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Abstract. The circular law asserts that the empirical distribution of eigenvalues
of appropriately normalized n X n matrix with i.i.d. entries converges to the uniform
measure on the unit disc as the dimension n grows to infinity. Consider an n x n

matrix A4, = (55;')51-(;)), where 55;') are copies of a real random variable of unit

variance, variables (5%1) are Bernoulli (0/1) with IP’{(SS-L) =1} = p,, and (521) and
fi(f), i,j € [n], are jointly independent. In order for the circular law to hold for the
sequence (#An), one has to assume that p,n — co. We derive the circular law

VPnm
under this minimal assumption.
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1 Introduction

For any n x n matrix B, denote by u,(B) the spectral measure of B, that is, the
probability measure

1 n
pn(B) = ; Ox.(B)s

where Ai(B), ..., A\,(B) are eigenvalues of B.

Let (A,) be a sequence of random matrices where for each n, the matrix A,
has i.i.d. entries equidistributed with a real or complex random variable £ of unit
variance. The circular law for (A,) asserts that the sequence of spectral measures
yn(ﬁAn) converges weakly (in probability and almost surely) to the uniform mea-
sure on the unit disc of the complex plane [TV10].

The paper [TV10] is a culmination of a line of research which includes works
[Gin65, Ede88, Gir84,Bai97,GT10,PZ10,TV08], where the circular law was estab-
lished under additional assumptions on the distribution of the entries. The case of
Gaussian matrices, when an explicit formula for joint distribution of the matrix
eigenvalues is available, was treated in [Gin65,Ede88|. For general distributions of
entries, the known proofs of the circular law are based on the Hermitization strat-
egy introduced by Girko [Gir84] (see Section 2 below). Following the strategy, Bai
[Baig7] established the law when the matrix entries have a uniformly bounded den-
sity and satisfy some additional moment conditions. The assumption of bounded
density, which allows to easily overcome the problem of singularity for shifted ma-
trices A,, — z1d, was removed in [GT10,PZ10,TV08], following a rapid progress in
understanding invertibility of non-Hermitian random matrices [Rud08, TV09,RV08].
We refer to survey [BC12| for further information on the history of the circular law.

A natural counterpart of the above setting are sparse non-Hermitian random
matrices. Now, for each n let A, be a random n x n matrix with entries of the

(n) g(n)

i Cij where fgl) are independent copies of a random variable with unit

variance, and 61-(;0 Z(;L),
with IP’{(SZ-(;L) = 1} = py, for some numbers (p,)5 ;. Under some additional moment
assumptions and under the condition that for some (arbitrary) fixed ¢ > 0 the
sequence p,, satisfies p,n > n®, the circular law for the sequence of spectral measures
of matrices \/%An was established in [TV08, GT10, Woo12]. Compared to the dense
regime, additional difficulties in the sparse setting arise when bounding from below
the smallest and “smallish” singular values of shifted matrices A, —zId (see Section 2

form ¢

are Bernoulli random variables jointly independent with &
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for further discussion). For p,n > C'logn, strong lower bounds on Spyin (4, — z1d)
were obtained in [BR17,BR], which allowed to prove the circular law for (\/ﬁAn)

when p,n is at least polylogarithmic in dimension and £ is subgaussian of zero mean
[BR].

Let us note that for a special model of random matrices—adjacency matrices
of random d-regular directed graphs—the circular law was recently established in
papers [Coo,BCZ18] (for degree d at least polylogarithmic in dimension) and in
[LLTTYc¢]| (for d slowly growing to infinity with n). Paper [LLTTYc] was the first to
treat the case of non-Hermitian matrices with a sublogarithmic number of non-zero
elements in rows and columns. One of key elements of the proof in [LLTTY¢]| is a
lower bound on the smallest singular value of a shifted adjacency matrix, derived in
[Coo, LLTTYal. It was shown in [LLTTYa] that, for d slowly growing to infinity with
n, the smallest singular value of the uniform random d-regular matrix is bounded
below by a constant (negative) power of n with probability going to one as n — oo.

Analogous assertion for smin(A4;,) is false for the sparse model with i.i.d. entries

discussed above. Indeed, if p,, = ]P’{&Z(;.l) = 1} <logn/n then with constant (non-zero)
probability the matrix A, is singular. The presence of a large number of zero rows
and columns in the very sparse regime requires a completely different approach to
studying invertibility of the shifted matrices A,, — zId, compared with [TV08,GT10,
Woo012,BR] (see Section 2). For a real random variable 1, define the concentration
function £(¢,t) := sup,cgp P{|¢ — r| < t}, ¢ > 0. One of the main technical results
of this paper is

Theorem 1.1 (Bound on sy, of a shifted matrix; Theorem 7.1). For any a > 1
there are C,, co > 0 depending only on o with the following property. Let n > C,
p € (0,1] with Cy < pn < n'/8, and let A = (a;;) be a random n x n matrix with
i.i.d. real valued entries a;; = 0;;€;j, where &;; is the Bernoulli (0/1) variable with
P{d;j = 1} = p and &;; is a variable of unit variance independent of 0;; and such
that L£(&;;,1/a) < 1 —1/a. Further, assume that z € C is such that |z| < pn and
[Im(z)| > 1/a. Then

P{smin(A — 21d) < e G198} < (pn)=co,

The above theorem, together with estimates of intermediate singular values, al-
lows to prove the main result of the paper:

Theorem 1.2. Let & be a real random variable with unit variance. For eachn > 1,
let p,, satisty ppn < n'/8, and assume additionally that lim,_.. ppn = oo. Further,
for every n let A,, be an n xn random matrix with i.i.d. entries a;; = d;j &;j, where 6;;
is a Bernoulli (0/1) random variable with P{d;; = 1} = p,, and &;; are i.i.d. random
variables equidistributed with £ (and mutually independent with d;;). Then, as n
converges to infinity, the empirical spectral distribution of \/%An converges weakly

in probability to the uniform measure on the unit disc of the complex plane.
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Note that for finite p,n, the multiplicity of zero eigenvalue is bounded from below
by a constant proportion of n with a large probability, so convergence to the uniform
distribution on the disc does not hold. In that respect, our theorem is proved under
the minimal assumptions on the sparsity.

2 Overview of the Proof

The circular law was initially proved by Ginibre [Gin65| for matrices with i.i.d. com-
plex normal entries, and by Edelman [Ede88] for i.i.d. real normal entries. All known
proofs of the circular law for more general classes of random matrices rely on the
strategy put forward by Girko [Gir84]. This strategy is based on using the logarith-
mic potentials of the empirical measures of the eigenvalues. Namely, let B,,, n € N
be a sequence of matrices, and let

1 n
pn = 2; X (B.)
]:

be the empirical measures of their eigenvalues. The measures p, converge to a de-
terministic measure p weakly in probability if for any bounded continuous function
f:C—C, [fdu, — [ fdp in probability. To establish this convergence, it is
enough to show that the logarithmic potentials of p,,

Fu(z) = /(c log |2 — w] djtn(w)

converge to the logarithmic potential of p a.e. The logarithmic potential can be
rewritten as

n 2n
1 1 1
Fo(z) = " log |det(By, — zId,)| = " Zlog [Aj(Bn) — 2| = m Zlog A (Hn(2))],
j=1 j=1

where H,(z) = ( ( Bn—gl 4, (B”_OZId”)> is a Hermitian matrix. The eigenvalues of

H,(z) are the singular values of B,, — zId,, and their negatives. Denoting the empir-
ical measures of the singular values of B,, — zId,, by v, ., we have to establish the
convergence of fooo log x dvy, () for almost any z € C. This argument allows to pass
from the empirical measures of the eigenvalues to more stable empirical measures
of the singular values. To establish the convergence of logarithmic potentials in the
latter case, it would be sufficient to prove the weak convergence of the measures v, ,
to some limit measure as well as the uniform integrability of the function log x with
respect to vy, .. The last step is needed as the function log x is unbounded at 0 and
00.

To prove the circular law for sparse random matrices, we set By, = (1/\/pnn)An.
In this case, the weak convergence of the measures v, . can be derived following the
methods already existing in the literature. The main problem therefore is establishing
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the uniform integrability of the logarithm. It splits in two parts: checking the uniform
integrability at co and at 0. The first one turns out to be simple due to the fact that
the Hilbert-Schmidt norm of (1/,/p,n)A; has a finite second moment:

n

S El(An)iyf? < oc.

1,j=1

1
E [|(1/v/Pam) Anlls = o

n

Thus, the derivation of the circular law reduces to checking the uniform integrability
of logx at 0 with respect to the measures v, .. Although this looks like a minor
technical issue, this was a main step in the proof in all other settings where the
circular law was established. Attacking it required developing a number of different
methods ranging from additive combinatorics and harmonic analysis to measure
concentration and convex geometry. Yet, checking the uniform integrability for very
sparse matrices present multiple new challenges which cannot be handled by these
techniques. This means that although Girko’s strategy can be used in proving the
circular law for very sparse random matrices, its implementation requires new ideas
at each step.

Let us discuss these challenges in more details. The first, and usually the most
difficult step is obtaining a lower bound for the smallest singular value of A4, , :=

(1/y/pnn)Ay, — 21d,,. Such bound frequently comes in the form P(sp(An.) <n ) =
o(1) for some absolute constant ¢ > 0. If proved, this bound allows to estimate
m(n) = o(n/logn) smallest singular values of A,, , by the minimal one and conclude
that (1/n) >0, 1o s;(An2) = o(1) with probability 1—o(1). In [GT10,PZ10,
TV08,TV10,Wo012,BR,Coo,LLTTYa], the bound on the smallest singular value
was uniform over z. If we consider the range of sparsity p,n < logn, such uniform
bound cannot hold as the matrix A, . contains a zero row with high probability
whenever z = 0. It may seem that this problem has an easy fix. Since we have to
bound the smallest singular value for a.e. z € C, we can assume that z # 0. This
would ensure the absence of entirely zero rows. However, the zero rows is not the
only obstacle we have to tackle to bound the smallest singular value. Consider, for
example, the matrix of the form

z2z 0 ---0

(2 Va—k . {0 2z 2z---0
Bn_<0Wn—k>’ with Z = , (2.1)

0 z

where Z, is a k X k matrix, and V,,_p, W,y is any k x (n—k) and (n—k) x (n— k)
matrices respectively. We can choose V,,_; and W,,_ so that all rows and columns
of the matrix B,, are non-zero. However, regardless of the value of z and the choice
of Vi_g, Wy_k, the smallest singular value of B, satisfies s,(B)) < 2-k+l To
be able to bound the smallest singular value from below in our setting, we have
to identify the “almost singular” sparse deterministic matrices and show that the
matrix (1/y/pnn)Ay, — 21, cannot be of this type with any significant probability.
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On a more technical level, the estimates on the smallest singular value obtained in
the papers mentioned above rely on discretization of the sphere S”~! using e-nets and
approximation of certain subsets of the sphere using these nets. A uniform estimate
of | Bz ||, over z from the e-net uses the union bound. However, if we know only that
ppn — o0 without any prescribed rate, the union bound becomes largely unavailable.
A related problem appeared in [LLTTYa] where a lower bound on the smallest
singular value of random d-regular matrices is derived for d — oo with arbitrarily
slow convergence, however, absence of zero rows/columns and dependencies make
that setting completely different. These obstacles show that obtaining a smallest
singular value bound would require developing a new method taking into account
the structure of the non-zero entries of A,, as well as replacing the classical e-net
argument with a more delicate discretization approach. We will discuss the details
of our method below.

Besides the smallest singular value of the matrix B,,, the uniform integrability of
the logarithmic potential requires the bound on the smallish ones. More precisely,
we have to show that the contribution of these singular values (1/n) ) log s;(An.-),
where the sum is taken over j < n—m(n) with s; (Anyz) < ¢ can be made arbitrarily
small by choosing an appropriate § independently of n. In some previously considered
settings this was a relatively easier step. Following [TV10], one can use the negative
second moment identity to obtain such bound. This identity allows to bound the
singular value s,_;(B,,) of an n x n matrix B, in terms of the distances between one
row of B, and the linear span of n — j other rows. To obtain a small ball probability
estimate for such distance, one uses the measure concentration. Then passing from
the estimate of a single distance to the negative second moment uses the union bound
over rows. Yet, as before, for very small p,,, the measure concentration estimate we
can obtain this way is too weak to be combined with the union bound. Moreover, to
guarantee the uniform integrability, we have to bound many intermediate singular
values at once. In previous papers this was also achieved through using the union
bound. In [LLTTYc|, which deals with the circular law for adjacency matrices of
d-regular graphs in the very sparse regime (with d — oo arbitrarily slowly) a similar
problem was resolved by deriving strong small ball probability bounds for those
distances, however, the techniques are tailored to the d-regular setting and cannot
be applied in our context. In short, the weak probability estimates which preclude
using the union bound is the main challenge in considering sub-logarithmic values
of p,n.

To overcome this obstacle, we introduce a new method. We will define a global
event €yp04 Which occurs with probability 1 —o(1). This event would reflect both the
structure of the non-zero entries of the matrix and the magnitudes of the entries.
The aim of this construction is to ensure that conditioned on £y4,4, we can obtain
much better probability estimates allowing us to use the union bound whenever
necessary. Construction of this event £,,q occupies a significant part of this paper.
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To determine the obstacles to a good smallest singular value estimate, let us
look at example (2.1) again. It immediately points to one of the possible problems,
namely, the presence of the columns having a small support. Furthermore, if we
replace the coefficient 2 in this example, say, by 1/2, the upper estimate for s, (B,)
is no longer true in general. This means that we have to pay a special attention
to the support of the columns as well as to the distribution of entries having large
absolute values. To account for both phenomena we associate to the random matrix
A, = (0;;¢i;) a random directed bipartite graph G defined as follows. The vertex
set of the graph is [n] U [n] (the union of left and right vertex sets). For every left
vertex ¢ and a right vertex j, there is a directed edge from i to j (i — j) if and
only of §;; = 1, and a directed edge i «— j iff |6;;&;j| > 1/, where a > 0 is a
parameter. Alternatively, the graph can be described by introducing an auxiliary
collection of i.i.d random Bernoulli variables (p;;) mutually independent with d;;,
such that P{u;; = 1} = P{&; > 1/a}. Then ¢ « j iff 6;;1;5 = 1. The graph can be
analyzed independently of the matrix A,,.

A column having too few large entries will correspond to a right vertex of a small
out-degree in this encoding. We will regard these vertices as exceptional. After re-
moving the exceptional vertices and all their left neighbors, we will get a subgraph,
some of the right vertices of which can have a small out-degree. We will add these
to the exceptional vertices and continue the process iteratively. The precise defi-
nition of the set of exceptional vertices appears in Subsection 4.1, where they are
called vertices of a finite type. We analyze this set in Subsection 4.2 and show that
with probability close to 1, the set of exceptional vertices has cardinality at most
exp(—cppn) - n. N

Note that for z # 0, the graph associated to the matrix A, , has all horizontal
edges j — j and j < j, j € [n]. After identifying the exceptional vertices, we will
identify paths in the graph presence of which may result in a small least singular
value. Here, we can also take guidance from example (2.1), where the matrix Z
gives rise to a zig-zag path of the length 2k whose edges going from right to left are
horizontal. Such special paths called chains are introduced and studied in Subsec-
tion 4.3. In this subsection we prove that with high probability, the associated graph
has no long bad (self-balancing) chains, and estimate the number of short ones.

Subsection 4.5 defines a notion of a shell which is crucial in connecting the
properties of the matrix to the geometry of the associated graph. Roughly speaking,
an M-shell A = (Cy)%_, is a sequence of subsets of right vertices such that each
vertex in each layer Cyy; is reachable from the previous layer Cy by a path of length
2 avoiding some set M of left vertices. Using previously established properties of
chains, we prove that the shells possess an expansion property and that the union
of the first few layers contains many right vertices which are not exceptional. These
results are used in Section 5 to show that with high probability, almost null vectors
of the matrix Avn,z cannot be [cp,, 1]-sparse.
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Section 6 is devoted to proving that with high probability, almost null vectors
cannot be [en/log(p,n)|-sparse. The strategy in this section is different and relies on
nets instead of graphs. Because of Section 5, we can assume at this point that at least
[ep, 1] coordinates of a vector S S"~! we consider are non-negligible. This means
that for any row ¢ € [n], (row;(4,, ), Z) is non-negligible with probability bounded
away from zero. A standard tensorization argument yields that the probability that
|Ap 222 is small is at most exp(—cn). Yet, as we do not have a good control of
| A2 |l2, we cannot combine this with a straightforward e-net argument. Instead, we
introduce a new method based on approximating the vector restricted to the set of
its small coordinates in the . -norm and dealing with each product (row;(A .),Z)
separately. At this step, we turn the sparsity of the matrix from a difficulty to an
advantage which allows us to disregard the large coordinates of . B

Section 6 yields that to estimate Spyin(Ay ), it is enough to bound ||(A4,,2)z2
over the set of spread vectors. Such bound is obtained in Section 7 using the random
normal method of [RV08| and the Lévy—Kolmogorov—Rogozin—Esseen inequality.

Now, we are passing to the estimates of the intermediate singular values. Com-
pared to the least one, the difficulty here is twofold. First, to derive uniform integra-
bility of the logarithmic potential, the bound has to be significantly more precise.
Second, the probability estimate has to be strong enough to allow taking the union
bound. In Section 8, we relate the bound on the (n — k + 1)-th singular value to
the magnitude of projection of columns of our matrix onto a subspace orthogonal
to n — k other columns. To be able to derive a lower bound for these magnitudes,
we need to know that the projections have sufficiently many vectors in their kernels.
This should be done simultaneously for many submatrices since we cannot rely on
the union bound at this point. To this end, we introduce a special operation—a com-
pression of the matrix and its associated graph. These compressions are introduced
in Subsection 4.4 and used in Subsection 4.5 and Section 5 to derive the required
property. After this is done, getting a strong probability bound is based on random-
ized restricted invertibility. Restricted invertibility is a well-studied topic going back
to the classical theorem of Bourgain and Tzafriri [BT87]. It is known that this theo-
rem may not hold for a random submatrix with any significant probability. However,
in Section 8 we show that it holds with a non-negligible, albeit exponentially small
probability which turns out to be sufficient for our purposes. Restricted invertibility
has been used in random matrix context in [Coo18] and [Ngul8], but our approach is
significantly different. The combination of compressions and randomized restricted
invertibility allows to obtain a good lower bound for all intermediate singular values.
This is done in Section 9.

We derive the uniform integrability and complete the proof of the circular law in
Section 10. To this end, we use the estimate of the least singular value obtained in
Section 7 as well as that of the intermediate singular values obtained in Section 9.
However, it turns out that we can use the estimate for s,,_;((1/\/pnn)A, — 21d,)

only for k < m. For larger k, we need a tighter bound. To this end, we use
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the idea of [Coo] based on the comparison of Stieltjes transforms of our matrix
and some reference random matrix having nice properties. This reference random
matrix is often chosen to be Gaussian. However, in our case, the comparison with
the Gaussian matrix does not seem to be feasible. Instead, we introduce a new
random matrix obtained by replacing relatively small values of (1/,/p,n)Ay, — 21d,
by i.i.d. N(0, 1) variables. This requires bounding the Stieltjes transform of Gaussian
matrices with partially frozen entries. Such bound is obtained in Subsection 10.1. The
uniform integrability is established in Subsection 10.2. Finally, in Subsection 10.3,
we complete the proof of Theorem 1.2.

3 Preliminaries

Let us start with notation. The complex conjugate of a complex number z is denoted
by z. Given a vector z = (z1,...,2,) in C" or R, denote by z* the non-increasing
rearrangement of the vector of absolute values (|z1],...,|zy|). Further, by supp(z)
we denote the support of z. For a real number a, by |a] we denote the largest integer
not exceeding a, and by [a]—the smallest integer greater or equal to a. Given a finite
set I, let || denote its cardinality.

