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Abstract

Let n be a large integer and M, be an n by n complex matrix whose entries are independent (but not
necessarily identically distributed) discrete random variables. The main goal of this paper is to prove a gen-
eral upper bound for the probability that M, is singular. For a constant 0 < p < 1 and a constant positive
integer r, we will define a property p-bounded of exponent r. Our main result shows that if the entries of M,
satisfy this property, then the probability that M, is singular is at most ( pY7 +0(1))*. All of the results
in this paper hold for any characteristic zero integral domain replacing the complex numbers. In the special
case where the entries of M,, are “fair coin flips” (taking the values +1, —1 each with probability 1/2),
our general bound implies that the probability that M;, is singular is at most (% + o(1))", improving on

the previous best upper bound of (% + o(1))", proved by Tao and Vu [Terence Tao, Van Vu, On the sin-
gularity probability of random Bernoulli matrices, J. Amer. Math. Soc. 20 (2007) 603—628]. In the special
case where the entries of M, are “lazy coin flips” (taking values +1, —1 each with probability 1/4 and
value 0 with probability 1/2), our general bound implies that the probability that M, is singular is at most
(% + o(1))", which is asymptotically sharp. Our method is a refinement of those from [Jeff Kahn, Jinos
Komlés, Endre Szemerédi, On the probability that a random =+1-matrix is singular, J. Amer. Math. Soc.
8 (1) (1995) 223-240; Terence Tao, Van Vu, On the singularity probability of random Bernoulli matrices,
J. Amer. Math. Soc. 20 (2007) 603—628]. In particular, we make a critical use of the structure theorem from
[Terence Tao, Van Vu, On the singularity probability of random Bernoulli matrices, J. Amer. Math. Soc. 20
(2007) 603—628], which was obtained using tools from additive combinatorics.
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1. Introduction

Let n be a large integer and M,, be an n by n random matrix whose entries are independent (but
not necessarily identically distributed) discrete random variables taking values in the complex
numbers. The problem of estimating the probability that M, is singular is a basic problem in
the theory of random matrices and combinatorics. The goal of this paper is to give a bound that
applies to a large variety of distributions. The general statement (Theorem 2.2) is a bit technical,
so we will first discuss a few corollaries concerning special cases.

The most famous special case is when the entries of M,, are independent identically distributed
(i.i.d.) Bernoulli random variables (taking values =1 with probability 1/2). The following con-
jecture has been open for quite some time:

Conjecture 1.1. For My, an n by n matrix with each entry an i.i.d. Bernoulli random variable
taking the values +1 and —1 each with probability 1/2,

1 n
Pr(Mx , is singular) = <§ + 0(1)) .

It is easy to verify that the singularity probability is at least (1/2)" by considering the proba-
bility that there are two equal rows (or columns).

Even in the case of i.i.d. Bernoulli random variables, proving that the singularity probability is
o(1) is not trivial. It was first done by Koml6s in 1967 [5] (see also [6]; [8] generalizes Koml6s’s
bound to other integer distributions). The first exponential bound was proven by Kahn, Komlés,
and Szemerédi [4], who showed that Pr(M4 , is singular) < 0.999". This upper bound was
improved upon by Tao and Vu in [9] to 0.958". A more significant improvement was obtained
by the same authors in [10]:

3 n
Pr(M+ ,, is singular) < (Z +0(1)) . (1)

This improvement was made possible through the discovery of a new theorem [10, Theo-
rem 5.2] (which was called the structure theorem in [10]), which gives a complete characteriza-
tion of a set with certain additive properties. The structure theorem (to be more precise, a variant
of it) will play a critical role in the current paper as well.

Our general result has the following corollary in the Bernoulli case:

1 n
Pr(Mi , is singular) < <— +0(1)> , 2)

V2

which gives a slight improvement over Inequality (1) (since 1/+/2 ~0.7071 < 0.75).
Let us now discuss a more general class of random matrices. Consider the random variable
y " defined by
+1 with probability /2,
y®W =10  with probability 1 — u, 3)
—1 with probability u/2,
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and let ME_LMI) , be an n by n matrix with each entry an independent copy of y ™. The random

variable y ¥ plays an important role in [4,9,10], and the matrices Ml"l)n are of interest in their
own right. In fact, giving zero a large weight is a natural thing to do when one would like to
(randomly) sparsify a matrix, a common operation used in randomized algorithms (the values
of +1, as the reader will see, are not so critical). Our general result implies the following upper
bounds:

1
Pr(M{}), is singular) < (1 — p+o(1)" for0<pu< 5. )
2 1 " 1
Pr(Mi“l)n is singular) < ( M: + o(l)> for 3 <<, (®))]

3 n
Pr(Mi“ﬂn is singular) < <,/ 1 —2u+ 5//,2 + o(l)) for0< <1, (6)

Note that Inequality (5) implies Inequality (1) and that Inequality (6) implies Inequality (2)
(in both cases setting i = 1).

Fig. 1 summarizes the upper bounds from Inequalities (4), (5), and (6) and also includes the
following lower bounds:

(l —u+ o(l))n < Pr(Mj(:li),n is singular) forO< u <1, 7
3 n
<1 —2u+ Sut + 0(1)) <Pr(MYY s singular) for0< < 1. ®)

These lower bounds can be derived by computing the probability that one row is all zeros (In-
equality (7)) or that there is a dependency between two rows (Inequality (8)). Note that in the
case where pu < 1/2, the upper bound in Inequality (4) asymptotically equals the lower bound in
Inequality (7), and thus our result is the best possible in this case. We also used a Maple program
to derive the formulas for lower bounds resulting from a dependency between three, four, or five
rows; however, these lower bounds were inferior to those in Inequality (7) and Inequality (8).

We will now present another corollary of the main theorem that has a somewhat different
flavor. In this corollary, we treat partially random matrices, which may have many deterministic
rows. Our method allows us to obtain exponential bounds so long as there are still at most cInn
random rows, where ¢ > 0 is a particular constant.

