py =P ({EL]’ € <[:1]) such that J'NJ =@, |I'(J)nI°J)| < (;()/-mp} N Qg]) .
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Since J and J' are disjoint and I°(J) C [n]\(J U J'), it follows from Assumption 3.1 that the
random subsets I'(J) and I°(J’) are independent. Using (3.6) we obtain that for J C [n] such that
JNL(A,) =2,
- 0
< 1 _ / 1] 0/ 7/ < %
py < Z P(1(J) I)IP’(EL] € (m such that [IV(J) N I| < S mnp)
IC[n], |I|>%Onnp
(3.8) < exp(—3knp) Z P(I'(J) = 1) < exp(—3knp),
I1Cn], |I|>%0/~mp

for all large n. The rest of the proof consists of taking union bounds. First, using the union bound
over J € ([Z]) satisfying J N L(A,) = &, setting ¢3.19 = dp/16, we get that

P U U (.A;:]é‘_]llo)c NQs7 | < <Z> exp(—3knp) < exp(klogn — 3knp)
ge(mhy (), uns=o
JNL(An)=2
< exp(—+np).

Finally taking another union bound over k < ¢% ,,(py/np) ' V 1 we obtain the desired result. [

Note that in (3.3) we could only consider J C [n]| such that J N L(A,) = @. As we will see
later, when we apply Lemma 3.10 to establish the invertibility over vectors that are close to sparse,
we have to know that || A,z zea,)ll2 is large for z € S™~1 close to very sparse vectors. So, one
additionally needs to show that |[A,z|2 and || £(a,)ll2 cannot be small at the same time. The
following lemma does this job. Its proof again uses the structural properties of A, derived in
Lemma 3.7.

Before stating the next lemma let us recall that Qf is the event that the matrix A, has neither
zero columns nor zero rows (see (1.1)).

Lemma 3.12. Let A, satisfy Assumption 3.1. Fix a realization of A, such that the event Q5N 7
occurs. Let x € S"™1 be such that ||Ayz|ly < 1/4. Then

1
C3.19np’

Zmnccanlly =
for some absolute constant Cs5 15.

Proof. We may assume that HJ:L( An)
J € L(Ay), we choose i := i; such that a;; ; = 1. Such a choice is possible since we have assumed
that Qf occurs. Using the property (2) of the event (23 7 we see that the function i : £L(4,) — [n]
is an injection.

Set

5 =1 /2, since otherwise there is nothing to prove. For any

Jo = {5 € L(An) : [(An)i;] = (1/2)]as1}.
If |26l > 1/2, then
1/2

lually > | 3 ((Awa)i)? | 2

Jj€Jo

1
4’
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which contradicts our assumption ||A,z|l2 < 1. Hence, denoting J; := L(Ay)\Jo, we may assume
that |||, > 1/4. We then observe that for any j € Ji,

1
g1zl 2 |(An2)i;| 2 lai; jz;] — > ai; ki
ki

> |a;] — | supp(row; (An))] |z

. max
k:ESupp(rOWz'j (An))\ {7}

> || — Ca - - max Lkl
_| ]’ 3.7p stupp(rowij(An))\{j}| k|

where the last inequality follows upon using the property (1) of the event 3 7.
This shows that for any j € J; there exists k € [n] such that a;, = 1 and

> — x|
o4l 2 55—l

Choose one such k and denote it by k(j). Using the property (2) of the event Q3 7 again, we deduce
that k() € [n]\L(A,,). Therefore,

1
6 = > ad <(205mp)* Y apy < (2Csmp)ro Y, ai.
Jj€J1 JEJ1 ken]\L(An)
Here, the last inequality follows since by (3) of the event Q3 7, we have that for any k € [n]\L(A4,),
{j € L(An) : k(j) = k}| <o
This finishes the proof of the lemma. ]

We see that Lemma 3.12 provides a lower bound on ||z [,)\ £(4,)ll2 that deteriorates as p increases.
We show below that for large p the set of light columns is empty with high probability. Hence, in
that regime we can work with x instead of z,)\c(a,). Furthermore, during the course of the proof
of Proposition 3.14 we will see that to deduce that xp,\£(4,) itself is close to sparse vectors we
need bounds on |£(A4,)| for all p satisfying np > log(1/p). Both these statements are proved in the
following lemma.

Lemma 3.13. Let A, satisfies Assumption 5.1. If np > log(1/Cp) for some C > 1 then
P(IL(An)| > n3) <n75,

for all large n. Moreover, there exists an absolute constant Cs5.13 such that if np > Cs.13logn then
P(L(A,)=2)>1—1/n.

Proof of Lemma 3.13 follows from standard concentration bounds and is postponed to Appendix
A. Equipped with all the relevant ingredients we are now ready to state the main result of this
section.

Proposition 3.14 (Invertibility over very sparse vectors). Let A, satisfies Assumption 3.1 where
p satisfies the inequality
np > log(1/p).
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Fiz K,Cy, > 1 and let

log (C:’s;.?m)
(3.9) boi= | ——2
log \/pn

Then there exist constants 0 < c3.14,C3.14 < 00, depending only on dg, and an absolute constant
C3.14 such that for any yo € R™ with | supp(yo)| < Cynp, for some Cy > 0, we have

P ({3x € Vi such that ||Anz — yolly < py/mp and || A, —EA,|| < K/np} N QN Qs7) < n= 0
for all large n, where
(3.10) Vo :=Dom (c% 1op™ ", c314K 1) U Comp(ci 1op~ ', p),  and  p:= (G3.14/K )20t

Proof of Proposition 3.14. Since we do not have any control on the vector yg except the cardinality
of its support, to remove the effect of yg we will show that the fo-norm of the vector A,z — yo
restricted to the complement of supp(yo) has a uniform bound over z € Vj. To this end, for ease of
writing, we define A,, to be the sub-matrix of A, of dimension 7 x n, where 7 := n — | supp(%o)|,
obtained by deleting the rows in supp(yo). We have that ||A,x|]2 < ||Anz — yol|2-

Next we observe that for any x € R™ an application of the triangle inequality implies that

[ fold(Ap)x|3 < 2/ Anz]3.

Furthermore

” fOId(An)H < ”An,l - ]EAn,l ‘ + ”Anﬂ - EANQH + HEAn,l - EAnQH
(3.11) <2||A, —EA,| + |EA, 1 — EA, 2| < 2||A, — EA,|| + 24/np,
where in the last step we have used the fact that
(3.12) [EA,1 —EApal <V2n-p < 2y/np.

To establish (3.12) we note that Assumption 3.1 implies that there at most two non-zero entries
per row in the matrix EA, 1 — EA, 2 each of which has absolute value less than or equal to p.
Therefore, each of the entries of (EA,, 1 —EA, 2)(EA, 1 —EA,2)* is bounded by 2p? and hence by
the Gershgorin circle theorem we deduce (3.12).

Therefore, in light of (3.11), recalling K > 1, it is enough to find a bound on the probability of
the event

By, = {Elx € Vo : |[fold(A,)a|, < 2(53,14/1()2‘0“\/@} N QK NN Q7

where

Qg = {|[fold(A,)| < 4K./np}.
We will show that

(3.13) IP’( {3w € Dom (% 10p~ ", e314 K1)+ |[fold(Ap)||, < (az.M/K)?fo\/@}

NQr NOSN Qg]) < pTos
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First let us show that P(y,) < n~%1* assuming (3.13). To this end, denoting m := ¢%,,p~*, we

note that for any = € Comp(m, p)

o L[1:m]
|| fold(Ar)z||2 —

||$[1;m}||2

Y L[1:m]
< [[fold(Ay)| - || [ Zpmrimll2
||9U[1:m]||2 9
<AK/np - (1= [|zpmll2 + |2 pmt1m[l2)
(3.14) < 8K p\/np = 8¢3.14 - (53<14/K)2€0 np,

on the event Q. For z € Vg we have that (1., /[|2[1.m|l2 € Sparse(m)NS™~! C Dom (m, c3.14K 1)
we see from (3.13) that

fold(A,)

Ll1:m] —

2

fold (A,) — 5| > (@ 10/ K)* i
||93[1:m]||2 9
with the desired high probability. Therefore, upon shrinking ¢34 such that 10¢3:4 < 1, and
recalling that K > 1, we deduce from (3.14) that P(Uy;,) < n~%14. Thus, it now suffices to prove
(3.13).

Turning to this task, we split the proof into three parts depending on the sparsity level of the
matrix A,, determined by p. First let us consider the case log(1/p) < np < C5.13logn.

Fix z € Dom (m, c3.14K _1) and define £ € R™ to be normalized vector obtained from x after

setting the coordinates belonging to the set £(A4,) to be zero. That is,
(i€ n\L(A,)), i € [n].

X

o Hx[n}\wn) )

Let us rearrange the magnitudes of the coordinates of & and group them in blocks of lengths (pn)z/ 2,

where £ = 1,...,{y. More precisely, set

(315) 2@ = i'[(pn)(é—l)/Q—l-l:(pn)e/Q] 1,
and
(316) 2’(0+1 = f[(pn)ZO/QJrl:n].

For clarity of presentation, let us assume that m = (pn)fo/ 2 i.e. the integer part in the definition of
{o is redundant. Further denote & := & - ||z, £(4,)ll2- That is, 2 is the unnormalized version of Z.

Note that # matches with = except |£(A,)| coordinates. Therefore, for any = € Dom(m, c314K 1)
we find that

1 Zmttinll2 < [2pmrtmlle < 310K VM| 2410 lloo

< 31K T g (A 4 1m I2
“\m/2—|L(4,)] [m/2+[£(An)[+1:m]

< 2e314 K 7| E 21 12

on the event
Op = {\c(Ann < n1/3} ,

for all large n, where in the last step we have used the fact that for p = O(IO%) we have n'/3 = o(m).

This further implies that

(3.17) 12e011ll2 < 26314K |2 24 1:myll2 < 26314K |24, ]2,

Lyhen ¢ =1 by a slight abuse of notation we take 21 = x1., /mp).
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on the event ()., where the last inequality is a consequence of the fact that the condition np — oo
as n — oo implies that the support of 2, contains that of &, /24 1.

Since zggl |12¢]|13 = 1, we deduce from (3.17) that

Lo
5112 2 —2
Z [Zellz2 > 1 —4de3 1, K7
/=1
Hence, choosing c3.14 sufficiently small we obtain that there exists ¢ < /¢y such that |2, >

(c3.14/K)*. Let £, be the largest index having this property, and set u := Zﬁ;l 20, v =: Zﬁ‘g}“ 2.

First consider the case when ¢, < fg. Then by the triangle inequality we have that
lo+1
(3.18) folly < 30 Homlla < 4esaa/ B,
m=Ci+1
where we have used the inequality (3.17).
Let k = (np)»~1/2. Note that

1
€5 10P\/P1
To finish the proof we now apply Lemma 3.10 with this choice of k. Using the fact that | supp(yo)| <
Cinp we see that

(3.19) np > log(1/Cp),

for some large constant C, whenever p < ¢ for some small constant c¢. Therefore, we can apply
Lemma 3.10 to the rectangular matrix A, to find the desired uniform bound on || fold(A,)z||2. To
this end, we split the support of u into \/np blocks of equal size x and define Ly, := 7%_1 ([1, (np)&/?)),
where m; is the permutation of absolute values of the coordinates of Z in an non-increasing order.
For s € [/np), define J; := 7, ([(s— 1)k +1, sk]), and set J. := Ly, \J;. Using Lemma 3.10, for any
s € [y/np], we will show that there is a substantial number of rows of A,, which have one non-zero
entry in the block Js and no such entries in J,. Let us check it. On the event Q,

2n

* S *

C310P ~ C3glogn
where the second inequality uses assumption (3.19). Since Z £(4,) =0, and Lg, contain the coordi-
nates of & with the largest absolute value, it implies that Ly, C £(A,)¢, and hence JsNL(A,) = @.
Moreover, |J;| < |Lg,| = ky/pn. Therefore we now apply Lemma 3.10 to get a set A such
that AN Q37 has a small probability and on A N Q, there exist subsets of rows Iy C [n] with
|Is| > c3.106mp for all s € [\/pn], such that for every i € Iy, we have |a; j,| = 1 for only one index
Ji € Jgand a;; = 0 for all j € J; U J\{jo}. This means that I, Is,... , I /5w are disjoint subsets.
Moreover {Is}c[, mp) satisfy the property (3.2). That is,

|L,| < <n-—n'?<n—|L(4,),

(3.20) supp(row;(fold(A4,))) N L(A,) =@, forallie€ I, and s € [\/np].
Therefore, for s € [\/np] and i € T,

(fold(/in) : (xmn)))i —0

TL(An) we deduce that

and thus denoting w := -
I\ an) ll2

‘(fold(fln) (u+ w))z| = (fold(A,)u);| = lui j;| > |§U(7T;1(5/1))|,
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where the inequality follows from the monotonicity of the sequence {| (7} ' (k))|}7_,. Hence

) Vp (pn)*/?
[fold(An) - (u+w)|3 > 3N ((fold(An)u)i)® > csaonp Y w(@(n; " (sx)))?
s=1i€l; s=1
(np)**/?

