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Let A be an n x n random matrix with independent identically distributed
nonconstant sub-Gaussian entries. Then for any k < c\/n,

rank(A) >n —k
with probability at least 1 — exp(—c’kn).

1. Introduction. Estimating the probability that an n x n random matrix with indepen-
dent identically distributed (i.i.d.) entries is singular is a classical problem in probability. The
first result in this direction showing that, for a matrix with Bernoulli(1/2) entries, this prob-
ability is O (n~!/?) was proved by Komlés [7] in 1967. In a breakthrough paper [6], Kahn,
Komlés, and Szemerédi established the first exponential bound for Bernoulli matrices,

P(det(A,) = 0) = (0.998 + o(1))".

The asymptotically optimal exponent has been recently obtained by Tikhomirov [17],

P(det(A,) =0) = (% + 0(1))n.

The exponential bound for probability of singularity holds in a more general context than
Bernoulli random matrices. It was proved in [14] for matrices with i.i.d. sub-Gaussian entries
and extended in [11] to matrices whose entries have bounded second moment.

A natural extension of the question about the probability of singularity is estimating the
probability that a random matrix has a large co-rank. More precisely, we are interested in
the asymptotic of P(rank(A,) <n — k), where k < n is a number which can grow with n as
n — 0o. Such rank means that there are k columns of A, which are linearly dependent on
the other columns. Based on the fact that

P(rank(A,) <n — 1) =P(A, is singular) < exp(—cn)

and the independence of the columns of A, one can predict that the probability that the rank
of A, does not exceed n — k and is bounded by (exp(—cn))k = exp(—cnk). Proving such a
bound amounts to obtaining a super-exponential probability estimate if k — oo as n — oo.
This makes a number of key tools in the previously mentioned papers unavailable, because
these tools were intended to rule out pathological events of probability O (exp(—cn)) which
cannot be considered negligible in this context.

The existing results fell short of this tight bound until recently. Kahn, Komlos, and Sze-
meredi showed that the probability that a Bernoulli(1/2) matrix has rank smaller than n — k
is O(f(k)") where f(k) — 0 as k — oo. The intuitive prediction above was recently con-
firmed by Jain, Sah and Sawney in the case when k € N is a fixed number. Building on the
ideas of Tikhomirov [17], they proved an optimal bound for random matrices with indepen-
dent Bernoulli(p) entries. Namely, for any p € (0, 1/2], ¢ > 0, and for any n > ng(k, p, €),

P(rank(A,) <n —k) < (1 — p 4 ¢&)*".
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This completely solves the problem for Bernoulli matrices within the exponential range.
However, the methods of this paper do not seem to be extendable to the case when k grows
together with n, that is, to the super-exponential range of probabilities (see Section 2.2 for
more details).

The main result of this paper confirms this prediction in the super-exponential range for
all matrices with i.i.d. sub-Gaussian entries. A random variable & is called sub-Gaussian if

S 2
Eexp(—(—) ) <00
K
for some K > 0. In what follows, we regard K as a constant and allow other constants such
as C, ¢, ¢/, etc. depend on it. This is a rich class of random variables including, for instance,
all bounded ones.
We prove the following theorem.

1/2

THEOREM 1.1. Let k,n € N be numbers such that k < cn'/“. Let A be an n x n matrix

with i.i.d. nonconstant sub-Gaussian entries. Then

P(rank(A) <n — k) <exp(—c'kn).

REMARK 1.2.  The bound of Theorem 1.1 should hold for k > cn'/? as well. The restric-
tion on k in the theorem arises from using v-almost orthogonal systems throughout its proof,
see Definition 3.1 and Remark 3.4.

REMARK 1.3. Combining the technique of this paper with that of Nguyen [10], one can
also obtain a lower bound for the singular value s, (A,) of the same type as in [10] but
with the additive error term exp(—ckn) instead of exp(—cn). We will not pursue this route in
order to keep the presentation relatively simple.

The importance of getting the large deviation bound of Theorem 1.1 in the regime when
k grows simultaneously with n stems in particular from its application to quantitative group
testing (QGT). This computer science problem considers a collection of n items containing
k defective ones, where k < n is regarded as a known number. A test consists of selecting a
random pool of items choosing each one independently with probability 1/2 and outputting
the number of defective items in the pool. The aim of the QGT is to efficiently determine the
defective items after a small number of tests. The question of constructing an efficient algo-
rithm for QGT is still open. In [3], Feige and Lellouche introduced the following relaxation
of the QGT: after m > k tests, one has to produce a subset S C [n] of cardinality m, con-
taining all defective items. This means that, unlike the original QGT, the approach of Feige
and Lellouche allows false positives, which makes the problem simpler and admits more ef-
ficient algorithms. Denote by A the m x n matrix whose rows are the indicator functions of
the tests, and denote by A|g its submatrix with columns from the set S C [#]. Then A is a
random matrix with i.i.d. Bernoulli entries. The main result of [3] asserts that if an algorithm
for the relaxed problem succeeds and outputs a set S C [n] and rank(A|s) > m — O (logn),
then one can efficiently determine the set of defective items. Checking this criterion for a
given algorithm is difficult since the set S is not known in advance. However, if we know that

(1.1 rank(A|s) > m — O (logn)

for all m-element sets S C [n] at the same time, this condition would be redundant, and all
algorithms for the relaxed problem could be adapted to solve the QGT. In other words, we
need to estimate the minimal rank of all m x m submatrices of an m x n random matrix. We
show below that Theorem 1.1 implies that the bound (1.1) holds with high probability and,
moreover, that this is an optimal estimate (see Lemma 6.2).
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2. Notation and the outline of the proof.

2.1. Notation. We denote by [n] the set of natural numbers from 1 to n. Given a vector
x € R", we denote by |x||2 its standard Euclidean norm: [[x]l2 = (3 e sz.)l/z. The unit

sphere of R” is denoted by S"~!.
If V is an m x [ matrix, we denote by Row; (V) its ith row and by Col; (V) its jth column.
Its singular values will be denoted by

si(V) zs2(V) = = su(V) 2 0.
The operator norm of V is defined as

VIl = max [[Vx]2,
xesi-1

and the Hilbert—Schmidt norm as

m 1 1/2
IV ias = (Z Uin) i
i=1j=I

J

Note that ||V | = s1(V) and ||V ||ss = (X7 5, (V)2
Throughout the paper the letters c, ¢, C etc. stand for absolute constants whose values may
change from line to line.

2.2. Outline of the proof. Let A be an n x n random matrix with i.i.d. entries. The fact
that this matrix has rank at most n — k means that at least k of its columns are linearly
dependent on the rest. Assume that the & last columns are linearly dependent on the other. As
the results of [14] show, for a typical realization of the first n — k columns, the probability
that a given column belongs to their linear span is O (exp(—cn)). Since the last k columns are
mutually independent and at the same time independent of the first n — k ones, the probability
that all £ columns fall into the linear span of the rest is 0((exp(—cn))k) = O (exp(—cnk)),
which is the content of our main theorem.

The problem with this argument, however, is in the meaning of the term “typical.” It in-
cludes several requirements on the matrix with these n — k rows, including that its norm is
O (/n) and that its kernel contains no vector with a rigid arithmetic structure. As was shown
in [14], all these requirements hold with probability at least 1 — exp(—cn), which is enough
to derive that the matrix is invertible with a similar probability. In our case, when we aim
at bounding probability by exp(—ckn) with k which can tend to infinity with n, the events
which have just exponentially small probability cannot be considered negligible any longer.
In particular, we are not able to assume that the operator norm of a random matrix is bounded
by O(4/n). This is, however, the easiest of the arising problems, as we will be able to use a
better concentrated Hilbert—Schmidt norm instead.