Corollary 1.2. Let p be a real constant between 0 and 1, let ¢ be any positive constant less
than 1/1In(1/p), and let S C C be a set of complex numbers having cardinality |S| < O(1). Let
Nj,n be an n by n complex matrix in which f < clnn rows contain fixed, non-random elements
of S and where the other rows contain entries that are independent random variables taking
values in S. If the fixed rows are linearly independent and if for every random entry o, we have
maxy Pr(e = x) < p, then

Pr(Nj,, is singular) < (ﬁ + 0(1))".

Notice that the case f =0 and p = 1/2 also implies Inequality (2).
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Asymptotic upper and lower bounds for Pr(M(i“])n is singular)l/ Tfor0< nu<1
Pp)

Fig. 1. Let P(u) :=limp— oo Pr(M(i“])n is singular)l/”, where M(iﬂl)n is the n by n matrix with independent random

entries taking the value 0 with probabiylity 1 — u and the values +1 and —1 each with probability /2. The solid lines
denote the upper bounds on P(u) given by Inequalities (4), (5), and (6), and the dashed lines denote the lower bounds
given by Inequalities (7) and (8). The upper and lower bounds coincide for 0 < pu < %, and the shaded area shows the
difference between the best known upper and lower bounds for % < u < 1. The straight line segments from the point
(0, 1) to (1/2, 1/2) and from the point (1/2, 1/2) to (1, 3/4) represent the best upper bounds we have derived using the
ideas in [10], and the curve 1 — 2 + %;42 for 0 < o < 1 represents a sometimes-better upper bound we have derived
by adding a new idea. Note that the upper bounds given here also apply to the singularity probability of a random matrix
with independent entries having arbitrary symmetric distributions in a set S of complex numbers, so long as each entry
is 0 with probability 1 — p and the cardinality of S is |S| < O(1) (see Corollary 3.1).

Remark 1.3 (Other exponential bounds). The focus of this paper is optimizing the base of the
exponent in bounds on the singularity probability for discrete random matrices. One main tool in
this optimization is the use of a structure theorem similar to [10, Theorem 5.2] (see Theorem 6.1
below); however, using such a theorem requires additional assumptions to be placed on the values
that can appear as entries, and in particular, this is why we assume in Corollary 1.2 that the set S
has cardinality | S| < O(1) and that f < cInn. If one is interested in an exponential bound where
there are no conditions on | or on the set S (at the expense of having an unspecified constant
for the base of the exponential), one can follow the analysis in [9], which does not make use of
a structure theorem, along with ideas in this paper to get a result of the following form:
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Theorem 1.4. For every € > 0 there exists § > 0 such that the following holds. Let Ns ,, be an n
by n complex matrix in which { rows contain fixed, non-random entries and where the other rows
contain entries that are independent discrete random variables. If the fixed rows have co-rank k
and if for every random entry o, we have max, Pr(a = x) < 1 — ¢, then for all sufficiently large n

Pr(Nj,, has co-rank > k) < (1 —8)""T.

Note that Theorem 1.4 holds for any f and &, and so in particular, an exponential bound on the
singularity probability is achieved whenever k =0 and { < cn, where ¢ < 1 is a constant. Also
note that the theorem allows the random entries to have discrete distributions taking infinitely
many values. Corollary 3.6 proves a version of Theorem 1.4 with a much better exponential
bound, given some additional conditions.

The structure of the rest of the paper is as follows. In Section 2 we define p-bounded of
exponent r and state the main theorem of this paper. In Section 3, we discuss some corollaries of
Theorem 2.2. In particular, we will:

(A) prove Inequalities (4), (5), and (6);

(B) prove general bounds on the singularity probability for discrete random matrices with entries
that have symmetric distributions and with entries that have asymmetric distributions;

(C) prove a version of Corollary 1.2 (namely, Corollary 3.5) that holds for up to o(n) fixed rows,
assuming that the entries in the fixed rows take integer values between —C and C for any
positive constant C; and

(D) prove that the probability that random matrices with integer entries have a rational eigen-
value is exponentially small.

In Section 4, we discuss Lemma 4.1, a result that is proved in [12] using standard tools from
algebraic number theory and algebraic geometry. Lemma 4.1 reduces the question of bounding
the singularity probability of a random matrix with entries in C to a question of bounding the sin-
gularity probability of a random matrix with entries in Z/QZ for some large prime Q (in fact, it
is possible to replace C with any characteristic zero integral domain). The proof of Theorem 2.2
is outlined in Section 5, where we also prove some of the easier lemmas needed for the theorem.
In Section 6, we state a structure theorem (Theorem 6.1) that completes the proof of our The-
orem 2.2 and that is very similar to [10, Theorem 5.2] (which is the structure theorem in [10]).
We discuss the proof of Theorem 6.1, which uses discrete Fourier analysis and tools from addi-
tive combinatorics, in Sections 7 and 8. Finally, in Section 9 we show that the entire argument
proving Theorem 2.2 can be generalized to random complex matrices with | rows of the matrix
containing fixed, non-random entries, so long as f < clnn for a particular constant ¢ > O (this
leads to Corollary 1.2).

2. The general theorem

To prove the results in Inequalities (1) and (2) (and also the results in [4] and [9]), one basic
idea is to replace entries of a random matrix with independent copies of the random variable
y ™ or 2y ™ (see Eq. (3)). One key idea in proving the more general results of the current paper
is replacing the entries of a random matrix with more complicated symmetric discrete random
variables.
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A generalized arithmetic progression of rank vt is a set of the form {vy + mivy 4+ --- +
myvy: |m;| < M;/2}, where the v; are elements of a Z-module and the m; and M; > 0 are
integers. Note that whenever the term “symmetric” is used in this paper, it will apply to the dis-
tribution of a random variable or to a generalized arithmetic progression; in particular, the term
will never apply to matrices. Also, throughout this paper we will use the notation

e(x) :=expmix).
The following definition lies at the heart of our analysis.