> €3.10nP Z (&(m; " (K)))?

k=(np) (412
(3.21) = c3.10mp |26, |13 > esa0mp - (cs.14/ K)o
Combining this with the bound on |[v|, (see (3.18)), we deduce that

— €T — —
fold(Ay) - —————|| > ||fold(A,)(u+w)||, — [[fold(A,)]| - [[v]l,
H»”U[n]\L(An)||2 9
(3.22) > /esaomp - (c3.4/K)" — 4K /np - 4(cs.14/K) & > (€514 /K) % /np,

on the set AN Qp N Qg N Q37, where the last inequality follows upon choosing c3.14 and €314
sufficiently small (independently of /).
Now it remains to consider the case ¢, = {y. Note that in this case, using (3.21), we have that

[fold(An) - (u+w)l|, > v/esionp - |24l

and from (3.17), we have ||[v]ly = ||Z41lly < 2¢3.14K 71 [|24,]|,- Therefore proceeding as before, on
ANQr N Qe NQ37, we obtain

(3.23) fold(A,) - | > (@.14/K)" \/7p.
Hx[n]\z(ﬁn)\b 9
Since np < C5.13logn, using Lemma 3.12 we also have that
1 1
2 canllz > > > (e3.14/K)%,

Cs12np — C512C3.13logn
on the set Qf N3 7, for all large n. Therefore, combining (3.22)-(3.23), and using Lemma 3.10 and
Lemma 3.13 we establish (3.13) for all p € (0, 1) such that log(1/p) < np < Cs13logn.

Next we consider the case when Cs13logn < np < (c%,,n)%*3. For such choices of p € (0,1) we
use Lemma 3.13 to obtain that {£(A,) = @} with high probability. Using this fact one proceeds
similarly as in the previous case to arrive at (3.13). Below is a brief outline.

Similarly to {25}50;51 defined in (3.15)-(3.16), we first define {zg}g(’:tl by rearranging the mag-
nitudes of the coordinates of x and grouping them in blocks of length (np)e/ 2for 0 =1,2,...,4
and 2,41 being the remaining block. Next, we define ¢, to be the largest ¢ < ¢y such that
lzelly > (c3.14/K)¢. Equipped with the definition of ¢, we then define {J;, J;}SE[\/@} similarly as
in the previous case. On the event {£(A,) = @} the requirement that J, N L(A,) = @ trivially
follows. Since np > C513logn by Lemma 3.13 we have that E([ln) = @ with high probability. This
allows us to use Lemma 3.10 to find disjoint subsets of rows {/s}¢| vmp) With the desired properties
and hence by repeating the same computations as in the previous case we arrive at (3.23). Now
noting that Ha:[n]\ C(A,) ]2 =1, on a set with high probability, we obtain the desired bound in (3.13).

It remains to provide a proof of (3.13) for p € (0,1) such that np > (c% ,,n)?/3. For this range
of p we do not need the elaborate chaining argument of the previous two cases. It follows from the
following simpler argument.
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Fixing z € Dom (m, 63_14K_1), for k € supp(x[i.mm)) we define Jy, = {k} and J;, = supp(z(1.,,)) \{k}-
Applying Lemma 3.10 with k = 1 and m = m we find disjoint subsets of rows {Ik}késupp(:v[l:m])
such that [Ix| > c310np for all k € supp((1.y)) (note that by Lemma 3.13 L(A,) = @ with high
probability). Therefore, proceeding similarly as in (3.21) we obtain that

fOld w[lm})
> oy

kesupp(@[1:m)) 1€ 1k

L[1:m]
Hx[lzm}Hz 2

> ze*
€3.10mp Z T . T G3.10mp

fold(A4,,) -
(4n) T

T
| [1:m] ll2 ke€supp(T(1.m))

on set AN {L(A,) = @} N Q37 such that A° N Q37 has a small probability. Using the fact that
z € Dom (m, c;3_14K_1) we observe that

Thus applying the triangle inequality we deduce that for any x € Dom (m, 314K _1)

+ Hm[m+l:n]”2)

I _ _
M — 2| = 1= lzpmllz < l2pmirmlle < csia K mlapn oo < esaK
m 2

Ll1:m)
”x[lzm]”Q 2

L[1:m]

Hx[l:m}HQ

v

|| fold(A,)z||2 fold(A,)

= L[1:m]

-

2
C3.10Mp
> \/cz3.10np — 8cz.14/np > 5

on the event AN Qi N {L(A,) = @}, whenever ¢34 < %‘/03,10. This together with Lemma

3.13 proves (3.13) for all p € (0,1) such that np > (¢ ,,n)*? and it finishes the proof of the
proposition. ]

3.2. Invertibility over vectors close to moderately sparse. In this section we extend the
uniform bound of Proposition 3.14 for vectors close to moderately sparse vectors. The following is
the main result of this section.

Proposition 3.15. Let A, be as in Assumption 3.1, Vy,and p be as in Proposition 3.14, and p >
c1 log” for some constant ¢; > 0. Fiz K > 1. Then there exist constants 0 < ¢3.15,¢3.15,C% 15, C3.15 <
00, depending only on K, such that for any M with p~1 < M < ¢4 ,5n and yo € R™ we have

]P’(Elx € Dom (M, 03,15K_1) U Comp(M, p)\Vo such that ||Apz — yolls < €3.150/1D

and [[Ap, — EA,| < K\/np> < exp(—¢€3.15n).

As outlined in Section 2 the key to the proof of Proposition 3.15 will be to obtain an estimate
on the small ball probability. This will be achieved by deriving bounds on the Lévy concentration
function (recall Definition 2.1). The necessary bound is derived in the lemma below.

Lemma 3.16. Let C,, be a ny X ng matriz, where ni,ng > n (recall w := [n/2]), with i.i.d. Ber(p)
entries. Then for any o > 1, there exist B,~v > 0, depending only on « such that for x € R"2,
satisfying ||z|| o / [|z]ly < ay/p, we have

L(Cnz, - /np|lzlly) < exp(=7n).

Lemma 3.16 is a consequence of [5, Corollary 3.7]. The difference between Lemma 3.16 and [5,
Corollary 3.7] is that the latter has been proved for matrices whose entries have zero mean and
obey a certain product structure. The key to the proof of [5, Corollary 3.7] is [5, Lemma 3.5]. Upon
investigating the proof of [5, Lemma 3.5] it becomes evident that neither the zero mean condition



24 A. BASAK AND M. RUDELSON

nor the product structure of the entries are essential to its proof. So, repeating the proof of [5,
Lemma 3.5] under the current set-up and following the proofs of [5, Lemma 3.6, Corollary 3.7] we
derive Lemma 3.16. Further details are omitted.

We additionally borrow the following fact from the proof of [5, Lemma 3.8].

Fact 3.17. Fiz M, < My < n and for any x € S"~! define
Uy = u(x, M) == 2, Ve = v(T, My, Ma) i= 2 41:0), and 1o = 1(x, Ma) = Z[p4100)

Then, given any €,7 > 0 and a set S C S"! there exists a set M C S such that given any x € S
there exists a & € M such that

Vg Uz

lozllz vzl

(3.24) lug — uzll2 <, ‘
2

<7, and |||vzll2 = ||vzll2] < e.

and

n n — M 6\ Mitl g\ MM
: < (2 (2 .
@29 i< () G ) G) ()

The proof of Fact 3.17 follows from volumetric estimates. Indeed, one first fixes the choice of
the supports of u, and v,, and constructs standard nets for wu,, v;/||vz||2, and ||vz||2 of desired
precision. Then bounds on the cardinality of follows by taking a union over the set of all possible
choices of the supports of u, and v,. We omit further details.

Now we are ready to prove Proposition 3.15.

Proof of Proposition 3.15. Fix M with p <M< ¢4 15n and for ease of writing let us denote
(3.26) V1 := Dom (M, 03_15K*1) U Comp(M, p),

where 315 and ¢ 5 to be determined during the course of the proof. We will show that for any
yeR”

(3.27) P ({EI:U e Vi\Vo : [(An — pJdpn)x —ylly < 2¢3.15p/np} N Q%) < exp(—2¢3.15n),
where J,, is the n x n matrix of all ones and
(3.28) Q% = {||A, — EA,|| < K/np}.

First let us show that the proposition follows from (3.27). To this end, denote
Vo i={y eR":y=yo+ AL, |\ < Vnp}.

It easily follows that ), has a net ), of mesh size ¢3.15p/np with cardinality at most O(,/p/p) =
exp(O(logn)). Therefore, noting that for any y;,y2 € R"

inf [[(Ay —pJn)r —yille — inf ||(An — pdn)z — y2ll2

< —
2eVi\Vo zeVi\Vo < llyr = y2ll2,

taking a union over y € Y/, we deduce from (3.27) that
(3.29) P <{w€Vl\i\I/1bf:y€yn [(An — Jnp)z — yll2 < 53.15/)\/7111} N Q%) < exp(—¢3.15m).
Since yg — Jpx € Y, for all € 8"~ ! we further note that

3.30 inf A, — J, _ < inf Az '
530 ey A = T =yl < Juf [ Aur = ol

This together with (3.29) yields the desired conclusion. Thus, it remains to establish (3.27).
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To this end, we fix any =z € V;\Vy,y € R™ and write

ALl gl2 - "
A, =5 5ol , = , d = ,
[A%l A?ﬂ} v (xz e = g
2.1

where Ap' and A% are n x n and (n —n) x (n — n) matrices, respectively, Ay?, and (A21)* are
nx(n—n) matrices, 1, y1 are vectors of length n, and x9, y2 are vectors of length (n—mn). Similarly
we define {J;’}7,_;. With these notations we see that

1(An — pdn)z — yll3 = (A" = pdy ) + (A — pdy?)ze — il
+ (A2 = pI PNz + (AR — pJ2?) s — yalf5-
Also note that by Assumption 3.1 both A}L’Q and A,Q{l are matrices with i.i.d. Bernoulli entries

independent of Ay' and AZ?, respectively. Since z ¢ Vy we have 2 (mt1:m) oo/ 1 Zpm1ml2 <
cgthfl/Q. Further, for j € [n], let us define

xll(]) = Tm+1:n) (.7) ’ ]I(j S [n])u and xl2(]) = m[m+ln](]) ’ H(] ¢ [n])
Therefore there exists i € {1,2} such that [|z}[l2 > [|#}m41.m]l2/v2. Without loss of generality let

us assume i = 1. This implies that ||} ||e/||2}]]2 < 2¢5 1, Km™Y2 = 2¢51,(c% ) "Y/2K \/p. Hence
applying Lemma 3.16 we see that for a sufficiently small ¢3 15, we have
(3.31)

P ([[(An = pdn)z = yll2 < 48 15[|2pmy1m |2v/7P) < L (AR' 27, 825.15 1 |2/p) < exp(—3en),
for some ¢ > 0.

To finish the proof we now use a e-net argument. Applying Fact 3.17 we see that there exists
M C Vi\Vp such that for any x € V1\Vp, there exists z € M so that (3.24) holds. Thus

Ve Vz
vzl [lvzll
Since & € V7 we also observe that
(3.33) Irzlle < e 15K VM ||rz]loo < 2¢3.15K vz,

_ vzl
[0z

(3.32) [0z = vell; < [vzlly + [[vzlly |1 <e+7|lvelly -

2

where the last inequality follows from the facts that the coordinates of 7z have smaller magnitudes
than the non-zero coordinates of vz and m < M /2. Since Z ¢ V{), we have

(3.34) 1Z s 1mlle = \/ vzl + lrzll5 > p-

Therefore, it follows from above that ||vz||2 > ||rz||2, whenever ¢3 15 chosen sufficiently small, which
further implies that |lvz|2 > p/v/2. Hence, choosing ¢ < p/v/2, and proceeding similarly as in
(3.33) we deduce

(3.35) Irelly < 2e315K  (lvally +€) < desas K [lvelly -
Further note that
[An — pdnll < [[An — EAL|| + |[EAn — pJill < [|An — EA,[| + 1,
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where the last step follows from Assumption 3.1. So, using the triangle inequality, (3.24), (3.32)-
(3.33), and (3.35) we deduce

[(An — pIn)Z — yll2 < [|(An — pdn)z — Y2
+ | An — pJu|| (Iqu —uglly + vz — vzlly + I7elly + ||Tz||2>

(3.36) < |[(An — pdn)x —yll2 + 4K \/np - € + 2K /np - T - ||vz|l2 + 12¢3.15/np - ||vz]], -
Thus setting
_ C3.15p

_ G315
(3.37) €=k and T = 5K

and shrinking ¢35 further, from (3.31) and (3.34) we derive that
P 3z € ViAW : |(An — pJn)z — yll2 < 2¢3.15p4/1p)
(3.38) <P (32 € M : [[(An — pJn)T — yll2 < 4¢3.15]1Zpns1:m) 2v/7D) < IM] - exp(—3en).