The problem of ruling out the arithmetic structure of the kernel turns out to be more deli-
cate. For Bernoulli(p) random matrices with 0 < p < %, Jain, Sah, and Sawney [5] overcame
it by replacing the approach based on the least common denominator used in [14] with a fur-
ther development of the averaging method of Tikhomirov [17]. This allowed them to prove
that if k is a constant, then with probability 1 — 4% the kernel of the matrix consisting
of the first n — k rows either consists of vectors close to sparse (compressible) or does not
contain any vector with a problematic arithmetic structure; see [5], Proposition 2.7, whose
proof follows [4], Proposition 3.7. They further derived from this fact that the probability that
a random Bernoulli matrix has rank n — k or smaller does not exceed

(1= p+o(1)™
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for any constant k. However, this approach is no longer feasible if k is growing at the same
time with n. Indeed, the kernel of an (n — k) x n Bernoulli random matrix contains the vector
(1,..., 1) with probability (c//n)" = exp(—c’nlogn). It can also contain numerous other
vectors of the same type with a similar probability. Hence, the kernel of such matrix contains
incompressible vectors with rigid arithmetic structure for k = Q (logn), which includes the
range important for the question of Feige and Lellouche.

Fortunately, the complete absence of vectors with a rigid arithmetic structure in the kernel
is not necessary for proving a bound on the probability of a low rank. It is sufficient to rule
out the situation where such vectors occupy a significant part of the kernel. More precisely,
we show that if B is an (n — k) x n random matrix with i.i.d. sub-Gaussian entries, then with
probability at least 1 — exp(—ckn), its kernel contains a (k/2)-dimensional subspace free of
the vectors with a rigid arithmetic structure. Checking this fact is the main technical step in
proving our main theorem.

We outline the argument leading to it below. We try to follow the geometric method de-
veloped in [12, 14]. However, the aim of obtaining a super-exponential probability bound
forces us to work with systems of problematic vectors instead of single ones. To handle such
systems, we introduce a notion of an almost orthogonal [-tuple of vectors in Section 3. These
systems are sufficiently simple to allow efficient estimates. At the same time, we show in
Lemma 3.3 that a linear subspace containing many “bad” vectors contains an almost orthog-
onal system of such vectors possessing an important minimality property.

Following the general scheme, we split the unit sphere of R” into compressible and in-
compressible parts. Let us introduce the respective definitions.

DEFINITION 2.1. Let s € [n], and let T > 0. Define the set of s-sparse vectors by
Sparse(s) = {x € R" : |supp(x)| < s}
and the sets of compressible and incompressible vectors by
Comp(s, 1) ={x € st dist(x, Sparse(s)) < r},
Incomp(s, 7) = §" '\ Comp(s, 7).

Note that we define the sparse vectors in R” and not in $”~!. This is not important but
allows to shorten some future calculations.

In Section 4 we show that the probability that the kernel of the matrix B = (A, —k]x[n]
contains an almost orthogonal system of k /4 compressible vectors is negligible. This is done
by using a net argument, that is, by approximating vectors from our system by vectors from
a certain net. The net will be a part of a scaled integer lattice, and the approximation will be
performed by random rounding, a technique widely used in computer science and introduced
in random matrix theory by Livshyts [8]. Let B be a random matrix. The general net argu-
ment relies on obtaining a uniform lower bound for || By||; over all points y in the net and
approximating a given point x by the points of the net. In this case, one can use the triangle
inequality to obtain

)T

Bxll2 = | Byll2 = I BIl - [lx =yl

This approach runs into problems in the absence of a good control of || B||. However, if the net
is constructed a part of a scaled integer lattice, then one can choose the approximating point
y as a random vertex of the cubic cell containing x. This essentially allows to replace || B|| in
the approximation above by a more stable quantity || B|ys/+/n. Moreover, this replacement
will be possible for a randomly chosen y with probability close to 1.
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In our case we have to approximate the entire system of vectors while preserving the almost
orthogonality property. This makes the situation more delicate, and we can only prove that
this approximation succeeds with probability which is exponentially small in k. Fortunately,
this is enough since we need just one approximation, so any positive probability is sufficient.

In Section 5, we assume that the kernel of B contains a subspace of dimension (3/4)k con-
sisting of incompressible vectors and prove that, with high probability, this subspace contains
a further one of dimension k/2, which has no vectors with a rigid arithmetic structure. The
arithmetic structure is measured in terms of the least common denominator (LCD), which is
defined in Section 3.3. To this end we consider a minimal almost orthogonal system of k/4
vectors having subexponential LCDs and show that the presence of such system in the kernel
is unlikely using the net argument and random rounding. This is more involved than the case
of compressible vectors since the magnitude of the LCD varies from O (4/n) to the exponen-
tial level and thus requires approximation on different scales. To implement it, we decompose
the set of such systems according to the magnitudes of the LCDs, and then we scale each sys-
tem by the sequence of its LCDs. Because of the multiplicity of scales, the approximation
has to satisfy a number of conditions at once. At this step we also rely on random rounding
allowing to check all the required conditions probabilistically. Verification that all of them
can be satisfied simultaneously, although with an exponentially small probability performed
in the proof in Lemma 5.3 is the most technical part of the argument.

Finally, in Section 6 we collect all the ingredients and finish the proof of Theorem 1.1.

3. Preliminary results.

3.1. Almost orthogonal systems of vectors. We will have to control the arithmetic struc-
ture of the subspace spanned by n — k columns of the matrix A throughout the proof. This
structure is defined by the presence of vectors which are close to the integer lattice. To be
able to estimate the probability that many such vectors lie in the subspace, we will consider
special configurations of almost orthogonal vectors, which are easier to analyze. This leads
us to the following definition.

DEFINITION 3.1. Let v € (0, 1). An l-tuple of vectors (v1,...,v;) CR" \ {0} is called

v-almost orthogonal if the n x | matrix W with columns (”vvﬁ, . HJJW) satisfies

l—v<ss(W)y<s1; (W) <1+ v.

Estimating the largest and especially the smallest singular values of a general deterministic
matrix is a delicate task. We employ a very crude criterion below.

LEMMA 3.2. Letv €O, %], and let (vy, ..., v;) CR"\ {0} be a an [-tuple such that
v .
||Pspan(v1 ..... viH)Vj+1 2 < ﬁ”Uj—HHZ forall j e[l —1].

Then (v, ..., v) C R isa (2v)-almost orthogonal system. Moreover, if V is the n x | matrix
with columns vy, ..., v;, then

1
det'2(VTV) =27 TT llvjlla.
j=1

PROOF. Construct an orthonormal system in R” by setting

V] P(span(vl,...,vj))l-vj+1
Torlz’ T
12

forall j e [l —1],
|P(span(v1,...,vj))i-vj+1 ll2
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vj

) - lvjll2

written in this basis has the form W = [‘g ], where W is an / x [ upper triangular matrix. The

assumption of the lemma yields

and complete it to an orthonormal basis. The n x [ matrix W with columns Col ; (W) =

j—1 1/2
- - v .

(Z W,%J) = | Ppanvy...v;_1) Colj(W)|, < — forall j €{2,....1)

i=1

2
‘/1_”75Wj,j51 forall j €[],

since || Col;(W)]|2 = 1. Therefore,

S

and so

! 1,2
|W — diag(W) || < |W — diag(W) s = (Z > Wf,,-) <v,
j=li<j

and thus
1—2v<1—|I; — diag(W)| — ||diag(W) — W||
<s1(W) < s1(W)
< 1+ |l — diag(W)| + |diag(W) — W|
<1+2v.
This implies the first claim of the lemma. The second claim immediately follows from the

first one. O

The next lemma shows thatif W C R" \ {0} is a closed set and £ C R" is a linear subspace,
then we can find a large almost orthogonal system in £ N W having a certain minimality
property or a further linear subspace F C E of a large dimension disjoint from W. This
minimality property will be a key to estimating the least common denominator below.