Definition 2.1 (p-bounded of exponent r). Let p be a positive constant such that 0 < p < 1
and let  be a positive integer constant. A random variable « taking values in the integers (or,
respectively, the integers modulo some large prime Q) is p-bounded of exponent r if

(i) maxy Pr(e =x) < p, and

if there exists a constant ¢ where 0 < g < p and a Z-valued (or, respectively, a Z/QZ-valued)
symmetric random variable S taking the value O with probability 1 — = p such that the
following two conditions hold:

(i) ¢ < min, Pr(8®™ = x) and max, Pr(8" = x) < p, and
(iii) the following inequality holds for every ¢ € R:

‘E(e(ott))r < E(e(ﬂ(“)t)).

Here, if the values of « and ,8(“) are in Z/ Q7Z, we view those values as integers in the range
(—Q/2, Q/2) (note that each element in Z/ Q7 has a unique such integer representation).

We will define p-bounded of exponent r for collections of random variables below, but first we
note that the conditions above are easy to verify in practice. In particular, if we have a symmetric
random variable

by with probability up./2,
b1 with probability up1/2,

gW =10 with probability 1 — s, 9)
—b;  with probability upi/2,

—by  with probability up,/2,

where b; € Z for all s (or, respectively, by € Z/QZ for all s), then condition (iii) becomes

14
[E(e(ar))|” <E(e(B™1)) =1—p+u)_ pscos2mbit, (10)

s=1

where the equality on the right-hand side is a simple expected value computation.
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We say that a collection of random variables {« jk};! v~ 18 p-bounded of exponent r if each
aji is p-bounded of exponent r with the same constants p, ¢, and r; and, importantly, the

same value of © =1 — p. We also make the critical assumption that the set of all values that

can be taken by the ,3%) has cardinality O(1) (a relaxation of this assumption is discussed in

Remark 8.5). However, the definition of ﬂ(.’,f ) is otherwise allowed to vary with j and k. Also, we

will use S to denote the set of all possible values taken by the random variables « i, and we will
assume that the cardinality of S is at most |S| < n°™.

If o takes non-integer values in C, we need to map those values to a finite field of prime order
so that we may use Definition 2.1, and for this task we will apply Lemma 4.1, which was proved
in [12]. We say that « is p-bounded of exponent r if and only if for each prime Q in an infinite
sequence of primes produced by Lemma 4.1, we have ¢ («) is p-bounded of exponent r, where
¢ is the ring homomorphism described in Lemma 4.1 that maps S, the finite set of all possible
values taken by the « i, into Z/QZ in such a way that for any matrix N, := (s;¢) with entries
in §, the determinant of N, is zero if and only if the determinant of ¢ (N;) := (¢ (sk)) is zero.

Theorem 2.2. Let p be a positive constant such that 0 < p < 1, let r be a positive integer
constant, and let S be a generalized arithmetic progression in the complex numbers with rank
O (1) (independent of n) and with cardinality at most |S| < n°®™_ Let N, be an n by n matrix
with entries oji, each of which is an independent random variable taking values in S. If the
collection of random variables {o jk }1< j k<n IS p-bounded of exponent r, then

Pr(N, is singular) < (p'/" +o(1))".

In the motivating examples of Section 1 (excluding Corollary 1.2), we discussed the case
where the entries of the matrix are i.i.d.; however, in general the distributions of the entries are
allowed to differ (and even depend on n), so long as the entries all take values in the same
structured set S described above. The condition that S has additive structure seems to be an
artifact of the proof (in particular, at certain points in the proof of Theorem 6.1, we need the set
{27:1 xj: x;j € S for all j} to have cardinality at most n° (M), The easiest way to guarantee that
S has the required structure is to assume that the set of values taken by all the o j; has cardinality
at most O (1), and this is the approach we take for the corollaries in Section 3, since it also makes
it easy to demonstrate that the collection of entries is p-bounded of exponent r.

Remark 2.3 (Strict positivity in Inequality (10)). Note that the constants w, py, by must be such
that the right-hand side of Eq. (10) is non-negative. It turns out for the proof of Theorem 2.2
that we will need slightly more. At one point in the proof, we will apply Lemma 7.3, for which
we must assume that there exists a very small constant €_1; > 0 such that E(e(ﬁ%)t)) > €_q
for all ¢ and for all ,BJ(.’,;) used in the definition of p-bounded of exponent r. Of course, if the

expectations are not strictly larger than €_;, we can simply reduce i by €_; > 0. Then, since we
are assuming 1 — pu = p, we clearly have that all the « j; are (p +€_1)-bounded of exponent r (by

using ﬁ](.l,f_e_]) instead of /3](’,:)) and we have that E(e(ﬂj(.’,j_e_l)t)) > €_1 > 0. Since Theorem 2.2

would thus yield a bound of ((p + eV +o(1))" for every €_1 > 0, we can conclude a bound
of (p!/" 4 0(1))" by letting €_1 tend to 0. Thus, without loss of generality, we will assume that

]E(e(ﬁj(.’,j)t)) > ¢_1 for all ¢ and for all ,3;’,? used in the definition of p-bounded of exponent 7.
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3. Some corollaries of Theorem 2.2

In this section, we will state a number of corollaries of Theorem 2.2, starting with short proofs
of Inequalities (4), (5), and (6). The two most interesting results in this section will be more gen-
eral: first (in Section 3.2), we will show an exponential bound on the singularity probability for a
matrix with independent entries each a symmetric random variable taking values in § C C, where
|S| < O(1) and assuming that each entry takes the value 0 with probability 1 — u; and second
(in Section 3.3), we will describe a similar (and sometimes better) bound when the condition
that the random variables have symmetric distributions is replaced with the assumption that no
entry takes a value with probability greater than p. In the first case, the bound will depend only
the value of u, and in the second case, the bound will depend only on the value of p. In Sec-
tion 3.4, we will show an exponential bound on the singularity probability for an n by n matrix
with § = o(n) fixed rows containing small integer values and with the remaining rows contain-
ing independent random variables taking values in S C C, where |S| < O(1) (this is similar to
Corollary 1.2, which is proved in Section 9). Finally, in Section 3.5, we will prove an exponential
upper bound on the probability that a random integer matrix has a rational eigenvalue.