The standard inner product in C" and R™ is denoted by (-, -), and the standard
unit vectors—by ej,es,...,e,. For a k x m matrix B, let col;(B), j < m and
row;(B), i < k, be its columns and rows, respectively. By ||B||gs we denote the

Hilbert-Schmidt norm of B = (b;), i.e. [|Bllus = (/>; ; [bi[*.
For a random variable ¢ (real or complex), define its Lévy anti-concentration
function by

L(E,t) :=supP{|g — 7] <t}, t>0.
T7€C

Let k,m be any positive integers. We introduce a collection Gy, of directed
bipartite graphs having k left and m right vertices, and with the property that
i — j only if i — j (for any i € [k],j € [m]).

For a subset I of the right vertices of G € Gy, define in-neighbors of I—
Oin(I)—as the set of all left vertices of i of G such that there is an edge emanating
from 7 and landing in I. Similarly, the set of out-neighbors 9y, (I) is the collection
of left vertices ¢ such that ¢ < j for some j € I. For a one-element set {j}, we will
write 0in(7), Oout(j) instead of 9;,({7}), Oout ({7 })-

Sets of in- and out-neighbors for collections of left vertices of G are defined along
the same lines. In situations where confusion may arise, we specify explicitly if the
vertices are left or right, by adding corresponding superscript: j© stands for the left
vertex j of G, and j®—the right vertex. We use the same convention for sets of
vertices.

3.1 Assumptions on distributions and parameters. As the crucial step in
the proof of the main result, we will derive estimates on the smallest and “smallish”
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singular values of shifted random matrices A — z Id, assuming that conditions (A1)-
(A2)—(A3) stated below are satisfied. First, we fix a global parameter a > 1 and
let the dimension n and sparsity parameter p satisfy

Con 1 <p< n_7/8, (A1)

where C,, > 0 depends only on « and is assumed to be sufficiently large (the value
of C could be computed explicitly but we prefer to reduce the amount of technical
details). We will consider random square matrices A satisfying

Ais n x n, with i.i.d. entries a;; = d;j &, where d;; is a Bernoulli random
variable with P{d;; = 1} = p; &;; is nowhere zero complex variable with zero

mean and unit variance independent from d;; such that £(&;;,1/a) <1 —1/a.
(A2)
The complex shift z € C will be chosen so that

|z| <pn and |a;; — 2| > 1/a almost surely. (A3)

The assumption that &;;’s are nowhere zero does not affect our estimates on
the singular values and can be discarded with help of a standard approximation
argument.

As was already mentioned in the introduction, a considerable part of the paper
is devoted to the study of the random bipartite graph associated with our random
matrix. Let us recall the definition.

Let (6;5) and (u;5) be two collections of jointly independent Bernoulli random
variables where P{¢;; = 1} = p and P{u;; = 1} > 1/, where p satisfies (A1).
Then the directed bipartite graph G with the vertex set [n] U [n] is defined by
i — jiff (65 =1ori=j)and i« jiff (0;;u;; =1 ori=j).
(B1)
3.2 Classical inequalities. Let us recall the classical Bernstein inequality for
sums of Bernoulli variables:

LEMMA 3.1 (Bernstein’s inequality). Let m be any positive integer, and
let m1,...,nm be iid. Bernoulli (0/1) random variables with P{n; = 1} = p for
some p € [0,1]. Then for any t > 0 we have

P{ Zm > pm+t} <exp (— ez t?/(pm +1t))
i—1

for a universal constant cg; > 0.

The next lemma (with certain variations) is due to Lévy, Kolmogorov, Rogozin,
Esseen:
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LEMMA 3.2 (Lévy-Kolmogorov—Rogozin—Esseen, [Kol58, Rog61,Ess68]). Let m € N
and let £1,&, ..., &y be independent complex random variables. Then for any t > 0
we have

- Cs2
‘C é-l)t S 1/2°
<; ) (X, (- L& )Y

where C'3 5 > 0 is a universal constant.

3.3 Basic concentration and expansion properties of A and G. In the
following elementary statements we summarize some typical properties of the matrix
A and the graph G, specifically, expansion (Proposition 3.3), statistics of in- and out-
degrees of vertices in G (Proposition 3.4 and Lemma 3.5), magnitude of ¢;-norms
of rows and columns of A (Proposition 3.6). All statements and their proofs are
elementary; the proofs are provided for Reader’s convenience. We refer to [LLTTY17,
Cool7] for some related results in the setting of random directed d-regular graphs,
and to [Cool7, Section 2.1] for the directed Erdés—Renyi setting.

PropPoOSITION 3.3 (Expansion in G). For any € € (0, 1] there are C¢, c. > 0 depend-
ing only on e with the following property. Let p,n, G be as in (B1), and, additionally,
assume pn > C.. Then for each k in the interval 2 < k < ¢./p, with probability at

least 1 — (%)~* we have

|0 (I)| > Z |0in(i)| — epn |I| for any set of right vertices I with |I| = k.
i€l
In particular, the event
Es3(e):= { |0in (1) ZZ |0in (i)| —epn |I| for every set of right vertices I,2<|I|< %}
il
has probability at least 1 — 1/n.

Proof. Fix any € > 0, p,n and a subset I of [n] with 2 < |I| < e~?/¢/p. Consider
random variables

nt:=max(|{j € I :i*¥ — j%}| —1,0), i <n.

Informally, 1) counts non-unique occurences of the left vertex ¢ among in-neighbors
of right vertices from I. Observe that

n

10 (D] =D |0 ()| = >0l

iel i=1

On the other hand, taking into account non-random “horizontal” edges of G, if we
define n; := max(|{j € I : ¢;; = 1}| — 1,0) then every n, can be estimated as
n < mn+1fori eI andn, =mn for i ¢ I. We will use the standard Laplace
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transform method to estimate probabilities of deviations for 7;’s. Clearly, P{n, =
0} < ()ill)p“l, ¢ € N. Thus, for any number A > 0 such that e*p|I| < 1, we have

[e.9]

l _
+ 3 (N P+ )T < 1+ pla

and hence
(1 +p)"
{Zmzt} = exp(At) >0

In particular, taking ¢ := Spn|I| and X := log ﬁ, we get

B{ Y i = Spnlll} < exp (prll| — Apnl]/2) < exp (- eXpnl]/4).
1=1

Taking the union bound over all subsets of cardinality & (for some 2 < k < e=*/¢/p),
we get

IP’{|6m(I)‘ < Z |3m(2)| — epnk for some set of right vertices I, |I| = k:}
el
IP’{{G Z’&m | —k—fpnk for some I, |I| —k}
el

:P{Zn >k + pnkforsome] |I\:k:}

7

1
i > pnk for some I, |I| = k}
1

1=

<Ge) ) <)

provided that iapn > C'log(pn) > C? for a large enough C = C(¢). O

PROPOSITION 3.4 (Statistics of in- and out-neighbors). Let n € N, p € (0,1] and G
satisfy (B1). Denote

Es.4 :{Hz <t |Opu(i")| > 2pn + u}| < exp(—cs4(pn + u))n and

Hj <n: |G| > Qpn—i—u}‘ < exp(—cza(pn+u))n Vu = 0,1,...}.

Then P(E34) > 1 — e~ “P" where ¢34 > 0 is a universal constant.
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Proof. Applying Bernstein’s inequality (Lemma 3.1), together with the definition of
g, we get for any i < n:

P{]@Om )| > 2pn + t} < exp(—c(pn+1)), t>0,
for a universal constant ¢ > 0. Hence, by Markov’s inequality,
P{[{i <n: |0our(i")| = 2pn + t}| > exp(—c(pn +t)/2)n} < exp(—c(pn +1)/2).

Similar argument is carried out for 9;,(j%), j < n. It remains to take the union of
respective events over all t =0,1,2,.... O

LEMMA 3.5. Let n,p,G and event €34 be as in Proposition 3.4, and fix any subset
M of [n]. Then, conditioned on £3 4, we have

‘ out ML Z }8out <035<pn+10g ‘M|)’M‘7 and
ieML
|0 (M) Z 10in () <Cg5<pn+log|M|>\M|,
JEMRE
where Cs35 > 0 Is a universal constant.
Proof. Set
1 n
w = max (0, {—lo _— — n—D
< C3.4 & ’M‘ P
It is not difficult to see from the definition of &5 4 that
[{i < e Q0w (i) = 2pn +w}| < |M],
and that
S [Pl < Ot w)e @I,
1<n: [Oout (17)|>2pn+w
Similar estimates hold for M. The result follows. O

PROPOSITION 3.6. Let n,p, A satisfy assumptions (A1)—(A2). Define
Es6 :{Hz <n: [row;(4)|1 > rpn}| < n/r%? for all r > pn, and
{i<n: [[coli(A)|l1 > rpn}| < n/r®? for all v > pn}.
Then P(E56) > 1 — (pn)~%¢, for a universal constant cz g > 0.

Proof. By the assumption on the distribution of the matrix entries, we have
El|row;(A)||1 = E||col;(A)|l; < pn, so it remains to apply Markov’s inequality. O
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4 Combinatorial Structure of the Associated Random Graph G

4.1 Vertex types: definition and basic properties. Let k, m be large inte-
gers, and fix any parameter K > 0. Let G be a graph in Gy, ,,. We will inductively
introduce a classification of the right vertices of G as follows. For an index j < m, we
will say that the vertex j is of type (K, 1) if |0put ()| < K. Denote by Tk 1(G) C [m]
the subset of vertices of type (K,1). Further, assume that ¢ > 2 and that types
(K,1),(K,2),...,(K,f — 1) have been identified. Take j < m which is not any of
the types (K,1),(K,2),...,(K,f —1). Then we say that the j is of type (K,¥) if

laout(j)\am(TK,l(G) u---u TK,z_l(G))} < K.

The set of all vertices of type (K,¢) is denoted by Tk ¢(G). A vertex j is of type
(K,00) (of infinite type) if it is not of any types (K, ¢), £ € N.

A key point of our argument consists in establishing a correspondence between
vertex types of a graph in Gy, ,, and its subgraphs. Given a graph G' € Gy, and
a subset I C [m], denote by G' the subgraph of G’ obtained by removing the right
vertices in I. It will be convenient for us to assume that the right vertex set of G!
is indexed over [m]\I (so that we get a direct correspondence with vertices of G).

LEMMA 4.1. Let G € Gy, let I C [m] be a subset, and let GI be defined as before.
Then for any K > 0 and £ > 1 we have

TK7g(GI) C U TKJL(G).
h<t

Proof. We will prove the statement by induction. The case £ = 1 is obvious; in fact
Tr1(GY) = Tk 1(G)\I. Now, assume that £ > 2 and that the statement has been
verified for £ — 1. Take any j € Tk o(G'). By definition, we have

|0out (D) \Oin (Trc 1 (GT) U -+ U Ty 1 (GT))] < K,
and therefore
|00t (5)\Oin (Tr 1 (G) U+ - U T p-1(G))| < K.
This last assertion immediately implies that j € (U<, Tk n(G). 0

Note that the last lemma implies Tk oo (G!) D Tk 00 (G)\I. The opposite inclusion
does not hold in general even in “approximate” sense. For example, it is not difficult
to construct a graph G € Gy, and a subset I C [m] of cardinality, say, m/2, such
that Tk oo (G?) = [m]\I while Tk o(G)\I = 0. Nevertheless, it turns out that under
some assumptions (which hold with high probability in our random setting), a kind
of reverse inclusion can be observed.
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LEMMA 4.2. Let G € Gy, and let I C [m] be a set. Assume that for some K > 0
we have

|aout(j) N am(l)‘ S K/2
for all j € [m]\I. Then

TK,OO(GI) - TK/Q,OO(G)'

Proof. Note that it is sufficient to show that for any ¢ > 1 we have

Tr20(G)NI € | Tren(GT).
h<t

We will verify the statement by induction. The case £ = 1 is obvious. Now, fix £ > 2
and assume the assertion is true for 1,2,...,¢ — 1. Pick any j € T/ ¢(G)\I. Then,
by the definition,

0t ()0 (U Tian(@)] < K2

h<f—1
By the assumptions of the lemma, we have
‘aout(j) N 8zn(1)| < K/2,

and so

00 ()\On (| T G\I)| < K.

h<t—1

By the induction hypothesis, we have

62'71( U TK/Q,h(G)\I) Cf?m( U TK,h(GI))-

h<f—1 h<f—1

That, together with the above relation, implies

JE 8@'n( U TK,h(G1)>'

h<t

The result follows. O
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4.2 Cardinality of the infinite type in random setting. The random
graphs we consider in this section will be subgraphs of G introduced at the begin-
ning. Fix a positive integer m, a positive real p, and let d;;, pi; ((i,7) € [m] x [m]) be
jointly independent Bernoulli variables with P{¢;; = 1} = p and P{p;; =1} > 1/a.
Consider a random directed bipartite graph G" with the vertex set [m] Ll [m], such
that

° Z—)]lﬁ'(%]:lOrZ:j,

o i<—jiﬁ<5ij,uz~j:10ri:j.

Additionally, let K¢ be a parameter such that

The purpose of this subsection is to prove that typically the cardinality of Tk, o0 (G')
1s very large—almost m.

It will be convenient for us to define a filtration of sigma-algebras Fj, k € N,
where for each natural k, Fj, is generated by (random) sets T, ((G'), £ < k and by
sets of in-neighbors 9;,(j), j € Tk, 1(G") U - U Tk, x(G).

Everywhere in this subsection, by 0, (+), Oout(-) we understand corresponding sets
of in- and out-neighbors for the graph G’. Also, we use shorter notation Tk, 4 for
types of vertices Tk, 4(G').

LEMMA 4.3. Let G', Ky, and filtration Fj, k € N be as above. Then for any d > 2
we have

E( Tkya| La
|0in (Tky.d-1)\Oin (Uy<q—o Trog

where 14 is the indicator of the event {|3in(Uz§d_1 TK075)| < m/4}, and cg3 > 0
depends only on c.

jlre)se

Let j be a vertex of G’ in the complement of | J,.;,_; Tk, . Assume for a moment
that the set of in- and -out neighbors of j were independent of the set Ur<ag—1 Tk 0
and their in-neighbors. Using the assumption that ‘Bm ( Up<a—1 TKM) ’ < m/4 (which
defines the indicator 14 above), it would be easy to obtain a bound for the prob-
ability IP’{ jerT Ko,d} for each fixed j, and then sum up to bound the expectation
of |Tk, q4|- In reality, the set of neighbors of j depends on types Tk, ¢, £ < d — 1.
However, this dependence is almost negligible, and using a conditioning argument,
we will be able to show that a similar estimate for [Tk, 4| still holds.

Proof of Lemma 4.3. Fix a partition L = (Lj)z-l:1 of [m] and a collection of subsets

Min(h), Moyi(h) C [m], h € Ly U---U Lg_q, such that

o My (h) C My, (h) for all h;
o [Myut(h)| < Ko whenever h € Ly;



GAFA THE SPARSE CIRCULAR LAW UNDER MINIMAL ASSUMPTIONS 577
e forany 2 </ <d-—1andh € Ly, we have

Mo\ Minlr)

r€Lg, g<{—2

> Ky

and

’Mout(h> \ U Mm(r)) < KO;
reLly, g<i—1
° | UT‘ELg,ggdfl Mm(r)‘ < m/4.
The conditions on the sets My, (h), My (h) are designed so that the sets Ly, g < d—1,

would play the role of types Tk, , in our random graph. Further, for any u € Lqg
define event

g ;:{ai (h) = My (h) and By (h) = Mows(h) for all b € Ly U --- U Ly_1, and
Aout(7) \ U Mip ()

r€Lgy, g<d—2

> Ko for all j € Ld\{u}},

and take
g ::{ai (h) = Min(h) and Oous(h) = Moge(h) for all h € Ly U--- U Lg_1, and

8out(j)\ U Mzn(r)‘ > Ko for all j € Ld},
relg, g<d—2

Note that if the event & occurs then Tkyg = Lg, g < d— 1. We are interested in
bounding the probability that u is of type (Ko, d) on the Fy_j—measurable event E.
However, a direct computation is difficult due to dependencies, and for that reason
we have introduced the auxiliary event £/, on which the sets of in- and out-neighbors
of u are defined by independent Bernoulli selectors. We will bound the probability
that u is of type (Ko, d) on the event &, and then compare the event &, with £.

It is easy to see that £ C &, for all u € Ly. Observe that, conditioned on &/, the
event {u is of type (Ko,d)} implies that

(a) the set Oou¢(u) has a non-empty intersection with My (h)\U,¢r,, g<g—2 Min(r)
for some h € Ly_1, and

(b) the intersection of Jut(u) with the set [m]\U, ¢ ;<41 Min(r) has cardinality
at most Kj.

In the case u € U,cp, , Min(r)\Uper,, g<a—2 Min(h) the condition (a) is satisfied
automatically since u < u is in the edge set of the graph. In this case, we simply
estimate the probability P{u is of type (Ko,d) | &}, using condition (b), by the
probability

P{

aout(u)\ U Mzn(r) < KO})

r€Lgy,g<d—1
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which in turn can be estimated by exp(—cpm), for some ¢ = ¢(«) > 0, using our
assumption on the cardinality of Urengqf1 M, (r). In the case

wg ) Min(tr)\ | Min(h)
reLa_; hEL,, g<d—2
we use both (a) and (b) to get an upper bound
P{u is of type (Ko, d) | £,} < P{(a) holds | £} - P{(b) holds | £}
<ol U Mal\ U Mialh)| - exp(~com).

r€Llg_1 h€Lgy,g<d—2

Next, again by the assumption on the cardinality of the union of M;,(r) (with
relLiU---ULg ), we have

Oout(u) \ U M ()

re€Llgy, g<d—2

1
3 for all u € Ly.

IP’(E\S{L):P{ >K0‘}>

This, together with the above, gives for every u € Lg:
o P{u is of type (Ko, d) | €} < exp(—cpm), if u belongs to the set Urer,_,
M (r)\ UheLg,ggd_g Min(h); N
o P{u is of type (Ko, d) | E} < P | UreLd,l Min(r)\UheLg,ggd—2
Min(h)| exp(=c'pm), if u & U,ep, , Min(r)\Uher,, g<a—2 Min(h).
Summing up over all u € Ly, we get

E(|{u € Lqg: uis of type (Ko,d)}| | g)
<e ) Mt U Mah)]

re€lg 1 heL,,g<d—-2

for some ¢ > 0 depending only on «. Thus,

E< Tk, ,d
|0in (Tico,d—1)\Oin(Uy<i—2 Tkog

Moreover, the event £ is an atom of the sigma-algebra F;_1. The only restriction
on the sets T, ¢ that we employ is that

am( U Tm,e)’ <m/4

(<d—-1

I (5) < eme'rm,

(conditioned on &). Hence, we get from the above

E< ‘TKO,d‘ 1,
|0in (Trey,d-1)\Oin(Up<q_o Tk,

with 1, defined earlier. O

’1

‘ fdl) S eic pm7
0)]
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The next proposition asserts that the expected cardinality of the set of in-
neighbors of the right vertices of G’ of finite types is much smaller than m. Thus,
with large probability the majority of left vertices are connected only to right ver-
tices of the infinite type. When recast in terms of the random matrix A — zId (see
Subsection 5.1), the result says that with probability close to one most of the rows
of A — zId are supported on the infinite column type.

PROPOSITION 4.4. Let m,p and G' be as above. Then
]E( aln( U TKQ,g) ‘) é 6—64.417771 m
g>1

for c¢44 > 0 depending only on .

Proof. Let 1, be as in Lemma 4.3, and for each ¢ € N define Ig to be the indicator
of the event

Observe thatNL < 1y for all £ > 2; we will postulate that 1, =1 everywhere.
Importantly, 1, is measurable with respect to the sigma-algebra Fy_1 (¢ > 1).

We will prove the statement in two steps. First, we show that, conditioned on
the intersection ﬂgzl &;, the cardinality of the set 0, (TKO,g)\am(Uggfl TKO,Q) is

small on average. Then, we show that the event ﬂle &; holds with probability close
to one.
For any ¢ > 2, we have

E(|Try |11 10)

|TK0 5‘11 .. Ig )
=E(E : Fo-
( (}@n(TKo,e—l)\am(qu—z Tr,g)| ‘ o

i (Ticp e\ (U TKO,g)]L...L_1>

g<£—2

< e*C”pm E(

Oin(Tito.t-)\Oin (U Tt )L )

g<£—2

for some ¢ > 0 depending on «, where at the last step we used Lemma, 4.3.