With the above choices of € and 7, and any M < ¢§ |;n, from (3.25) we have that

M| < M (2) <A"4> . </1)>m+1 < ézc;mn(%)’n(%)ﬂf < ;)m“
(e(e} 1)~ mp) (€25 )7 <1>m“,

*
C3.15 P

for some constant C' depending only on K. Recalling the definition of p and m, it is easy to note

that
mlog (np) = o(n),
p
logn

Toglogn” This implies that for c3 |5 sufficiently small, if M < c3 ;n then

we have | M| < exp(¢n). In combination with (3.38), this yields (3.27). The proof of the proposition
is complete. O

IN

for all p satisfying np >

3.3. Invertibility over sparse vectors with a large spread component. Combining Propo-
sition 3.14 and Proposition 3.15 we see that we have a uniform lower bound on ||A,z||2 for z € V;
(recall the definition V; from (3.26)) with M = ¢} ;n. As seen from the proof of Proposition 3.15,
the positive constant c3 5 is small. On the other hand, as we will see in Section 4, to obtain a
uniform lower bound on ||4,z||2 over incompressible and non-dominated vectors x in the case when
A, is the adjacency matrix of a directed Erdés-Rényi graph, we first need to prove a uniform lower
bound on the same for € Ve« ., where

(3.39) Ve o := Dom(c*n, cK ') U Comp(c*n, p),
with the constant ¢* close to one (in fact ¢* > % will do) and ¢ > 0 some another constant. This is
not immediate from Proposition 3.15 and it will be the main result of this short section.

logn

Proposition 3.18. Let A, be as in Assumption 5.1, p as in Proposition 3.1/, and p > c1=2—

for some constant ¢; € (0,1). Fiz K > 1 and c§ € (0,1). Let My := ”7%. Then there exist

constants 0 < c3.18, C3.18, C3.18 < 00, depending only on ciy and K, such that for any y € R™ we have

(340) P ({30 € Vigeo s \Vity + 1(An = pJa) =yl < 415201y l2v/D } 092 )
< exp(—2¢3.18n),
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for all large n, where
(3.41) Vg, := Dom(My, c3.15K 1) U Comp(My, p).
Consequently, for any yo € R™ we have

(3.42) IP’(EI:B € Ver 515 \Viy such that [|Anz — yolly < €318py/np

and ||A, —EA,| < K,/np) < exp(—¢s.18n).

As the set of sparse vectors that have a large spread component has a higher metric entropy
compared to that of the set of vectors considered in Section 3.2, the small ball probability estimate
derived in Lemma 3.16 will be insufficient to accommodate a union bound. To obtain a useful
bound on the small ball probability we use the following result. Before stating the lemma let us
introduce a notation: for any v € R™ and J C [n| we write v; to denote the vector in R™ obtained
from v by setting v; = 0 for all ¢ € J°.

Lemma 3.19 (Bound on Lévy concentration function). Let v € R™ be a fized vector and x € R"
be a random vector with i.i.d. Ber(p) for some p € (0,1). Then there exists an absolute constant
Cs3.19 such that for every e >0 and J € [n],

£ ({00,921 =)oy llee) < £ (@, 05,020 = p) 2o 22)

vl )
< (O399 e+ .
= ( PY2(1 = p)2|Juy 2

The proof of Lemma 3.19 is a simple consequence of the well known Berry-Esséen theorem and
is similar to that of [31, Proposition 3.2]. Hence further details are omitted.

To utilize the bound from Lemma 3.19 we recall that any vector belonging to the third set has
a large spread component. This means that one can find a J C [n] such that ||vs||/||vs]]2 is small
with the Euclidean norm of v; being not too small.

The proof of Proposition 3.18 is similar to that of Proposition 3.15. Recall a key to the proof of
Proposition 3.15 is the anti-concentration bound of Lemma 3.16 where the latter is a consequence
of Paley-Zygmund inequality (see the proof of [5, Corollary 3.7]). To prove Proposition 3.18 we
need a better anti-concentration bound. To this end, we note that any x ¢ Vi, has a large spread
component, i.e. a large non-dominated part. It allows us to use Lemma 3.19 instead of Paley-
Zygmund inequality. For matrices with independent rows, this together with standard tensorization
techniques produces a sharp enough anti-concentration probability bound suitable for the proof of
Proposition 3.18. For matrices satisfying Assumption 3.1 we additionally need to show that one
can find a sub-matrix of A, with jointly independent entries, such that the coordinates of x which
correspond to the columns of this sub-matrix form a vector with a large spread component and
a sufficiently large norm to carry out the scheme described above. Since the proof of Proposition
3.18 is an adaptation of that of Proposition 3.15 with these couple of modifications it is deferred
to Appendix B.

Remark 3.20. Proposition 3.18 shows that || A,z (|2 has uniform lower bound when = € Ve ¢, .\ Vi, -
Its proof reveals that the same bound continues to hold when V), is replaced by

Vg, = Dom(My, cK 1) U Comp(My, p),

for some small constant ¢ < c¢3.15. Changing the constant ¢35 to ¢ only shrinks the constants
€318, C3.18, C3.18. We will use this generalization in the proof of Lemma 3.23.
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Remark 3.21. Propositions 3.14, 3.15, and 3.18 have been proved for n x n matrices. It can be
checked that the conclusions of these propositions continue to hold for (n — 1) X n matrices, with
slightly worse constants. In particular, they hold for the matrix /Tn such that its rows are any
(n — 1) columns of the matrix A, satisfying Assumption 3.1. We will need this generalization to
prove the desired lower bound on the smallest singular value of the adjacency matrix of a random
bipartite graph or equivalently for the random matrix with i.i.d. Bernoulli entries (as noted in
Remark 1.8). To keep the presentation of this paper simple we refrain from providing the proof
for this generalization. It follows from a simple adaptation of the proof of the same for square
matrices.

3.4. Structure of A, 'u. As mentioned in Section 2, to deduce invertibility over non-dominated
and incompressible vectors we also need to show that, given any u € R", the random vector A 'u
must be non-dominated and incompressible with high probability. Since we will apply this result
with coordinates of u being i.i.d. Ber(p), we may and will assume that u does not have a large
support. With some additional work, the results of Sections 3.1-3.3 yield this.

Moreover, as we will see in Section 4, to treat the non-dominated and incompressible vectors
when A, is the adjacency matrix of a directed Erdds-Rényi graph, we further need to establish
that given any J C [n] with |J| ~ %, one can find I C J such that the vector (A, 'u); contains a
considerable proportion the non-dominated and incompressible components of the random vector
A tu. The proof of the latter crucially uses Proposition 3.18. These two results are the content of
this section.

We first begin with the corollary which shows that A, 144 is neither compressible nor dominated
with high probability.

Corollary 3.22. Let A, be as in Assumption 3.1, where p satisfies the inequality

np > log(1/p),

and p be as in Proposition 3.14. Fix K > 1, ¢ € (0,1), and yo € R™ such that |supp(yo)| < Cynp
for some C, > 0. Then there exist constants 0 < €3.22,C320 < 00, depending only on cf and K,
such that

IP({EIQ; € R" such that z/||x|l2 € Ver ¢y 165 |1 AnT — Yol < C320p/np - || 7|2
and ||A, —EA,| < K\/np} N QS) <pT22,
where we recall the definition of Ver o, from (3.39) and the definition of Qo from (1.1).
Proof. Recalling the definition of V) from (3.10), we first show that
(3.43) P ({3z € R" such that z/||z||2 € Vi, || 4nz — yolly < Cs.200v/mp - [|z[|2} N Q% N Q)
< n_QE&QZ’

for all large n, where we recall the definition of Qf from (3.28). We remind the reader that to
prove Proposition 3.14 we defined A,, to be the sub-matrix of A,, obtained upon deleting the rows
in supp(yo) and showed that ||A,z||2 is uniformly bounded below, with high probability, for all
r € Vp. As || Apz|l2 < ||Anx — yol|2 this yielded the desired result. Since the proof does not involve
Yo, except for the cardinality of its support, we therefore can carry out the exact same steps and
use the bound on the probability of -, derived in Lemma 3.7, to obtain (3.43).
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It remains to show that

(3.44) P ({3z € R such that /|z[|2 € Vg ¢ 15 \Vo, |[Anz — volly < Eo2py/np - z[2} 0 Q%)
< exp(—En),

for some ¢ > 0. If there exists an z € R™ such that ||A,z — yol| < ¢3.00p/np - ||z]|2, then using
triangle inequality we find that

1ol [ Anz — yoll2

[]l2 1]l
on QY. Further let us recall that for any x € S"~!, we have pJ,z = A1 for some A € R with
|A| < v/np. Therefore, using triangle inequality once more we see that

{3z € R™ such that z/||z(|2 € Ve c5 1\ Vo, [[Anz — molly < E320p/mp - [|zll2} N Y

< |4y — pdll + pl| I + < 2Knp,

C < inf inf A, —pdy)x — < Cs90pv/mp p N QY
{yey*xe‘/cg,qm\‘/o”( n = pdn)x —ylly < C322py/ p} K

where

Vi i= {7- || yo” +AL; 7, A € R with [y| < 2Knp, [A] < \/ﬁp}-
Yoll2

Since Y, admits a net N of mesh size ¢322p,/np with cardinality at most (8K ./np/c320p)?, by a
union bound we see that it suffices to show that

(3.45) P ({3 € Vi ey ,s\Vo, such that [|(A, — pJn)z — ylly < 20300p/mp} N Q) < exp(—2¢n),

for any y € R". Arguing similarly as in (3.33), we note that for any # € Dom(cin, 318K 1)

|2 aso 4 1:c5mll2 = 1% ez nr1:my (|2, and hence, for 2 € Dom(cfn, 318K 1)\ Vi, we obtain that |z (ato+1:c5mll2 2
p/V/2. Therefore, (3.45) follows from (3.27) and (3.40). This yields (3.44) and combining this with
(3.43) now finishes the proof of the corollary. O

Building on Corollary 3.22 we now prove that for any J C [n] with |J| &= 3, there exists a large
set I C J such that (A, 'u); has non-dominated tails and a substantial Euclidean norm.

Lemma 3.23. Let A, be as in Assumption 3.1, where p satisfies the inequality

np > log(1/p).
Fiz K > 1, J C [n] such that 3| J) < B2, and yo € R™ with ||yoll2 € [1,Cnp)] and |supp(yo)| <
Cinp for some C,Cy > 0. Then there exist constants 0 < c3.93, €303 < 00, depending only on K,
such that

L2 41m 00 1
P ({35” € R": Apx = yo and either Itz 1m0 > }

or || X[z : < ﬂQO ﬂQc
Z o et llz < e 0 2% 0)

@24 1) 12
< n—E&Q:s7
for all large n.

Proof. Let x € R™ be such that A,z = yg. Let us show first that the event ||$[%+1;n]mJ||2 < p can
occur with probability at most n~¢ for some constant ¢ > 0. Since |J| > %", we have

Hx.]ﬂ[%lezn] ||2 2 ||x[§n+1:n} HZ;
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where by a slight abuse of notation, for m < m’ < n, we write

Ljn[m:m/] (Z) = T[m;m/) (’L) : ].(Z S J)

Hence, our claim follows by applying Corollary 3.22 with ¢ = z

g
Next, assume that

(3.46) HxJﬂ[%+1:n]

We will prove that if c393 is chosen sufficiently small then this can hold only on a set of small
probability as well. This will complete the proof.
Denote w := x jey1.2] and z :=x —w = TJA[L+1m]- Then w # 0 and the assumption |J| > ‘%"

) < ¢33V me[%ﬂzn]

[e.9]

implies that w € Sparse(7n/8). We will show that the vector A,w/ ||wl, is close to some set )
having a small e-net. As w/||wl||2 € Sparse(7n/8)NS™~!, the desired probability estimate will then
follow from Proposition 3.18 and the union bound over the net.

Turning to carry out the above task, we note that the inequality (3.46) shows that

’.Z'[MO+1:”

12]l2 = me[%ﬂ:n] o]

_ n+y/loglogn

where we recall My := Tog

< 3c3.03 ;
2 2

. Since A,z = yo, this implies

|Anw — yo + pInzllz = |(An — pJn)zll2 < || An — pdn|l - ||2]]2 < 6c3.23K\/np - Hm[Mo—&-l:%}

)

2
on the event Q9., where we recall its definition from (3.28).