In each corollary, we will use the definition of p-bounded of exponent 1 and of exponent 2.
The definition of p-bounded of exponent 2 is particularly useful, since then the absolute value
on the left-hand side of Inequality (10) is automatically dealt with; however, when w is small
(for example whenever p < 1/2), one can get better bounds by using p-bounded of exponent 1.
We have not yet found an example where the best possible bound from Theorem 2.2 is found by
using p-bounded of an exponent higher than 2.

3.1. Proving Inequalities (4), (5), and (6)

To prove Inequality (4), we note for 0 < u < % that (using the definition in Eq. (3) of y(“))
[E(e(y™1))| =1 — p + pcos(2rt),

and thus ™ is (1 — u)-bounded of exponent 1 (i.e., take %) :=y "), and so Inequality (4)
follows from Theorem 2.2.
To prove Inequality (5), we note for % w < 1 that

[E(e(y 1)) = 1 = o+ wcos@rn)| < (2“4+ !

) (*+)
+ (1 — w)cos(2mt) + cos(4mt)

(the inequality above may be checked by squaring both sides and expanding as polynomials in
cos(2mt)). Thus, we can take

+2  with probability 2“ L
—2  with probablhty =
B =1 +1 with probability I‘T’*,

—1 with probability I_T“
2u+1

0  with probability
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to see that y ¥ is (2’”1

rem 2.2.
To prove Inequality (6), we note for 0 < p < 1 that

)-bounded of exponent 1, and so Inequality (5) follows from Theo-

3
IE(e(y ™t ))| =|1- ,u~|—,ucos(27rt)’2=1—2,u+§u2+2(1—,u),ucos(Znt)

2
+ <%) cos(4rmt).

. aqe 2
+2  with probability -,

Thus, we can take

—2 with probability £,

+1 with probability (1 — u)u,

—1 with probability (1 — u)u,

0 with probability 1 —2u + 342,

3
to see that y ™ is (1 —2u + 3 ,uz)-bounded of exponent 2, and so Inequality (6) follows from
Theorem 2.2.

3.2. Matrices with entries having symmetric distributions

In this subsection, we will prove a singularity bound for an n by n matrix N,E”) for which each
entry is a symmetric discrete random variable taking the value 0 with probability 1 — u

Corollary 3.1. Let S be a set of complex numbers with cardinality |S| < O(1). IfN,EM) isann
by n matrix in which each entry is an independent symmetric complex random variable taking
values in S and taking the value 0 with probability 1 — u, then

(1= p+o(1)" for0< <y,

2
Pr(N,g“) is singular) < (MTH + 0(1))n for % <wp<l,
(J1=2u+3u2+01)" foro<p<l.

In particular, the same upper bounds as in Inequalities (4), (5), and (6) (which are shown in
Fig. 1) apply to the singularity probability for N,SM).

Proof. Let o;; be an entry of N, U9 Since a;j is symmetric and takes the value 0 with probability
1 — p, we may write o;; = J/,-(] nij, where y(” ) is an independent copy of y® as defined in
Eq. (3) and »;; is a random variable that shares no values with —»;;. This description of «;; was
inspired by [1], and it allows us to condition on 7;; and then use the remaining randomness in

y(“ ) to get a bound on the singularity probability. In particular,

Pr(N,(l“) is singular) = Z Pr(N,i“) is singular | {nij = Cij}) Pr({mj = c,-j}),
(cij)
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where the sum runs over all (nz)-tuples (cij)i<i,j<n of possible values taken by random vari-
ables 7;;. Since Z(Cij) Pr({n;j = c;;j}) =1, we can complete the proof by proving an exponential

bound on Pr(N,E“ ) is singular | {n;; = c;;}), and we will use Theorem 2.2 for this task.
Consider the random matrix N,E“ l¢ {nij=cij}> where the i, j entry is the random variable ¢;; yl(“ )
for some constant ¢;;. Note that the entries of N {nij=c;;} take values in S, a set with cardinality

O(1), and let ¢ be the map from Lemma 4.1, which lets us pass to the case where N,E” ) l(nij=ci}
has entries in Z/ QZ. Defining 6;; := 2w ¢o(c;j), we compute
()
}Ee(d)Q (CU ylj ) ) |

= |1 — p+ pcos(;t)|
1

1 — o+ pcos(;t) forOgugi,
< {2 (1 — ) cos(Bi0) + (4 ‘)cos(ze,,t) for L <pu<1, and
(1-2n+3 ,u2 +2(1 — p)pcos(¥;;t) + & cos(29,jt))1/2 for0< u< 1.
We have thus shown that the entries of N,(lu 4 l{nij=ci;) are
1
(1 — p)-bounded of exponent 1 for 0 < u < X
2 1 1
( ,u4+ )-bounded of exponent 1 for > <wu<l, and
3
1 —2u+ E,u -bounded of exponent 2 for 0 < u < 1.
Applying Theorem 2.2 completes the proof. O
Corollary 3.1 is tight for 0 < 2, since the probability of a row of all zeroes occurring

is (1 — u 4+ o(1))"; however, for any specific case, Theorem 2.2 can usually prove better upper
bounds than those given by Corollary 3.1.