Let W9 be any realization of the matrix W := (u;;), A € Fy—1 be any atom of
the sigma-algebra Fy_; (i.e. some realization of sets Tk, 1, ..., Tk, -1 and respective
collections of in- and out-neighbors), and set & := AN {W = W’} assuming that
the event has a non-zero probability. Observe that, conditioned on £’, the variables
dij for j ¢ Ty 1,..., Tk, ¢—1 and WZ% = 0, are mutually independent, and, moreover,
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the set Tk, ¢ is completely determined by the values of d;; for (7,7) with WZ% =1
Hence,

E(|{(i,4) € [m] x [m] : j € Tk, 0, Wiy =0, 85 =1, i # j}| | £)
< pmE(|Tk, el | £). (4.1)

At the same time, by the definition of T, ¢, we have (deterministically)

Oout (Trc,,0) \3m< U Tk,, )‘ < Ko|Tk, el (4.2)
h<t—1

Note that the set 0;,(Tk,¢) can be viewed as consisting of three parts: the left
vertices i such that ¢ — j and i ¢ j for some j € Tk, (\{i}; left vertices ¢ such
that ¢ — j and i < j for some j € Tk, ¢\{i}; and the vertices i with i € Tk, . For
the first category, we will apply formula (4.1); for the second—formula (4.2), and
for the third—the trivial upper bound. Thus, removing conditioning with respect to
{W = WO}, we obtain

E(

Together with above estimate of E(|TKO,g’11...Ig) and the measurability of

Oin(Tk, 0) \&n( U TKo,h)‘ |f€fl> < 3pmE(| Tk, 0| | Fo-r)-
h<t—1

L, . ,Ig with respect to Fy;_1, this yields
E(|0in(Treo,\0in (U T ) )L .
h<(—1

Oin(Tky0-1)\Oin ( U TKo,g) ‘11 . 14—1)

g<l—2

< e—Epm E(

for all £ > 2, where ¢ may only depend on «. It is an easy consequence of Bernstein—
type inequalities that

E(’am(TKOJ) ‘) < e “Pm

for a universal constant ¢ > 0. Then, applying the previous relation iteratively, we
obtain for all £ > 1 and ¢ = ¢/(a) > 0:

E(

This completes the first part of the proof. It remains to show that 1;,...1,is equal
to one with high probability. Conditioned on the event {1;...1y,_7 = 1}, we have

( U Tk, )‘_ Oin(Tro 01 \8m< U Txon )‘ Mg — gty

h<t—1 h<t—2

8in(TK07g)\8m< U TKg,h) ’il e ig) S e_c,pmgm. (43)
h<l—1
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Hence, for any ¢ > 2:

P{1,...1p1-(1-1,) =1}
=P{1;=0|11...11 =1} P{1;... 1,y = 1}
< P{ am(TKO,é_l)\am( U TKO,Q)‘ > %2—6 [Ty, 0p = 1}

g<l=2
P{1;...14 =1},

Using (4.3) and applying Markov’s inequality, we obtain
|

Thus,

ain(TKo,K—l)\ain< U TKo,g)‘ > %24 1.1 = 1} < e epmE=1olt2,
g<Lt—2

P{1;...10 - (1-1,) =1} <e @rmElot2ply, 1, =1}, ¢>2
Rearranging, we get
P{1;...11, =1} > (1—e PN pIT, 1 =1}, £>2,

and hence
P{ [1= 1} >1 e arm
=1
It remains to apply the last relation to (4.3): we have
([ (U T
g>1
6m< U TKo,g)) Hig = 1) —I—mIF’{ Hie = 0}
=1 =1

g>1

am(TKo,f)\ain< U TKO,h> ‘11 .. .L)) + e 1Py
h<f—1



582 M. RUDELSON, K. TIKHOMIROV GAFA

4.3 Chains. Define a subfamily Gn,n C Gy, as the collection of graphs having
all “horizontal” edges, namely, for any G € G, and any i € [n] we have i~ R
and il « i®. Note that the random graph G defined by (B1), belongs to G, , with
probability one. Such graphs are important for us since they correspond to matrices
with a non-zero diagonal.

Let G € Gy, and k > 1. The left and right vertices of G are indexed by the same
set [n]. For this moment, it will be convenient to write 5 for the left and j® for the
right vertices. We will say that a sequence (jf)éle of right vertices of G is a chain
of length k for G if it lies on the path jf% — jf — jf — jQL — s = j,f_l — j,f,

— 1

with jf” # jﬁ_l for ¢ < k. In other words, all edges leading to the left vertices are
“horizontal”. If all j/¥’s (1 < ¢ < k) are distinct, we will call such a chain cycle-free.
Further, if jf’s for 1 < ¢ <k —1 are all distinct but j,f = jl for some u < k — 1,
the chain will be called cyclic.

To verify that the square matrix A — zId is non-singular with high probability,
the above setting is all that is needed. However, in the treatment of intermediate
singular values we will need a more general definition of chains for bipartite graphs
with different sets of left and right vertices. We will extend the definition in the last
part of the section.

The following is an elementary observation:

LEMMA 4.5. Let J = (jg)é?zl be a chain for a graph G € Gy, . Then one of the
following two assertions is true: either J is cycle-free or there is a number 1 < k; <k
such that (jg)?lzl is cyclic.

In what follows, it will be sometimes convenient for us to view a chain J as
a set rather than a sequence. In particular, for any subset of integers S, notation
J\S should be understood as a set consisting of those elements of J which are not
included in S. Further, given a chain J = ( jg)é?:l for G, let G be the subgraph of G
formed by removing right vertices jy, ¢ < k (note that this notation for subgraphs
is consistent with the one given in Subsection 4.1). It will be convenient for us to
assume that the right vertices of G are indexed by [n]\{je}5_,.

Given K > 0, we will say that the chain J for a graph G € Gy, is K-self-
balancing if jo ¢ Tk oo(G) for all £ < k and, moreover, for any ¢ < k we have

aout(j@) - 8zn< U TK,g(G)\{]E})

g>1

Note that in the above definition ng c dmt(jf) since the graph G € G, ,, is required
to contain “horizontal” edges; and it is possible that 6out(jf) consists of a single
element ng.

By negation, a chain J = (jg)]gzl for G is not K—self-balancing if and only if
either (a) jy € Tk o(G) for some £ < k or (b) ji1,J2, ...,k € [n]\Tk 0o(G) and there
is jo and a left vertex i € Oput(Je) such that 0pu:(1)\{Jje} C Tk 00 (G). We also observe
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that if a chain (ji,)F_, is K-self-balancing then (jy)l_, is K-self-balancing for any
h <¢.

The notion of chains plays the central role in our argument. A connection with
the matrix invertibility can be illustrated as follows: assume that x is a non-zero
null vector of A — zId (where we assume that the matrix diagonal elements are
non-zero), and let G be the corresponding bipartite graph. Let i« < n be such that
x; # 0. Looking at row;(A — z1d) and noticing that a;; — z # 0, we find j # i such
that a;jxz; # 0. This means that i € 0;,(j). Next, looking at the j-th row, by the
same reason, we find k£ # j such that a;,x) # 0, continuing with the construction
of the chain. In fact, for any k£ > 1 there exists a chain J for G of length k, with
all elements in the support of z. A more detailed analysis shows that, conditioned
on an event of probability close to one, all such chains must be self-balancing. At
the same time, as we show in Subsection 4.3.1, with high probability there are no
self-balancing cyclic or cycle-free chains of logarithmic length. This (combined with
some additional observations) implies that A — zId does not have very sparse null
vectors with high probability. As we are interested in quantitative bounds on the
smallest singular value, this argument needs to be augmented: we have to take into
account the magnitudes of the coordinates of x, the distribution of cardinalities of
supports of rows of A — z1d, statistics of chains (i.e. number of self-balancing /non-
self-balancing cyclic and cycle-free chains of a given length). The lastly mentioned
characteristic of the matrix is studied in this section.

Define

pn
Ky = —.
0 2

The next lemma can be viewed as a decoupling procedure for the vertex chains.
Specifically, it will be used to replace vertex types of the graph G in the definition
of a self-balancing chain J with vertex types of the subgraph G”, taking advantage
of independence of these types from edges incident to J.

LEMMA 4.6. Let n, p, G be as in (B1). Define

€16 ::{for every cycle-free/cyclic chain J of length k < log,, n
for G we have TKO,OO(QJ) C TKO/Q,OO(Q)}.

Then P(£44) > 1—n"19 In fact, “~10” can be replaced with any negative constant.
Proof. 1t is not difficult to see that it is sufficient to prove the statement for cycle-

free chains; corresponding bound for cyclic chains will follow just by throwing away
the last element of the chains. Fix k& < logpn n and denote

& :=1{(1,2,...,k) is a chain for G such that Tk, (G”') ¢ TKO/ZOO(Q)}.
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We will compute the probability P(£’). By Lemma 4.2, £ does not occur, whenever
for any j € [n]\[k] we have |9out(j) N Oin([k])| < Ko/2. Thus,

P(E') < IP’{E ¢+ 1forall £ <k—1 and there is j € [n]\[K]
with [Dur(j) O Bn([K])] > Ko/2}
< ]P’{E — ¢+ 1 for all ¢ <k —1 and there is j € [n]\[k]
with |95, (j) N K] > K0/4}
+ IP’{E {4 1forall £ <k—1 and there is j € [n]\[K]
with |95n(7) 1 O (R\KIF| > Ko/4},

where in the last inequality, we used that 0y (j) C 0in(j) for a right vertex j. Hence,
we get

P(E) < p*t . n . plKe/4] ((K:/M) phlon
'P{\am(j) N Oin([K]\[K]*| > K0/4}

— 0 — _ n
< PP n(24k/n) O pE T () TR/ 1]<[K0/4—11>'

Bounding the first term is straightforward. To bound the second term, we use the
assumptions on p and k, which imply that p?kn < n~1/%. This yields P& <
pFn =100 Tt remains to observe that

P{there is a cycle-free chain J of length &
for g with TKU,OO(QJ) ¢ TK@/Z,oo(g)} < nkP((‘:/)’

and apply the union bound over all k < log,,, n. O

4.3.1  Self-balancing chains.  In this subsection, we study statistics of self-balancing
chains. Further, in subsection 4.4 we will transfer the results to a generalized setting
of ¢—chains.

LEMMA 4.7 (Number of self-balancing cycle-free chains). Let n,p,G be as in (B1).
Let 1 < k < log,, n, and let T}, be the set of all (Ko/2)-self-balancing cycle-free

chains of length k for G. Denote by & the event {|0;n Ug>1 Tk, g(G))| < necrrn/2},
where ¢4 4 = c4.4(c) > 0 is taken from Proposition 4.4. Then

E(‘I]J ‘ &N 54‘5) < 8(p]€)k_1(/€ - 1) + n eGPk

for some cq7 = cq.7(a)) > 0.
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Proof. Let us estimate conditional probability of the event
£:={(1,2,...,k) is a (Ko/2)-self-balancing chain for G}

given & N E46. Due to lack of independence, a direct estimate can be complicated.
To overcome this problem, we introduce auxiliary events £(Q). For any Q C [n] set

@ =1

8i”< U Tng(gQ))‘ < 7167‘34-4?"/2}.
g=>1

Observe that, by Lemma 4.1, we have & C £(Q) for every Q C [n].
We will bound P(€ | E([k]) N E46) first. We have

P(€ | E([K]) N Exg) = P(sli%lf]()[ﬁgﬁ) P(ENEss | E(K]) < 2P(E N Ess | E(F])),

where we used a simple estimate P(E([k]) N E46) > 1/2, which follows from the
inclusion EyNEys C E([k])NE46 and the fact that both & and &4 ¢ have probabilities
close to one (see Lemma 4.6 and Proposition 4.4).

By the definition of a self-balancing chain, on the event £ N E44 we have i €

I (([KI\{4}) U ( ngKO/Qvg(g)\[k])) for all pairs (i,5) € {k+1,...,n} x [k] with

i « j. Moreover, on this event we have |J Tk, /2,4(9)\[k] C U Tk, 4(G*)). Thus,
g1 g1

P(ENEse | E(K])) gIP’{i ~i+lforalli<k-—1and
V (i,5) € {k+1,...,n} x [k] such that i < j we have
i € 0n({h <k h#3}) U O (U Trog(@™)) | ECRD }-

g=>1
Therefore,
P(E | E([K]) N Exg) <2P{i — i+ 1foralli<k—1]|E&([k])}
]P’{V (i,7) e {k+1,...,n} x [k] such that i < j we have

i€ 0n({h <k h# 1) U 0m( U Tiog (@) | 1K)},

921
where we used conditional independence of {d;; : (i,7) € [k] x [k]} and {0, pij :
(1,7) € {k+1,...,n} x [k]} given event E([k]), as this event refers only to the
subgraph G¥/. Obviously,

P{i —i+1foralli<k—1]&([k])} <p
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To estimate probability of the second event in the last formula, observe that the
condition

V (i,j) € {k+1,...,n} x [k] such that i < j we have
i€ 0m({h <k, h#j}) U am< U Tng(g[k]))

g>1

means that for every left vertex ¢ of G with ¢ ¢ W := [k] U 8m(Ug>1 Tk, 4(GH),
either -

(a) O (i) N[k] =0 or
(b) [Oout () N [k]| > 2 and |04, (7) N [k]] > 1, that is, i has at least 2 out-neighbors
one of which is also its in-neighbor.

If there are g pairs (i,7) € [n]\W x [k] such that i — j and the left vertex ¢ satisfies
condition (b) then necessarily

] =

|0in (W) | = [0in ([K))] > q/2.

h=1

Otherwise, if there are less than ¢ such pairs then
{G) e m\W x 1] i —j}| <a
In view of the above, we can write

P{V (i,7) e {k+1,...,n} x [k] such that i < j we have

i€ 0 ({h < by b #) U (U Tieoa(6™)) | () |

g>1
<] hi 00 (h)| — [0 (K] = Ko/8 | £(1k1) )
+P{|{(G.3) € W x K2 i 5| < Kok/a | £(H] .
For the first of the two probabilities, we can apply Proposition 3.3 to get an upper

estimate (%)™% (for k = 1, the probability is clearly zero). The second term can be
represented as

IP’{ > iy < Kok/4| 8([k])}.
(4.4)€[\W x K]
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Here, 05, 11;; are given by (B1) and are conditionally independent given E([k]).
Further, the cardinality of [n]\WW given £([k]) is at least n/2. Therefore,

P{|{(i.5) € \W x [+ i = j}| < Kok/4 | €] |

[#0 k/4]
nk/2 _
< X () e - e
q=0 q
| Ko k/4]
Se—pnk/(éla)_i_ Z (epnk/(aq))qe—pnk/(4a)
q=1
< e—c’pnk

for some ¢ = ¢/(«) > 0. Combining all the estimates, we obtain
P(E | £(Ik]) N Eup) < 207" (7P + (n/k) FLppzgy).

Therefore
P(E([k]) NEas)
P(&) N 54.6)

As we observed before, P(Ey N E46) > 1/2 and hence

P(£ | E N Esg) < 2 (e P (n/ k) L gsy)-

P(E([KDNEa.0)
P(E6NEa.0)

P(E | &N Esg) < 4™ (e + (n/k) F1ps0y).

< 2. Thus,

Finally, by the permutation invariance of our model, we get
E(|Ik’ | &N 54.6) < nk]P’(é’ ‘ &N 84.6) < 4(pn)k*1n eic/pnk -+ 8(])]{3)’671(]{ — 1).
The result follows. O

LEMMA 4.8 (No self-balancing cyclic chains). Let n,p,G and event & be as in
Lemma 4.7. Then for any k < logpn n we have

P{G contains a (Ko/2)-self-balancing cyclic chain of length k | £ N E4.6}
< e—&;_ﬂmk +k (pk?)k_l
for some ¢y = c45(c) > 0.

Proof. Fix any k in {3,4,...,n} (cyclic chains have length at least 3). As in the
proof of Lemma 4.7, denote by £(Q) (Q C [n]) the event {‘8in(Ug21 Tk, (G9))| <

ne_c4-4p"/2}. By a similar argument, we get for every integer w < k — 2:
P{(1,2,...,k— 1,w) is a (Ko/2)-self-balancing (cyclic) chain | ([k — 1]) N Ex6}
<2P{i—i+lforalli<k—2; k—1—w|E(k-1])}
IP’{V (i,7) € {k,...,n} x [k — 1] such that i < j we have
i€Om({h<k—1h#j}) U am( U TKO,g(g[k*H)) | &k - 1])}.

g>1
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The first probability is trivially at most p*~!, whereas for the second we apply the

same argument as in the proof of Lemma 4.7 to get an upper estimate
e—c’pn(k—l) + (n/(k‘ _ 1))—(k—1)
for some ¢ = ¢/(a) > 0. Hence,
P{(1,2,...,k—1,w) is a (Ko/2)-self-balancing cyclic chain | & N &6}
<2P{(1,2,...,k—1,w) is a (Ko/2)-self-balancing cyclic chain | £([k—1]) N Ex6}
< 4pk71 (efc’pn(kfl) + (n/(k‘ - 1))7(1471))’

where we reproduced arguments from the proof of Lemma 4.7.
Notice that the number of “potential” cyclic chains of length k is less than k-n*~1.
Hence,

IP’{Q contains a (K(/2)-self-balancing cyclic chain of length &k | & N 54.6}
< 2k(pn)k—1(€—c’pn(k—1) + (n/(k _ 1))—(k—1))
< efc”pnk +k (pk')kil,

where ¢’ > 0 may only depend on a. 0
Let us summarize the last two lemmas.

PROPOSITION 4.9 (Statistics of self-balancing chains). There is c¢49 > 0 depending
only on « with the following property. Let n,p,G satisfy (B1). For each k < n,
denote by Zj, the set of all (K(/2)—self-balancing cycle-free chains of length k for G.
Finally, set

Ep9 =

8m( U Tng(g)) ’ < ne_c“pn} N

{W <me Pk forall 1< k< n}m

G does not contain (K(/2)—self-balancing cyclic chains}.

Then P(E49) > 1 — exp(—cy9pn) — n= .

Proof. The first part of the intersection in the definition of £49 can be estimated us-
ing Proposition 4.4. For the second part, if 1 < k < log,,, n is such that 8(pk)F—1(k—
1) < ne %Pk then, combining Lemma 4.7 with Markov’s inequality, we get

P{|Ik| > {n 6764'7pnk/2~| ‘ EN 54.6} < 26704_7pnk/2'
On the other hand, if 8(pk)*~1(k — 1) > ne~ 7" then, by Lemma 4.7,

E(|Zk| | &N 54.6) < 16(pk)k71(k — 1) <n ¢
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for a constant ¢ > 0, where we have used that p satisfies (A1). Hence, applying
Markov’s inequality, we get

P{|Zi| > [ne /2] | £5n Esg} < P{|Z| > 1| &9 NEss} < n~C

This together with the union bound over all 1 < k < log,, n and P(& N&sg) >
1—e P — =10 gives

IP’{|I;€\ <ne CTPk/2 forall 1<k < log,,, n} >1—e P,
It remains to note that, as any (Ko/2)-self-balancing chain of length k > log,, n
contains (//2)-self-balancing subchains of length |log,, n], we get from the above

P{|Zx| < ne P for all log,, n <k <n}

17

> P{IUngn n] = (D} >1— e_c//pn —nc ’

where we have used that n e ¢ 1og, nl/2 <1
For the third part, by removing conditioning in Lemma 4.8, we get

P{G contains a (Ko/2)-self-balancing cyclic chain of length k < log,,,, n}
<e P4 pC

for some constant ¢ > 0. At the same time, applying the above estimate for cycle-free
chains, we obtain

P{G contains a (Ko/2)-self-balancing cyclic chain of length k > log,,, n}

11

S ]P){I“ngn n‘|,1 7é @} S efc’/pn + nfc )
The result follows. O

4.4 Graph compression. The notion of chains, the way it is considered in the
previous subsection, would be sufficient if our only goal was to bound the smallest
singular value of the shifted matrix A—z Id. However, bounding intermediate singular
values requires more elaborate arguments. In particular, our notion of chains should
be extended to cover what can be called “graph compression”.