For ease of writing let us denote w* := w/ ||w||, and set y* := (yo — pJnz)/ ||wll,. With this
notation, the previous inequality reads

. lzs+1:2illz )
(3.47) |Apw™ — y*||2 < 6c3.23K\/np - el 6c3.03K\/np - || Wipgy 10

i

2
where we used that wing,41:m/4) = T(My41:m/4) to derive the last equality.

The inequality (3.47) already shows that A,w/||w||2 is close to y*. From the definition of y* we
further note that y* = Ayg + 1 for some A,y € R. This indicates that the natural choice for the
set ) is the collection of all vectors of the form Ayg + 1, A,y € R. To show that ) admits a net
of small cardinality we need bounds on A and 7.

We claim that y* € ), where

Y :={yeR":y=\yo+ 1, for some \ € (0,4Knp] and v € [—-3+/np, 3v/npl}.
To see this we observe that the assumption A,x = yg implies that

[Anzll2 _ llgollz o 1 ’
[Anll ~ 2Knp ~ 2Knp

as ||yoll2 > 1 and ||A,|| < 2Knp on the event QY. Therefore,

]2 >

1
Jwllz = [J@1.2)[|]2 = §||:U||2 > 1/(4Knp).

From this and the inequality ||z||2 < 2|lwl|2 the required claim follows.
Since [|yoll2 < Cnp it is also immediate that the set ) admits a (¢3.15p,/np)-net N of cardinality

at most O(((np)2/p)?).
We next claim that w* ¢ Vyy,, with high probability, where

(3.48) Vit == Dom(Mp, 033‘51(*1) U Comp(Moy, ).
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Proving (3.48) will put us in a position to apply Proposition 3.18.

To this end, using Corollary 3.22, we can assume that z/[|z[|2 € Vi5/16.c, 4, With high probability.
Hence, recalling the definition of w and using the monotonicity of the non-zero coordinates of
T[My+1:m) We have

lwptsimillz 1 %m/simsagllz _ 120sn/1641m 12

(3.49) > - >
w2 2 [EalP [zl

Moreover, winsy1:n/4) = Lntgt+1:m/4]> A0 [ Z(as0 4174 12 = 5121110012, 50

Hw[Mo-i-lzn} HOO Hx[Mo-i-l:n] HOO <3. Hx[Mo—i-l:n] HOO 3K

lwingimllz = 1Zpp4rnalle = 1Zpn4imllz — esisv/My

where we applied Corollary 3.22 again in assuming that z/||x||2 ¢ Vas,, with high probability, with

Vag as in (3.41). Inequalities (3.49) and (3.50) confirm that w* & Vj, with high probability.
Now, setting cj = % in Proposition 3.18 (see also Remark 3.20), combining (3.40) with the union

bound over the net N’ C ), and applying triangle inequality we derive that

(3.50)

yey w*eSparse('?n/S)ﬂS”*l\{}Mo

P ({ inf inf [(An — pJn)w. — yll2 < 4’&3_181\w[*M0+1:78n]H%ﬁnp} N Q%)

< exp(—ég_lgn) .

Thus recalling (3.47), and as y* € ), we see that for a sufficiently small ¢3 23, the inequality (3.46)
can hold only on a set of small probability. This finishes the proof of the lemma. [l

4. INVERTIBILITY OVER INCOMPRESSIBLE AND NON-DOMINATED VECTORS

In this section our goal is to obtain a uniform lower bound on || A, z||2 over non-dominated and
incompressible vectors z, with large probability. As the set of such vectors possesses a large metric
entropy, one cannot replicate the approach of Section 3. As outlined in Section 2, we find a uniform
lower bound over the set of such vectors by relating it to the average of the distance of a column
of A, from the subspace spanned by the rest of the columns. To this end, we use the following
Lemma from [36] (see Lemma 3.5 there).

Lemma 4.1 (Invertibility via distance). For j € [n], let A, j € R™ be the j-th column of A,, and
let Hy j be the subspace of R"™ spanned by {An;,1 € [n|]\{j}}. Then for anye,p >0, and M <n,

3 [P 1 ¢ i (A i 2
‘2 <ep \/;> < M;P (dlst(An,j,Hn,j) <p \/ﬁz-:) )

Remark 4.2. Lemma 4.1 can be extended to the case when the event in the LHS of (4.1) is
intersected with an event 2. In that case Lemma 4.1 continues to hold if the RHS of (4.1) is
replaced by intersecting each of the event under the summation sign with the same event 2. In the
proof of Theorem 1.7, we will use this slightly more general version of Lemma 4.1. Since the proof
of this general version of Lemma 4.1 is a straightforward adaptation of the proof of [36, Lemma
3.5], we omit the details.

(4.1) P ( inf Apx

z€Incomp(M,p)

Lemma 4.1 shows that it is enough to find bounds on dist(A,, ;, Hy ;) for j € [n], where A, ; is
the j-th column of A, and H,, ; is the subspace spanned by the rest of the columns. Furthermore,
from the assumption on the entries of A, it follows that one only needs to consider j = 1. For
J € [n]\{1} one can essentially repeat the same argument.



32 A. BASAK AND M. RUDELSON

For a matrix A, of i.i.d. Bernoulli entries, the first column A, ; is independent of H, 1, so the
desired bound on the distance essentially follows from Berry-Esséen theorem (see Lemma 3.19),
upon showing that any vector in the kernel of a random matrix must be both non-dominated and
incompressible. This easier case is therefore deferred to Section 5 and is dealt with during the
course of the proof of Theorem 1.7. Here we will only obtain a bound on dist(A,, 1, H,,1) when A,
is the adjacency matrix of either a directed or a undirected Erdés-Rényi graph.

To obtain a bound on dist(A,, 1, Hy,,1) we derive an alternate expression for the same which is
more tractable. This is done in the following extension of [45, Proposition 5.1].

Proposition 4.3 (Distance via quadratic forms). Let fln,fin,j and fInJ be as in Lemma 4.1.
Denote by C, the (n — 1) x (n — 1) sub-matriz of AY obtained after removing the first row and
column, of A,. Furthermore, let 7,y € R"! denote the first row and column of A, with the first
entry a1 removed, respectively. Then we have the following:

(i) If Cy is non-invertible then

diSt(An,la -E[n,l) Z sup |<y) U>|,
veKer(Cp)NSn—1
where Ker(Cy,) := {u € R"" ! : C,u = 0}.
(ii) If Cy, is invertible then

-1 .
(4.2) dist(An1, Hpy) = (Gl y) “121‘.
L+ |Gt

Proof. Tt follows from the definition that

diSt(An,la Hn,l) > sup ’<An,17 h>|)
h

where the supremum is taken over all vectors h that are normal to the subspace ﬁn,l. To prove
part (i) we only need to show that if v € Ker(C),) then the vector (2) is a vector normal to H,, ;.
This is immediate from the definition of C,, and ﬁml.

When C,, is invertible and A, is a symmetric matrix, Proposition 4.3 was proved in [45]. A

simple adaptation of this proof yields Lemma 4.3 for any square matrix A,. We omit the details
here. O

From Proposition 4.3 we see that the relevant distance has two different expressions depending
on whether the (n—1) x (n—1) sub-matrix of A4,, obtained upon removing the first row and column
is invertible or not. In the latter case one can again use Lemma 3.19 to deduce the desired bound.
Hence the treatment of that case is postponed to Section 5.

Thus the main technical result of this section is the following. For ease of writing we formulate
and prove the relevant result for (n+ 1) x (n+ 1) matrices. With no loss of generality this extends
to n X n matrices, possibly with slightly worse constants.

Proposition 4.4 (Distance bound). Let A,,, a matriz of size (n + 1) x (n+ 1), be the adjacency
matriz of either a directed or a undirected Erdds-Rényi graph. Let A, be the n X n sub-matriz of
A,, obtained upon deleting the first row and column of A,,. Denote ' and y to be the first row and
column of A, with the first common entry removed. Define

Q4 :={A, is invertible},
and fixing K > 1 we let
Q% :={||A, —EA,|| < K\/np}.
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Then there exist an absolute constant cq4 and another large constant Cy4, depending only on K,
such that for any u € R and € > 0 we have

Az, y) —
}< n w7y> u} §C4.48p2\/]>) ﬂQ%’ﬂQ+ §51/5+%-

4
1+ A |3 VP

Remark 4.5. It is believed that the optimal exponent of ¢ in the RHS of (4.3) is one. As x and
y are not independent, to obtain a bound on the probability of the event on the LHS of (4.3), we
need to use a decoupling argument (see Lemma 4.7 below). Even in the case of independent x and
y, to apply Lemma, 3.19 one still needs to replace the denominator by some constant multiple of
| A, 1z|l2. This amounts to showing that ||A; 2|2 > ¢ for some ¢ > 0. As the entries of A, have
a non-zero mean this poses an additional technical difficulty. These two steps together result a
sub-optimal exponent of € in the RHS of (4.3).

It is further believed that the second term in the probability bound of (4.3) can be improved
to exp(—énp) for some ¢ > 0. To improve this bound, one needs to obtain a strong estimate
of the Lévy concentration function of A,v for v € S"~!. Such an estimate is impossible for a
vector with rigid arithmetic structure. On the other hand the set of such vectors has a low metric
entropy. Therefore, one needs to show that this metric entropy precisely balances the estimate on
the Lévy concentration function. Putting these two pieces together, the desired better bound on
the probability was obtained in [5] for sparse matrices with i.i.d. entries, for np > C'logn, for some
large C' > 1, and in [50] for symmetric sparse matrices when p > n™=¢ for some ¢ € (0, 1). To achieve
the same here for all p satisfying np > log(1/p) one requires new ideas. We refrain from pursuing
this direction.

(4.3) P

Remark 4.6. We point out to the reader that results analogous to Proposition 4.4 were used in
[45] and [50] to control the invertibility over incompressible vectors for dense and sparse symmetric
random matrices, respectively. Here to prove Proposition 4.4 we encounter additional technical
difficulties to tackle the adjacency matrix of the directed Erdés-Rényi graph and also to handle the
non-zero mean assumption on the entries.

Before proceeding to the proof of Proposition 4.4 let us describe the idea behind it. We note
that if « and y were independent vectors with i.i.d. Bernoulli entries and if the vector A 'x was
neither dominated nor compressible then, on the event that A, is invertible, the probability of the
event

Az, y) — ol
. et <o)

would have been a consequence of Lemma 3.19. Therefore, applying Proposition 4.3(ii) we see that
it is enough to reduce the RHS of (4.2) to an expression similar to the above. This consists of several
critical steps. The first is a decoupling argument. This is done via the following lemma.

Lemma 4.7 (Decoupling). Fiz any nxn matriz B,. Suppose z and z are random vectors of length
n, with independent coordinates but not necessarily independent of each other. Further assume that
for every J C [n], zy is independent of Zjc. Let (z',2") be an independent copy of (z,%). Then,
for any J C [n],

L ((an,é),a‘)Q <P (‘(Bn(ch —2%e),27) + (B (Bge — 2e), 2g) — v‘ < 26) ,

where v is some random vector depending on the J¢ x J¢ minor of By, and the random vectors
Zje, 2, Zge, and 2.
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Using [13, Lemma 14], in [45] (see Proposition 5.1 there), a version of Proposition 4.3 was proved
when B, a symmetric matrix and & = y. The same proof, with appropriate changes, works for
a general matrix B, and with the stated assumptions on the joint law of  and y. We omit the
details.

Recall that in Section 3 the invertibility over compressible and dominated vectors was proved
under the general Assumption 3.1, and as seen in Remark 3.2, the assumption can be further
relaxed to include skew-symmetric matrices. Since skew-symmetric matrices of odd dimension are
always singular, one cannot expect to have a unified proof for all matrices satisfying this general
assumption. As we will see below, the proofs for the directed and the undirected Erdds-Rényi
graphs differ in choosing J C [n] in Lemma 4.7.

So, first let us consider the case when A, is the adjacency matrix of a directed Erdds-Rényi
graph. We see that to apply Lemma 4.7 one needs to condition on A,. Once we show that

(4.5) L+ [ A e ~ p' 2 A5 s = Q(1),

with large probability, we can replace the denominator of the RHS of (4.2) by p/?||A;!||us. This
allows us to condition on A,, and then apply the decoupling lemma with an appropriate choice of
the set J C [n].

To this end, we first show that (4.5) holds when x is replaced by its centered version . To tackle
the additional difficulty of the non-zero mean we then show that the eigenvector corresponding to
the largest eigenvalue of A, is close to the vector of all ones so that ||| A, x||s — || A, 1&|2| is small.