For example., consider the. case of a matrix M {(ﬁ £1)n with each entry an independent copy
of the symmetric random variable

+2  with probability &,

—2  with probability %,
o™ =1 +1 with probability &,

—1  with probability &,

0  with probability 1 —

Corollary 3.2. For M { ﬂ 41y G5 defined above, we have

(1 —p+o()" foro< < 38,
1

() is si
Pr(M is singular) <
( {£2,£1},n ) ( 1—2M+§M2+0(1))n JorO< n <
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Proof. By the definition of a (") we have

16
|Ee(a(“)t)| =1—u+ %COS(ZTL’I) + %cos(4nt), forO< u < 75

(i.e., the right-hand side of the equation above is non-negative for such w), which proves the first
bound.
Also, we have

4

2 2
+ % cos(6mt) + % cos(8mt)

5 3 7
|Ee(a(“)t)|2 =1-2u+-u’+ (u - ZM2> cos(2mt) + (u - §M2> cos(4rt)

for 0 < u < 1, which proves the second bound. O

We also have the following lower bounds for the singularity probability of M, {(i)z IR

(1 —u+ 0(1))" (from one row of all zeroes), (11D
(1 —2u+ 5/L2/4 + 0(1))" (from a two-row dependency). (12)

The results of Corollary 3.2 and the corresponding lower bounds are shown in Fig. 2, and one
should note that the upper bounds are substantially better than those guaranteed by Corollary 3.1.

3.3. Random matrices with entries having arbitrary distributions

A useful feature of the definition of p-bounded of exponent 2 is that it lets one bound the sin-
gularity probability of matrices with independent discrete random variables that are asymmetric.

Corollary 3.3. Let p be a constant such that 0 < p < 1 and let S C C be a set with cardinality
|S]| < OQ). If Ny, is an n by n matrix with independent random entries taking values in S such
that for any entry a, we have max, Pr(a = x) < p, then

Pr(N,, is singular) < (ﬁ + 0(1))”.

We will need the following slightly more general corollary in Section 3.4. For a set A and an
integer m, we will use the notation mA := {Z;’;l aj:aj€A}and A™ ;= {]_[7’:1 aj: aj € A}.

Corollary 3.4. Let p be a constant such that 0 < p < 1, let S C C be a set with cardinality |S| <
0(1), and let X,, be an n by n matrix with fixed, non-random entries in n°™ (SU{—1, 0, 1})9M.
If Ny, is an n by n matrix with independent random entries taking values in S such that for any
entry o, we have maxy Pr(a = x) < p, then

Pr(X,, + N, is singular) < (ﬁ + 0(1))".

Note that Corollary 3.4 implies Corollary 3.3 by taking X, to be the matrix of all zeroes.
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Asymptotic Upper and Lower Bounds for Pr(M{(:lié)2 Ly is singular) Unforogngi
P(p)

\ \/1—=2u+ 3p2
\

1= 2p+ 3u? AN

-
=

16

25

N = —
[S1E =N

Fig. 2. Let P(p) :=1limy— o0 Pr(M(i)Z’j:1 n is singular)]/”, where M{(:lé)zil . is the n by n matrix with independent
random entries taking the value 0 with probability 1 — u and the values +2, —2, 41, —1 each with probability /4. This
figure summarizes the upper bounds on P (u) from Corollary 3.2 and the lower bounds from Displays (11) and (12). The
best upper bounds (shown in thick solid lines) match the best lower bounds (thick dashed lines) for 0 < pu < %; and it is
not hard to improve the upper bound a small amount by finding a bound (of exponent 1) to bridge the discontinuity. One
should note that even as stated above, the upper bounds are substantially better than those given by Corollary 3.1 (which
are shown in Fig. 1). The shaded area represents the gap between the upper and lower bounds.

Proof of Corollary 3.4. Let «;; be an entry in N,. Our goal is to describe «;; in a two-step
random process, condition on one of the steps, and then use the randomness in the other step
to bound the singularity probability. The conditioning approach is the same as that used in the
symmetric case (Corollary 3.1) and was inspired by [1]. The conditioning argument is useful
since some entries of the random matrix may take some values with very small probability (i.e.
probability less than any constant); recall that while the entries of the random matrix always take
values in a fixed set S of cardinality O (1), the distributions of those random variables within S
are allowed to vary with n. (Note that making use of Remark 8.5 would provide an alternate way
of dealing with entries that take some values with very small probability.)

Say that «;; takes the values vy, ..., v, with probabilities o1, . .., o, Tespectively, where o1 >
02 = - -+ 2> @,. Define new random variables 7;x such that for some ig and i1, the values taken by
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Mijk A€ Vig, Vig41, - - - » Vig+i; With corresponding probabilities i,/ pk, Qig+1/ Pk - - - Qig+iy / P
where py := ;' | Qio+i- Thus, we can write

nij1  with probability pi,

nij2  with probability p;,
= : (13)
nije  with probability py.

Furthermore, the 7;jx can be constructed so that py < p for every k, so that p/2 < pi for 1 <
k < £ — 1, and so that no two n;; with different k’s ever take the same value.

There are two cases to consider for the technical reason that p; is not necessarily bounded
below by a constant. Let € > 0 be a very small constant, so for example p/2 > €. Case 1 is when
€ < py, and in this case each py is bounded below by € and above by p. We will consider case 1
first and then discuss the small changes needed to deal with case 2.

As in the proof of Corollary 3.1, we will condition on the values taken by the »;; in order to
prove a bound on the singularity probability. We have that

Pr(X, + N, is singular) = Z Pr(X, + N, is singular | {n;jx = cijr}) Pr({nijx = ciji}).

(cijk)

where the sum runs over all possible values (c;jx) that the n;j; can take. Thus, it is sufficient to
prove a bound on the singularity probability for the random matrix X, + Ny |{,;s=c;;} Which has
random entries

xij +c¢ij1 with probability py,
) Xij +cij2  with probability p»,
Xij +ij = :

Xij +cije with probability py,

where x;; and the ¢;j; are constants.