A compression of a graph G € Gy, , is glueing together some pairs of left vertices
of G satisfying certain additional assumptions. Namely, left vertices 1,72 can be
glued together only if their sets of out-neighbors are disjoint and all out-neighbors
of {i1,i2} belong to the infinite type Tk oo (G).

Formally, let G € Gy, let K > 1 be a parameter, and let ¢ : [n] — [m]
be a surjective mapping. Let us assume that the mapping ¢ satisfies the following
assumptions:

e For any i € [m], the preimage ¢1(i) consists of either one or two elements;
e For any iy # iz € [m] such that ¢(i1) = ¢(i2), we have Opyt(i1) N Oput (i2) = 0,
and, moreover, Oyt (i1) U Oout(i2) C T 0o (G).
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We will call such a mapping ¢ (G, K)-admissible. The crucial observation, which
will be made rigorous further in the paper, is that a “compression” of the matrix
A — z1d (which is defined as a matrix equivalent of the compression for G) typically
contains only well-spread vectors in its kernel.

We say that a (G, K)—admissible mapping is u—light for some u > 0 if the set of
in-neighbors of any right vertex contains not more than u left vertices glued by ¢;
formally,

[{i <n: o7 (8(0)] =2} NOm(j)| < u forall j <n.

The notion of u—light mappings allows us to identify those compressions which pre-
serve expansion properties of the graph (see Lemma 4.10 below).

Denote by ¢(G) the directed bipartite graph in Gy, ,, obtained from G by glueing
together left vertices by ¢. That is, if ¢(i1) = ¢(i2) then

0%,1(6(11)) = Bout(i1) U Bour (ia)

and

Here and further, 9;,(-) and Oyut(-) mean the sets of in- and out-neighbors in the
graph G as before, and aj;() and 87

©.(+) stand for the sets of in- and out-neighbors
in the compressed graph ¢(G).

LEMMA 4.10. Let K,u > 0, let G € Gy, ,, m < n, and let ¢ : [n] — [m] be a u-light
(G, K)—admissible mapping. Further, assume that for some § > 0 and ¢ > 0 we have

|0 (I)| > Z |0in(i)| — eK|I| for any subset I of right vertices with |I| < n.
el
Then
‘8&([” > Z ‘sz(z)‘ — (eK +w)|I| for any subset of right vertices I with |I| < dn.
iel
Proof. Fix any subset I C [n] of right vertices with |I| < én. By the definition of

a (G, K)—admissible mapping, the number of in-neighbors of any right vertex does
not change under compression, and hence

> lom(@)] =[98,
icl iel
On the other hand, the assumption that ¢ is light implies that
105, (D] = [9(D)| =Y Hi <m: 1671 G)] =2, 671 () N dni) # O}
el
> |0 (I)] — ull].

The result follows. O
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LEMMA 4.11. Let K > 0, let G € Gy, m < n, and let ¢ : [n] — [m] be a
(G, K)-admissible mapping. Then for any g > 1 we have Tk 4(G) = Tk 4(6(Q)); as
a consequence, Tk - (G) = Tk 0o (¢(G)).

Proof. The left vertices which are glued together by ¢, do not have out-neighbors
in U Tky(G). As we will show, this implies that each Tk , is preserved under
g>1

compression.

First, since \631(3)| = [0in(j)| for all right vertices j, we have that Tk (G) =
Tk1(¢(G)). Now, fix g > 1 and assume that all vertex types (K1), (K,2), ...,
(K,g — 1) coincide for G and ¢(G).

Take any j € Tk 4(G), and observe that Oout(j) and 9 ( U Tk x(G)) are not

h<g
affected by the mapping ¢. This, together with the definition of the type (K, g),
implies that j € Tk 4(6(G)).

On the other hand, if j ¢ Tk 4(G) then |9out(j)\0in( U Tk a(G))| > K, and
h<g

hence by the induction hypothesis lafut(j)\aﬁl( U TK,h(¢(G)))| > K. Thus, j ¢
h<g
Tk 4(0(G)). O

In the next lemma we show that, conditioned on certain realization of our graph
g, given a uniform random /—element subset J of the left vertices of G, with high
probability (with respect to J) we can find a light (G, K')-admissible mapping ¢
which glues together only some vertices in J. The lemma will be applied to estimate
the intermediate singular values of the random matrix A — z1Id (see remark before
Proposition 9.2).

LEMMA 4.12. Fix K > 0, r > 0 and a realization of G from event £3 4 such that

am( U TKyg) D < e "P'p,.
g>1

Let £ > n'/? be a natural number, and let ¢ € (0,1/32). Let J be a uniform random
subset of [n] of cardinality ¢ (defined on another probability space). Denote by £ the
event that there exists a (G, K)—admissible mapping ¢ satisfying the conditions

o [p([n])| = n — [eL];
o o1 (¢(i)) =i foralli¢ J;
e ¢ is (64epn)-light.

Then
Py(E) > 1 — 2 nirm,

where c4.12 > 0 may only depend on r.
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Proof. We will assume that pn is large. We will construct the mapping ¢ in three
steps. First, we show that with large probability we can find a subset J’ of .J of
cardinality at least £/2 such that for any i € J’ both the left vertex i* and the
right vertex % have “good” sets of neighbors. Second, we extract from J’ a subset
of pairs of left vertices H; with disjoint sets of out-neighbors in each pair. Third, we
construct subset Ho C H; which will define our compression ¢.

Let

M= {j<n: [0m(i")| > 2pn}.
Define a subset I of all left vertices of G satisfying the following conditions:

® |8out(jL)| < 2pn;

L4 out(jL) - TK,oo(g);

o jL ¢ 0 (M).

Since we condition on event &34 and because of Proposition 3.4, we have |0, (M)| <
exp(—cipn)n. Further, by our assumption on the realization of G, the total number
of left vertices of G whose sets of out-neighbors have non-empty intersection with
[n\Tk o0 (G), is bounded from above by exp(—capn)n, for a constant ¢ > 0. Finally,
again in view of conditioning on &34, cardinality of the set of left vertices with at
least 2pn out-neighbors is bounded above by exp(—cspn)n. Combining the bounds,
we get |I¢] < exp(—c’pn)n, for some ¢ > 0.

Now, since J is chosen uniformly at random, standard concentration inequalities
imply that the set J’ := J NI has cardinality at least £/2 with probability at least
1— eféfpn'

From now on, we fix J' with |J/| > ¢/2 and work with it as a deterministic
set. We construct the set of pairs H; step by step as follows: at k—th step, choose
any index jj in J’ which was not previously selected. By our construction of .J,
|00ut (7£)| < 2pn. On the other hand, since we conditioned on the event &34, for
every u € 8out(j,f), the cardinality of 0;,(u) is at most 2pn + C'logn. Hence, the
number of unselected indices in J' whose sets of out-neighbors have a non-empty
intersection with 9y (jiF), is bounded above by 2pn(2pn + C'logn). Choose one of
the indices of J” which does not belong to the set, and add the resulting pair to Hj.

Continuing the process, we get a collection of pairs H; with |Hy| > (]J/| —
2pn(2pn + C'logn))/2 > £/8, where we used our assumptions on ¢ and pn.

It remains to construct a subset Ho C H; of pairs of vertices to be glued together
by the mapping ¢.

Let @ be a uniform random subset of H; of cardinality |2¢f| < 16¢|H1| (defined
on another probability space). By the construction of Hj, for any right vertex u of
G we have

{(G.7) € Hy: {5} N Oin(u) # 0} < 2pn.

Hence, a standard concentration inequality implies

]P)Q{l{(jj) €Q: {4,7} N Oin(u) # 0} > 64epn} < exp(—caepn), u < n.
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Further, using the condition |Gy ()| < 2pn, j € J', we get
{u<n: [{(j.j) € Hyi: {5,j}N0m(u) # 0}| > epn}| < Co|Hy/e.

For every u < n, denote by 1, the indicator of the event (with respect to the
randomness of Q)

{{G.5) € Q: {5,7} N Om(u) # 0}| > 64epn}.

Then, by the above, Egl, < exp(—csepn) for all uw < n and, moreover, 1, = 0 for
all but at most Cy|H1|/e indices. Hence,

n
Csy|Hy |
Z 1, < 2‘ 1 exp(—cqepn) < exp(—csepn)|Hi

u=1

for some realization Qg of Q. _
Denote by R the collection of all indices u < n with H Js j € Qo: {4,7}nN

u) # (ZJH < 64epn. The above argument shows that |R¢| < exp(—csepn)|Hy|.
Deﬁne Hj as the subset of Qo of cardinality [e/], where we remove all pairs of
indices {7, j} intersecting with @y, (u) for some right vertex u € R® (such a subset
exists since j© ¢ 0;,(M) for all j € J', and |R°| is small). Finally, observe that
if we define any surjective mapping ¢ : [n] — [n — |Ha|] with ¢(j) = ¢(j) for all
(j,j) € Hy, is (G, K)—admissible and is (64epn)-light. O

As the next step, we extend the notion of chains to compressed graphs. Specifi-
cally, let m < n, let G € Gy, and let ¢ : [n] — [m] be a (G, K)-admissible map. We
will say that a sequence (jg)5_, of right vertices of ¢(G ) is a ¢—chain of length k for
#(Q) if for any ¢ < k we have j; # jor1 and ¢(jo)* — jeH (i.e. the edge from ¢(j,)"
to jf£ | belongs to the edge set of ¢(G)). If all j;’s (1 < ¢ < k) are distinct, we will
call such a ¢—chain cycle-free. Further, if j,’s for 1 < ¢ < k — 1 are all distinct but
Jr = ju for some u < k — 1, the ¢—chain will be called cyclic. Note that for m =n
and ¢ being the identity map, the above notion of chains coincides with the one
given in the previous subsection. Similarly to the “uncompressed” setting, ¢—chains
can be associated with “zig-zag” paths on the graph ¢(G). Namely, (j,)%_, lies on
the path jf — ¢(j1)F — i — d(j2)" — -+ — d(s1)" — jE, with jF # jR, for
all ¢ < k.

The definition of self-balancing ¢—chains and contact elements carries to the gen-
eralized setting in a straightforward way. We restate the definitions for completeness.
Let G € Gy, and let ¢ : [n] — [m] be (G, K)-admissible. Given K > 0, a ¢—chain
J = (jo)b_, for ¢(G) is (K, ¢)-self-balancing if j, ¢ Tk co($(G)) for all £ < k and,
moreover, for any ¢ < k, we have

Ottie) € 35 (U T (9(GD\Lie}).

g>1
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By a “self-balancing chain” for a graph G € G, we mean ¢-self-balancing
chain with ¢ being the identity mapping. This makes the new generalized notions
compatible with the previous definitions.

The following lemma allows to easily transfer the results of the previous subsec-
tion to the new generalized setting.

LEMMA 4.13 (Compression via an admissible mapping). Let G € Gnm and let ¢ :
[n] — [m] be (G, K)—admissible (for some K > 0). Then
e Any chain J for G is also a ¢—chain for ¢(G). Converse is not true in general,
however
e Any ¢—chain J for ¢(G) such that J N Tk ~(G) =0, is also a chain for G;
e Any cyclic ¢p—self-balancing chain for ¢(G) is also an self-balancing cyclic chain
for G, and vice versa;
e Any cycle-free g—self-balancing chain for ¢(G) is also a cycle-free self-balancing
chain for G, and vice versa.

Proof. The first assertion of the lemma follows immediately from definitions.

For the second assertion, assume that J = (jy)}_, is a ¢—chain for ¢(G). Then
jf — ¢(j)F — jﬁl for all 1 < /¢ < k. Now, the condition J N Tk o (G) = 0 implies
that ¢~ (4(j¢)) = je. On the other hand, jf — jKL — jg_l in G if and only if
it — o)t — jﬁ_l in ¢(G), ¢ < k. Thus, J is a chain for G.

For the third and fourth assertions, let J = (jy)}_, be a (K, ¢)-self-balancing
cyclic (resp., cycle-free) chain for ¢(G). Then, in particular, jy ¢ Tk (¢(G)) for all
¢ < k, and hence, by the definition of an admissible mapping, for any left vertex i of
G, such that 0,us(i) N J # ), we necessarily have ¢~1(4(i)) = i. That is, restricted
to O0in(je) (¢ < k), ¢ acts as a bijection. This, together with the stability of the
vertex types under the “compression” operation (Lemma 4.11) implies that J must
be an self-balancing cyclic (resp., cycle-free) chain for G as well (in the sense of
subsection 4.3). The converse statement is checked in a similar way. O

Combining Proposition 4.9, Lemma 4.6 and Lemma 4.13, we get

PROPOSITION 4.14 (Statistics of self-balancing ¢-chains). Let n, p, G satisfy assump-
tions (B1). Define

Eliai= { 5m( U TK(),g(g))‘ < ne—cwpn};
g=>1

E2 = {For any (G, Ko/2)-admissible map ¢

there are no (K /2, ¢)—self-balancing cyclic chains for gb(g)};

E3 = {For any (G, Ko/2)—-admissible map ¢ and any 1 <k < nl/4,

all but at most ne—c4.9pnk

for ¢(G) are not (Koy/2, gb)fself—balancing},

cycle-free ¢p—chains of length k
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and set
E114:= 114N EL14N EG s
Then P(£4.14) > 1 — exp(—c4.14pn) — n~ " for a universal constant c4 14 > 0.

4.4.1  Number of ¢—chains.  The next lemma bounds the number of starting ver-
tices of ¢—chains terminating in a set of right vertices S.

LEMMA 4.15. Let n,p, G satisfy assumption (B1), and £ 4 be as in Proposition 3.4.
Fix a realization of G in €3 4. Let K > 0 and let ¢ be a (G, K)—admissible map. Then
for any subset S C [n] and any k > 1, the set

Wk’szz{j < n: there is a ¢p—chain J=(jy)j_, for ¢(G) withu < k, ji=j, ju € S}

has cardinality at most

k-1
<C'4 15pn + Cy15log — ) 1S],

5|
where Cy 15 > 0 is a universal constant.

Proof. We will construct the ¢—chains with the last element in S “backwards”, using
the definition of &34. Clearly, Wi ¢ = S. Take any k > 1. Observe that cardinality
of the set Wy, ¢ can be bounded from above by twice the cardinality of the union
of 85;(1'), i € Wi_1,5, plus the cardinality of S, with the latter coming from chains
of length one. Indeed, any ¢-—chain J = (j,)%, of length u > 2 must satisfy ji* —
#(j1)* — j¥, and therefore j; necessarily belongs to the set (ﬁ‘l((‘)ﬁl(jg)). Thus, all
possible choices of j; are contained in the set ¢*1(8£L(Wk,1,5)) of cardinality at
most 2 |8§;(W;€_LS)|. In view of Lemma 3.5, we obtain

1 n
S Ves)| < 05,0V 1,9)] < [0nWe1,)] < € (pn+10g o™ ) Wil + 18]
2 Wi-15
<c (pn +log \5!> Wi_1sl, k> 1.
Applying the estimate iteratively, we get the result. O

As a corollary of the last estimate, we obtain

LEMMA 4.16. Let n,p, G satisfy assumption (B1), and €3 4 be as in Proposition 3.4.
Fix a realization of G in £ 4. Further, take K > 0 and a (G, K)—admissible map ¢.
Let V' be a subset of ¢([n]), let k > 1, and let J be a collection of ¢—chains for ¢(G)
with distinct first elements, each J = (jg)y_, € J of length at most k and such that

L (I)NV #£10.
Then necessarily

k
|T| < (04 16pn + Cy16log |V\) V|

for a universal constant Cy 16 > 0.
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Proof. First, we estimate cardinality of the subset V' C [n] of all right vertices j such
that 8?; (7)) NV # 0. Clearly, the last condition is equivalent to 0, (j) N~ H(V) # 0,
where |¢~1(V)| < 2|V|. Lemma 3.5 implies

V') < c(pn+1og ﬂ) V]
V]
for a universal constant C' > 0. On the other hand, by the definition of sets W, g

from Lemma 4.15, we get |J| < |Wy,v-|, and hence, by the cardinality estimate from
Lemma 4.15,

k—1
< ! ! n /.
7] < <Cpn—|—0 log’V,’> Vd

The result follows. O

4.5 Shells. In our approach, we separate observations related to the structure
of the underlying graph G, from linear algebraic aspects of the problem. The notion
which connects these two parts of the argument is shell.

Let G € Gy, let d > 1 be a natural number, and M C [k] be any subset of left
vertices of G. We say that a finite sequence A = (C)?_, of sets of right vertices of
G is an M —shell of depth d for G if for any 0 < ¢ < d — 1 and any j € C; we have
the following: whenever a left vertex i € [k]\M is such that i « j, there is a right
vertex j' = j'(i,7) # j in Cpyq such that ¢ — j'. The sets C; are called layers of the
shell. The subset Cy will be called the center of A.

As we prove below, assuming certain expansion properties for the graph G, we
can show that any shell centered in Tk o (G) (with the center of sufficiently large
cardinality), must be fast expanding in the sense that cardinalities of the layers grow
at an exponential rate.

LEMMA 4.17 (Expansion property of shells). Let k,m be large integers, M C [k],
K > 0; let G € Gy, and assume that for some 6 € (0,1] and € € (0,1/32) we have

|0 (I)| = Z |0in(i)| — eK|I|, for any subset of right vertices I with |I| < ém.
el
(4.4)
Further, fix any non-empty J C Tk oo(G) with |J| < dm/2 such that

2 , J
23 il < L
€M

Then any M-shell A = (C;)}_, for G of depth d > 1 centered in J (if such a shell
exists), satisfies

Ce| > min ([6m/4],(32e)“|J]), 0<e<d.
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Proof. Let us fix any d > 1 and any M-shell A = (C¢)%_, for G centered in J (if
such a shell does not exist then there is nothing to prove). Observe that the total
number of right vertices whose sets of in-neighbors intersect with M at least on K/2
vertices, is at most 2 Y./ [0out ()], which is less than |J|/2, by the assumptions
on J and G.

We will prove assertion of the lemma via an inductive argument. At zero step,
we set Vj to be the subset of all vertices j € J such that

Ot D\ (M U 8 (| i) )| = K /2. (45)
921

By the above remark on the cardinality of M and the definition of Tk - (G), we get
[Vo| > |.J|/2. We then let Vj to be a subset of Vj of cardinality min(|dm/2], [Vol).

Now, fix 1 < ¢ < d, and assume that a subset V,_1 of Cy—1 N Tk oo(G), of
cardinality |J|/2 < |Vp—1| < dm/2, such that all j € V,_; satisfy (4.5), has been
defined.

Denote by Qg the collection of all edges i « h, with h € V;,_1 and i € [k]\M.
Note that by the definition of an M—shell, for any edge ¢ < h in @ there is right
vertex r # h with r € Cy and i — r. Thus, we can define a function f : Qy — [m],
with » = f(i < h) (f need not be uniquely defined). Further, by the condition on
Vi—1, for any h € Vy_; there are at least K /2 left vertices i such that the edge i < h
belongs to Q¢ and f(i,h) € Tk o(G). Thus, the set Q) := {i < hin Q;: f(i,h) €
Tk ,o(G) NCy} has cardinality at least K|V;_1]/2.

Set S := {f(i,h) : i < hin Q}}, then for any h € V;—; we have [0;,(h) N
Oin(S\{h})| > K/2. This immediately implies that

Z |0in ()| = [0in (S U Vim1)| > K|Vi4]/4.
reSuVy_,
Combining this with the expansion property taken as the assumption of the lemma,
we get

K|Vi_1|/4 < eK|SU V4|,
unless |S' U V;_1| > dm. Hence, we have
S| > min (((4e) ™" = 1)|Vi_1], 6m — [Ve—q|) > min ((8e) Vi1, 6m/2).

Further, let S’ C S be the set of all right vertices in S whose sets of in-neighbors
intersect with M at most on K/2 elements. Obviously, the total number of vertices
in S\’ cannot be bigger than 2 >,/ [ou(i)|. Hence, by the assumptions on .J
and 9, we have
J J

1912 18]~ 20> min ((86) 7 Vis |~ 216 /4) > min (1(062) 7 Vi Lom/4)),
where in the last inequality we used the induction hypothesis. Now, we set V; as a
subset of S of cardinality min ([ (16¢)~*V;—1|], [6m/4]). Then |J|/2 < |Vi| < ém/4,
completing the induction. The result follows. O
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The next lemma shows that if the center of a shell is sufficiently large then the
union of first few layers has a large intersection with T, /5 oo (G).