Let us state the lemma showing that ||A1Z o ~ p™/2|| A1 ||us-

Lemma 4.8. Let A, satisfies Assumption 3.1, with p such that np > log(1/p). Let x € R™ be
a random vector with i.i.d. Ber(p) entries, and ' be an independent copy of x. Denote & =
x — Ex.Then we have the following:

(i) For every e, > 0,
Py (1145 alls < &7 2pM2(1 = p) 2147 s ) =1 - =,

where Py (+) denotes the probability under the law of .
(i) Fix K > 1. Then, for every e, > 0,
_ _ Kcyy .
(46) P ({14, @ =2l < =p"?pll A s } 0 Q%) < ACk 10 ( + w?Tp) + 2070,

where p as in Proposition 5.1/.

The proof of Lemma 4.8 is deferred to the end of this section. The next lemma shows that A,
has a large eigenvalue and the eigenvector corresponding to that eigenvalue is close to the vector
of all ones.

Lemma 4.9. Let A, be an (possibly random) n x n matriz and for K > 1, let
Qi = {[|4n — pJull < K /np},

for some p € (0,1) such that np — oo as n — oo, where we recall that Jy, is the n x n matrixz of all
ones. Then on the event Qg , for all large n, the following hold:
(i) There exists a real eigenvalue N of A, such that |Ao| > =F.
(ii) We further have
16K

Si)
VALY %

Vo —

1
—1
NG
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where vg € S" ! is the eigenvector corresponding to the eigenvalue \g.

Equipped with Lemmas 4.8 and 4.9, one obtains (4.5), which in turn implies that one now needs
to find a probability of the event

{ [(An (@ — ale), ys) + (AL (Yse — ye) ) — vl

1A% lms
where (', y’) is an independent copy of (x,y) and ¢ is some small constant. As A, is not symmetric
and the first row and column, after removing the first diagonal entry, are dependent, to obtain a
bound on the probability of the event in (4.7) we need a bound on the Lévy concentration function
of a sum of two correlated random variables. A natural solution would be to take a J C Jy C [n]
such that x 7, = 0 so that second term in the numerator of (4.7) vanishes. Having used this trick, in
order to be able to apply Lemma 3.19 we finally need to show that v’ has a large spread component
and [|v}]2 is not too small, where

(4.7) < 06p2p} :

_ ANz ge — xse)
1R (e — aye)|2
The existence of a J C Jy C [n] so that v* has the desired properties is guaranteed by Lemma

3.23. Putting these pieces together one then completes the proof. Below we expand on this idea to
complete the proof of Proposition 4.4 for the adjacency matrix of a directed Erdés-Rényi graph.

Proof of Proposition 4.4 for directed Erdds-Rényi graph. As mentioned above, to apply Lemma 4.7
we need to show that (4.5) holds with high probability. To this end, we begin by noting that

L+ [|An )12 < 20/1 + || An 2|3 + 2p]| 4,12,

where & = {z;}_; € R" and &; = x; — Exz; for i € [n]. Therefore denoting
Foi= {p" 2145110l < 7247 s
and
1= —-1/2 _
Go = {1147 @12 < &2 (1 = p) 2] A7 s }

we have that

(4.8) Y1+ A7 ]2 < 47 P2 AL s + 2

on the event F,, NG, where €1 > 0 to be determined later during the course of the proof.
We claim that Q?( C Fn. Indeed, using Lemma 4.9 we have that

_ _ _ 1
I N P AN e ey
< VP 2 _
S —— + 32K A, |us,
=l VP
where in the last step we have used the fact that Q% C Qo for all large n. Using Jensen’s inequality

applied to the empirical measure of the square of the singular values of A, (or equivalently using
AM-HM inequality) we see that

2

+ vnp - || A us - H 1 -1

| Anllfis - 1145 fs = n°
Since
[Anllfis < 20| An — EAn[fis + 2|EAnlfs < 2n - (K?np) + 2(np)? < 4Kn’p,
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on the event Q(}(, we deduce that
(4.10) IA; s > 1/(2Kp'/?).
Plugging this bound in (4.9) and setting &1 < 107K =2 we derive that Q% C F,.
Hence, estimating P(G,,) by Lemma 4.8(i) and using (4.10) again, we obtain from (4.8) that
‘<A;1$, y) - u‘

V1+ 14z 2|3
<P ({‘(A;lw, y) —u| < 5551_1/21),()2\\14;1\\}13} NO% N Qn> +e1.
Therefore, to complete the proof it remains to find a bound on the first term in the RHS of (4.11).

Now we will apply Lemma 4.7. Recalling the fact that 2" and y are the first row and column of
A, after removing the first diagonal entry, using the representation (1.11) we note that

(4.11) P <ep?p'/? 3 Nl

x; =0; - and yi = (1 —0;) - w,

where {v;},{w;}, and {0;} are sequences of independent Ber(2p), Ber(2p), and Ber(1/2) random
variables, respectively. Set J := {i € [n] : §; = 0}. Upon conditioning on 6 := {0;};c[,,) we see that
xj =0, and y; and x e are distributed as i.i.d. sequence of Ber(2p) random variables. Denote

T, =P ({‘(A;lx,w —u| < 5{581_1/2]9[)2“14;1“Hs} N Q%) .

An application of Jensen’s inequality and Lemma 4.7 yields that
_ _ 2
(412) 1% < B[ (a7 0}, 5ee s 145 ) | Ans6) Ty |

<E[P(|(47' (v =) ) — o] < 10e; *pp?| A7 s | Ans0) g, |

where
o = w; 1€J . Yi 1€ J¢
T10 diege YT l0 ieJd
~' an independent copy of 4, and v is some random vector depending only the J¢ x J¢ minor of
ALt 5, and 7.

Estimating the RHS of (4.12) relies on Lemma 3.19. To apply it, we need to bound the probability
appearing there by the Lévy concentration function from this Lemma. We show that this can be
done after discarding two events of a small probability.

To this end, denoting

G 1= {14510y = 7)o > 10|47 s }
we see that
(413) {[(4;" (v =), @) — o] <102, pp) 4, s } G © (€, ) — ] < 102, V212 )

where

Afl A _
€= —7 v 7/) e st Vi= ——g Y .
[An~ (v = ¥)l2 [An~ (v = ¥)l2
As wjc = 0, to be able to apply Lemma 3.19, we have to select a set I C J such that &; has a
substantial Euclidean norm and is non-dominated, with large probability.

and
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So, we define

~ 112 +1:n)7 lloo 1
= < n . > .
G, { < el 2

1§12 417112
As the coordinates of wo; are i.i.d. Ber(2p), setting I := supp(ﬁ[%ﬂm]mj), and using Lemma 3.19
we find that

(4.14) P (\(E,w) — ] < 10672 *pV2)p ‘ An,B,'y,'y’) I;.

—3/2 -3/2 1

< £ ((er,w1), 20021 =)' 2ller ) Tg, < 20Cu10 <sel 2 4 W) :
To complete the proof it remains to show that both §n and §n have large probabilities. First
let us show that P(gﬁ) is small. By Chernoft’s bound, there exists a set €1, such that on that set
|supp(y—=')| < Cynp and ||[y—+'||2 € [1, Cnp] for some Cy, C > 0, with P(€2,) > 1—exp(—enp), for
some constant ¢ > 0. Moreover, by Chernoff’s bound again, there exists a set {2y with probability
at least 1 — exp(—cyn), for some ¢, > 0, such that %" < |J| < %” on y. Hence, applying Lemma
3.23 we find that

(415) RGN 0%) <E[P(Gin 0% | 0,77 ) Tn,na, | +P(Q5) + P(25)
< n~%2 4 exp(—enp) + exp(—cyn).

Next, let us show that én has a large probability. Recall that -« is a random vector with independent
Ber(p) coordinates, and 4’ is an independent copy of 4. Using Lemma 4.8(ii) we obtain that

(416) PG50 0%) =P ({147 @ — )2 < c1p2oll A7 s | 1 O )
—1

Ke: _
< 803.19 <€1 + C§18> + ancs.m?
/P

where z’ is an independent copy of x, establishing én has a large probability.
Now, combining (4.13)-(4.16), from (4.12) we derive that

B c
Y2 < Cley+ee; )+ — +n7¢,

V1P
for some large constants C,C, and some small constant c¢. This together with (4.11) now implies
that

Atz y) —u _ C c
P |< n Y | §5p2p1/2 HQ% §C(51+51/2+5l/2513/4)+ 1/4+n_5.
1+ |14z (ne)
Finally choosing €1 = % and replacing € by £/C? the proof completes. O

Next we carry out the proof for the adjacency matrix of a undirected Erdés-Rényi graph. It
follows from simple modification of the same for the directed case. Hence, we only provide an
outline indicating the necessary changes.



38 A. BASAK AND M. RUDELSON

Proof of Proposition 4.4 for undirected Erdds-Rényi graph. Since in the undirected case ® = vy,
proceeding similarly to the steps leading to (4.11) we derive that

‘<A;1$a $> - u‘

V 1+ 1147 23
<P ({‘(A;lzc,a:) — u‘ < 5551_1/21),02\\14;1\\}13} N Q(}{ N Qn> +e1.

Next set J := {i € [n] : 9; = 0} where {0;}c[, are i.i.d. Ber(3). Using this choice of J we then
apply Lemma 4.7 to see that

(4.18) T2 <E [IP’ (‘<A,r:1(mjs — @), xy) —v| < 5551_1/2pp2HA;1HHS ’ Ay, J> HQ%} )

(4.17) P <ep?p'/? 3 Nl

where

T, =P ({|<A;1m,:1:> —u| < 5651_1/2pp2||A;1||Hs} N Q?() )

and v is some vector depending on the J¢ x J¢ sub-matrix of A,, @ e, and &’/.. As the entries of
the random vector @ jc are i.i.d. Ber(%), using Lemma 4.8(ii) we find that

= Kerl, _
4.19 P(GS N QL) < 16C. 27318 Oy —C3.22
( ) (G, k) < 3.19 <€1+ N + 2n ,
where B
Go = {1147 @se — @) 12 2 €102 4 s }
As

{1047 @se = @he), ) 0| < 5eey P2pp A7 s | NG € {| (& ) = 0] < Beey 22}

where

_ A (xje — o, v
€= —7 (@ ,J ) e st and V= p )
1A (@ e — alpe) 2 [Ax" (@ e — alpe) 2
proceeding similarly as in the proof in the directed case the remainder of this proof can be completed.
We leave the details to the reader. 0

We end this section with proofs of Lemmas 4.8 and 4.9.

Proof of Lemma 4.8. The proof of part (i) is essentially an application of Markov’s inequality. To
this end, we note that

n n n
(4.20) 1A 25 = (A @ e)® = Y (A7) e, @) = Y (ALY Terl3 (wn, @),
k=1 k=1 k=1
where
_ A e
(A=) Texl3’
and ey, is the k-th canonical basis vector. Since ||wg||2 = 1 and the random vector & has zero mean
with i.i.d. coordinates we have

Eqe [(wk,a_:>2] = Varg ((wy, x)) = Var(z1) = p(1 — p),

Wy -
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which in turn implies that
E. (|4, 2(5] = p(1 —p) D 1(A ) Texls = p(1 — p)[I A, (s
k=1

where E, and Var, denote the expectation and the variance with respect to the randomness of .
The conclusion of part (i) now follows upon using Markov’s inequality.

Turning to prove (ii), we denote py := ||(4, ) Terl|3/| 4, |As. As Sop_; pr = 1, proceeding as
in (4.20), and applying [45, Lemma 8.3] we note that

(421) P (14, @ - 2)ll2 < eap2pl 47 s | A0) =P (me, z—a')? < <2pp? | An>
k=1

n
< QZPkP ((wk,a} —2/)2 < 2e2pp? ”U An) .

k=1
As >0 pr = 1, the advantage of working with the RHS of (4.21) is that it is enough to find
the maximum of the probabilities under the summation. To find such a bound we would like to
use Lemma 3.19. This requires to show that wj is neither dominated nor compressible with high
probability.

(A" )Tey

Turning to this task, recall that wy = AT Te, Since A} also satisfies Assumption 3.1, applying
n k

Corollary 3.22 with ¢f; = 1/2, we obtain that
(4.22) P ({{wy,z —2')* < 2eIpp®} N QY%)

<E[P ({wn @ — 2)? < 262002 | A ) L(wp ¢ Vigae, )| + 1752
If wy, ¢ Vijac,, then

||(wk)[n/2+1:n]||oo < 2K
(W) my2t1mllz — cz1sv/n

[ (wk) /241 ll2 > p and

So now we apply Lemma 3.19 to find that

-1

P (’(wk, xr — 1;/>} < 25*p1/2p‘An) I(wy, ¢ VI/Q’CSJS) < 4C5 49 <5* + %) ,
where we have used the fact that p < %. This, together with (4.22), upon taking an average over A,
in (4.21), such that Qf holds, yields the bound (4.6). This completes the proof of the lemma. [
Proof of Lemma 4.9. Denote
8K
/P
where for brevity we write e := ﬁl. Define the function F': W — R" by
A,x

(Apz,e)

We claim that F(W) C W. We will see below that proving this claim will imply that A, has a
large eigenvalue and the eigenvector corresponding to that large eigenvalue is close to e.