Note the entries of X, + Np|(yj,=c;;x} take values in ™S U{=1,0,1H°D a generalized
arithmetic progression with rank O(1) and cardinality at most n°™, and let ¢o be the map
from Lemma 4.1, which lets us pass to the case where X, + Ny |, ;,=c;;,) has entries in Z/ QZ.
Defining 6; jx :=2m ¢ (cijx) and letting &lfj be an i.i.d. copy of &;;, we compute

|Ee(po (xij +@ipr)|* =Ee(po (xij + & —xij — &);)1) = Ee(po (@ — &,)1)

4
=Y Pe+2 D i Procos(@jk, — Oijxy)t).
=1 1 <hi <ka <O

Thus, x;; + @;; is (Zizl p,%)-bounded of exponent 2 (using the constant ¢ = €2 in Defini-
tion 2.1, so g does not depend on n). Given that 0 < p; < p for every k, it is not hard
to show that Zl{:l p,% < p < p + €, and so from Definition 2.1, we see that the collection
{xij + @;;: &;; has corresponding probability p; > €} is (p + €)-bounded of exponent 2. We
are thus finished with case 1.
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Case 2 is when the decomposition of ¢;; given in Eq. (13) has py; < €. In this case we need
to modify Eq. (13) slightly, deleting 7;;, and replacing 7;;—1) with a new variable nl’.j 1 that
takes all the values previously taken by n;;¢ and by »;;¢—1) with the appropriate probabilities.
Thus, in case 2, we have that p/2 < px < p + € forall 1 <k < € — 1, showing that each py is
bounded below by a constant and is bounded above by p + € (here we are using py—; to denote
the probability that «;; draws a value from the random variable nlf i Z_1)).

For case 2, we use exactly the same reasoning as in case 1 above to show that such entries
of Xy + Nul(niji=ciji} are (Z,{;} p?)-bounded of exponent 2 (using the constant ¢ = €2 < p?/4
in Definition 2.1, so ¢ does not depend on n). Noting that Zﬁ;{ p,% < p + € and using Def-
inition 2.1, we see that the collection {x;; + &;; : &;; has corresponding probability p, < €} is
(p + €)-bounded of exponent 2.

Combining case 1 and case 2, we have that the collection {x;; 4+ &;;} is (p + €)-bounded of
exponent 2, and so by and by Theorem 2.2 we have that Pr(X, + Nyl{y,j,=c;;} 1s singular) <

(VP +e€e+oD)".

The constant € > 0 was chosen arbitrarily, and so letting € tend to zero, we get that

Pr(Xn + N, is singular | mijk = cijk}) < (ﬁ+ 0(1))". O
3.4. Partially random matrices

In this subsection, we prove a bound on the singularity probability for partly random matrices
where many rows are deterministic.

Corollary 3.5. Let p be a real constant between 0 and 1, let K be a large positive constant, and
let § C C be a set of complex numbers having cardinality |S| < K. Let Nj , be an n by n matrix
in which f rows contain fixed, non-random integers between —K and K and where the other rows
contain entries that are independent random variables taking values in S. If | < o(n), if the § fixed
rows are linearly independent, and if for every random entry a, we have max, Pr(a = x) < p,
then

Pr(Ny,, is singular) < (/p + 0(1))n_f-

Corollary 3.5 applies to partly random matrices with f = o(n) fixed, non-random rows con-
taining integers bounded by a constant and with random entries taking at most O(1) values in
the complex numbers. Corollary 1.2, on the other hand, holds with the fixed entries also allowed
to take values in the complex numbers and gives a slightly better bound, but additionally requires
f < O(Inn) (which is far smaller in general than o(n)). Proving Corollary 1.2 requires mirroring
the entire argument used to prove the main theorem (Theorem 2.2) in the case where | rows con-
tain fixed, non-random entires, and we discuss this argument in Section 9. Proving Corollary 3.5,
however, can be done directly from Theorem 2.2, as we will show below. First, we will state a
generalization of Corollary 3.5.

Corollary 3.6. Let p be a real constant between 0 and 1, let K be a large positive constant, and
let § C C be a set of complex numbers having cardinality |S| < K. Let Nj , be an n by n matrix
in which { rows contain fixed, non-random integers between —K and K and where the other
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rows contain entries that are independent random variables taking values in S. If f < o(n), if the
fixed rows have co-rank k, and if for every random entry o, we have max, Pr(a = x) < p, then

Pr(Nj , has co-rank > k) < (/P + o(1))"™

To obtain Corollary 3.6 from Corollary 3.5, find a collection C of f — & linearly independent
rows among the deterministic rows. Replace the rest of the deterministic rows with a collection
C’ of rows containing integer values between —K and K such that C’ is linearly independent
from C. Finally, apply Corollary 3.5 to the new partially random matrix whose deterministic
rows are from C U C’, thus proving Corollary 3.6.

Proof of Corollary 3.5. By reordering the rows and columns, we may write

A|B
Nin=\"clp )"

where A is an { by f non-random invertible matrix, B is an { by n — f non-random matrix, C is an
n — f by f random matrix, and D is an n — § by n — f random matrix. Note that Nj , is singular if
and only if there exists a vector v such that Ny ,v = 0. Let v be the first f coordinates of v and
let v be the remaining n — f coordinates. Then Nj , v =0 if and only if

{ Avi + Bv, =0, and
Cvi+ Dvy, =0.

Since A is invertible, these two equations are satisfied if and only if (—C A~' B 4 D)v, =0, that
is, if and only if the random matrix —CA~!'B + D is singular.

We want to show that every entry that can appear in —CA~!'B is an element of n°" x
SuU{-1,0, 1})0(1). By the cofactor formula for Al we know that the i, j entry of A1
(= 1)t/ (det A; )/ det A, where A;; is the f — 1 by f — 1 matrix formed by deleting the ith row
and jth column of A. Thus, A~! = S tAA where the i, j entry of Ais (—1)it detA;;. By the
volume formula for the determinant, we know that | det A| is at most the product of the lengths of
the row vectors of A; and thus | det A| < n°™ (here we need that A has integer entries between
—K and K, where K is a constant, and that f < o(n)). Similarly, we have |detA;;| < n°m.
Every entry of A is thus in n°™{—1,0, 1}, every entry of C is in S, and every entry of B is in
0 (1){—1,0, 1}; thus, every entry of — CAB is an element of n°™ (S U {—1,0,1}).