LEMMA 3.3 (Almost orthogonal system). Let W C R" \ {0} be a closed set. Let | <k <

n, and let E C R" be a linear subspace of dimension k. Then at least one of the following
holds:

1. There exist vectors vy, ...,v; € ENW such that:
(a) The l-tuple (vy,...,v) is (%)-almost orthogonal.
(b) Forany 6 € R! such that 162 < ﬁ,
l
D bivigW.

i=1

2. There exists a subspace F C E of dimension k — [ such that FNW = &.

REMARK 3.4. The restriction k < cn'/? in the formulation of Theorem 1.1 stems from
the condition |02 < #\ﬁ in Lemma 3.3 (1b), which in turn arises from using Lemma 3.2 for

the l-tuple vy, ..., v;.
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PROOF. Let us construct a sequence of vectors vy, ..., vy, " <1 with [|vi]2 < |lvall2 <
-+ < |lur|l2 by induction. If ENW = &, then (2) holds for any subspace F of E of dimension
k — 1, so the lemma is proved. Assume that £ N W £ &, and define v; as the vector of this
set having the smallest norm.
Let2 < j <1 — 1. For convenience, denote vy = 0. Assume that j € [/ — 1] and the vectors
vi, ..., v; with |Jvi]l2 < [Jv2ll2 < --- < [lvjll2 and such that, forall 0 <i < j — 1, v; 4 is the
vector of the smallest norm in £ N W for which the inequality

holds. Note that if j = 1, then the condition above is vacuous, and the vector v; has been
already constructed. Assume that j > 2, and we have found such vectors vy, ..., v;. Consider
the set

sz{veEﬂW:”Pspan(vo ..... vj)v||2_ 6\/_” jllZ}
If H; = @, then (2) holds for any subspace of E N (span(vy, ..., vj))L of dimension k — [,
which proves the lemma in this case. Otherwise, choose a vector v € H; having the smallest
norm, and denote it by v;41. By construction, |[v;11l[2 > ||vj||2 since otherwise it would have
been chosen at one of the previous steps.

Assume that we have run this process for / steps and constructed such sequence vy, ..., v;.
Then for any j €[],

and Lemma 3.2 ensures that (1a) holds. Therefore, to complete the 1nduct10n step, we have

to check only (1b). Assume that there exists 0 € R/*! such that ||0 ]|, < W and

Jj+1

(3.1) > bivieW.

Let V/ be the n x j matrix with columns vy, ..., v;. The already verified condition (1a)
yields |V < § maxic(ji lvill2 < §llv; 2. Since vy € Hy

Jj+1
spdn(m L)) <Z 0 vl)

+ |0j+1| . ”Pspan(v1 ..... vj)vj—i-l ||2

2

. 1
<[V - 1812+ 118]l2 - ——=]lv;
< V71012 + 16112 16Jl” jll2

)II9||2 1112

(9
S —
164/1
< ——=||VU; .
16ﬁ” ill2

The last inequality above uses that ||0|> < #\/7‘ Since by the inductive construction, v; 11 is

the vector of the smallest norm in H; having this property, || Z{:ll Oivill2 = lvj41ll2. On the
other hand, by (1a) and Lemma 3.2, || V/*1|| < %”UJ'_H ll2, so
Jj+1

1
bru o1l
Lo, v

This contradiction shows that (3.1) is not satisfied, so (1b) holds. [

: 9
<[ v/ 1002 < glvsllz- 1912 <




A LARGE DEVIATION INEQUALITY FOR THE RANK OF A RANDOM MATRIX 1999

3.2. Concentration and tensorization. We will need several elementary concentration
results. To formulate them, we introduce a few definitions. Denote by £(X, ¢) the Levy con-
centration function of a random vector X € R™,

L(X,t)= sup P(IX —yl2 <1).
yeR™

Let £ € R be a random variable. We will call it sub-Gaussian if Eexp(A|§ 12) < oo for some

A > 0 and denote
. ‘ 51\?
11y, = 1nf{s >0: E[exp<7> :| < 2}.

For technical reasons, let us restrict the class of random entries of the matrix and intro-
duce some parameters controlling their behavior. First, without loss of generality, we may
assume that the entries of A are centered, thatis, Ea; ; = 0. Indeed, since all entries are i.i.d.,
subtracting the expectation from each one results in a rank one perturbation of the matrix A,
which does not affect the conclusion of Theorem 1.1. Second, since the entries are noncon-
stant, L(a;,j,t) < 1 for some ¢ > 0. After an appropriate scaling the entries, we can assume
that = 1. Therefore, throughout the paper, we will assume that the entries of the matrix A
are i.i.d. copies of a random variable & satisfying the following conditions:

(3.2) E§ =0, 1§y, = K, LE D =<1-p.

Without loss of generality, we may assume that K > 1.

Throughout the paper we consider random matrices whose entries are independent copies
of a random variable & satisfying (3.2). The constants ¢, C, C’ etc., appearing in various
formulas below, may depend on p and [|§ ||y, .

LEMMA 3.5 (Operator norm). Let m <n, and let Q be an m X n matrix with centered
independent entries q; j such that |q; j| < 1. Then

P(||Qll > C354/n) < exp(—c3.sn).

Lemma 3.5 follows from a general norm estimate for a random matrix with centered sub-
Gaussian entries; see, for example, [14]. It is easy to see that the statement of the lemma is
optimal up to constants C, c. Note that the event that || Q|| > C4/n has probability which is
exponentially small in #. Such bound is sufficient for the application we have in mind but is
not strong enough to bound the operator norm of A. Indeed, as our aim is to prove the bound
exp(—ckn) for the probability that the rank of A is smaller than n — k and k can be large,
we cannot exclude events of probability exp(—cn). This forces us to consider another matrix
norm which enjoys stronger concentration properties.

For a matrix with sub-Gaussian entries, we prove a stronger bound for the Hilbert—Schmidt
norm.

LEMMA 3.6 (Hilbert—Schmidt norm). Let m < n, and let A be an m x n matrix whose
entries are independent copies of a random variable & satisfying (3.2). Then

P(||Allus > 2K n) < exp(—cn?).

PROOF. Since E&2 < ||£]|y, < oo,

€2 —E&2|\ _ g
—— | <E +1)<2e,
exp( €12, ) exp(nsn%h ) ‘
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which shows that ¥ = £2 — E£2 is a centered subexponential random variable. Taking into
account that

m n
ZZEaiZJ §K2n2

i=1j=1

and Bernstein’s inequality [19], we obtain

P(I|Allgs > 2Kn) (ZZ a; ; — ) > 3Kn 2) fexp(—cnz),

i=1j=1

as required. [J

We will also need a tensorization lemma for the small ball probability similar to Lemma 2.2
[14].