W .= {weRn: lw—e|y < and <wve>:1}’

F(x):=
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To check the claim, note that for any x € R™ we have (F(x),e) = 1. Therefore it remains to
show that

8K
4.2 F(z)—e|2 < —, forall :
(4.23) I1F(z) —ell < ==, forallzeW.

To this end, for any x € W we write £ = e + y where from the definition of the set W it follows
that ||y, < j—%. As (xz,e) =1 and ||e||, = 1 we further have that (y,e) = 0, which in turn implies

that A,y = (4n — pdyn)y. As
(A, —pd,)e = A,e — npe,
we deduce that
|Ane — npe|s < Ky/np
on the event Q. So we obtain that
8K

4.24 Apx —npell, < ||Ane —npel|y + || An — pn|| - |yl < K np<1+>
(4.24) | Iy <1l llg + 1l - llyll, < Ky/ N
on the event Q. Thus using Cauchy-Schwarz inequality

8K
4.25 Apxr,e) —np| < K /np <1+>.
(4.25) I ) | <Ky NG

Using the fact that np — oo as n — oo, and the triangle inequality we also see from above that
n
(4.26) [(Anz,e)| = 2,

for all large n. Combining (4.24)-(4.26), and using the triangle inequality once more, we derive
that on the event Qp,

[1F(z) —efl, <

|Anz —npellz | [[((Anz.€) —npefls 4K <1+ 8K> . 8K
[{(Anz, €)] [(Anz, el ~ /P Vi) T/’
for all large n. This proves (4.23) and hence we have the claim that F(W) C W.

Now to show that the claim implies the existence of a real large eigenvalue we apply Brouwer
fixed point theorem. It implies that there exists w € W such that

Apw = (A w, e)w.

Equivalently, w is an eigenvector of A,, corresponding to the eigenvalue \g := (A,w,e). The lower
bound on [Ag| follows from (4.26). To complete the proof of the lemma we note that

8K
VD

Hwlz =1 < lw—ell2 <
Therefore setting vg := w/||w||2 we obtain

lvo — efl2 < [Jw —ells + [lwllz -

1 _‘ 16K
lwlle |~ P

This finishes the proof of the lemma. O
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5. PROOF OF THEOREM 1.7

In this section we prove Theorem 1.7. First let us prove part (ii) of Theorem 1.7. We will show
that the conclusion of Theorem 1.7(ii) holds under a more general set-up, namely when the entries
of A,, satisfy Assumption 3.1.

Proof of Theorem 1.7(ii). The proof of (ii) is standard and is provided for a reader’s convenience.
We begin by noting that if A,, satisfies Assumption 3.1 it is enough to show that

c C_11.7
(5 1) ( O,Col) = 210g 3

where ) .01 is the event that there exists zero columns in A,,.

To prove (5.1) we use Chebychev’s inequality. We will show that Var(.4") ~ E[.4], where ./ is
the number of zero columns in A,,. This observation, together with the fact E[.4/] — oo as n — oo,
whenever np < log(1/p), will show that .4#" cannot deviate too much from its expectation with
large probability. Then, noting that QS’COI = {A = 0}, the desired probability bound on Q&CO]
follows. Below we carry out this task.

To this end, denote I; := I;(A,,) to be the indicator of the event that the i-th column of A4, is
zero and therefore 4" = >"" | I;. It is easy to note that under Assumption 3.1 we have

(5.2) E[A]=nPI; =1) >n(l—p)".
On the other hand, we see that
(5.3) Var(I) <EL < (1 —p)" !, ieln).

Using the fact that the entries of A, satisfy Assumption 3.1 we further observe that for any
i # j € [n] the entries of the sub-matrix of A, with rows ([n]\{4,7}) and columns {i,j} are
ii.d. Ber(p) random variables. Therefore

Cov(I;, 1) = E(LL;) — E(IL) - E(I;)
< P(ake =0, (k,0) € (n]\{i,5}) x {i,j}) — (1 = p)*"
(5.4) = (1—p)*™ —(1-p)™ < Cp(1 - p)*",

for some absolute constant C', whenever p < 1/2. Thus combining (5.2)-(5.4) and using Chebychev’s
inequality we deduce that

n(l—p)" ' 4+ Cn?p(1 — p)*"
(Er)?

P <L/V—E/V| > ;E/V) <4

4(1+Ce™)
< 1t0p< ——

(1—p)-E[A] (1—p)-E[A]
where the last step follows from the fact that

p(1 —p)E[A] <np(l —p)" <npe™™ < sup ze ®=e L
z€(0,00)

(5.5)

To complete the argument it remains to find a suitable lower bound on E[.4"]. To this end, we
note that the assumption np < log(1/p) implies that p < 2logn/n. Therefore using the inequality
log(1 — x) > —x — 22 for x € (0,1/2] we obtain that

o n)2 2
E['/V] Zn(l_p)n an.e_n(p+p2) .p_]- an.e_4<li : an <1_4(10gn)) > %7
n
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for all large n, where in the third inequality above we have again used the assumption np < log(1/p).
Thus noting that

S,COIZ{WZO}C{’JV—EJV|Z;EJV},

and using (5.5) we arrive at (5.1) when p > 1°2gn". Ifp < 102’%;”, we use a different bound on E[4]:

logn 2y/n ~ logn

Proceeding as above and combining these two cases completes the proof. O
Next combining results of Sections 3-4 we finish the proof of Theorem 1.7(i).

Proof of Theorem 1.7(i). Recalling that Q% = {||4, —EA,| < K,/mp}, we note that for any
9 >0,

P({smm(An) <9} N 99{)

(5.6) <P({ inf |uall, <9} N %) +P({ inf [ Anzll, <9} nO%),
where
(5.7) V= S"il\(Comp(n/Q,p) U Dom(n/2, (c;;_ng*l)),

and p as in Proposition 3.14. Since A,,, the adjacency matrix of any of the three random graph mod-
els under consideration, satisfies Assumption 3.1, using Propositions 3.14, 3.15, and 3.18, setting
yo = 0, we obtain that

(5.8) P( inf |Anzlly < min{cs 15, cs1stpv/np, [|[An — EA,[| < K\/7Tp) < 3”4,
zeVe

Hence, it remains to find an upper bound on the second term in the RHS of (5.6). Using Lemma
4.1, we see that to find an upper bound of

. p
({inf et < cvneo'y 2} )

it is enough to find the same for
P({dist(AnJ-, H, ;) < cl_7p2\/13€} N Q%) for a fixed j,

where A, ; are now columns of A, and H,, j := Span{A,;, i € [n]\{j}} (see also Remark 4.2). As
A, satisfies Assumption 3.1, it suffices consider only j = 1.

Turning to bound dist(Ay, 1, Hy,1), we denote C), to be the (n—1) x (n—1) matrix obtained from
AT upon deleting its first row and column. For the adjacency matrices of directed and undirected
Erd6s-Rényi graphs our strategy will change depending on whether C,, is invertible or not.

Using Proposition 4.3(i) we see that

(5.9) P ({dist(An1, Hn1) < cr7p*y/pe} N Q% N Q)
|<C;1w,y> —a11|
L+||C el

=P < c1,7,02\/]5€ N Q?( Ny |,
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where by a slight abuse of notation we write Q0 := {C,, is invertible}, 27, y are the first row and
column of A, respectively, with the (1,1)-th entry a;; removed. As ||C,, — EC,|| < ||A, — EA,|,
using Proposition 4.4, setting ¢; 7 < c4.4, we see that the RHS of (5.9) is bounded by

(5.10) ey Cut

/P
This yields the desired bound on the event that dist(Ay 1, Hy,1) is small on the event Q4. It remains
to find the same on the event Q. Turning to do this task, we apply Proposition 4.3(i) to obtain
that

(5.11) P({dist(An,l, Hyy) < 01_7p2\/13€} naY% N Qi)

< P({Elv € Ker(C,)NS™2: |(y,v)] < 01.78,02\/13} N Q(I]()

As A, satisfies Assumption 3.1, so does C),. Therefore using Propositions 3.14, 3.15, and 3.18 again
we obtain that

(5.12) P ({31} e s 2N Ker(Cyp) :v e Ven Q%) < 3n—53.147

where we recall the definition of V' from (5.7). Note that to obtain (5.12) we need to apply the
propositions for a (n — 1) x (n — 1) matrix. This only slightly worsens the constants.

Next, by Assumption 3.1 the matrix C),, and the random vector y are independent and the
coordinates of y are i.i.d. Ber(p). Moreover, if v € V then from the definition of V it follows
that v is neither dominated nor compressible. Hence, conditioning on such a realization of v €
S"=2 N Ker(C,,), applying Lemma 3.19, and finally taking an average over such choices of v we
obtain

2k
' 2 0 - S
(5.13) P({3v € Ker(C) NV : |{y,0)| < e1rep? By N Q%) < Cag (E * 03_18\/@) '

To complete the proof for the adjacency matrices of the directed and undirected Erdos-Rényi
graphs we simply take ¢ = % and Cyp = 1 in Theorem 1.14 and then set K = (' 14. Now combining
(5.8)-(5.13), applying Theorem 1.14, and substituting the bounds in (5.6) we arrive at (1.13) when
A = Adj(G(n, pn)) or Adj(C (n,pn)).

Next, we need to obtain a lower bound on sy, for the adjacency matrix of random bipartite
random graphs. We recall that it is enough to establish the same for a matrix with i.i.d. Ber(p)
entries. For the latter matrix A, we note that dist(A, 1, Hn1) > |(Ap,1,v)| for any v € Ker(A,) N
S~ where Zn is the (n—1) x n matrix whose rows are the columns A, o, ..., Ay ». Since the entries
of A, are independent, we apply Propositions 3.14, 3.15, and 3.18 for the matrix En (although these
were proved for square matrices, they have a simple extension for Zn; see also Remark 3.21) to
conclude that any v € Ker(gn) N S™~! must also be in V with high probability. Then arguing
similarly as in (5.13), followed by an application of Theorem 1.14 to bound the probability of
(£29.)¢, we arrive at (1.13). This completes the proof of the theorem. O

6. BOUND ON THE SPECTRAL NORM
In this short section we prove Theorem 1.14 which yields the desired bound on ||A4,, — EA,]|.

Proof of Theorem 1.14. The proof consists of two parts. We will show that || A, —EA,|| concentrates
near its mean and then find bounds on E||A,, — EA,||. First let us derive the concentration of
|A, —EA,|. Since a;; may depend on a;; we split A,, into its upper and lower triangular part
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(excluding the diagonal), denoted hereafter by AY and AZ,
separately.

The function |AY —EAY|| when viewed as a function from R™"~1/2 to R is a 1-Lipschitz, quasi-
convex function. So using Talagrand’s inequality (see [9, Theorem 7.12]) we obtain that for any
t>0,

(6.1) P (|[|AY — EAY|| — M, | > t) < dexp(—t*/4),

where M, is the median of ||AY —EAY||. Using integration by parts from (6.1) it also follows that
|E|[AY — EAY| — M,,| < C* for some absolute constant C*. Since A,, satisfies Assumption 3.1, so
does A]. Hence, proceeding similarly as above, we find that same holds for AZ. As the entries of
A,, are {0, 1}-valued it follows that ||A” —EAP|| < 1, where AP is the diagonal part of A,. Hence,
using the triangle inequality we deduce that

(62) P (|4, -~ BA| <EJ4Y - EAY| +E| 4L — BAL| + Cy/p) < exp(~Cplogn),

respectively, and work with them

for some large constant C.