LEMMA 4.18. There are constants Cy 18, c4.18, ¢y 15 > 0 with the following property.
Let n,p, G satisfy assumptions (B1) and fix a realization of G in 34N E414. Let
m < n, and let ¢ : [n] — [m] be a (G, Ky/2)—admissible surjective mapping. Further,
let M C [m] be a subset of left vertices of ¢(G) satisfying

M| < n/VL,
for some L > 1. Let 1 < k, and let A = (C;)k_, be any M-shell for ¢(G) such that

‘Co’ 2 (04.18]7” + C4,18 log L) k+2n/ﬁ + 04.18 e—c,,,gpnkn.

Then necessarily

k
\ e n TKO/mw(g))‘ > (b + 1) max (n/VL, > |00u(i)]).
=0 ieM
The assumption on |Cy| requires L to be sufficiently large; otherwise, the statement
is vacuous.

Proof. Fix an M-shell A = (Cy)§_, for ¢(G) satisfying the above condition for Cp,
where we assume that Cy 15 > 0 is a large universal constant to be chosen later. Note
that the definition of ¢(G), implies that ¢(j)¥ « jf for all j < n. Now, starting
with any j € Co, let us construct a sequence of vertices J = J(j) = (jo)i_, (with
q <k —1) as follows:

At Step 0, we set jo := j € Cp.

At Step ¢, k > ¢ > 1, we have indices jo, j1,...,j¢—1 constructed, with j,. € C,
for all » < £. We do the following. If aﬁl(jé—l) N M # () then set ¢ := £ — 1 and
teminate. Otherwise, if j,_1 = j, for some r < £ — 1 then, again, set ¢ := ¢ — 1 and
terminate. Otherwise, as 6?;1(]'@_1) N M =0 and ¢(jr—1)" < jlt |, by the definition
of an M—shell there is a right vertex j, # jy—1 such that j, € Cy and ¢(jr—1) — Jjo;
this vertex is added to the sequence.

At Step k (if this step is reached), we set ¢ := k — 1 and terminate.

As a result of the above procedure, for any j € Cy we obtain a ¢—chain J =
J(4) = (Je)j—o for ¢(G) of length ¢+ 1 < k such that j = jo, aj;(jg) N M = { for all
¢ < g —1, and, additionally, one of the following three conditions holds:

(a) 07, (jg) N M #0;

(b) g=Fk—1, (9221(jq) N M = (), and J is cycle-free;

(c) 82 () N M =0 and J is cyclic.
Fix one such chain for each j € Cy and denote the set of these chains by J. If
n/ VL > 1 then Lemma 4.16 yields that the number of ¢—chains from J satisfying
condition (a) is bounded from above by

(épn + Clog n/VL| < (C'pn + C'log L)kn/\/f

n \k
Vi) |
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(for n/v/L < 1 we have M = (), and the upper bound trivially holds as well). Further,
on the event €4 14, no ¢—chains satisfying condition (c) are (Ky/2, ¢)-self-balancing,
and at most ne~®°P"F chains satisfying (b) are (Ky/2, ¢)-self-balancing. Therefore,
because of our assumption on | 7| = |Cy| (choosing a sufficiently large Cy 13), we get
that there is a subset J' C J of cardinality at least %\\7 | such that any J € J’
satisfies conditions (b) or (c) and is not (K(/2, ¢)-self-balancing.

Pick a chain J = (jy){_, in J’. Then, by definition of non-self-balancing chains,
we have the following alternative.

(1) There is v < g such that j, € Tk, /2,00 (¢(G)). We denote the vertex j, by j,.
(2) The chain J does not satisfy (1), and there is v < ¢ and a left vertex i € 8fut (Jv)
such that 9%, (i)\{j,} C Tk, /2,00(@(G))\J. As J is of type (b) or (c), we have

i ¢ M, and hence by the definition of an M-shell, the set 8fut(z)\{ Jv} must be
non-empty, implying that there is a right vertex

5 € (82, ()\{Gu}) N Cus1 C (Co U+~ UCk) N Tiy 2,00 (6(9)).-

In this case, we set wj := j.

Denote
Sy :={js: Jsatisfies (1)}; So:={w,: J satisfies (2)},

and observe that Sy, C (CoU---UCk) N Tk, /2.00(4(G)) and at least one of these
sets is non-empty.

Take any set W of right vertices containing S := 51 USs. By Lemma 4.15 applied
to chains J truncated at jj, we have

k_
[{J € J": J satisfies (1)}| < <C'4_15pn+C'4_15 log Wn\> 1 W1

Similarly, by Lemma 4.16 we have

[{J €T : J satisfies (2)}| < (6’pn+5’10g M)k 02 (W),

mn
where
n

¢
05, (W) < C(pn+log Wi

) 1w,

in view of Lemma 3.5.
Combining the inequalities and taking the minimum over R = |W| > |S|, we get

Leol <1771 < min (0’ n+ C'lo ﬁ)kHR (4.6)
9! MOl = ~ n>R>|S| b R ’
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for a large enough universal constant C’' > 0. Let us show that the last relation
implies that

112 (k+ 1) max (n/VEL, Y 105,)]).
ieM
Since we condition on event &34, Lemma 3.5 and the upper bound |M| < n/vL
imply that > |8fut(z)| < C(pn+log L)n/\@ for a universal constant C' > 0. Thus,
ieM
it is sufficient to show that
|S| > C(k+1)(pn + logL)n/\/Z.

As S # (), the last inequality can be false false only when C'(k+1) (pn+log L) n/VL >
1. In this case, choose Ry := [C(k + 1)(pn + log L)n/V'L| and observe that

n\k

+1
7 > Ro < (C"pn+ C" log L)**2n/VL.
0

Thus, if the constant Cy g is sufficiently large, we get contradiction to (4.6).
The result follows. O

(C'pn + C'log

5 Almost Null Vectors Cannot be Very Sparse

In this section, we show that a shifted (very sparse) random matrix A— 2z Id satisfying
the above assumptions on the distribution of the entries and on the non-random shift,
typically does not have almost null very sparse vectors. The main statement of the
section is Proposition 5.4. The main difficulty in proving the result, compared to
the standard setting dealing with dense matrices as well as sparse matrices with
at least logarithmic average number of non-zero elements in rows/columns, lies in
the fact that in the very sparse regime some rows and columns of A have only
zero components. The absence of very sparse null vectors (and, as we show later,
non-singularity of A — z1d) is guaranteed by the presence of the non-zero shift z Id.
Accordingly, the way to study the kernel of A—zId is significantly different from the
geometric approach to invertibility of dense random matrices. The random graphs,
considered in the previous section, provide a helpful tool in analyzing the structure
of non-zero entries of the matrix A — z1Id, taking into account their magnitudes.
In the next subsection, we will consider matrix equivalents of the notions of a ¢-
compression, an M-shell and vertex types.

5.1 Compressions, shells and types for matrices. Let B = (b;;) be an
m X k matrix with complex entries, and let K > 0 be a parameter. We associate
with B a graph Gp € Gy, ; with the edge set defined as follows: ¢ — j if and only
if bj; # 0, and ¢ < j if and only if |b;;| > 1/c. This way, rows of B correspond to
left vertices of G, and columns—to right ones. When the matrix B is random, this
association generates coupling with a random graph from Gy, . In particular, when
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B = A — zId, with A and z satisfying conditions (A1)—(A2)—(A3), the associated
graph G := Gp satisfies (B1) where we take p;; as indicators of events {|&;;| > 1/a}.
For every g € NU {oo}, we let Tk 4(B) := Tk ¢(Gp). We will refer to sets Tk 4(B)
as column types of B. The infinite type Tk o (B) is of particular importance to us
as it corresponds to a nicely expanding part of the graph.

Further, consider a square n x n matrix B. Let ¢ be any (Gp, K)-admissible
mapping with ¢([n]) = [m] for some m < n. We define the m x n matrix ¢(B) (the
¢—compression of B) by

rowi(¢(B)) == Y rowy(B), i<m.
vEP (1)

The above means that we add rows whose indices are glued together by ¢, and have
disjoint supports, in view of the definition of a (G, K)—admissible mapping. Note
that Tk ¢(¢(B)) = Tk,¢(¢(Gp)). In what follows, such a mapping ¢ will be called
(B, K)—admissible.

We say that a (B, K)—admissible mapping ¢ (for some n x n matrix B) is u-light
for some u > 0 if

Hi<n: |0 (¢(3))] = 2} N supp col;(B)| <u for all j < n.

Clearly, the notion is consistent with that of a u-light mapping for graphs, given in
the previous section.

Shells for matrices are defined as shells for the associated graphs. Specifically, let
B = (b;j) be a k x m matrix with complex entries, let d > 1 be a natural number,
and M C [k] be any subset. We say that a finite sequence A = (C¢)%_, of subsets
of [m] is an M —shell of depth d for B if for any 0 < ¢ < d — 1 and any j € C; we
have the following: whenever i € [k]\M is such that |b;;| > 1/a, there is an index
g’ =17'(i,7) # j from Cyy; such that b;; is non-zero. The subset Cy will be called the
center of A.

5.2 Matrix shells in non-random setting. In the next lemma, we relate
structural properties of almost null vectors of a matrix to properties of its M-shells.
More specifically, we will show that if the coordinates of an almost null vector x are
large on some subset of indices J then there exists an M-shell A centered at J such
that x;’s are also large for all ¢ in the first few layers of A.

LEMMA 5.1 (Order statistics and M-shells). Assume that B = (b;;) is a k xm matrix
with complex entries. Further, let M C [k], let x € C™ be a complex vector, and fix
any non-empty J C [m] and d > 1. Denote

L := max biil.
ie[k]\M;‘ il
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Assume that

m
1 —d . .
’ Zb”l‘]‘ < % (QOéL) Ijnel§l ’$j‘, 1€ [k‘]\M
j=1
Then there exists an M-shell A = (C;)?_, of depth d centered in J such that for
any 1 < ¢ < d with Cy # (), we have

.
$TCq|Z(2aL) I}él?|$]|

Proof. We start with the following observation. Let (¢, ¢) € ([k]\M) x [m] and assume
that

|bie| > 1/ and |z > (2aL)_d mi}l\mj\.
j€

Then the upper bound on | Z;n:l bijz;| implies that there is h = h(i, ) # ¢ such
that b, # 0 and |2,| > 527 |2¢|. Indeed, if it was not the case then the inner product
iy bijz; could be estimated as

m
1 1 —d .
’;bijﬁfj‘ > |2gbie| — ; |2y by | > |20 bge| — L - mm] > %(20@) r]%r]l\;gj\,

leading to contradiction.

Denote by @ the collection of all pairs (i,¢) € ([k]\M) x [m] satisfying the as-
sumption above. If @ # () then the observation above tells us that we can define a
mapping f : Q — [m] taking f(i,¢) := h, with h = (i,¢) satisfying the aforemen-
tioned conditions.

Now, we can construct an M-shell (Cq)gzo centered in J as follows. Let C; :=
{f(@@,€): (i,0) € QN ([k] x J)}; and for any 1 < ¢ <d —1, let

Cort == {f(i,0): (i,0) € QN ([K] x C)}-

Observe that by the construction for any 1 < ¢ < d and any ¢ € C, we have, by
induction,

> (2a L) min |z;|.
el > (20.L) " min ||
Thus, whenever (i,¢) € ([k]\M) x C4 is such that |by| > 1/«, there is at least one
index ¢ # ¢ with ¢ € Cyq1 and by # 0. Thus, the M-shell is well defined. Finally,
assuming that C, is non-empty, we have

.
zie, = (20 L) minla;],

and the result follows. O
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Clearly, the above lemma gives a non-trivial estimate only when all shells for
B are “expanding” in the sense that cardinalities of the ¢-th subset of each shell
is much greater than |.J|. This expansion property is guaranteed by Lemma 4.17.
Combining it with Lemma 5.1, we obtain

COROLLARY 5.2. Let k,m, M C [k], K, €, § and the associated graph G := G be
as in Lemma 4.17 (in particular, Gp satisfies (4.4)). Set

L= b;
zelfi?@z| il-

Fix a non-empty subset J C Tk oo(B) with |J| < 0m/2 and

171

2
EZ | supp row;(B)| < 5

€M

Let x be a complex vector such that

1 —-d . .
‘wax]‘ 2—204L) 5%151\%\, i€ [k]\M.

Then for any 1 < q < d and kg := min ([6m/4], (32¢)79|J|) we have
200 L) " min |z;].
zj, = (20 L) I}g}‘%‘

Roughly speaking, the last statement tells us that whenever B satisfies certain
expansion properties, any almost null vector of B, “well supported” on Tx o (B),
must necessarily be well spread.

5.3 Order statistics of almost null vectors. In this subsection, all the results
on the random graph G and its compressions obtained in Section 4, come into play.
As in the text before, we define parameter Ky as Ky := pn/(2a). By some abuse of
terminology, we will say that some event holds for a random n x n matrix B if that
event holds for the associated graph Gp.

LEMMA 5.3. There are universal constants C’.3, ¢5.3 >0 with the following property.
Let n, p, z and A satisfy (A1)-(A2)—-(A3), and set A := A — zId. Fix a realization
of A such that 34 occurs for A and event £3.4N E4.14 N E3.3(1/(512c0)) occurs for A.
Let ¢ be in the interval {1,2,..., |e~%""/2n|}. Let m < n, and let ¢ : [n] — [m] be
a (A, Ky /2)-admissible (K/256)-light mapping. Then for any vector x € C" with

J6(A) o}y < Y (20) ol loslos s

*
flxq

we have

* Css 10g3 41 Jog? log 4
2y < (20) " Ty /)
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Proof. Observe that the condition on the Euclidean norm of <Z>(g) x implies that the
set M C [m] of all indices i such that

[(rowi(9(A)), 2)] > 5 (20) % 108" ¥ lowlow

has cardinality
2 4n

|M’ < n(2a) C5.5log® =2 log log

Denote B := ¢(A) and let k := (cpn log 4 TL L= (k log %")Ck(%)Q, and d :=
[Clog L|, where ¢ > 0 is small and C' > 0 1s large enough constant, whose values
can be recovered from the proof below. Let M’ C [m] be the set of all indices i such
that ||[row;(B)||1 > L, and set M := MUM’. On event Es.6, we have |M’| < n/(2vL),
and so |[M| < n/VL.

Let A = (Cy)%_, be the M-shell for B centered in the set Co := {i < n: |z >
x;‘}, constructed in Lemma 5.1. By the assumption on ¢ and the definition of L and
k we have

(Cyaspn + Cyaslog L) M VL

q=<

)

4 ket An~ —Ck/2
< <C’4_18pn + 20, 15Ck log log ?" 420, 15 1og g) (k: log ?”)

NGRS

if C is sufficiently large. Also,

Ciige coPhp < q

if ¢ is small enough. Thus, the cardinality of Cy satisfies assumptions in Lemma 4.18.
Applying Lemma 4.18, we get

’ OCg N TKO/Z,OO(B)’ > (k4 1) max (n/\@, Z ]supprowi(B)D,

=0 ieM
and hence there is ¢y € {0,1,...,k}, such that
ICo, N Tk, /2,00(B)| > max (n/\FL, Z |supprowi(B)|),
€M
implying
1Cey, N Ty /2,00(B)

— Z | supp row; (B)| < 5
zEM

Since we are on the event £33(1/(512c)), the graph G ; satisfies

‘81-,1([)‘ > Z ‘8zn(z)‘ — kK |I| for every set of right vertices I, 2 <|I| < dn,
el
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with k:=1/128, K := Ky/2, and 0 := ¢;/(pn) (for some constant ¢; > 0 depending
on «). Next, we use the assumption that the mapping ¢ is (Ky/256)-light. Applying

Lemma 4.10, we get for the graph Gp = ¢(G 3):

‘aj;(l)‘ > Z }ﬁf;(z)‘ —eK|I| for any subset of right vertices I with || < dn,
i€l

with € := 1/64. Applying Lemma 4.17 with J := Cy, N Tk, /2 (B) and using that
d > Ck and ¢y < k, we obtain

|Cq| > min (Lém/4j,2d_€°|J|) > min (Lém/4j,2CIOgL/2|J|) > co/p.
Thus, using Lemma 5.1, we get
* —d_*
‘/E|_Cz/pj Z (QOZL) xq,
and the result follows. O
In the next proposition, we extend Lemma 5.3 to all ¢ < ¢/p.

PROPOSITION 5.4. There are universal constants C5.4,c54 > 0 with the following
property. Let n, p, z and A satisfy (A1)-(A2)-(A3); set A := A — z1d. Assume
that event 34N €414 N E3.3(1/(512cr)) occurs for A and event Es¢ occurs for A.
Let q be in the interval {1,2,...,[c5.4/p|}. Let m < n, and let ¢ : [n] — [m] be a
(A, Ko/2)—admissible (K(/256)-light mapping. Then for any vector x € C" with

*
Lq

() all < Y7 (20)~Corls” ol 3

we have

2 4n

Cs.4log log? (pn+log ™)
x; S (20[) 4 a a xTC,SA/PJ'
Proof. We will choose constant C54 > 0 large and ¢54 > 0 small enough (the
precise relation can be recovered from the argument below). In the range ¢ €
{1,2,..., [e~©P"/2n |} the statement is proved above (Lemma 5.3). When ¢ >
6_C4~9p”/2n, we have on &4 14 that the subset

J = {z <n: |z > x;} N TKo,oo(Qb(g))

has cardinality at least q/2. Set L := C(pn)?(n/q)? (for a large enough constant
C > 0). As in the proof of Lemma 5.3, we define two subsets M, M’ C [m]: M is the
set of all indices ¢ such that

~. _ 1 _C54 g2 An 1ng2 any
‘<I‘OW1(¢(A)),.$>‘ > %(20&) 34 log? 42 log® (pn-+log ) z,
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and M’ the set of all indices i such that ||[row;(¢(A))|1 > L. Define M := M U M’.

On the event 36N &34 we have |M’| < n/v/L. Therefore, by Lemma 3.5 and since
q > e~¢oP"/2p we obtain ZzeM' | supp row;(¢(A))| < C’pn - n/+/L. Thus,

J

Z | supp row;(¢p(A ))| < |4|

iEM’
Similarly to the proof of Lemma 5.3, we can estimate the cardinality of M as
(| < n(20)Coe1o8” & log"omtlos &)

Proceeding as above, we get

J
23 Isup rowi(9(A)] < 5.

’LEM

As in the proof of the above lemma, observe that on event £33(1/(512c)), in view
of Lemma 4.10, the matrix ¢(A) satisfies (4.4) with ¢ := 1/64, K := Ky and ¢ :=
c1/p (for some universal constant ¢; > 0). Then, applying Corollary 5.2 with d :=
|C log %"J (for an appropriate constant C’ > 0), we get the required estimate. O

As an immediate corollary, we get the following statement:

COROLLARY 5.5. Let n, p, A, z satisfy assumptions (A1)-(A2)—~(A3). Fix a real-
ization of A ;= A—z1d such that events 34N €414 N E3.3(1/(512a)) and E36 occur.
Then any vector & € C™ such that ||Az||s < (20))C77198° 7| 2|| o, satisfies

[2lloe < (2a)CrlEn g
and, moreover, for all ¢ in {1,2,...,|c55/p|]} we have

* Css5log? 4= log (pn+log —)
7q < (20) ewstpl-

6 Almost Null Vectors Cannot be Moderately Sparse

In this section, we extend the results of Section 5.3 showing that the the matrix
¢(A) typically does not have almost null vectors which are close to n/log(pn)-
sparse. By the results of the previous section, it is enough to consider vectors = €
S"~1(C) having sufficiently large x%, for m ~ p~!. Unlike the treatment of very
sparse vectors, which relied on the properties of the graph associated to the matrix,
the analysis of the moderately sparse vectors uses e-nets. However, the standard e-
net argument cannot be applied here as the operator norm of the matrix #(A) is too
large. Instead, we will analyze each inner product of a row of ¢(A) and x separately.
In this analysis, in contrast with the dense matrices, the approximation in £, norm
works better than that in /5 norm. We note here that several versions of the e—net
argument have been developed recently to deal with sparse random matrices; see,
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in particular, [LLTTY17,Coo0,BCZ18,BR17,BR,LLTTYa,LLTTYDb]. The argument
presented here differs considerably from those works.