LEMMA 3.7 (Tenzorization). Letm, M > 0, and let Y1, ...,Y, > 0 be independent ran-
dom variables such that P(Y; < s) < (Ms)™ for all s > sqo. Then

n
IP’(Z Y; < nt) < (CMt)™  forallt > so.

j=1

PROOF. Lett > sg. By Markov’s inequality

(;Y <nt) <E|:exp(mn — _]Z1Y )}

e H Eexp(——Y )

j=l1

1 o0 t
Eexp(—ﬂYj) :f P[exp(—ﬁYj) > s} ds :/ e_”P[Y,’ < —u} du
! 0 t 0 m
m t oo t
gf e“]P’[Yj < —] du +f e“IP’[Yj < —u} du
0 m m m
00 Mt \™
<(Mn" —I—/ e“(—u) du
m m

< <1 + F(Ljnrl» (M) < (CMH™.
m

where

Here we used that P[Y; < Lu] <P[Y; < L] for u € (0, 1) in the first inequality and the
Stirling formula in the last one. Combining the two inequalities above completes the proof.
g

3.3. Least common denominators and the small ball probability. The least common de-
nominator (LCD) of a sequence of real numbers originally introduced in [14] turned out to be
a useful tool to gauge the behavior of the Levy concentration function of a linear combina-
tion of independent random variables with constant coefficients. Its various versions played
a crucial role in proving quantitative estimates of invertibility of random matrices; see, for
example, [13] and the references therein as well as more recent works, including [1, 2, 9, 18],
and numerous other papers. In what follows, we use the extension of the LCD to matrices
introduced in [16].
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DEFINITION 3.8. Let V be an m x n matrix, and let L > 0, a € (0, 1]. Define the least
common denominator (LCD) of V by

V7o
Dy (V)= inf<||t9||2 0 eR™, dist(V'0,7") < L,/log, u>

If E C R" is a linear subspace, we can adapt this definition to the orthogonal projection Pg
on E setting

. . / oflyll2
DL,O,(E):DL,a(PE)=1nf<||y||2:yeE, dist(y, Z") < L,[log, 7 )

This is a modification of [18], Definition 6.1, and [16], Definition 7.1, where the same
notion was introduced with o = 1.

We will use the following concentration function estimate in terms of the LCD and its
corollary proved in [16].

THEOREM 3.9 (Small ball probabilities via LCD). Consider a random vector & =

&1, ...,&,), where & are i.i.d. copies of a real-valued random variable & satisfying (3.2).
Consider a matrix V.€ R"*™. Then for every L > \/m/p, we have
(CL/(ay/m))" ( Jm )’"
3.3 L(VTE ¢t <————|t+——————) , t=>0.
(3-3) (V¢ ﬂ) ~ det(VVTHl/2 + Dpo(VT) -

Theorem 3.9 with o« = 1 is [16], Theorem 7.5. We notice that exactly the same proof with
the modified definition of the LCD yields Theorem 3.9 with a general «.

COROLLARY 3.10 (Small ball probabilities for projections). Consider a random vector
& =(&,...,EN), where & are i.i.d. copies of a real-valued random variable & satisfying
(3.2). Let E be a subspace of RN with dim(E) = m, and let Pg denote the orthogonal pro-
jection onto E. Then for every L > /m/p, we have

CL m ﬂ m
(34) ﬁ(PES, lﬂ) < (m) (l + m) , t>0.

We will need a lemma which essentially generalizes the fact that the LCD of an incom-
pressible vector is Q(4/n). We will formulate it in a somewhat more technical way required
for the future applications.

LEMMA 3.11. Let s,a € (0,1). Let U be an n x I matrix such that UR! N §"~1 ¢
Incomp(sn, &) Then any 6 € R! with U0 ||y < /sn/2 satisfies

Uo
dist(U6,7") > L [log, % - 2,

PROOF. Take any 0 € R such that | U6y < «/sn/2. Let x € Z' be such that
|Uo — x|l = dist(U@, Z”) <||U8|>.

Then by the triangle inequality, ||x||» < 4/sn. Since the coordinates of x are integer, this
implies that |supp(x)| < sn. Therefore,

ZaQ,

H el ||U9|Iz
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since € Sparse(sn). Combining the two previous inequalities, we see that

X
78T
al|Ufl2 <IU6 —xll2 =dist(U8, Z").

The desired inequality follows now from an elementary estimate ¢ > | /log, ¢ valid for all
t > 0, which is applied with r = 19°2 ]

3.4. Integer points inside a ball. We will need a simple lemma estimating the number
of integer points inside a ball in R”. Denote the Euclidean ball of radius R centered at O by
B(0, R) and the cardinality of a set F' by |F|.

LEMMA 3.12. Forany R > 0,

|Z" N B0, R)| < (2 + Q>”.
Jn

The proof immediately follows by covering B(0, R) by unit cubes and estimating the vol-
ume of their union.

4. Compressible vectors. The aim of this section is to prove that it is unlikely that the
kernel of a rectangular matrix with i.i.d. entries satisfying (3.2) contains a large, almost or-
thogonal, system of compressible vectors. More precisely, we prove that the probability of
such event does not exceed exp(—clm), where m is the number of rows of B and [ is the
number of vectors in the system. The compressibility parameters will be selected in the pro-
cess of the proof and after that, fixed for the rest of the paper. In Section 6 we will apply
this statement with m =n — k and [ = k/4 in which case the probability of existence of such
almost orthogonal system becomes negligible for our purposes.

We start with bounding the probability of presence of a fixed almost orthogonal system in
the kernel of B. This bound relies on a corollary of the Hanson—Wright inequality; see [15],
Corollary 2.4. Note that this result applies to any almost orthogonal system, not only to a
compressible one.

LEMMA 4.1. Letm <n, and let let B be an m x n matrix whose entries are i.i.d. random
variables satisfying (3.2). Let | < n, and let vy,...,v; € $"~1 be an [-tuple of (%)-almost
orthogonal vectors. Then

P(I|Bvjll2 < Ca1+/m for all j € [1]) < exp(—c4.1lm).

PROOF. Let V = (vy,...,v;) be the n x [ matrix formed by columns vy, ..., v;. The
assumption of the lemma implies that || V|| <2maX e [|vjll2 = 2. On the other hand,

[ [
Yosi) =1VIks =D llvillz =1.

j=1 j=1

Note that if £ is a random variable satisfying (3.2), then E&2 > P(|€]| > 1) > p. Let n € R"
be a random vector with i.i.d. coordinates satisfying (3.2). By the Hanson—Wright inequality,

P(Iv I3 = 21) <B(1v Tl = 20V is) < exp-D.

Let n1, ..., ny be i.i.d. copies of n. Then

" c
]P’(ZHVTm ”g < %ln) < exp(—ilm)

i=1
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Indeed, the condition >/, ||Vm||% < ZIm implies that ||Vm||% < £ for at least m/2 in-
dexes i € [m]. These events are independent, and the probability of each one does not exceed
exp(—cl).

Applying the inequality above with n; = (Row j(B))T, we obtain

l
4 . p
P(Hiju% < mfor j e m) < P(E 1Bvjllz = Jm -z)

m
2_P ¢
= P(;”VTW I5 < Zlm) < exp<—§lm).
The proof is complete. [

The next statement, Proposition 4.2, contains the main result of this section. We will ex-
tend the bound of Lemma 4.1 from the presence of a fixed, almost orthogonal, system of
compressible vectors in the kernel of a random matrix to the presence of any such system.

The proof of Proposition 4.2 follows the general roadmap of the geometric method. We
start with constructing a special net for the set of compressible vectors in $”~!. This net will
consist of the vectors from a scaled copy of the integer lattice in R”. The vectors of an almost
orthogonal system will be then approximated by the vectors from this net using the procedure
of random rounding. This procedure, whose use in random matrix theory was pioneered by
Livshyts [8], has now numerous applications in the problems related to invertibility. One of
its advantages is that it allows to bound the approximation error in terms of a highly con-
centrated Hilbert—Schmidt norm instead of the operator norm of the matrix. In our case this
approximation presents two new special challenges. First, we have to approximate all vectors
X1, ..., x; forming an almost orthogonal system at the same time and in a way that preserves
almost orthogonality. Second, the vectors of the approximating system have to retain some
sparsity properties of the original vectors. We will show below that all these requirements
can be satisfied simultaneously for a randomly chosen approximation. The probability of that
will be exponentially small in / yet positive, which is sufficient since we need only to show
the existence of such approximation.