Now it remains to show that E||A}, — EA}|| < C/np for 1 € {U,L}. To this end, let A/, be an
independent copy of A, and R,, be a n xn symmetric matrix consisting of independent Rademacher
random variables. Since, the entries of 4,, — A}, have a symmetric distribution, applying Jensen’s
inequality we obtain that,

(6.3) E||A] —EAT|| <E[A7 — AV | = E|ID} © Ry,

where we denote D,, := A, — A!,, and D,, ® R,, denotes the Hadamard product of D,, and R,,. Next,
let us denote G, to be a n X n symmetric matrix with independent standard Gaussian random
variables and |G,| to be the matrix constructed from G,, by taking absolute value of each of its
entries. We write [E, and E, to denote the expectations with respect to R, and G, respectively.
Therefore, applying Jensen’s inequality again

T T T
(64) EADY 0 Rl = |/ 5B DY O ROEIGH| < | TBE,IDY 0 R0 (Gl = | T, DY 0G|
This implies that it is enough to bound E||DY ® G,,||. Using [2, Theorem 1.1] we obtain that
(6.5) E,|DY © Gyl < C [0+ Viogn|,

where
R 2 2
0 = max { max 07 ., max [
i 1,7 j 2,]
j i

0; j is the (4, j)-th entry of D,,, and C is an absolute constant. Using Chernoff bound and the union
bound we note that there exists a constant €’ depending only cg (recall p > ¢o'°8™), such that

P(Q)>1-n"%  where Q:={o<C'\/np}
Therefore fixing a realization of D,, such that o €  from (6.4)-(6.5) we find

C
ErHDrlzJ@RnH < Evn )

for some constant C, depending only on ¢y. On the other hand noting that the entries of D,, ® R,
are {—1,0, 1} valued it is easily follows that ||D,, ® R,| < n. So

E|DY © Ru|l < E [I(QE, |DY © R, [] +nP(2°) < Cy/p.
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Hence, from (6.3) we now have
E|lAY — EAU| < C/ip.
Same bound holds for E||AL — EAL||. Therefore the proof now finishes from (6.2). O

APPENDIX A. STRUCTURAL PROPERTIES OF THE ADJACENCY MATRICES OF SPARSE GRAPHS

In this section we prove that certain structural properties of A,, as listed in Lemma 3.7, hold
with high probability when A,, satisfies Assumption 3.1 with p such that np > log(1/Cp), for some
C > 1. We also show that under the same assumption we have bounds on the number of light
columns of A,,, namely we prove Lemma 3.13.

First let us provide the proof of Lemma 3.13.

Proof of Lemma 3.13. The proof is a simple application of Chernoff bound and Markov’s inequality.
Since the entries of A,, satisfies Assumption 3.1, using Stirling’s approximation we note that
donp

_ donp
P(colj(Ay) is light) < Z <n ’ 1)pz(l —p)" 1 < 280mp (;}) - exp(—p(n — donp))
£=0

(A1) < exp (—np {1 — dop — dp log (?E)D ;

where in the second inequality we have used the fact that p < 1/4. Therefore, for np > C'logn,
with C large, using the union bound we find E[|£(A,)|] < 1/n. Hence by Markov’s inequality we
deduce that

P(L(An) # @) = P(|L(An)| = 1) < E[[L(An)]] < 1/n.
To prove the upper bound on the cardinality of £(A,,) we note that the assumption np > log(1/Cp)
implies that np > (1 — ¢) logn, for any § > 0, for all large n. Therefore, using (A.1) and Markov’s
inequality, setting § = %, we find that for np < 2logn,

B 2 1) < n ¥ E|L(A)| < nd o200 s(E) <,

for all large n, whenever &g is chosen sufficiently small. For p such that 2logn < np < C513logn

we note from (A.1) that

1

P(colj(Ay) is light) < —, Jj € [n].
n

Therefore, an union bound followed by Markov’s inequality yield the desired result. O

Proof of Lemma 5.7. We will show that each of the six properties of the event (237 hold with
probability at least 1 —Cn~2%7, for some constant C' > 0. Then, taking a union bound the desired
conclusion would follow.

First let us start with the proof of (1). Since the inequality np > log(1/Cp) implies that
np > logn/2, for all large n, it follows from Chernoff bound that property (1) of the event €37
holds with probability at least 1 — 1/n, for all large n. We omit the details.

Next let us prove that property (2) of Q37 holds with high probability. For (i,5) € ([727’]) and
k € [n] denote by Qi j),kx the event that the columns col;(Ay),col;(Ay) are light and ay ;, ay ; # 0.
Note that the event that two light columns intersect is contained in the event U j 1€2(; j) - Therefore,
we need to find bounds P(Q(i,j),k). Since the entry a; ; may depend on a;; we need to consider the
cases k € [n]\{i,7} and k € {i,j} separately.

First let us fix k& € [n]\{7,7}. We note that

Qi) C{ari = ar,j =1, [supp(coli(An))\{4, 7}, [ supp(colj(An))\{7, 7}| < donp} -
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Therefore, recalling that under Assumption 3.1 the entries of the sub-matrix of A, indexed by
(In]\{3,7}) x {i,j} are i.i.d. Ber(p) we obtain that

2e
P(Qi j)) < P exp <—2np [1 — dop — 6o log (50>D =: q,
for all large n, where we have proceeded similarly as in (A.1) to bound the probability of the event

{Isupp(coli(An))\{, 1}, | supp(col; (An))\{i, j}| < donp} .
Since np > log(1/Cp) an application of the union bound shows that

n p_l —np 3 26
Bl U Qupw] sne{y)as e (p)* - exp  —np |1~ 200p — 260 log T
i#j€n] k¢ {ig}
(A.2) =

IN

- (np)? - exp <—np [1 — 26pp — 26g log (zeﬂ) <n” ¢
0

for some absolute constant ¢ and all large n, where we use that np > logn/2, which as already seen
is a consequence of the assumption np > log(1/Cp).

Next let us consider the case k € {7, j}. Without loss of generality, let us assume that k£ = i. We
see that

Q40 € {ai; =1, [supp(coli(An))\{4, j}|, | supp(col; (An))\{7, j}| < donp} .
Hence proceeding same as above we deduce

n 2e
P U Qe | <2 <2> “p-exp <—2np [1 — dop — o log <50>]>

i#j€[n] ke{i,j}
(A.3) <plte ™. (np)? - exp <—np [1 — 2dpp — 2d¢ log <§e>]> <n ‘.
0

So combining the bounds of (A.2)-(A.3) we conclude that property (2) of 23 7 holds with probability
at least 1 — n =267, 4

Now let us prove that (3) holds with high probability. We let j € [n], I = (i1,...,ir,) € ([n}>(){3}),
and ki, ..., ky, € [n], for some absolute constant ry to be determined during the course of the proof.
Denote by Qj7[,(kl7-~~7kr0) the event that all the columns indexed by I are light, and for any i, € I,
ke € supp(col;,(Ay)) Nsupp(col;(Ay)). Equipped with this notation we see that the event that
there exists a column such that its support intersects with the supports of at least g light columns
is contained in the event Uj;[;kbge[ro]ij[(kl’kQ’.”,kro).

Since all the columns indexed by I are light, applying property (2) it follows that {k/},2, are
distinct. Therefore, for matrices with independent entries (3) follows upon bounding the probability
of the events

|supp(coli, (An)) \{ki}iP_i | < donp, £ € [ro]
and
Ak, j = Ak, 4, = 1, le [T’o],

followed a union bound. Recall that under Assumption 3.1 the entry a; ; may only depend on a;; for
i,7 € [n]. Therefore, to carry out this scheme for matrices satisfying Assumption 3.1 we additionally
need to show that the support of col;(A,,) is almost disjoint from the set of light columns with high
probability, so that we can omit the relevant diagonal block to extract a sub-matrix with jointly
independent entries.
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To this end, we claim that
(A.4) P (3j € [n] : [supp(colj(4n)) N L(4n)| = 3) <™,
for some ¢’ > 0. To establish (A.4) we fix j € [n] and note that
{1 supp(cols (4)) 1 £(Ay)] > 3, |supp(colj(4,))| < Cs 7np)
{3k with 2 < k < Cs7np, and iy, 4, . .., € [n]\{j} distinct such that
| supp(coli, (An))\{i1, 42 ..., ik, 5} < Sonp, € =1,2,... k}.

For ease of writing, let us denote

2
¢ =exp <—np [1 — dop — C3.7p — dp log <5§>]> .

By Assumption 3.1 the entries {ay j} for (7/,j) € {ir}i_, x ((n]\({ic}}_, U {j}) are jointly in-
dependent Ber(p) random variables. Therefore applying Stirling’s approximation once more, and
proceeding similarly as in (A.1) we find that

P (\ supp(col;(An)) N L(An)] > 3, | supp(col;(A,))] < cg_mp( colj(An))

Cs.mmp Ci7np eCi7mp k
< . /k< 3. LAk
<3 ()= ()

k>2

2
< e ™p~L.p. (eCsrnp)? - exp (np [1 — 200p — 2C5.7p — 200 log <5§)]> '

Since by Lemma 3.13 we see that £(A,) = @ with high probability when p > % Without
loss of generality, we therefore assume that p < % So, by the union bound over j, using the
fact that np > log(1/Cp) and property (1) of the event {23 7 we have that, for all large n,

P (3 € [n] : |supp(col;(An)) N L(An)| = 3) < O+ (eCanp)* - exp (=np(1 = 8)) + 1/n
< 2exp(—np(1 — 20)),

for some 0 > 0. This establishes the claim (A.4).
Equipped with (A.4) we turn to proving (3). Using (A.4) we see that excluding a set of probability

at most n~¢, for any j,I,(ki,...,kr,) such that Qj,I,(kh.--,kro) occurs, we can find ¢1,...,4,,_3
with ke, € [n]\(L(An) U{j}) C [n]\({U{j}) for all s = 1,2,...,79 — 3. For such ky,, all events

| supp(col;, (An))\(IU{j})| < donp and ay,, ; = ak, i, = 1withs=1,2,...,79—3 are independent.

Denote for brevity
2
q := exp <np [1 — dop — g log <5€)]> .
0

Note that under the assumption np > log(1/Cp) we have ¢ < exp(—logn/2) for all large n. Hence,
recalling Assumption 3.1, using (A.4) and property (2) of Q3.7, and proceeding similarly as in (A.1)
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once again we see that

(A5) P U Qrntkg
j,kl,,...,,erE[n]
1e(PN\Oh
ro—3
< Z H P (| supp(col;,, (An))\(I U{j})| < donp) - P (aky, 5 = iy, 0, = 1) +n
7oK1,y kJTOE[ } s=1
1e(IPhOY

- 1 / / =
énr0+1< . >p2(ro—3) . qT0—3 +n € < (np)2(r0—3) . TL7 . qT0—3 +n ¢ < nC¢4+ n—co7
0

for some ¢,cy > 0, where the last step follows upon choosing rg such that rg — 3 > 15. This
completes the proof of property (3).

Next let us show that (4) holds with high probability. First we will prove that for any j € [n]
such that col;(Aj) is normal we have

(A.6) supp(col;(Ay)) N U supp(col;(Ayn)) || < inp,

, 64
ZEL(An)

with high probability. Note that the difference between (A.6) and property (4) of €37 is that in
(A.6) it is claimed that for any j € [n] such that col;(A,) is normal its support does not have a
large intersection with that of light columns. To establish property (4) we need to strengthen the
above to deduce that one can replace the matrix A,, by its folded version on the LHS of (A.6) with
the loss of factor of four in its RHS.

Turning to prove (A.6), we see that if (3) holds then given any j € [n] there exists only r¢ light
columns col;, (An),,...,,col;, (A;) such that their supports intersect that of col;(Ay). Hence,

5 —np ¢ N{(3) holds}

35 € [n]\Ln(A) : |[supp(col;(Ay)) N U supp(col;(Ay)) || > 64

i€L(Ar)

(A.7) C {Elz' # j € [n] : |[supp(col;(Ay)) Nsupp(col;(An))| > G?Tr p}

Since by (1) we have that |supp(col;(Ay))| < Cs7np, using Stirling’s approximation and a union
bound we show that the event on the RHS of (A.7) holds with small probability.
Indeed, for i # j € [n], denoting

Q= {supp(colj(An)) N supp(col;(Ay))| > 6f10 np},
0
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and using the fact that property (1) holds with high probability we deduce that

U 9u)< X E[[[D(Qmﬂ{]supp(colj(An))]SCSJTLP}’CO]J‘(AR))]+n71

i£ieln] i£7€ln]
o)
. s . 6arg P
(A8) < (”) : (C:;ZV”p) pie" 4l <2 (ea"?mrop > Cotnt<on
2 6arg 1P 00

for all large n. Thus combining (A.7)-(A.8) and applying property (1) of the event Q3 7 we establish
that (A.6) holds with probability at least 1 —n~¢ for some ¢ > 0.