Conditioning on the values taken by all the entries in C, we have

Pr(Njs,, is singular) = Pr(—CA_lB + Dis singular)

=Y Pr(—~CA™'B+ Dissingular | C = (ci))) Pr(C = (c;j)). (14)
(cij)

where the sum runs over all possible matrices (c;;) that C can produce. Considering the entries
in C = (c;;) to be fixed (note that A and B are fixed by assumption), we now need to bound

Pr(—(c,-j)A_l B+ D is singular) = Pr(—(c,»j)ZB + (det A) D is singular).
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Note that every entry of —(c,-j)ZB is an element of n°™ (S U {—1,0,1}) O and that the random
matrix (det A)D has entries that take values in the fixed set {(det A)s: s € S} having cardinal-
ity O(1). Thus, by Corollary 3.4, we have that

Pr(—(cij)KB + (detA)D is singular) < (ﬁ + 0(1))"_f.
Plugging this bound back into Eq. (14) completes the proof. O
3.5. Integer matrices and rational eigenvalues

Let nx be the random variable taking the values —k, —k + 1,...,k — 1,k each with equal
probability, and let M, be the n by n matrix where each entry is an independent copy of ny.
In [7], Martin and Wong show that for any € > 0,

c(n,e)

Pr(M,, has a rational eigenvalue) < e

)

where c(n, €) is a constant depending on n and €. (One goal in [7] is to study this bound as k
goes to oo while n is fixed, which is why c(n, €) is allowed to depend on n.)

Below, we prove a similar result for random integer matrices with entries between —k and k
(with k fixed), where we allow each entry to have a different (independent) distribution and we
also allow the distributions to be very general.

Corollary 3.7. Fix a positive integer k, and let My, ,, be a random integer matrix with independent
entries, each of which takes values in the set {—k, —k + 1, ...,k — 1, k}. Let ¢ be a constant such
that for every entry o, we have max_y <y <k Pr(a =x) < c/k. Then

n/2
Pr(My , has a rational eigenvalue) < <% + 0(1)) ,

where the o(1) term goes to zero as n goes to oo.

For example, in the case where each independent entry has the uniform distribution on
{—k,—k+1,...,k—1,k} (as in [7]), one can set ¢ = 1/2 in the corollary above.

Proof. The proof given below follows the same outline as the main theorem of [7], with Corol-
lary 1.2 replacing an appeal to [7, Lemma 1].

The characteristic polynomial for M} , is monic with integer coefficients, and thus the only
possible rational eigenvalues are integers (by the rational roots theorem). Every eigenvalue
of My, has absolute value at most nk (see [7, Lemma 4]); thus, the only possible integer eigen-
values are between —nk and nk.

The matrix My, has X as an eigenvalue if and only if My , — Al is singular (where [ is the n
by n identity matrix). By Corollary 1.2 (with f = 0), we have

n
Pr(My, , — Al is singular) < <\/§+ 0(1)) .

Using the union bound, we have
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Pr(Mjy , has a rational eigenvalue) = Pr(Mk,n — Ml is singular, for some A € {—nk, ..., nk})
nk
< Z Pr(My , — Al is singular)
A=—nk

< Qnk+1) (\/g + 0(1)>
_ ¢ o n/2

4. Random matrices with complex entries: A reduction technique

The original work on discrete random matrices in [4,5,9,10] is concerned with matrices having
integer entries, which can also be viewed as matrices with entries in Z/QZ where Q is a very
large prime. In this section we show that one can pass from a (random) matrix with entries in C
to one with entries in Z/QZ where Q is an arbitrarily large prime number, all without affecting
the probability that the determinant is zero, thanks to the following lemma.

Lemma 4.1. (See [12].) Let S be a finite subset of C. There exist infinitely many primes Q such
that there is a ring homomorphism ¢¢ : Z[S] — Z/ QZ satisfying the following two properties:

(i) the map ¢ is injective on S, and
(ii) for any n by n matrix (sij)1<i, j<n With entries s;; € S, we have

det((sij)lgi)jgn) =0 ifandonlyif det((¢Q(Sij))1§i,.j<n) =0.

In order to apply this lemma, let us point out that the proof of Theorem 2.2, which is discussed
in Sections 5 through 8, works exclusively in Z/QZ; though at various points, it is necessary to
assume Q is extremely large with respect to n and various constants. For this paper, S will
be the set of all possible values taken by the random variables o . Recall that by assumption,
|S| < n°™, so in particular, S is finite.

Remark 4.2 (On the size of Q). When we apply Lemma 4.1, we will take Q > exp(exp(Cn)) for
some constant C in order for Freiman-type theorems such as [10, Theorem 6.3] (which is restated
in Theorem 8.1 below) to apply, and we will also choose Q large enough so that the integral
approximation in Inequality (A.1) holds and so that Q is large with respect to various constants.
One should note that while Q can be taken arbitrarily large with respect to n, we cannot choose
Q so that it is arbitrarily large with respect to ¢ (s) for all s € §, where S is the set of all values
that could appear in the given random matrix. For example, if /2 € S, then the smallest positive
integer representative for ¢Q(\/§) must be larger than /O (since (¢>Q(\/§))2 =2in Z/ Q7).
Finally, if we were in a situation where S C Q, then we could avoid using Lemma 4.1 altogether
by clearing denominators to pass to Z and then take Q ~ exp(exp(Cn)), as is done in [10].