PROPOSITION 4.2. Let k,n € N be such that k <n/2, and let B be an (n — k) x n
matrix whose entries are i.i.d. random variables satisfying (3.2). There exists T > 0 such that
the probability that there exists a (%‘)-almost orthogonal I-tuple x1, ..., x; € Comp(z2n, %)
with | < t3n and

|Bxjll2 < t/n forall j €|l

is less than exp(—cln).
PROOF. Let t € (0, 1/2) be a number to be chosen later, and set

T = {v c %Z“ vl e [%2“

Then Lemma 3.12, applied to R = 4, yields

C 412 c’ 412
4.1) |T N Sparse(4r2n)| < (4:2n> . <2 + —) < (—) )

T 73
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Denote the coordinates of a vector x € R"” by x(1),...,x(n). Consider a (%)—almost
orthogonal [-tuple x,...,x; € Comp(z2n, t#). Since Xj € Comp(t?n, t*), there is a set
11(j) C [n] with |I;(j)| < t%n such that

P HOES A
ie[n]\I1(j)
Using an elementary counting argument, we conclude that there exists 1>(j) D I1(j) with
|I>(j)| < 272n such that

3
X ()] < —= foranyi € [n]\ L(j).

Jn

For j € [1], define the vector w; = (w;(1),..., w;(n)) by

w0 = | L0 sentes ).

This form of rounding is chosen to approximate small in the absolute value coordinates of x;
by zeros.
Define independent random variables ¢; ; such that

P(é‘i,j = wj(i) —Xj(i)) =1- \/TE|XJ'(I') — wj(i)|,
and

P(a,-,j = w; () —x; () + ﬁsign(m(i))) - 4|xj(i) —w; (i)

Set

n
vi=xj+ ZS,’J&Z,‘.
i=1
Then v; is a random vector such that Ev; = x;. Moreover, [[v; — xj|l» <t < 1/2, and so
lvjll2 € [%, 2], which implies that v; € T for all j € [I].
The definition of v; above means that for any i € [n]\ I>(j), w;(i) =0, and so P(v; (i) #
0) < 72 for these i. Set I(j)=DL(j)U{i € [n]\ L(j)v;(i) # 0}. Since the events v; (i) #0
are independent for all i € [n]\ I2(j) for a given j € [/], Chernoff’s inequality in combination
with the union bound over j yield

(4.2) P(Vj € [11|13())| < 4t°n) = 1 —lexp(—ct?n).
Note that if |I3(j)] < 472n for all j € [l], then all the vectors vy, ..., v; belong to 7T N
Sparse(472n).

Let us form the n x [ matrices X and V with columns xi,...,x; and vy, ..., v;, respec-

tively. Then the matrix V — X has independent centered entries &; ; whose absolute values

are bounded by Ln This means that the random variables 48“ satisfy the assumptions of
Lemma 3.5. In view of this lemma,

P(||V — X|| < C357) = 1 —exp(—c3.5n).
Define the diagonal matrix Dy = diag(J|vi]|2, .-, [|vi]l2). Recall that

l—7<|jll2=l+7
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for all j € [I], and s;(X) > % since the vectors xq, ..., x; are (%)-almost orthogonal. Hence,
if the event ||V — X|| < C3.57 occurs, then

si(VDy') = s (XD, — 1IX = V| - | Dy
>51(X)-s1(Dy) = 1X = V|| Dy

3 -1 -1
> 4(1+T) —Csst-(1—1)

>

k)

N =

where the last inequality holds if
T<717

for some 7g > 0.
Similarly, we can show that sl(VD;l) < %, thus proving that the vectors vy, ..., v; are

(%)-almost orthogonal. This shows that

1
4.3) P(vl, ...,V are <5>—almost 0rthog0nal> > 1 —exp(—c3sn).
Let Ehs be the event that || B|lgys < 2Kn. Lemma 3.6 yields that
P(fus) > 1 — exp(—cnz).

Condition on a realization of the matrix B such that £gg occurs. Since the random variables
&i,;j are independent,

n 2 n
2
E|Bxj—vp)l,=E| Y eijBei| =3 Ee};lBeil;
i=1 2 i=1
< <L>2||B||12{S <4K2¢%n.
=% <

Hence, by Chebyshev’s inequality

1
P[[BCxj —vpl, =3KT/nléns] = .
In view of the independence of these events for different j,
4.4) P[Vj e [1l|B(xj — vj)|l, <3Kt/n|Eus] = 2~

Let us summarize (4.2), (4.3), and (4.4). Recall that [ < t3n. If 7 is sufficiently small, that is,
T < 1] for some 71 > 0, then

1 —exp(—c35n) — lexp(—crzn) +27 > 1.

This means that, conditionally on B for which the event £yg occurs, we can find a realization
of random variables ¢; ;,i € [n], j € [I] such that:

e the vectors vy, ..., v; are (%)—almost orthogonal;
o Vi,...,uyueTnN Sparse(4r2n), and
e |B(xj—vj)lla <3Kt/nforall je[l].
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Assume that there exists a (}T)—almost orthogonal /-tuple xq, ..., x; € Comp(tzn, ) such
that || Bx;ll < t+/n forall j € [I]. Then the above argument shows that, conditionally on
B such that £gs occurs, we can find vectors vy, ...,y € T N Sparse(4t2n), which are (%)-
almost orthogonal such that ||Bv; |, < 4K 74/n for all j € [I] since K > 1. Therefore,

P(3xy,...,x € Comp(rzn, 14) :||Bxjlla < t4/nforall j € [I] and Eps)

1
< IP’[EIvl, o eTn Sparse(4r2n) 1v1,..., 0 are (5)—almost orthogonal
and ||Bvjll2 < 4Kt /nforall j e [l]|5Hsi| -P(Eus)
) 1
=P(3vy,...,v € T NSparse(4t°n) : vy, ...,y are > -almost orthogonal

and ||Bvj|l, <4Kt+/nforall j €[l] and 5H5>.

Let us show that the latter probability is small. Assume that
. ( Ca1 )
T <min|{ 79, 71, —— ).
4K

Recall that the number of rows of B satisfies n — k > n/2. In view of Lemma 4.1 and (4.1),

1
]P’(Elvl, Loy eTn Sparse(41'2n) c(vy, ..., )18 (E)—almost orthogonal

and ||Bvj|o <4Kt+/nforall j € [l])

C \4rn ca.1 c4.1 2 C
< <ﬁ) -exp(—71n> < exp(—[T — 4z log(ﬁ>:|ln>
< exp(—w'—’lln),
- 4

where the last inequality holds if we choose t sufficiently small.
The previous proof shows that

P(3xi,...,x € Comp(rzn, r4)||Bx_,- 2 < t+/n forall j €[] and Eys)

< exp(—%ln).

In combination with the inequality P(£fq) < exp(—cn?), this completes the proof. [J
We will fix the value of t for which Proposition 4.2 holds for the rest of the paper.

5. Incompressible vectors. The main statement of this section, Proposition 5.1, bounds
the probability that the kernel of a rectangular matrix B with i.i.d. entries satisfying assump-
tions (3.2) contains an almost orthogonal system of incompressible vectors with subexponen-
tial common denominators. In what follows, B will be the (n — k) x n matrix whose rows are
Col1(A)T,...,Col,_x(A)T, and the required probability should be of order exp(—ckn) to fit
Theorem 1.1. The need to achieve such a tight probability estimate requires considering the
event that / vectors in the kernel of B have subexponential least common denominator. The
number / here is proportional to k. Recall that a vector has a relatively small least common
denominator if, after being scaled by a moderate factor, it becomes close to the integer lattice.
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Since we have to consider / such vectors at once and the norms of these scaled copies vary
significantly, it is more convenient to consider these copies and not the original unit vectors,
as we did in Proposition 4.2. Moreover, to bound the probability, we have to consider all
vectors with a moderate least common denominator in the linear span of the original system
of [ vectors in the kernel of B. To make the analysis of such linear span more manageable,
we will restrict our attention to the almost orthogonal systems. This restriction will be later
justified by using Lemma 3.3.
Throughout the paper we set

5.1) L=k/p, a=Z,

where k appears in Theorem 1.1, p is a parameter from (3.2), and T was chosen at the end of
Section 4.