As mentioned above, to show that property (4) holds with high probability we need to strengthen
(A.6). To this end, recalling the definition of the folded matrix (see Definition 3.5) we note that
k € supp(col;(fold(A,)) N supp(col;(fold(Ay)) implies that

k € supp,(col;(Ay,)) N supp,(col;(Ay))
for some u,v € {1,2}, where for any ¢ € [n].
supp; (coly(Ay)) := supp(coly(A4,)) N [n],
suppy(coly(Ay,)) := (supp(colg(Ay)) N [n+1,2n]) —n,

and for any set S C [n] and k € Z we denote S+ k := {x + k : € S}. Using the observation we
see that it suffices to show that

0
(A9) suppy(colj(4,) 1 | suppyleoli(4n) || < S,
i€L(Ay)

with high probability, for all u,0 € {1,2}. If u = v then (A.9) is an immediate consequence of
(A.6). It remains to prove (A.9) for u # v. Let us consider the case u =1 and v = 2. From (A.4)
we have /

P(3j € [n] : |supp;(col;(A,)) NL(AL)| >3) <n~°.
Therefore, proceeding similarly as in the steps leading to (A.5) we deduce that, with the desired
high probability, for any j € [n], such that col;(A;) is a normal column, there are at most ro light
columns {col;,(An)};2, so that supp;(col;(Ay)) Nsupps(col;,(Ay)) # @. Now arguing similarly as
in the proof of (A.6) we derive (A.9) for u = 1 and v = 2. The proof of the other case is similar
and hence is omitted.

Next we show that (5) holds with high probability. We first fix an I C [n] with 2 < |I| < c37p~!
and derive that (5) holds with certain probability for each such choice of I and then take an union
over I.

Since the entry a;; may depend on a;;, for i # j, to derive that (5) holds with the desired
probability we need to split it into two cases. Namely, the off-diagonal and the diagonal blocks
require separate arguments. First we consider the off-diagonal block.

To this end, define the random variables

ni=max([{j €I ai; #0} —1,0), i€ [n\],

where we recall [ := I(I):={j€[n]:j€lorj+nel}C[n],n:=|n/2], and a;; denotes the
(4,7)-th entry of fold(A,). Observe that

U (supp(col;(fold(Ay)))\I)| = Z !supp(colj(fold(An)))\ﬂ — Z ;.

Jel Jel iem)\I
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To prove (5) we need to show that > n; cannot be too large with large probability. To show the
latter we use the standard Laplace transform method.
Note that
A =&ij-0ij, 1€ MN\LJEL
where {; ;} are i.i.d. Rademacher random variables, J;; are i.i.d. Ber(p) random variables, and
p := 2p(1 — p). Therefore,
1]
P{n; =} < <£+1

Thus, for any A > 0 such that e*p|I| < 1, we have

)p”l, ¢ eN.

E (M) <1430 () I+ ) < L epl],
(=1

and hence

|\
(1+epl])
P{S izt < : .
. = b= exp(At) £>0
iem]\1

In particular, taking ¢ := g—%npm and \ := log ﬁ, we get

do do do
P> — < —A— < _
P 'Eg[ }\jnl > 32np|[| < exp <epn|[| )\32np|1]> < exp ( )\64np|l|>
cn

L ). % ~2]1]
: < _ ). % <
(A.10) < exp ( log (203.7) 64np[[|> <n 7

where the second and the third inequalities follow from recalling that p|I| < c¢3 7 for some sufficiently
small constant c3 7, depending only on &g, and the last inequality follows from our assumption that
np > logn/2 and shrinking c3 7 even further, if necessary.

To complete the proof of the fact that (5) holds with high probability, we show that

(A.11) P | |supp(col;(fold(An))) N I| > %npm < 2n~ 2,
Jel
Now the proof finishes from (A.10)-(A.11) by first taking an union over I € ([Z]) followed by a
union over k = 2,3,...,c37p . We omit the details.
Turning to prove (A.11) we we denote I(I) := I := Ujer{i,n +i}. As the entries of A, are
{0, 1}-valued, we see that

supp(col;(fold(4y,))) NI C supp(col;(A,)) N 1.

Moreover, I C I. Therefore, it is enough to show that

(A.12) P Z ’supp(colj(An)) nil> ggnpm < 2n =2,

Jel
Since A, satisfies Assumption 3.1 we have that the upper triangular part of the sub-matrix of
A,, induced by the rows and columns indexed by I consists of independent {0, 1}-valued random
variables stochastically dominated by i.i.d. Ber(p) variables. So does the lower triangular part of
that sub-matrix.
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For ease of writing let us write

%L = Z ai’j and %U = Z CLZ‘J'
i>jel i<jel
and note 2y and 27 has the same law. Thus to establish (A.12) it suffices to show that

(A.13) P(2i > plil) < n 2

The above is obtained by using the Laplace transform method as above. Indeed, we note that

P(Zy =1) < <|f’2>p’f, ¢ e NuU{0}

¢
and therefore

E [exp (AX0)] < exp (*pl1?) < exp(4l1]),
where A = log ﬁ and we have used the fact that |I| < 2|I|. Hence, upon using Markov’s inequality

and proceeding similarly as in (A.10) we deduce (A.13). It completes the proof of (A.12).

Now it remains to prove that property (6) holds with high probability. Recalling the definition
of the folded matrix again we note that |supp(col;(fold(A4,)))| < |supp(col;j(Ay))|. To show that
the cardinality of the support of col;(fold(A,)) is not too small compared to its unfolded version
we observe that if k& € supp(colj(An)) but k& ¢ supp(col;(fold(A,))) then we must have that
ap,j = agntj = 1. Using estimates on the binomial probability and Chernoff bound we show that
number of such k is small.

To carry out the above heuristic, we fix j € [n] and since the entries of A,, are {0,1} valued we
note that

[supp(col;(fold(An))| = Y [aij - (1 = @isny) + @isn - (1= aig)]
i€n]
Further observe that

n n
|supp(col; (A [n]| = Z g = i Qi+ Y g (1= aipn;)
=1 =1

and
supp(eol () 1 A\ = 3 —Zam az+n,j+Zaz+n,J ~aig):
Therefore, -
||supp(col;(Ay))| — |supp(col;(fold(Ay)))|| < QZa” Qjgnj + 1.
Denoting -

n
Aji= ) aij - Qi
=1

we see that A; is stochastically dominated by Bin(n, p?). To finish the proof we need to find bounds
on Aj.
First let us consider the case p < n=5/12. For any ko € N, sufficiently large, we see that

(A.14) P(A; > ko) < (]:)kao < (np?)fo < pho/6 < =2,
0
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—5/12 < pp < ¢, for some small ¢ > 0 depending on §y, we use Chernoff bound to deduce that

(A15) P <Aj > f%np) <P (Aj > 2p~1/2. np2> < exp <—;p1/2 . np2> < exp (—;n?’/g) )

Combining (A.14)-(A.15) and taking an union over j € [n] we show that property (6) holds with
high probability. This completes the proof of the lemma. O

For n

APPENDIX B. PROOF OF INVERTIBILITY OVER SPARSE VECTORS WITH A LARGE SPREAD
COMPONENT

In this section we prove Proposition 3.18. As already mentioned in Section 3.3 the proof is similar
to that of Proposition 3.15. There are two key differences. Since our goal is to find a uniform bound
on ||A,x|2 for z’s with a large spread component, unlike in the proof of Proposition 3.18, we use
Lemma 3.19 to estimate the small ball probability. Moreover, as noted earlier, Assumption 3.1
allows some dependencies among its entries. Therefore, to tensorize the small ball probability we
need to extract a sub-matrix of A, with jointly independent entries such that the coordinates
of x corresponding to the columns of this chosen sub-matrix form a vector with a large spread
component and a sufficiently large norm. Below we make this idea precise.

Proof of Proposition 3.18. First, let us show that (3.40) implies (3.42). To this end, we begin
by noting that if c318 < % then for any x € Dom(c{;n,c&ng_l) we have that ||:B[M0+1105n]||2 >

[@[cxnt1:m] |2 (see also (3.33)). Hence, for @ ¢ Vi, we obtain that ||z (a1 1.c5m) 12 = p/V2. Therefore,
(3.40) implies that

P ({32 € Vig ey e \Vary t [1(An — pTn)z — ylly < 265.18p/mp} N Q%) < exp(—2¢3.15n),

where we recall the definition of QY. from (3.28). Hence, proceeding as in the steps leading to (3.30)
we deduce (3.42) upon assuming (3.40).
So, to complete the proof of the proposition it remains to establish (3.40). To prove it, we fix

x ¢ V. Then
1% (19410 [l oo K logn
x : > and o < . )
|22t 41:m) 12 > el = e\ nviogTogn

Fixing ¢g € (¢, 1), as My < I*TC_On for all large n, recalling the fact that the non-zero entries of
Ty :mg]s TOT M1 < Mg, are the coordinates of x that take places from m; to mg in the non-increasing
arrangement according their absolute values, we note that

14+ ¢
1—2¢y

(B.1) 12 (as0 410113 = 12t 1:1—20)m I3 + |12[(1—coynt1m] 13 < Natg+1:(1—a0)m) 13-

Therefore

1—-2¢o 12 (Mo+1:(1—0)n] oo K 14+ ¢o logn
x (1—z >p-4/—— and < . . )
|2 [pMo+1:(0—z0)n) l2 > = e el = aon V1 a0 \ e

Note that this shows @y 41:(1-¢y)n] has a large spread part and a large norm. Denoting 7 :=
I(z) := supp(T[afy+1:(1-co)n)) We note that Assumption 3.1 implies that the entries {a;;} ez ¢z
are i.i.d. Ber(p). So, now we can carry out the scheme that was outlined above by using the joint
independence of {a;;} ez i¢z-
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Indeed, using Lemma 3.19 we find that for any i ¢ Z, y € R™, and g9 > 0 we have

/9
(B2) P (\((An —pdn)z)i — vl < P = )220 411y ll2 * G Y 80)

<L <<ai7$>,p1/2(1 —P)1/2||5U[M0+1;(1—ao)n]||2 : 581/260

€0 1 +Co logn €0
< C- <20319——,
3.19 ( C3.15 1—¢ np«loglogn) = o1 \/C

for all sufficiently large n (depending only on £¢), where a; is the i-th row of A,, and we have used
the fact that np > ¢y logn for some ¢; > 0. We will choose ¢ as a small constant during the course
of the proof.

Since the entries {a;;} ez ¢z are ii.d. Ber(p), we apply a standard tensorization argument, for
example [34, Lemma 5.4], to deduce from (B.2) that for any = ¢ Vjy,

(B3) P (A0 = pdu)z = yll2 < V/rp(L = p)|2(asy 1:01-copml 220
SP(Z\«An—me)i—yﬁSpa— Pt :(1-coyn) 32565 |IC|) < (Co-20)™",

i¢7
for some constant Cj, depending only on ¢y, where the last two steps follow from the fact that
|Z¢| > éyn and upon choosing g such that Cj - g9 < %
To complete the proof we use an e-net similar to the proof of Proposition 3.15. First, setting

p €0 1—2¢
B-4 g p— .
(B4) 79T T asK Vita

and using Fact 3.17 we obtain a net M in Vez 515 \V, with

’]\_/lv|<én<n><n) <1>c(’;n+1 <1>M0+1 é <€n>M0 <€>cz§n <1>c(’§n+l (1>M0+1
- My ) \cin) \ eo p My ch €0 p ’

n+/loglogn

logn

for some C, depending only on ¢y and ¢. Recalling that My =

we observe that
n Mo
<]WOP2> = exp(o(n)),

for p € (0,1) satisfying np > ¢j logn. Therefore, we further have that

N 1 cgn+1
(B.5) M| < C} - () ,
€0

for some other constant C,, depending only on ¢jj and ¢g. Next proceeding as in the steps leading
to (3.36) we obtain that for any x € Vi ¢, \V, there exists £ € M such that for any y € R"

1(An = pIn)Z —yll2 < [[(An —pJn)z —ylla +4K /np-e + 2K /np- 7 [Jvz]l2 +12c3.18/np- vzl -
Since [|Z(agy1:cpnillz = llvzll2 = p/V/2, using (B.4) and setting

and the definition of p

€0 1—c¢cy
B.6 e < 2.
( ) C3.18 > 56 1 +an
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we deduce from above that any x € Ver o, . \Vi, there exists T € M such that for any y € R”

_ €0 1- _
1(An = pdn)z = yll2 < [(An = pdn)a —yll2 + =/ 5 Tz || T Mo+1:c3n) |2 - v/1p-

Furthermore, by our construction of the net M ,

12+ 1:eznll2 < N2 por1:czmll2 + € < (1 + 224K> N (ot 1:cim 2

Therefore, upon assuming p < % and recalling (B.1), this further yields that

€0
(B1) P (30 € Vi, Wit 4o = p)2 =l < il

1—¢o

1+ 'Vnp>
<P (32 € M: [[(An — pJn)7 = yll2 < v/mp (T = D)@ty 120220
co— CO

< |M’ (Cp - 0)®™ < CF™Cley ! (CO cp)n <e?

where the second last step follows from (B.5) and the last step follows upon using the fact that
¢o > ¢ and choosing g¢ sufficiently small. This yields (3.40) and hence the proof of the proposition
is complete. ]
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