To approximate any moderately sparse vector in £, norm, one can consider a
covering of S"~1(C) by cubes. This covering, however, is too large to be combined
with a small ball probability estimate, which is rather weak due to the sparsity of the
matrix. Yet, the sparsity, being an obstacle, can be turned into an advantage. For a
fixed vector x any given row typically has zero entries in the spots corresponding a
few largest coordinates of x. If this occurs, the largest coordinates of x do not have
to be approximated, which allows to reduce the cardinality of the net. We implement
this program below.

For a vector x € C" and a number r > 1, denote by Max,(z) an |r|-element
subset of [n] containing coordinates of x with largest absolute values (the ties are
broken arbitrarily). Let n/2 < m < n. We will consider a sparse m x n matrix ¢(A),
where ¢ : [n] — [m] is a (Ko/2, A)-admissible surjective mapping and, as before,
A=A— zId,,.

We start with showing that for a fixed vector z, the probability that a given row
of the matrix A has a large product with x and the entries corresponding to the
largest coordinates of x are zeroes, is non-negligible.

LEMMA 6.1. Let n,p, z, A satisfy (A1)—(A2)—(A3), and let A = (a;j) = A—
z1d,. Let 7 € (0,1) be a parameter and q be an integer with 7p~! < ¢ < p~!. Fix
x € S"1(C). For any i ¢ Max,(x), consider the event

n
. - - ~ 1
Q;:{ Z|aij| < Cpapn & a;;=0 for all j€Max,)5(r) & [(row;(A),7)| > —:L‘*}
j=1
Then
P(QL) > ¢
for some cg.1 = ¢6.1(7) > 0 depending only on T.

Proof. Let U be the event that a;; = 0 for all j € Maxg/o(z). Then, clearly, P(U) >
c1, where ¢; is an absolute constant.
Next, condition on any realization of a;;, j € ([n]\ Max,(x)) U Max,s(z), and

set
Yy = Z az'jfl,‘j.

JEMax (2)\ Maxg /2 (z)

Let € (x) be the event that exactly k of the entries a;j, j € Max,(z)\ Max, s (),
have absolute value greater or equal to 1/«, and the other entries are zero. Clearly,
y = 0 everywhere on Q}(x), and |y| > éxZ everywhere on f(z). Further, by the
conditions on ¢, we have P(Q(z)),P(Q(z)) > c(r) for some c(r) > 0. Together
with the above observation on the probability of the event U, this gives

_ . PV G
Py = 0 for all j € Maxyo(a) & |(row,(),3)| = 5wy} > d(r)
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for some ¢/(7) > 0. Finally, observe that as the row;(A) contains one entry which is
shifted by z and |z| < pn, by Markov’s inequality there is C(7) > 0 such that

n
_ prEl&;| +pn _ (1)
P{> " [yl > Cipn | < o <y

j=1
The combination of the last two probability estimates yields the lemma. O

To pass from a single coordinate of Az to bounds for its norm, we need the fol-
lowing elementary lemma showing that with overwhelming probability, the number
of good rows is large.

LEMMA 6.2. For any 7 € (0,1) there are cg.2,¢j; , > 0 depending only on T with the
following property. Let x and n,p, z, A,q be as in Lemma 6.1. Denote

S(z) = Z 1o,

i€[n]\ Max, ()
where 1q: Is the indicator of the event (.. Set
Q= {|S(z)| > cg.on}.
Then
P(Qy) > 1 — exp(—cjon).

Proof. Since the events Q% for different 4 are independent, Bernstein’s inequality and
Lemma 6.1 imply this bound. O

The next proposition is the main step toward proving the result of this section.
It asserts that if X is an almost null vector for ¢(A) and = , and z;, are commen-
surate, then typically 2}, is also commensurate with z7, for M almost proportional
to n.

PROPOSITION 6.3. Let 7 € (0,1), let n,p, z, A, q be as in Lemma 6.1, and let
t<m<ph

There exist positive constants Cg.3, C’g, 3,C6.3, C6.3, Cg.3 depending on T and o with the
following property. Let

M := |¢g.3n/log(np)],
and define
6.3 ::{v¢ S [n] — N with [{i <n: |6~48())| > 2}| < cs.3n and

g ¢
Ve S"_l((C) such that z;, > e_cﬁ'f‘p”a:’[m/2J & a3, < ﬁx;

we have ||¢p(A)z|s > 66‘3\/590;‘”}.
Then P(Es.3) > 1 — exp(—Cpg.3n).
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Proof. Let

C6.3

Y

pn

where the constant cg 3 will be chosen later. Denote
V.= {x e S"HQ): ok, > e C”p"ac”[ o) & ayy<e- xﬁn}
and define a function f: V — C™ by

Projmn Max,, 2 () ()

*
xm

fz) =

i

where Projp,\ wax,, .(x) denotes the coordinate projection onto [n]\ Max,, /s(z). De-
fine also

W={f(zx): ze€V}.
The proof uses an e-net in the set W in the ¢,, metric. Note that for every x € V
[f ()]l < H := exp(Ce.3pn), f(l‘)Tm/z]H <1 and f(z)y_ lm/2)+1 = €

To construct the net, we first choose an M-element subset of [n] corresponding to
Maxy(z) and a further [m/2]-subset corresponding to Max,,, /o(z). After these sets
are chosen, we cover the cube of size H of (complex) dimension [m /2] and the unit
cube of dimension M — m by cubes of size €. This allows to construct an e-net
N’ C W with cardinality

1= () (M) G C5)
- ( [log (3¢) +2es <3>] Homd [log < /2> +log (H>D .

en - n pn ~
M1 (7> a1 1 <
og M) S C6.3 log(pn) og <€ 0g 56.3) = Cp.3N

Here,

and
M1 - = 771 1 (3 ! ) < C C
(0] C (0] C n Cg.3M
g 6.31 (n) g 6.3P >~ U163

for some constant C7 which does not depend on ¢35 as long as ¢ :1), < pn. Also, since
! <m < p~!, we have

eM
(m+1) [log (m/ > + log (H )] < 2p_1 [log(Caég.3pn) + ¢¢.3pn] < Cség.3n



610 M. RUDELSON, K. TIKHOMIROV GAFA

where Co, ('3 do not depend on ég 3. This allows us to conclude that
’N/’ S exp (0456.371) .

We will use a modification of this net to approximate the n —m/2 smallest coordi-
nates of a vector. Let us construct this modification.

For every uw € N" and every I C [n], |I| = [m/2], pick a vector 2 € V such that
Max,, /5(z) = I and | f(z) —ull, < e. If such x does not exist for a given I, we
skip this I. If such z does not exist for any I, we skip u. This process creates a set
N C V such that

V| < (Lmﬁ%) SN < <U7i7/12J> e -exp (Cucp.3n) < exp (C5C6.3n)

where C5 does not depend on ¢g3. By construction, for any y € V, there exists an
x € N with

MaXm/Q(x) = MaXm/Q(y) and Hf(y) - f(x>Hoo < 2e.

Assume that the event Q = (N, .\ € occurs. Take any y € V and choose z € N
satisfying the condition above. Since Max,, 5(x) = Max,, /5(y), for any i such that
Q& holds, we have

[(rowi(A), )| = |
|

<rOWi<A)7 PI'Oj [n]\ Max,, 2 (y) (y)>‘
(rowi(A), fW))] - vy
> (Jtvows(A), £(a))| ~ | (wows(A). £(2) ~ 1)) - v

n

1 - . 1 «
> (g = 10 = £l S 0l) i > (5 =22+ Coarn)
1
> oy
= Ym>

if the constant cg 3 appearing in the definition of ¢ is chosen sufficiently small. Since
S(x) > cg2n on Q, and since [{i <n: |¢p~1(¢(i))| > 2}| < cp.3n, this implies that

Hﬁﬁ(gﬁ/HQ > ée.3v/nyp,

for an appropriately chosen ég.3. We proved that if 2 occurs, then the event & 3 does
not occur. It remains to estimate the probability of 2¢. By Lemma 6.2, we have

P(Q°) < ) P(Q5) < [N exp(—cgon) < exp (Csésan — cfon) < exp(—(cgo/2)n)
zeN

if the constant ¢g3 is chosen appropriately small. This finishes the proof of the
proposition. O
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Now, we combine Proposition 6.3 and Proposition 5.4 to derive the main result of
this section. It will be convenient for us to define a single event which encapsulates
all good properties of the matrix A and the associated graph G ;. Set & := 34N
Ea14 N E33(1/512a)) N &g, and let Egooq be the event

Egood = {S occurs for both A and KT}

Note that the results we have proved up to now show that P(£gp0q) > 1 — (pn) ¢ for
an absolute constant ¢ > 0.

PROPOSITION 6.4. Let n, p, z and the matrix A satisfy assumptions (A1l)—(A2)—
(A3). Fix a realization of A in E400q. Let q be in the interval {1,2,...,|ce.4/p]}. Let

m < n, and let ¢ : [n] — [m] be a (A, Ky/2)-admissible (K/256)-light mapping.
Set

M = |cg.4n/ log(np)].
Then for any vector x € C" with

2 4n

[$(A) x5 < \2/5(2a)c"‘41°g 2 log®(pn+log 2 2t
we have

2 4n 1,52 an
x; < (za)C’Mlog . log?(pn+log . )x*M

Combining Corollary 5.5 and Proposition 6.3, we obtain

COROLLARY 6.5. Let n, p, A, z satisfy assumptions (A1)-(A2)—~(A3). Fix a real-
ization of A in Ejpoq. Set

M = [cg.5n/log(pn)].
Then any vector © € C" such that ||Az|ly < (2a)~C718° " ||z | o, satisfies

|2]lo0 < (20)Corlo n g%

7 The Smallest Singular Value

In this short section, we establish one of the main results of the paper, namely, the
lower bound on the smallest singular value. Sections 5 and 6 provide a probabilistic
lower bound on || Az||y for sparse vectors x. The methods used there cannot however
be extended to spread vectors. A method for treating these vectors suggested in
[RVO08] was used to derive a lower bound on the smallest singular value. If we know
that a certain coordinate of =, say x1, has a large absolute value, then we can use

the orthogonal projection P, onto the space Hy = span{colg(A), e coln(A)}J‘ to
bound ||Az||s from below:

| Azl > [|[Py Az = |z1] - [|Prcol (A)]|2-
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The quantity ||Picol;(A)|2 can in turn be estimated below by |(v1, col;(A))], where
v1 is a unit vector orthogonal to cola(A),...,col,(A). This estimate provides the
desired lower bound for all vectors x with a sufficiently large first coordinate. If we
don’t know which coordinate of x is large, but know that many of them are, we can
construct a probabilistic version of this estimate by choosing a coordinate uniformly
at random. We implement this idea below.

Theorem 7.1 (Bound for syin). Let n, p, A, z satisfy assumptions (A1)-(A2)-
(A3), and, as before, let A := A — z1d. Then

P{Smin(g) S (2@)_07‘1 10g3n} < (pn)_C”,
where cy.; > 0 is a universal constant.

Proof. For any j < n, let v; be a random unit normal vector to the linear span of
columns col,(A), u # j (of course, v; is not uniquely defined). We will assume that

v;j is measurable with respect to the o-algebra generated by the columns col,(A),

u # j, that is, v; and colj(A) are independent for each j. Further, let Xpni, be a
normalized right singular vector corresponding to the smallest singular value of A.
Denote

Esmin = Egood N {smin (A) < (20)720=1€" /(an) }
and
E; = Egooa N { (v, colj(A))] < (20) 218" /(a/n)},  j=1,2,...,n.
Observe that Corollary 6.5 yields
Esmin C {|| Xminlloc < (20)7 18" (Xonin) 3}
where
M := |cg.5n/log(pn)],

as in Corollary 6.5. The last relation, in combination with || Xyin||2 = 1, implies that
within the event Egpnin, at least M coordinates of X, are greater than
(200)~Coslog’n /. /by absolute value. On each of those coordinates, we have

Smin(A) = || AXminll2 > ] AXpmin| > (20) 75210821 col; (A))|/v/n,
hence,
(v, colj(A))] < (2a)~Ces108"" /(a/n).

Thus, for any w € Esmin there are at least M indices j such that w € &;. Equivalently,
we can write

n
Z lg, > M everywhere on Egpnin. (7.1)
j=1
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As the final step of the proof, observe that for each j < n:
P(€;) < P{|(vj, colj(A))] < (20) %157 /(av/n) and (1)} > (2a)~ 28" [/}

Indeed, the inequality |(v;, colj(g))] < (2a) %5108 /(o /n), together with the con-
dition <1/j,colu(g)> = 0, u # j, implies ||gTyj||2 < (204)’0‘3~510g3”||1/j||oo. Since
E;j C Egood, by Corollary 6.5 (applied to the transposed matrix ET) this implies
that v; is spread in the sense that (v;)}, > (2a)_cﬁ-51°g3”HVj||oo.

By our choice of v;’s, the event {(v;)%, > (2a)~ s log®n /. /n} is measurable with

respect to o-algebra generated by columns col,(A), u € [n]\{j}, and hence
B{| (v, colj (A))] < (20)~ %=1 /(av/n) and (v;)}y > (20)~@ 87" /)
= E (P{|{5, coly (A))] < (20)7 %"/ (a/m) | 13} 4,1 (200 -uetost o ) )
< sup P (¥, coly ()] < (20)70 1" (/).
%

where in the last relation the supremum is taken over all unit (non-random) complex
vectors Y with Y}, > (2a)~Ces log®n /. /. Fix Y for which the supremum is attained.

Note that, by the assumptions on the matrix, each entry a;; of A satisfies
E(Zil-j,é) < 1- g, i = 1,2,...,n, and hence, denoting & := a;;Y;, we get

L(&, L(2a)=Coslog’n/ /) < 1 — 2, € Maxp(Y). Then, by Lemma 3.2, the prob-
ability P(€;) can be bounded from above as

P(&;) < E(ieMg " &, (2a)_cﬁ-slog3"/(a\/ﬁ)> < % < C'\/alog(pn)/pn,

for universal constants C, C" > 0. Thus, we have
n
E Z 1¢, < C'ny/alog(pn)/pn.
j=1
This, together with (7.1) and Markov’s inequality, implies
P(Esmin) < C”\/alOgS/2 (pn)/\/pn.
It remains to note that P(Ey00q) > 1 — (pn) . 0

8 Randomized Restricted Invertibility

We seek to extend the method of bounding the smallest singular value from the
previous section to bounding the k-th smallest one. It would be natural to suggest
replacing rank one random projections by the higher rank ones. Such idea was im-
plemented in [RV09] leading to the optimal estimate for the intermediate singular
value of a dense matrix (see [Weil7] for a matching upper estimate). However, the
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method used in [RV09] to construct random test projections provides a probability
estimate which becomes too weak if we consider very sparse matrices. To improve
the probability estimate, we will take advantage of the special structure of a test
projection. This will be achieved by applying the restricted invertibility principle
originating in the classical work of Bourgain and Tzafriri [BT87]. The argument
based on the restricted invertibility was used in the recent papers of Cook [Cool8]
and Nguyen [Ngul8], but our method will be different.

We need a probabilistic version of the Bourgain—Tzafriri restricted invertibility
theorem [BT87, Theorem 1.2].

LEMMA 8.1. Let n € (0,1), p > 0; let k < n, and let V be a k x n matrix with
complex entries whose rows row(V),...,row,(V) are orthonormal. Assume that
(row; (V)] = p/v/n for all j € [k]. Let

0= |és.am’p°k],
let (1, ..., B, be independent Bernoulli(¢/n) random variables, and set J := {j €

[n] : B; = 1}. Denote the columns of V' by Vi,...,V,. Then with probability at
least (és.1m)¢, the set J satisfies

(1) [J[=¢
2) IV5ll, < \/% for all j € J;

(3) | S 2iVi|, = csapy/nk 12l for any z € €.

Proof. Let R > 1 be a parameter to be chosen later, and let p1,..., 1, be indepen-
dent Bernoulli(R¢/n) random variables. Denote J; := {j € [n] : 0; = 1}. We will
prove that some weaker properties hold for the random set J; with probability at
least 1/2. Then we will extract a subset .J of cardinality ¢ from each good realization
of the set J; satisfying (1), (2), and (3). This extraction can be viewed as a random
selection using axillary 2R/¢ independent Bernoulli(1/R) random variables. In this
case, the probability that the correct subset J is selected is at least exp(—cf).

We pass to a detailed construction. First, we select a subset of columns I with
upper and lower bounds on the Euclidean norm. By assumption of the lemma, the
matrix V' = (vj;) satisfies

L =i € [n] : |vji| = p/vn}| = [nn] for all j € [k].
Denote Y; := |{j € [k] : i € I;}|. Then 0 < Y; < k, and the previous inequality
implies that > | ¥; > |nn]k. Hence,

. 1
el Yiznk/2}[ 2+ > Y
i€[n]: Yi>nk/2

v

% <WLJ’f— %k Hien: Y < nk‘/2}|>

— —1.
2

v
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By the definition of Y;’s, for any i < k we have ||V;||, > pv/Yi/v/n, and so

~ . nk ‘ nn
= : illo = — =z —=—-1
M= {ien: Wilozp/0 =5 -1

Set I := {z el: [Villy < \/% } By assumption on the matrix V, 1" | HV;H% =k,
S0

A ~ ) 4k nn
I > |1 - R 7A IR i I/ L
Az 0= |{iem: w22 =2

We will select a good subset of indices inside I.
Let €1 be the event that Zie [0 > ”TRZ. Then, by standard concentration in-
equalities, P(2{) < 1/8; moreover, on the event €, the set

X k 4k
Jg::JlﬂI:{i€J1:P\/TSHVHHS\/*}
2n nm

satisfies |Jo| > "TRZ.

For any set I C [n], let Q7 : C¥ — CF be the orthogonal projection on span{V;, i €
I'}. Notice that for every given i € [n], the random variables o; and ||Q Jl\{i}ViHQ are
independent. Therefore,

n

Rl
EY Qi Vill, =EYoi [QuaVill, = —ED_ [QuawVill,
i€Jy =1 =1

Rl RY
< ?EZ 1Q, Vil = WE 1Q1 V5
1=1

RY RY
< ?E(”QLH%{S VP < o Re.

Let €3 be the event that >, HQJI\{i}‘/;'H; < glfio”, By the Markov inequality

- n

and the above estimates, P(£25) < 1/8. On the event (3, we have

nktt

i€ s QuwVilly = 128Re/m}| < S

Let us summarize our conclusions. On the event 21 Mo, whose probability is greater

than 3/4, we have
. k 4k
{ien: oL <iv, <\ 2]
n nn

Re
(i€ Jrs [|QuagaVilly = 128Re/mn}| < L=

14
[ = > " and
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If J3:={i € Jy: HQJl\{i}‘/;'Hg < 128R{¢/nn}, then on this event, |J3| > "1—}2[. Thus,
for any i € Js,
2 2 2 2 2
10 = Quagap)Villy = IVillz = [|Quaiay Vill, = 1Villz = [Qua Vil
> ||Vill5 — 128Re/nn > ||Vi]3 /2
if we assume that R and ¢ are chosen so that

1
128R58.1T) < Z (8.1)

Now, we assume that event (21 N{25 occurs and fix a realization of the set J3. The rest
of the proof follows [BT87, Theorem 1.2] and is deterministic. Arguing exactly as in
[BT87, Theorem 1.5], we conclude that there is a subset Jy C J3 with |J4| > |J3]/3
such that for any z1,...,2, € C,

[ k
> wVil| = epy[n= 1 Jal Tl
aVi|| 2z epy[n- - |4 |2i]
2

1€J,y 1€Jy

Then, following the second proof of [BT87, Theorem 1.2] and combining
Grothendieck’s theorem and the Pietsch factorization, we find a subset J; C Jy

with |J5| > |J4|/2 such that
p 1/2
> oF v 12
ZCcp 77n (Z ’Zz‘ )

S
i€ds

1€Js

2

for any z1,...,2, € C. Here, |J5| > ”9—?. Choosing R = 100/n, we can select an
l-element subset Jg C J5 such that the previous inequality holds with Jg in place
of Js5. Now, choose ¢s1 such that (8.1) is satisfied. We constructed the subset Jgs of
cardinality ¢ for which the assertion (3) of the Lemma holds. Assertion (2) holds as
well since Jg C Js.