PROPOSITION 5.1. Let p € (0, po), where pg = po(t) is some positive number. Assume
thatl <k < 5./n.

Let B be an (n — k) x n matrix with i.i.d. entries satisfying (3.2). Consider the event &;
that there exist vectors vy, ..., v € ker(B) having the following properties:

2 .
LV < lvjlla < exp(4) for all j € [1].
span(vy, ..., v) N S"~! c Incomp(z2n, t#).
The vectors vy, ..., v are (%)-almost orthogonal.

dist(vj, Z") < p/n for j €[]

The n x | matrix V with columns v1, ..., v; satisfies
dist(VO,Z") > p/n

for all 6 € R! such that |0 ||, < ﬁ and | V0|l > L /n.

A .

Then
P(&) <exp(—In).

Conditions (1)—(4) mean that vy, ..., v; is a (1/8)-almost orthogonal system of incom-
pressible vectors close to the integer lattice, and condition 5 is a certain minimality property
of this system.

To simplify the analysis, we will tighten condition (1) of Proposition 5.1 restricting the
magnitudes of the norms of v; to some dyadic intervals. Denote for shortness

2
pn
5.2 =—, R= — ).
(>-2) T eXp(4L2>
Consider a vector d = (dy, ..., d)) € [r/n, R]', and define the set Wy be the set of [-tuples
of vectors vy, ..., v; € R", satisfying

lvjll € dj,2d;] forall j €[i]

and conditions (2)—(5) of Proposition 5.1. We will prove the proposition for vectors vy, ..., v
with such restricted norms first and derive the general statement by taking the union bound
over di, ..., d; being dyadic integers.

We begin the proof of Proposition 5.1 with constructing a special net for the set Wq. This
will follow by proving that the /-tuples from the net approximate any point of Wy in a number
of senses. After that we will prove the individual small ball probability estimate for some [-
tuples from the net. These will be exactly those tuples that appear as a result of approximation
of points from Wjy.
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To make the construction of the net simpler, we introduce another parameter. Given p, as
in Proposition 5.1, we will chose § > 0 such that

(5.3) §<p and 8 'eN.

The parameter § will be adjusted several times throughout the proof, but its value will remain
independent of 7.

LEMMA 5.2 (Net cardinality). Letd = (dy,...,d;) be a vector such that d; € [ra/n, R]

for all j € [l]. Let § be as in (5.3), and Ng C (8Z")! be the set of all I-tuples of vectors
ui,...,u; such that

1
lujll2 € [Edj’4dj} forall j €[l
and

dist(uj, Z") < 2p+/n.

Nal < (Cp)ln(l_[ f)n

PROOF. Let M ; =Z"N2d;Bj. Taking into account that d; > r\/n, we use Lemma 3.12

to conclude that
Cd; c’'\" di \"
< (2 (=) . —f)
Ml = (+ﬁ) —(r> (ﬁ

Define the set M by M =38Z" N2p/nBj. Similarly, Lemma 3.12 yields

=)

Set Nj = M + M C §Z". Here we used the assumption that 8~! € N. Then by construction

(%) (%)

Set Ng = ]_[lj:  Nj. Multiplying the previous estimates, we obtain

(2 (1)

Then

as required. [J

The next step is the central technical part of this section. Our next task is to show that,
for any (vy,...,v;) € Wy, there exists a sequence (uy,...,u;) € Ng which approximates it
in various ways. As some of these approximations hold only for a randomly chosen point of
Na and we need all of them to hold simultaneously, we have to establish all of them at the
same time. This will be done by using random rounding, as in the proof of Proposition 4.2.
The implementation of this method here is somewhat different since we have to control the
least common denominator of the matrix U formed by the vectors uy, ..., u;.

We will prove the following lemma.
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LEMMA 5.3 (Approximation). Letk <cn. Letd=(dy,...,d;) € [r/n,R)'. Let § > 0
be a sufficiently small constant satisfying (5.3). Let B be an (n — k) x n matrix such

that ||B|lgs < 2Kn. For any sequence (vy, ..., v) € Wq N Ker(B), there exists a sequence
(U1, ...,u;) € Ng with the following properties:
L luj —vjlloo <6 forall j€l[l].
2. Let U and V be n x | matrices with columns uy,...,u; and vy, ..., v respectively.
Then
U — V| <Cé/n.

3. The system (uy, ...,uy) is (1/4)-orthogonal.
4. span(ui, ...,u;) N S*! C Incomp(z?, 74/2).
5. dist(uj, Z") <2p</n forall j € [n].

6. Let U be as in (2). Then

dist(U0, Z") > gﬁ
for any 6 € R" satisfying

1012 < and |UB|l> > 8r/n.

1
20/1
7. |1Bujll2 < 2Kén forall j €[l].

The conditions (3)—(6) are the same as (2)—(5) of Proposition 5.1 up to a relaxation of
some parameters.

PROOF. Let (vi,...,v;) € Wq. Choose (v}, ..., v)) € §Z" be such that
v € v} +8[0,1]" forall j € [/].

Define independent random variables ¢; ;,i € [n], j € [I] by setting

. ' vi(i) — V(@)
P(ei,j =) —v(i) =1— Tj

and

v; (i) — ;@)
P(ei,; = v (i) — vj (i) +8) = JTJ

Then |g; j| <6 and E¢; ; = 0. Consider a random point

n
Uj=uvj +Z$,’,J‘€,‘ € 87",
i=1
ThenEu; =vjand |[u; —vj|leo <8 forall j € [l], asin (1). Let us check that (u1,...,u;) €
N for any choice of ¢;, j- Indeed, for any j € [/],

1) 1)
fuj =il =8v and (1= )ivjla < eyl < (145 ) Iyl

as ||vjlla > r/n for all j € [I]. This, in particular, implies that [u > € [%a’j,4dj] for all
J €[] and any values of &; ;.

Let U and V be the n x [ matrices with columns uy,...,u; and vy, ..., v;, respectively.
Then the matrix U — V has independent entries ¢; j, i € [n], j € [I], which are centered and
bounded by § in the absolute value. By Lemma 3.5

P(IU — V|| = C358+/n) < exp(—c35n),
and so condition (2) holds with probability at least 1 — exp(—c35n).
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Let us check that condition (3) follows from (2). Let Dy be the diagonal matrix Dy =
diag(|lu1 |2, ..., luzll2), and define Dy in a similar way. If ||[U — V|| < C358+/n, then by the
(%)—almost orthogonality of (vy, ..., v;), we get

|upg'l| < uDy'| - |DvDy'|
<[lvDy' [+ 1 =vi-|Dy ][ Dy D'

9 1 s\7! 5
< | — b . 1 - - < —
_[8+C3.5 «/ﬁ rﬁ] ( r) =7

if § < cr for an appropriately small constant ¢ > 0. Similarly,

s1(UDy") = s:(UDy ) [Py Dy

> [s(vDy') = U = VII-[Dy'|]- [ DuDy!| ™

>[7 c 3] <1+5>—1>3
— LS 3'5r r — 4

confirming our claim. The last inequality above follows again by choosing § < cr with a
sufficiently small ¢ > 0.

Let us check that condition (4) follows from (2) and (3). Indeed, let 6 € R/ be such that
|UB|2 = 1. Since min(||uy||2, ..., |u;ll2) > ri/n and the system uq, ..., u; is (%)—almost
orthogonal, we have

1012 < (s @) Uo < 2 L.
3 ryn
At the same time,
1Vl = U8 — U — VI~ 1622 1 — C3585/- & —— =1 - Ca52.
3 ryn 3r

Take any y € Sparse(t2n). Then

45 Ve y
||V9—YII22<1—C3.5—>-H -
) ver " vers

48\ 4
> <1 - C3.5—> T
2 3r

48\ 45 1,
U6 =12z 1V =yl = U = VI 16l = (1= Casy ) o = Casy = 57

where the last inequality holds if § is appropriately adjusted depending on r and 7. This
proves that if [|[U6|, = 1, then dist(U6, Sparse(t2n)) > t*/2, that is, U# € Incomp(t”,
t4/2). Thus, (4) is verified.

Condition (5) immediately follows from (1) and the triangle inequality,

dist(u;, Z") < dist(v;, Z") + 85/n < 20/

since % € Incomp(rzn, 14). Therefore,

since § < p.

Condition (6) follows from (2) and (3). Indeed, let & be as in (6), and assume that
|U — V|| < C358+/n. Since both (vy,...,v;) and (uy,...,u;) are (%)—almost orthogonal
and lujll2 > 5llvj 2,

1< 1< 1
IVOI3 2 7 D07 Iv13 = —2 D 07 llujl3 = —IU6I5 = rn.
j=1 j=1
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As (v, ..., v;) € Wy, this implies that
dist(VO,Z") > p+/n.
Therefore,
dist(U, Z") > dist(Ve,Z") — (U — V)" 4],
1

>po/n—||U—=V]- 0|, > — C356+/n -
p/n— | |- 1012 > pv/n — C358+y/n 207

1%
> T
_2\/57

where we adjust § again, if necessary. Thus, (u1, ..., u;) satisfy (2)—(6) with probability at
least 1 — exp(—c3.5n).

It remains to show that we can choose (u1, ..., u;) satisfying (7) at the same time. For any
j €111, we have

2 n 32

2 2 2 22 2
=2 E&}jlIBeills = 1 IBlfs < K*8%n".
2 =l

n
Zgi,jBei

i=1

E|Bu;—vp|;=E

By Chebyshev’s inequality

P(|B(u;—vj)|, <2Kén) >

| =

In view of independence of these events for different j,

P(Vj e [l|Bu;—vj)|, <2Kdn)>27".

1 —exp(—c3sn) +27 > 1,
there is a realization (u1, ..., u;) € Ny, satisfying (2)—(6), for which
|Bujllo=|Bv;—w;)|, <2Kén
holds for all j € [/] simultaneously. This finishes the proof of the lemma. [
Fix the value of § satisfying (5.3) such that Lemma 5.3 holds for the rest of the proof.

We will now use the small ball probability estimate of Theorem 3.9 to show that the event
Wa N Ker(B) # < is unlikely.

LEMMA 5.4. Letd=(dy,...,d)) € [r/n, R]' where R, r are defined above. Let k <
2‘3—0 nand%glfk. Then

P(Wq N Ker(B) # @) < exp(—2In).

PROOF. Let ANg be the net constructed in Lemma 5.2. Let ./\7(1 be the set of all
(u1,...,u;) € Ng which satisfy conditions (3)-(6) of Lemma 5.3. Consider an [-tuple
Ui, ..., U € 1\7(1. Let U be the n x [ matrix with columns uy, ..., u;.

To apply the Levy concentration estimate of Theorem 3.9, we have to bound the LCD of
UT from below. Let us show that

‘ .

(5.4) Dro(UT) >

S

20



2012 M. RUDELSON

Take 6 € R/ such that |0, < Assume first that

\[
1U62 < 8rv/n=v12n/2.

Recall that L and « are defined as in (5.1). Since the columns of U satisfy (4) of Lemma 5.3,
applying Lemma 3.11 yields

Uo
dist(U6, 2") = L [log, ) - 2,

Assume now that U@, > 8r/n. By definition of the set Ny in Lemma 5.2,
1Ullus < xflm% lujlla <VIR.
JjE

/ aIIUGIIz / ||U||HS p?
<L/ U
\/— 4 L2—2

By condition (6) of Lemma 5.3,

Hence,

dist(UB, Z") > gﬁ
whenever 6§ € R” satisfies

1
|I9||2§m and [|UB]|2 > 8r/n.

Combining these two cases, we see that any vector 6 € R! with |05 <

Ue
dist(U6,2") = L log, % - 2,
which proves (5.4).

Using condition (3) of Lemma 5.3 and Lemma 3.2, we infer

1
204/1

satisfies

/ 1
det(UTU)'? =47 [T llujl = 87" T d;.
j=I j=1
Let i € [n]. Recall that Row;(B) € R” is a vector with i.i.d. random coordinates satisfying
(3.2)and that ] <k <3 f Combining this with (3.3) used with

V1
" Dro(UT)
and recalling that L = 0 (Vk) by (5.1) and [ > k/10, we obtain
(CL/VD)! ( Vi )1 c
t < t.
detW T2\ " DU TI

t>84/n>200 >

P(|UT (Row;(B)) " |, <tv1) <

Denote
C 2

—UTR i(B) |5 M=—— .
|U" (Row ) (l_llj:1dj)2/l

Then we can rewrite the last inequality as

P(Y; <s) < (Ms)!/* fors>sy=8n.
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In view of Lemma 3.7 applied with m = 1/2 and t = 4K sy with K from (3.2), this yields

)
P(||Bujll» < 2Kén for all j € [I]) <P<Z | Bu;|3 541{25%2)

n—k
= ( |UT (Row;(B))T ||2<4K2821n>
i=1

n—k
i=1

vy (17 ¥\
= (C"8)" k>.<1—[7> :

j=1 %

Since Ng C Ng, a combination of the small ball probability estimate above and Lemma 5.2
gives

P(3(u1, ..., u;) € Na: | Bujlla <8n, j €[ll)

< |Nal - (C"8) 5. (ﬁ %)n—k
j=1 "
In a;\" . 1 .
( ) (Eﬁ) )l (El )
1k<1—[ )

j=1
2 2
C
djSRzexp(f: Z) exp( 'Zn) forall j €[],

where the last inequality follows from (5.1). Therefore,

A

00

§\5~

Recall that, by (5.2),

ol In R lk C'* In
B(1Bu;ll2 = 2Ksn forall j € [1) = (=7 (ﬁ> = (“Lexp(cr?))

<exp(—2In)

if p < cr for a sufficiently small constant ¢ > 0.
Notice that

P(Wq NKer(B) # @) <P(Wg NKer(B) # & and || B|lus < 2Kn)
+ IP’(||B||HS > 2Kn).

In view of Lemma 3.6, the second term is smaller than exp(—cn?), which means that we have
to concentrate on the first one.