It remains to recast the selection of Jg as a random choice. To this end, we
introduce independent Bernoulli(1/R) random variables ni,...,n, and set §; =
o;n;, j € [n]. Then f; are independent Bernoulli(¢/n) random variables as required.
Recall that J; = {i € [n] : o; = 1}. Let Q3 be the event that (1/2)R¢ < |J1| < 2R,
so P(25) < 1/8, and thus P(2; N Q22 N Q3) > 1/2. Condition on o1, ..., 0, for which
Q1 N Qe N Q3 occurs. Set J ={i € J;: n; =1}. Then

¢
P(J = Jo | o1, y) = (1/R) - (1= 1/ R = () e > (en),
100
so the proof is complete. O

COROLLARY 8.2. Let n,¢, p, and V be as in Lemma 8.1. Let I C [n] be a random set
uniformly chosen among the subsets of [n] of cardinality ¢. Then with probability at
least (¢g.1m)", the set I satisfies
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W) Vyll, < /S for all j € I;
2) szef ZjVjH2 > cs.p\/nE 2|l for any z € CL.

Proof. Let J be the set appearing in Lemma 8.1. Conditionally on the event |J| = ¢,
the set J is uniformly distributed among the f(—element subsets of [n]. Since the
conditional probability is at least as large as the unconditional one, the corollary
follows. O

If B is an n x n matrix, then s,_r+1(B) < s if and only if there exists a linear
subspace £ C C" of complex dimension k, such that for any « € E, ||Bz||, < s ||z]|,.
The subspace E can be represented as V' CF, where V is a k x n matrix with
orthonormal rows row;(V),...,row, (V). The bound on the singular value is thus
equivalent to HBVTH < s. Assume that we managed to construct the matrix V so
that its rows are well spread. Then Corollary 8.2 allows us to relate the bound on
Sn—k+1(B) to magnitudes of projections of columns of B onto orthogonal comple-
ments to spans of some other columns, thus eliminating the unknown matrix V. To
take advantage of this corollary, we will combine it with the following deterministic
lemma.

LEMMA 8.3. Let n, ¢, p be as in Lemma 8.1, and let V be the set of all k X n matrices
V' with orthonormal rows such that (1rovvj(V))’[nnJ > p//n for all j € [k]. Assume

that B is an n X n matrix such that ”BVTH < s forsomeV €V and s > 0. Let Iy
be the set of all subsets I C [n] of cardinality ¢ satisfying conditions (1) and (2) of
Corollary 8.2. Then for any I € Ty, we have

/5

Prcol;(B —s  for at least ¢/2 indices j € I
|| Preol;( )H2_C.1,0 Uks or at least ¢/2 indices j € I,

where Py denotes the orthogonal projection onto (span{col,(B) : u € [n]\I })L

Proof. Fix a set I € Zy. We use the following identity valid for all vectors X(;) =
(x(l-)l, ces ,:C(i)n) ceChiel:

T 2 n o 2
H%;VZX(") Hs _;H;%)JV’ 2 = wecr, Hsz—lHZ

—  inf HZwV S IX I3
weCt Juwfa=1 . Vi), — H (Z)H2

Applying the identity to vectors Prcol;(B), i € I, and using the fact that I € Zy,
we obtain that

>3k,

j=1iel

2

Z Vi(Preol;(B

el

k
63.10277; : Z (| Preol; (B ||2
el

HS
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The Hilbert—Schmidt norm can be estimated as

> Vi(Preoli(B))" PI<Zcoli(B)VZ-T>
el

Py ( f: coli(B)ViT)
=1

‘HS ‘ ‘HS

] < o] <
Hence,
2
A CI|I')=1[t/2] and Vi € I || Preoli(B)], < V2s g
cgap \ nk
as required. O

To make use of Lemma 8.3 in our random model, we will need sufficiently strong
anti-concentration estimates for ||Pjcol;(A)||2, which are not always available. In-
deed, if ¢ < e~“P"n then with a large probability the matrix A contains at least /
rows whose only non-zero elements are the diagonal ones. Then, whenever .J is the
set of indices of those rows, the kernel ker((47)") is the coordinate subspace, and
| P JCOlj(g) ||l2 = |z| with probability close to one for all j € J. However, with J chosen
uniformly at random, we will be able to show that with very large probability corre-
sponding kernel contains a large orthonormal set of spread vectors, and the random
variables ker((A7 )T) are well spread. Thus we are forced to introduce the excep-
tional set of realizations of J for which we do not have a good anti-concentration.
The key property is that the probability of J falling into this exceptional set is much
smaller than the probability of the event described in Corollary 8.2.

The next proposition is the main result of this section. We consider the case
when B is a random matrix with independent columns, and the matrix V can be
constructed to have sufficiently spread rows.

PROPOSITION 8.4. Let n,p > 0, and let V be the set of all k x n matrices V with
orthonormal rows such that (rovxg(V))’[mJ > p/y/n for all j € [k]. Let B be ann xn
random matrix with independent columns. Let

(= |es1m’p’k],

For I C [n], denote by Pj the n x n orthogonal projection matrix whose kernel is
the linear span of col;(B), j € [n]\I.

For any (-element subset I C [n], let F;(I) be a Borel-measurable set of (n—{) xn
matrices with columns indexed by the complement of the set I. Assume that for any
I, any j € I, and any realization of Bl , from F;(I), we have

V2

Cs.1pP

n I
P{ || Preol; (B)]l, < it Blaf <t (8.2)

Let J be a random subset of [n] uniformly chosen among the subsets of cardinality
L. Let

Fom {M eC™™: PAM ¢ Fi(D)} < (@s.1m/2)'}.
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Then

08.4\/7?)@.

IP’{EIVGV: ||BVT||§5&B€fg}§( .

REMARK 8.5. In our proof, F;(I) will be the set of all matrices ﬁiol such that the
kernel of (AL )T

col

statistic, ensuring estimates (8.2). Thus F; is the event that the kernel of (chol
has ¢f orthonormal vectors with a good order statistic for a random set J.

contains ¢/ orthonormal vectors with a good (¢n/log pn)-th order
)T

Proof. As in Lemma 8.3, for a given V' € V let 7y be the set of all subsets I C [n]
of cardinality ¢ satisfying conditions (1) and (2) of Corollary 8.2.

For the random matrix B, define a random matrix V measurable with respect to
B, constructed as follows: whenever for a given realization of B there is a matrix V' €
VY with HBVTH < s, choose V' to be such a matrix; otherwise, let V' be any matrix
from V. To avoid measurability problems, we can assume that B takes finitely many
values. This assumption can be easily removed after the proof of the proposition is
complete. Denote

col

a:=Ppy {|BVT| <5 & J €Ty & By € FulJ) & Be Fi}.

We will estimate this probability in two ways. First, by Corollary 8.2, for any
matrices M € Fy and V € V satisfying HMVTH <'s, we have

P{J €Ty & M2, € Fo(J)} > P{J e Ty} — P{M., ¢ Fu(J)}
> (es.1m)" — (ésan/2)" > (¢san/2)".

Hence,

¢=Eg (IP’{J €Ty & Bly € Fu(J) | B} 1y e, 1365)
> (¢5.1m/2)" - P{|BV"|| <5 & B € F}. (8.3)
On the other hand,
¢ <Ppy{|BVT| <5 & T e Ty & By Fild)}
=E;[Eps, (Epse (155 <o Lrez, * 1n2,em) | 4 Blo) | )]

=E,;[Epy, <EB£;(1HB\7Tugs ez, | 1, Biy) - 1ns,e7.0) | J) ].
Applying Lemma 8.3 we get that the event {|]Bl~/TH < sand J € Z; } is contained
in the event

2
V2 %s for at least £/2 indices j € J}.

cg1p\V 1N

{I1Pseol; (B)I], <
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Hence,

col

IEB’ ( IBVT|<s " 1J€I‘ |J Bcol)

<P <3ic J |J|=[¢/2] such that VieJ ||Pjcol;(B HQ_ A / AR Col>
Note that conditioned on any realization of J and B’ o> the projections Pjcol;(B),
i € J, are jointly independent. Therefore, on the event {B;]ol € Fu(J)} we can apply
(8.2) together with the union bound over all [¢/2]-element subsets of J to get

Eps (L ppry<s - Liezy | . Bio) - 1B2,cr () < <Lf/ J> A2 < eV

col
In combination with the above inequalities, this yields
g < (CVt).

Combining it with (8.3), we conclude the proof of the proposition. O

9 The Intermediate Singular Values

In this section we are concerned with bounding intermediate singular values sn_k(g)
for n/log” n < k < n(pn)~¢. Note that for pn polylogarithmic in n, the interval for k
is empty, and the results of this section do not enter into the proof of the circular law.
The estimates obtained here become important when pn < logn, and will be used in
the next section to verify uniform integrability of logarithm with respect to empirical
measures of singular values of A,,. Estimating the intermediate singular values in
the setting of random directed d-regular graphs was an important step in the proof
of the circular law for that model in the regime when the degree d is sub-logarithmic
in dimension [LLTTYc|. We note that in [LLTTYc] a completely different approach
based on bounding distances between matrix columns and uniform random normals
to certain random subspaces was employed.

Assume that the matrix A is such that the event £y,,q occurs. In this section, we
will show that for a random set J of a fixed cardinality, with high probability the
space ker((A col) possesses a large orthonormal system of sufficiently spread vectors.
We start with a deterministic statement asserting the existence of an orthonormal
basis of spread vectors in any fixed subspace (see [LLTTYc, Lemma 4.3] for a related
statement).

LEMMA 9.1 (Basis of spread vectors). Let E C C" be a linear subspace of dimension
k > Clogn. Let

k
1<s< _
where cg.; > 0 is a sufficiently small universal constant Then there exists an or-
thonormal basis u1, ..., uy in E such that (u;)% > f for all j € [k].
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Proof. Let up be a random vector uniformly distributed on S~ }(C)NE. Let P§™ be
the coordinate projection on C”, .J C [n]. We will show that with large probability
for any s—element subset J of [n], up satisfies HPjrduEﬂz < 1/2. To this end, we
represent ug as Prg/ || Ppg||, where Pg is the projection on £, and g is the standard
Gaussian vector in C™. Then by the Gaussian concentration

P{ || Pegll, < Vk/2} < exp(—ck).

Also, EHP?dPEgH; < E”PjrdgHi = s since for any B € C"*", EHBgH% depends
only on the singular values of B. Using the Gaussian concentration again, we derive

P{ HlerdPEgH2 >t} < exp(—ct?)

for t > 24/s. Choosing t := /Cslog % (for a sufficiently large C' > 0), we get

1

n crd en n
. < — = —) < -
k(s) IP’(HPJ PEgH2 >t) < exp (logk + slog . Cslog s> <7

Hence,

P{HJ c <[Z]> : HP}}rduEH2 > 20\/? \/Q}
)

< P{aJ e (@) : pr;mPEgH2 > Vs flog ™ & ||Peglly > 5

Vk 1
+p{ IPegl, < 5} < o

and by the union bound, a Haar—uniformly distributed random orthonormal basis

ui, ..., u in E satisfies
s n 1
<2047 y/log— < 5
2 \/; 0g8_2

with probability at least 1/2. For any such realization, we have ||(u})
which implies the lemma.

Vi€ [k] VJ e ([z]> : HPjrdui

sl = 172
O

Lemma 9.1 above allows to construct an orthonormal basis with a good control of
the foo—norm of the vectors. Yet, it does not give sufficiently strong information on
the size of the vector support. On the other hand, Proposition 6.4 which we proved
earlier in this paper, provides lower bounds on the cn/log(pn)-th order statistics of
almost null vectors but does not imply a strong upper bound on the f, norm.

We would like to combine Lemma 9.1 with Proposition 6.4 to improve the
“spreadness” property of the vectors in the basis. Yet, this is not always possi-
ble since E := ker((A)T) can be a coordinate subspace for some choice of .J, as we

discussed in the previous section. Fortunately, even if constructing a good orthonor-
mal system in ker((A7,)T) is impossible for all sets .J, it is possible for a random set
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J with high probability. In view of Proposition 8.4, this would be enough. To show
this property of ker((AZ )"), we will utilize the concept of the matrix compression:
for any realization of J, we replace ker((/T‘C]Ol)T) with its subspace having the form
ker(¢(AT)), for a specially chosen compression ¢. On the one hand, existence of
the compression is guaranteed with high probability by Lemma 4.12. On the other
hand, the required structural properties of ker(¢(A")) can be verified by combining
Proposition 6.4 and Lemma 9.1. In this respect, the matrix compression allows to
replace the problem of describing the geometry of ker((A7)T) (which turns out to
be a complex mixture of spread and sparse vectors) with studying a relatively simple

subspace ker(¢(AT)) which typically contains only spread vectors.

PROPOSITION 9.2. Let n, p, z and the matrix A satisfy assumptions (A1)—(A2)—
(A3). Fix a realization of A in Ejuoq. Let £ > n'/2 be a natural number. Let J
be a random subset of [n] of cardinality ¢ uniformly chosen from the sets of this
cardinality. Let

M= |apg——|,
log pn
and for every fixed I C [n], |[I| = ¢, let Fy;(I) be the set of all (n —¢) x n matrices B
(with rows indexed over I¢) such that the kernel of B contains |cg 2¢| orthonormal
Vectors vy, ..., V|¢,,¢) With

1

* n .
(vj)r = —nexp (—Cg_glog4(pn) log4 (?>> , J=1,2,...,|cg2l]. (9.1)

- be 1 /2\ "

P07 ¢ A} < (2]
We will use this proposition to show that &;,0q4 can play the role of F; in Proposi-
tion 8.4.
Proof. Define Ky := %, K = Ky/2 and ¢ := ﬁ Since A belongs to £34 N E4.14,
we can use Lemma 4.12. Namely, let £ be the event (with respect to the randomness
of J) defined in the lemma. It is sufficient to show that for any realization of J from
&, we have (ﬁgol)T € Fo(J).

Fix any realization of J from £ and let ¢ be the mapping defined in Lemma 4.12.
Observe that the kernel of (EZOI)T contains the kernel of the matrix ¢(A"). Further,
by Lemma 9.1, there is an orthonormal basis vy, vg, ..., v| in the kernel of ¢((/T)T),
such that for

n
€]

we have (vi)z > ﬁ for all vectors from the basis.

¢ := min Qcm |el|/ log J, LC5,4/pJ>
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Observe that the matrix AT and the mapping ¢ satisfy conditions of Proposi-
tion 6.4. Hence, we have for all i:

(0 > (20) 1o s )

This implies that (ﬁ‘clol)T € Fu(J), and the statement follows. 0

We will now establish a bound for intermediate singular values necessary to derive
the circular law. Our main tool is Proposition 8.4 reducing the singular value bound
to the bound for the distances between a random set of rows of the matrix and
one row from the complement of this set. To apply it, we will construct a special
projection matrix P; for any set J C [n], |J| = £. Note that any such projection
matrix can be represented as Py = Q Q1 7> Where @) 5 is an nx/ matrix whose columns
form an orthonormal basis of the space H; = (span(col;(A A), j ¢ J))L. Any vector
in such basis is in the kernel of the (n —£) X n matrix B which is obtained from the
matrix AT by deleting the rows from J. We will use Proposition 9.2 to construct an
orthonormal basis of spread vectors.

Theorem 9.3. Let 3,6 € (0,1). Let n, p, z and the matrix A satisfy assumptions
(A1)—(A2)—(A3). Then

~ O 4 1ogl00 4n 10,100 1 —cosvn
such that s, p(A) < e Cotlos % o8 wn) & ggood} <|({— .

P{Hk > P

n
log® 1,

Proof. Fix an integer k > 5. Denote

- 6_06‘4 10g100 % 10g100(pn).

Fix for a moment any realization of A such that Es00d occurs and such that sn_k(g) <
7. Let E be the subspace spanned by the k singular vectors of A corresponding to
the smallest singular values. Then for any x € S" 1(C) N E, we have ||Az|s < 7.
Choose an orthonormal basis vy, ...,v; of E as in Lemma 9.1. Then for

- llog?;l;k)J

and for any j € [k], we have (v;)} > f Hence, assuming that Cg 3 is large enough,

=3
we have

~ 1 4an 4
| Avjllz < 7 < V() 5 (2a)Cnelost 2 logtom),
«

and, as long as s < ¢/p, the assumptions of Proposition 6.4 are satisfied. By this
proposition,

(vj)ar = (vj)s exp ( - log log (pn)) T
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with

M = { Co.an J =:|nn| and p:=exp ( - log4 % log4(pn)),

where we used log (%) < 2log (%) to estimate p. On the other hand, for s > ¢/p,
the bound (v;)}, > ﬁ follows immediately from Lemma 9.1. This means that for
these n and p, the k x n matrix V with rows vy, ..., v; belongs to the set V defined

in Proposition 8.4. Thus,
P{sn,k(ﬁ) <& sgood} < IP’{EV eV|AVT| <7 & 5good}. (9.2)
To apply this proposition, we will construct a projection Py for a set J C [n] with
] = €= |en*pk),

for which (Kgol)T € Fu(J), where Fy(J) is defined in Proposition 9.2. This requires
checking that (8.2) holds for P;. By the assumption on k, 4n'/2 < /. N

Fix an (-element subset J of [n], and condition on a realization of (A7 )T from
Fi(J). We define projection P; as P; := Q;Q}, where Qs is an n x ¢ matrix
whose columns @1, . .., Q) form an orthonormal basis of ker((ﬁcjol)—r). We will choose
a special orthonormal basis. Namely, we will choose |cg2f¢| orthonormal vectors

Q1, .-, Q|cy,e) satisfying the condition (9.1) and complete them (arbitrarily) to an

orthonormal basis of ker((gc‘]ol)T).
By (9.1), for any j < ¢g.2f, we have

* 1 4 (T 4
Qi) = nexp( Cy.2log (€> log (pn)),
where
1 n 4
) < - =
log< ) C [log <logpn> + log ( > log (pn)}
Therefore,

4n

(@ir = e (=€ frog®myiog® ()]) = L. 93)

This estimate will be instrumental in obtaining the small ball probability bound for
HPJCOIi (E)‘

Take 7 < L?g.QEJ, 1 € J, and apply the Lemma 3.2 to the random variable
Y; = (Qj,col;(A)). In combination with (9.3), it yields

. 1 € J which is needed to apply Proposition 8.4.
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n

(%5, p/(avm) = £((@vn/p) 3 (Qj)miimis 1)

m=1
C

= STl L@y )@ i D)

< < alogp”g(pn)*l/”‘::t/&
VMp/a pn

Now, we have to turn the estimates for individual inner products Y; into the
bound for || Pycol;(A)||2 > D i<esnt Y |2. We have to deal with dependencies between

’ co.ok e
Yy's. Set Z = Y4 150 5 m (1(Qj, coli(A))]). Then EZ < (t/8)[co.2¢), and so the
probability that Z > [cg2f]/8 does not exceed t. This means that conditionally on

J and A7

col?

P{HPJcoh(ﬁ)‘L < ﬁ%} < IP{

‘ = p2cg.ol
\(Qj,coli(A)>|2 < 277; } < t.

7=1

Define s’ via the relation

V2 n o, Vegal

s =p .
cg1p \| nk V2n

We have checked that A satisfies (8.2) with s’ playing the role of s. By Proposi-
tion 9.2, P (A7 ) < (é8.1n/2)", so we can use Egood as Fy in Proposition 8.4.

col

Applying Proposition 8.4, we conclude that

¢ —vn
- t 1
P{av eV: JAVT| < & sgood} < <C> < ()
n pn

since £ > 4y/n. Substituting the values of 7, p, and p, we see that s’ > 7. This
inequality, in combination with (9.2), implies the desired estimate for a fixed k.

Taking the union bound, we obtain a similar estimate for all s,,_j(A) simultaneously.
The proof is complete. O

10 Proof of the Circular Law

In this section, we apply the previously obtained singular value estimates to prove
the main result of this paper, Theorem 1.2. The derivation of the circular law relies
on [BC12, Lemma 4.3] (see also [TV10]), which we restate below.

LEMMA 10.1. Let M,, be a sequence of n x n random matrices. Denote by p., . the
empirical measure of the eigenvalues of M,, and by vy, ., the empirical measure of the
singular values of M,, — z1d,,. Assume that for a.e. z € C,
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(1) the function f(x) = logx is uniformly integrable with respect to the measures
Un,z, 1., for any € > 0, there exists T' > 0 (determined by ¢ and z) such that

limsup P / |log s| dvp .(s) > € p < e;
neN |log s|>T

(2) the measures vy, , converge vaguely in probability to a deterministic measure v,
supported on (0, 00), i.e., for any compactly supported function h € C((0, c0)),

/ h(s)dvy .(s) — / s)dv,(s) in probability.
0

Then u, converges weakly in probability to the unique probability measure y on C
satisfying the equation

o0
/log IA—z|du(X) = / log sdv,(s) forall z € C.
o 0

This lemma was employed in recent works [Coo,LLTTY¢| on the spectrum of
d-regular directed graphs. Note that assumption (2) in [BC12, Lemma 4.3] required
the weak convergence. However, once the uniform integrability is established, the
weak and the vague convergence become equivalent.

We will apply this lemma with M,, = ﬁfln. In our case, p will be the uniform

measure on the unit disc. The derivation of (2) is standard and will be sketched at
the end of this section. We will not calculate the measures v, explicitly. Instead, it
will be enough to show that v, , — G ., converges vaguely to 0 in probability for a.e.
z € C. Here v¢

n,z
the n x n matrix with i.i.d. N(0, 1) entries. Since the circular law for the Gaussian
matrices is known, this uniquely defines the measures v, .

The main effort will be devoted to proving (1). The logarithmic function has
singularities at 0 and oo. Establishing uniform integrability at oo is very simple

and relies on the fact that E H \/ﬂ

tegrability at 0 uses the estimates for the smallest and the smallish singular val-
ues derived in Sections 7 and 9respectively. Yet, the bound for the singular values
sn_k(ﬁAn — zId,,) obtained in Theorem 9.3 is too loose to be applied for all k.
We will be able to use it only for k < m.

bound. To this end, we use the idea of [Coo] based on the comparison of v, .(]0, s])
and Z/TCLY: ,([0, s]) for sufficiently large s. In our case, the comparison with the Gaussian
matrix does not seem to be feasible. Instead, we compare vy, . ([0, s]) with the empir-
ical measure of the singular values of a new random matrix obtained by replacing
relatively small values of \/plﬁAn — zId,, by i.i.d. N(0, 1) variables. This will require
bounding the Stieltjes transform of Gaussian matrices with partially frozen entries.
Such bound is obtained in Subsection 10.1. The uniform integrability is established
in Subsection 10.2. Finally, in Subsection 10.3, we establish the vague convergence
and complete the proof of Theorem 1.2.

is the empirical measure of singular values of fGn, and G,, is

is bounded. The proof of uniform in-

For larger k, we need a tighter
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10.1 Gaussian matrices with partially frozen entries.

LEMMA 10.2. Let n > k > 1, and let E C C" be a linear subspace of co-dimension
at least 2k. Let X = (X1, Xs,...,X,,) be a random vector in C" with mutually
independent coordinates, and assume that at least n—k coordinates are real Gaussian
variables of unit variance and possibly different means. Then

P{ dist(X, E) < eVk} < e,
where ¢ > 0 is a universal constant.

Proof. Denote by I the set of all indices corresponding to the Gaussian variables, so
that |I| > n — k. Further, condition on any realization of coordinates X;, i € I¢.

Let Proj be the coordinate projection onto the span of e;, ¢« € I. Obviously, we
have

dist(X, E) > dist(Proj(X), Proj(E)),

where Proj(E) has co-dimension at least k, when viewed as a subspace of C!. On the
other hand, Proj(X) is a real Gaussian vector in C! with identity covariance matrix,
and the statement of the lemma follows as a consequence of standard concentration
inequalities. O

A combination of the above lemma with the negative second moment identity
yields

PROPOSITION 10.3. Let n > k > 1, let V = (v;;) be an n x n random matrix with
mutually independent entries such that for any j < n, at least n — k components of
the j-th column of V' are real Gaussian variables of unit variance. Then

P{sn—si+1(V) < ck/v/n} < ne”*,
where ¢ > 0 is a universal constant.

Proof. Let V be the n x (n — 2k) matrix obtained from V' by removing the last 2k
columns. Obviously, we have

Sn_3ki1(V) > sp_srp1(V).

Further, to estimate s,,_3x+1(V"), observe that, by the negative second moment iden-
tity,

n—2k n—2k
ksnosi1 (V)2 < Y s72(V) =Y dist(col;(V), span{coly(V) : i # j}) 2.
j=1 j=1

By the above Lemma, we have
P{ dist(colj(f/),span{coli(v) ci# G < C\/%} <e K

for any j < n — 2k. Taking the union bound, we get the result. O
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Given an n x n matrix M and a complex number z, denote by H, (M) the 2n x 2n
matrix of the form

100 = (o 5").
1

where B, = WM — z1d,,. The eigenvalues of H,(M) are the singular values of

B, and their negatives. Further, given w € C, denote by my,(M) = my, (M) the
Stieltjes transform of the empirical measure of the eigenvalues of H,(M):

Map(M) := — - tr(H, (M) — wldy,) .

As an immediate corollary of Proposition 10.3, we get

COROLLARY 10.4. Let n > k > 1, and let V' be an n X n matrix with mutually
independent entries such that for every j < n, at least n — k coordinates of the j-th
column of V' are real Gaussian variables of unit variance. Let z € C and let w € C
be such that Re(w) = 0 and Im(w) > k/n. Then with probability at least 1 —n? e~
we have

Im(m,,(V)) < C,

for some universal constants C,c > 0. In particular, if k > C'logn for a sufficiently
large constant C' > 0 then necessarily

EIm(m,(V)) < C".

Proof. Without loss of generality, we can assume that Im(w) = k/n. First, by ap-
plying Proposition 10.3 to matrix /nB,(V) =V — z/n1d,, we get with probability
at least 1 — n?e~k:

Cl

Sp—i(Bz(V)) > — for alli > Ck.

On this event we have

1 _
2 <C.

i=k+1

On the complement of this event we can use the trivial bound Im(m,,(V)) < m <
n. Hence, if k£ < C}logn for a sufficiently large constant C7, the combination of the
two bounds gives EIm(m,,(V)) < Cs. 0
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10.2 Uniform integrability of the logarithm. Here is the main result of the
subsection:

PRrROPOSITION 10.5 (Uniform Integrability). Let A,, be a sequence of random matri-
ces as in Theorem 1.2. For any z € C denote by v, . the empirical measure of the
singular values of the matrix \/%An — zId,,. Then for any z € C with Im(z) # 0,

the function f(x) = log x is uniformly integrable with respect to measures vy, ., i.e.,
for any € > 0, there exists T' > 0 (determined by € and z) such that

lim sup P / |log s| dvy . (s) > e p <e.
neN |log s|>T

Before proving the proposition, let us consider some auxiliary lemmas. The first
is an elementary observation on conditional distributions.

LEMMA 10.6. Let A = (&;;) be an n x n random matrix with i.i.d real valued entries
of mean 6 and unit variance. Further, for any L > 1 and any subset Q) C [n] X [n],
let €1, be the event that |§;; — 0| > L for all (i,j) € Q and |§; — 0| < L for all
(i,7) € Q°. Then

e Conditioned on any &g with P(£r,g) > 0, the entries of A are mutually
independent;

e There is C¢ > 0 determined by the distribution of §;;’s such that, whenever
L > C¢ and Q C [2n] X [rlz] satisfy €. # 0, for any (i,7) € Q° we have
[E(&ij [ €L,@) — 0] < ¢ and 5 < Var(§;; [€L,q) < 1.

Moreover, denoting by Pr, the collection of all subsets @ C [n] x [n] such that
P(€r.g) > 0 and

2n

i<n: L) eQIi<n: G)eQl <y foral jelm,

we have for all L > 1:

P(QL@J;L EL,Q) >1—2ne /L7,

Proof. Without loss of generality, § = 0. The mutual independence of the entries
conditioned on &r, g is obvious. Further, we have for any (i,j) € Q%

E(&ij1e,, E(&ij1e,. 1
|]E(§zj|gL,Q)|:‘ ( J |§J|§L)‘ _’ ( J |£J|>L)’ < <

2
P{l¢;| <L}y ~ P{|&| <L} ~ LP{|&| <L}~ L’

if L > /2, where we used Cauchy-Schwartz’ and Markov’s inequalities. Denote
w = E(fw ’gL,Q)' Then
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_¢2>1

E(éfl ij <L)
Var(&; | E0,q) = E(& | ELQ) — ¥* = —-2 less 1< > 1

- P&yl < L}

provided that L is sufficiently large.
Finally, observe that for any i < n, the event

{7 <n: &l > LY = 20/L%)
has probability at most e=2"/ L (by applying Bernstein’s inequality). Taking the
union bound and combining this with the definition of Py, we get the result. O

In what follows, we will need the next result of Chatterjee [Cha05, Theorem 1.1].

Theorem 10.7. Let N be a natural number, and let X and W be independent
random vectors in RN with independent components satisfying EX ;= EW;, EX; =
IEI/Vj2 for any j € [N]. Assume that

3 =: max max (E‘Xj|37E|Wj’3) < o0.
JE[N]

Let f € C3(RY™) and denote

_ T 3/r
A3(f) Sup e, ma, |07 f ()77

Then
[Ef(X) —Ef(W)] < CysAs(f)N,
where C' is a universal constant.

The next lemma appears as a combination of results from [Coo] and observations
made in the previous subsection.

LEMMA 10.8. Let (A,,) be a sequence of random matrices from Theorem 1.2, and
set § := E{. For any z € C with Im(z) # 0 we have

EVn,z([Oan]) S Cf10.877 for all n Z (pnn)icv

where vy, , is defined as in Proposition 10.5, C'19.s > 0 depends only on z and 0 (and
not on n) and ¢ > 0 is a universal constant.

Proof. An elementary comparison between the indicator function and the Poisson
kernel implies that for any n > 0, n € N and z € C, for any n X n matrix M, and
for m,, defined the same way as in the previous subsection, we have

Ev([0,7]) < CnEIm(mi,(M)), (10.1)

where v denotes the normalized counting measure of singular values of ﬁ]\? —zId,
(see, e.g. [Taol2, Section 2.4.3]).
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Fix z € C with Im(z) #0. Let n € [(pan)~Y/?,¢], for a small enough constant

d > 0. Set L : ~2 and fix for a moment any subset Q € Pr, where Py, is
defined as in Lemma 10.6. Set 9 := P{ﬁ?gimerf}) and 7 := Var(¢ | | — 0] < L). We

assume that constant ¢ is sufficiently small so that all assertions of Lemma 10.6
hold true for L; in particular, ¢ — 6] < % and 7 € [1/2,1]. Observe that the random
matrix M := (p,7)"Y2A, = (p,7)"/?(;;€i;)i; has mutually independent entries;
moreover, conditioned on &£r, g, for each (4, j) € Q° the (7, j)-th entry of M has unit
variance, and all entries corresponding to (i,5) € Q¢ are uniformly bounded (by
absolute value) by (L + |6])(pn7) /2.

Let us represent the probability space €2 as the product space Q := Qg x Qge,
where the decomposition is generated by partitioning the set of entries of M into the
subset indexed over () and the subset indexed over Q€. Fix any point (wQ,wQe)
€10, and define ELQ = ({wo} x Qge) N &L g. This way, everywhere on ELQ the
entries of M indexed over ) are frozen whereas the conditional distribution of the
entries indexed over ()¢ is the same when conditioned on &7, ¢ and when conditioned
on &r,q. Further, let NV be the cardinality of Q°, let X = (X,)scq- be the random
vector of entries of M indexed over Q°, and let W = (W)seq- be the vector of
independent real Gaussian variables of unit variance and mean \/%Tw, indexed over
Q“.

We will apply Theorem 10.7 to vectors X and W. Conditioned on 3 1,0, we have

E(X: | €.g) = E((pur)"?0¢ | |6 0| < L) = \ /P20 = EW,, s € Q".

Further, E(X2 | £1.o) = 1 and

E(X[* | €L.q) = E((par)™/%0€ | [ — 0| < L)
<p P+ ODEE? | €] < L)
< C(L+10)p, P (1+6%), s € Q"
Thus,
3 < C'(L+10))p, /*(1 + 6%) < CoLp, /2,

where 3 is defined as in Theorem 10.7 and Cyp > 0 may only depend on 6. Now,
we construct the function f : R?° — R, as follows. Take any vector V = (Vs)oe
indexed over Q¢. Then we construct an n X n matrix V= (vij) by setting v;; := V(35
whenever (i,7) € Q°, and setting Ui, (i,J) € Q to the values of the entries of M
fixed by our choice of event &, 1. Finally, we set f(V) := Im(mm(V)) where mg,, is
defined as in the previous subsection. The following bound for A3(f) can be extracted
from [Coo, Proof of Proposition 8.2]:

C
n/2p4

A3(f) <
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Substituting the two above estimates in Theorem 10.7, we obtain

}E(f(X) | gL,Q) — Ef(W)‘ < C”Lp;l/Q . _n2 < C///777

n/2p4

by our choice of L and since n > (p,n)~ /2. Next, we estimate Ef(W) using Corol-
lary 10.4. Set k := [2n/L?] and observe that, by the definition of P, we have
H{i <n: (i,j) € Q°}| > n—k for all j € [n]. Further, by our choice of L and 7
we clearly have n > k/n. Thus, by our definition of f and by Corollary 10.4, we
get Ef(W) < C. Note that the above estimate does not depend on the particular
realization of elements of M indexed over (). This implies

B (min(M) | €.q) < Cn,
and so, by (10.1),
E(v. 2([0,7]) | EL.0) < C"n uniformly for all z € C and 1 € [(p,n) /2, ¢,

where v, 3; denotes the singular value distribution of the matrix ﬁM —z1d,,. Using
that 7 > 1/2 and in view of the identity v, .([0,7'/2t]) = v 3/ ([0,1]), t € Ry, we get

E(vn.-([0,7/2]) | EL.g) < C"n uniformly for all z € C and 7 € [(p,n) =2, ¢,

where C” > 0 may only depend on 6. As a final step, note that, by Lemma 10.6,
the union of the events &r, g, with @ € P, has probability at least 2n e~2n/L*  The
result follows. O
Proof of Proposition 10.5. For each n, z, denote the matrix ﬁAn —zId,, by Vj, ..
The function f(z) = log(x) is unbounded as x — oo and = — 0. The first singularity
is much easier to handle. Let T be such that |z| < 7/2/2. Assume that 7 > 1. Since

the function l‘lgf is decreasing for x > e, we have
3 T€_2T
/ |log s| dvy, . (s) < / Te?Ts? dv, . (s) = - Z sjz(Vn,z)
s>eT s>eT 8;(Vi,2)>eT
T6_2T
< ”Vn,zH%{S'
Since

1
E— | Violds < 24202 < 247 < 267
n

the uniform integrability at oo follows from Markov’s inequality.
Let us prove the uniform integrability at 0. Again, we take a parameter T" > 1.
For any n and z, let Epin = Emin(n, 2) be the event that

1
Smin | ——A,, — zId,, | > exp (—=C. log®n) ,
(\/pnn ) ( )
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where C, > 0 depends only on z and is chosen in such a way that P(Eyin) >
1—C,(ppn)~¢* (this can be done because of Theorem 7.1). Further, let & = &1 (n, z)

be the event that for any k > |—ftr—-, we have
Sn—k < A — zIdn> > exp <—C’log100 <4n> -logloo(pnn)> , (10.2)
/Dnlt k

where C' > 0 (independent of n) is chosen so that P(£;) > 1 — (p,n)~¢ (this is
possible by Theorem 9.3). Furthermore, let £, = & (n, z) be the event that for any
n € [log72"(p,n), e~ 7], we have

Vn,z([0777]) S 010.8\/’5’ (103)
where the constant Cjgg is taken from Lemma 10.8. Observe that
P(E5) < P{3i € [T,300loglog(p,n)] such that v, .([0,e7]) > Cioge™/271/2}.

Combining this with the bound for the expectation of vy, . ([0, e~%]) from Lemma 10.8
and Markov’s inequality, we get

P(&) >1—C"e /2,

Let us introduce two quantiles of the measure v, ,. Set

1
t1 = sup {t >0: vy.([0,1]) < log4n}7 and

. 1 1
to =min | supqt >0: v, .([0,t]) < o) | Tog™ (pum) )
Note that on the event £ we have to > T Assume that the event &,,;,NE1NEs
(pnm)”

occurs. Then
!

t1
/ |log 8| dvy, »(s) < C"log®n - vy, ([0, 1]) <
0

Assume for a moment that ¢; < t9. Denote

logn

ki := hogn‘an and kg := [IOQ,"QOONW-‘.
Then, by (10.2),

to 1 ks
1 dvn, — E ‘1 n— (7
/t1 | 0g8| “n. (S) n P 08 Sn—k PnTt
1 & 4dn
< g Clog < ’ )

kk1

A, —z Idn>

log ™2 (p,.n) 4
10g'%®(p,n) < C"log'®(p,n) / log !0 (> dx
0 T
1
log™ (pun)’

IN
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Set t3 := max(t1, o). For s € [t3,e~T] we use the bound

log(1/t3)

[logs| < C Z Lig.e-m(s),

m=T
which, by (10.3), yields

-7 log(1/ts3)

/ |log s|dvy .(s) < C Z vn-([0,e7™]) < C"e 12,
ts

Combining the three previous inequalities, we conclude that

-7

/ | og 5| dvm x(s) < Ce™™/2 + B(n, pn),
0

where 3(n, py) is a deterministic term which tends to 0 as p,n — oo. Since P(Epin N
E1N &) — 1 as pyn, T — oo, the uniform integrability is proved. O

10.3 Completion of the proof. Let u be the uniform measure on the unit disc
in C. To complete the proof of Theorem 1.2, we have to check the vague convergence
of the measures v, . to some deterministic measures v, such that

/log IA—z|du(X) = /OO log s dv,(s). (10.4)
C 0

As in [BR, Lemma 9.1], it is enough to prove this convergence, assuming that the
random variable £ (and so all entries of A,,) are bounded. The proof of this fact is
standard and relies on truncation, an application of the Hoffman-Weilandt inequality
and the fact that the weak convergence is metrized by the bounded Lipschitz metric.
We omit the details as they appear in a number of random matrix papers (see e.g.,
[BDJ06, Proposition 4.1]).

For the empirical measures y . of singular values of real Gaussian matrices, this
convergence and (10.4) are knovvn7 see, e.g. [Ede88]. Thus, it is enough to prove
that the measures v, , — V,C;: ., converge to 0 vaguely in probability. This step closely
follows the argument of [Coo], so we will only sketch it. Without loss of generality,
we can check the vague convergence only for Lipschitz functions. By [BR, Lemma
9.2], which is a variant of [Coo, Lemma 9.1],

/ f(s) dum ( / f(s)dvy ~(s) — 0 in probability

for any Lipschitz f : (0, oo) — R with compact support. By the same lemma it also
holds for the measures v, . Therefore, it is enough to prove that

/f Javno(s) ~E [ 5(5) () 0.
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This convergence would follow if we prove the convergence of the expectations of
Stieltjes transforms, more precisely from

1 1
Emy | —A, | —Emy | —=G, | — 0 for all w € C with Im(w) > 0,
<vpn ) (\/ﬁ > (w)

where G, is the standard n x n Gaussian matrix. The convergence above follows in
turn from [BR, Lemma 9.4], which is an extension of [Coo, Lemma 8.2] to general
random matrices with bounded entries.

This completes the proof of Theorem 1.2.
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