Assume that the events Wy N Ker(B) # @ and || Bllys < 2Kn occur, and pick an [-
tuple (vi, ..., v) € Wa N Ker(B). Choose an approximating /-tuple (uy,...,u;) € Ny as in
Lemma 5.3. Then (uq,...,u;) € Ng and |Bujll2 < 2Kén per condition (7) of this lemma.
The argument above shows that the probability of the event that such a tuple (uy,...,u;) €
Ny exists is at most exp(—21n). The lemma is proved. [
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Proposition 5.1 follows from Lemma 5.4 by taking the union bound over dyadic values of
the coordinates of d.
PROOF OF PROPOSITION 5.1.  Let & be the event that Wq N Ker(B) # &. Then
& =U&q,

where the union is taken over all vectors d with dyadic coordinates: d; = 2%, s; € N such
that 2% € [r4/n, R]. Since there are at most

e )] < ()

terms in the union, Lemma 5.4 yields

C 2 1
P = (75" ) exp(~2In) < exp(—In)

where we took into account that L > 1. This finishes the proof of the proposition. []

6. Rank of a random matrix. We will complete the proof of Theorem 1.1 using the
probability estimates of Propositions 4.2 and 5.1. These propositions show that the linear
subspace, orthogonal to the span of the first n — k columns of the matrix A, is unlikely to
contain a large, almost orthogonal, system of vectors with a small or moderate least common
denominator. Applying Lemma 3.3, we will show that, with high probability, this subspace
contains a further subspace of a dimension proportional to k, which has no vectors with a
subexponential least common denominator. The next lemma shows that, in such a typical
situation, it is unlikely that the rank of the matrix A is n — k or smaller.

LEMMA 6.1. Let A be an n X n random matrix whose entries are independent copies of

a random variable § satisfying (3.2). For k < \/n, define
Qi = Qk(Col(A), ..., Col,_k(A))
as the event that there exists a linear subspace E C (span(Col1(A), ..., Col,_x (A)* such
that dim(E) > k/2 and
Dy o(E) > exp(C%).
Then
IP(Col;(A) € span(Col;(A),i € [n —k]) for j=n—k+1,...,n and Q)
<exp(—c'nk).

PROOF. Assume that 2 occurs. The subspace E can be selected in a measurable way
with respect to the sigma-algebra generated by Colj(A), ..., Col,_x(A). Therefore, condi-
tioning on Col;j (A), ..., Col,—¢(A) fixes this subspace. Denote the orthogonal projection on

the space E by Pg. Since E is independent of Col,,_x11(A), ..., Col,(A) and these columns
are mutually independent as well, it is enough to prove that

IP(Col;(A) € span(Col;(A),i € [n —k]) for j=n—k+1,...,n|E)
<P(Col;(A) € E*for j=n—k+1,...,n|E)
= (P(Pg Col,(A) = 0|E))*

< exp(—cnk),
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or
P(Pg Col,(A) =0|E) < exp(—cn).
Using Corollary 3.10 with m = k/2 and ¢t = 0, we obtain

m
P(Pg Col,(A) =0|E) < C™ (ﬂexp(—c%» <exp(—cn),
as required. [J
With all ingredients in place, we are now ready to prove the main theorem.

PROOF OF THEOREM 1.1. Recall that it is enough to prove Theorem 1.1 under the con-
dition that the entries of A are i.i.d. copies of a random variable satisfying (3.2).

Assume that rank(A) < n — k. Then there exists a set J C [n], |J| =n — k such that
Col;(A) e span(Col;(A),i € J) forall j € [n]\ J. Since the number of such sets is

n en
(k) < exp(k log<?>) K exp(ckn),
it is enough to show that

IP(Col;(A) € span(Col;(A),i € J) forall J € [n] \ J) < exp(—ckn)

for a single set J. As the probability above is the same for all such sets J, without loss of
generality assume that J = [n — k].

Consider the (n — k) x n matrix B with rows Row ;(B) = (Col; (A) " for j€ln—kl
Let Eog = Ker(B), and denote by Pg, the orthogonal projection onto E¢. Then the condition
Col;(A) € span(Col; (A), i € [n — k]) reads Pg,Col;(A) =0.

Let t be the constant appearing in Proposition 4.2, and denote

Wo = Comp(z?n, 7%).
Set / = k/4. Lemma 3.3 asserts that at least one of the events described in (1) and (2) of this
lemma occurs. Denote these events 53(13) and 53(23) , respectively. In view of Proposition 4.2,
k
]P’(53(13)) < exp(—czn)
Here we used only condition (1a) in Lemma 3.3 ignoring condition (1b).
Assume now that 53(23) occurs, and consider the subspace F C Eyp, dim(F) = %k such that

F N Comp(t2n, t#) = @. Let p be the constant appearing in Proposition 5.1, and let L be as
in (5.1). Set

T o’n .
W) = {v eF: gﬁs vl < exp(m> and dist(v, Z") < pﬁ}

Applying Lemma 3.3 to W and [ = %, we again conclude that one of the following events
occurs:

1. there exist vectors vy, ..., vg/4 € F N Wy such that
(a) the (k/4)-tuple (vy, ..., vg/4) is (%)-almost orthogonal, and
(b) forany 6 € R¥/4 with
1612 < 1
2= 20Jk/4

k/4
Ziileivi g W

or
2. there is a subspace F C F with dim(ﬁ) = % such that FN W, = @.
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Denote these events V3(13) and V3(23) , respectively. In view of Proposition 5.1,
1 k
P(VY) < exp(— Zn)
Assume now that the event V3(23) occurs. We claim that, in this case,

Dy o(F)> R (p 2”)
=expl —5 ).
L.« - p 4L2
The proof is similar to the argument used in the proof of Lemma 5.4. Let S : R*/2 - R" be
an isometric embedding such that SR*/> = F. Then Dy o(F)= DL,a(ST). Let 6 € R¥/2 pe

a vector such that
0
dist(50, 2") < L,[log, “”L”z.

SR2n 5"~ ¢ Fns"~! ¢ Incomp(z?n, o).
Lemma 3.11 applied with U = S and s = 72 yields

Since

16112 = T4/n/2.
On the other hand, if ||#]2 < R, then
0
L 10g+ 05||L||2 = /0\/’1

and, therefore, dist(S6, Z") < p+/n. Since F = SRK2n W = @, this implies that

0 =||S > R =ex s
2 2 p 1L2
thus pr()ving our claim and C]lCCkillg the assumpti()n of Lemma 6.1.

Finally,
P(Col;(A) € span(Col;(A),i € [n —k]) for j=n—k+1,...,n)

k
< 2exp(—zn)

+P(Col;(A) € span(Col; (A),i € [n —kl) for j=n—k+1,...,n and V}3).
Lemma 6.1 shows that the last probability does not exceed exp(—c’(k/2)n). The proof is
complete. [

After the theorem is proved, we can derive an application to the question of Feige and
Lellouche.

LEMMA 6.2. Letq € (0,1), and m,n € N be numbers such that
m<n< exp(C;\/ﬁ).
Let A be an m x n matrix with independent Bernoulli(q) entries. Then with probability at
least 1 — exp(—mlogn), all m x m submatrices of A have rank greater than m — C4logn.

Furthermore, if n > m?, then with probability at least 1 —exp(—cm), there exists an m X m
submatrix Als of A with |S| = m such that

rank(Als) <m — cqlogn.

The constants Cy, > ¢4 > 0 above can depend on q.
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PROOF. The entries of A are i.i.d. sub-Gaussian random variables, so Theorem 1.1 ap-
plies to an m x m submatrix of A as long as k < ci/m. In view of the assumption of the
lemma, the last inequality holds if we take k = C,logn. Combining Theorem 1.1 with the
union bound, we obtain

P(3S C [n]:|S| =m and rank(A|s) <n — Cylogn)

n , en ,
< (m) exp(—c'm - Cylogn) < exp(m log(z> cm-Cy logn)
<exp(—mlogn)

if C, is chosen sufficiently large.
To prove the second part of the lemma, take k < m, and define a random subset J C [n] by

J={jG[n]:al’jz"‘zak,jzl}.
Then for any j € [n],
P(j e J)=q",

and these events are independent for different j € [n]. Take k = ¢, logn, and choose ¢, so
that ng* > 10m. Using Chernoff’s inequality, we obtain

P(|J| = m)=1—exp(—cm).

On the other hand, rank(A|;) < n — k since this matrix contains k identical rows. The lemma
is proved. [
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