Lemma 4.1 is a corollary of the main theorem of [12] and its proof is given in detail in [12, Sec-
tion 6]. The paper [12] also contains further applications of the method used to prove Lemma 4.1,
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for example proving a sum-product result for the complex numbers and proving a Szemerédi—
Trotter-type result for the complex numbers, where the applications follow from the analogous
results for Z/Q where Q is a prime (see [3]). The results in [12], including Lemma 4.1, all go
through with the complex numbers being replaced by any characteristic zero integral domain.
Thus, the results stated in Sections 1, 2, and 3 above for the complex numbers C also all go
through with C replaced by any characteristic zero integral domain. For example, Corollary 3.3
becomes

Corollary 4.3. Let p be a constant such that 0 < p < 1 and let D be a characteristic zero
integral domain. Let S C D have cardinality |S| < O(1). If N, is an n by n matrix with
independent random entries, each taking values in S, such that for every entry o, we have
max, Pr(a = x) < p, then

Pr(N, is singular) < (ﬁ + 0(1))”.
5. Proof of the main theorem (Theorem 2.2)

The proof of Theorem 2.2 very closely follows the proof of [10, Theorem 1.2]. Our goal
is to highlight the changes that need to be made to generalize the proof in [10] so that it
proves Theorem 2.2. A reader interested in the details of the proof of Theorem 2.2 should
read this paper alongside of [10]. Throughout the proof, we will assume that » is sufficiently
large, and we will allow constants hidden in the o(-) and O(-) notation to depend on the con-
stants €_1, €9, €1, €2, P, g, I, CMedDim» CLgDim» CLO, and c¢,,. The constants €_1, €g, €1, €2 should
be considered very small, and, in fact, we will let them tend to zero to prove the full strength of
Theorem 2.2. The constants p, g, 7, CMedDim» CLgDim, CLO, and ¢, can be thought of as absolute,
except possibly for depending on each other.

5.1. Definitions and preliminaries

Given an n by n matrix N, with entries «;;, we assume that the collection of independent
random variables {o;;}1<;, j<n is p-bounded of exponent r for some fixed constants p, g, and r
(here, g is the constant from Definition 2.1 which is independent of n). We also assume that
each «;; takes at most n°®™ distinct values. Using Lemma 4.1, we may assume without loss of
generality that each «;; takes values in Z/QZ for some very large prime Q. The entirety of the
proof will take place over the field Z/QZ, and so terminology such as “linearly independent”,
“span”, “dimension”, “rank” and so forth will always be with respect to the field Z/QZ.

Let X; := (o,1,...,a;,) denote the ith row of N,. We note that N, has determinant
zero if and only if there is a linear dependency among the rows X;. It has been shown (see
[9, Lemma 5.1] and also [4]) that the dominant contribution to the singularity probability comes
from the X; spanning a hyperplane (of dimension n — 1). In particular,

Pr(N,, is singular) = p ™ Z Pr(Ay), (15)

V a non—trivial
hyperplane in (Z/QZ)"

where Ay denotes the event that X1, ..., X, span V, and non-trivial means that V contains the
origin, V is spanned by vectors in S” (where S is the set of all possible values that can occur
in Ny,), and Pr(X; € V) > 0 for all i.
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As in [10], we will divide the non-trivial hyperplanes into n? classes, since it is then sufficient
to show that the sum of Pr(Ay) over all V in a particular class is at most (pY" 4+ o).

Definition 5.1 (Combinatorial dimension). Let D := {%: 0<a<n? aeZ} For any d+ € D
such that d4 > %, we define the combinatorial Grassmannian Gr(d+) to be the set of all non-

trivial hyperplanes V in (Z/QZ)" such that

PN o max Pr(X; e V) < pime. (16)
1<ign

For d+ = 0, we define Gr(0) to be the set of all non-trivial hyperplanes such that

max Pr(X; e V) < p".
1<ign

We will refer to d+ as the combinatorial dimension of V.

Note that Gr(dy) =¥ ford+ > n—1+1/n (by Lemma B.1). We will consider hyperplanes V
with combinatorial dimension in three main regions: d+ small, d+ medium-sized, and dy large.
The two lemmas and the proposition below suffice to prove Theorem 2.2.

Lemma 5.2 (Small combinatorial dimension [4,9,10]). For any § > 0 we have

Z Z Pr(Ay) <nd".

dieD s.t. p"—d= L5 Velr(ds)

1/r

In proving Theorem 2.2, we will take § = (p + cMedDim€0) /" to take care of all small d+ not

covered by Proposition 5.4 below.

Proof. The reasoning here is the same as in [10, Lemma 2.3], making use of fact that
Pr(X; e V) <max; ¢, Pr(X; € V) < p"_di < §". In particular,

n

Pr(Ay) < Zpr({xj}lgjgn \ {X;} spans V) Pr(X; € V),

i=1

which completes the proof since the summing the right-hand side over all V is at most
nmax; Pr(X; € V) (note that an instance of the vectors {X;}i1<j<n \ {X;} can span at most
one hyperplane). O

Lemma 5.3 (Large combinatorial dimension, [4,9,10]). We have

> > Pr(Av) < (p+o(D)"

d+€D s.t. CLgTDim <ph—dx VeGr(dy)

n

Un | 2(1—’, where c1 o is the constant

Here we choose the constant cp gpim s that cLgpim = cLOP™
from the Littlewood—Offord inequality (see Lemma A.1 in Appendix A) and g is the constant

from Definition 2.1.
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Proof. Our proof is essentially the same as [10, Lemma 2.4]. Fix V € Gr(d+), where CLgT?:"‘ <

p" %= Let ipmay be an index such that Pr(X; € V) = max <i<n Pr(X; € V). By assumption,

Imax

CLoDi 2r
Pr(X; €V)> p”—di+l/” > ﬂpl/n > cro. | —.
Jn gn

Noting that X;, is orthogonal to the normal vector for V, we have by

Lemma A.1 that

€ V if and only if X

Imax

-
Pr(Xj,, € V) <cLo,/ —
qk

where k is the number of nonzero coordinates in the normal vector to V. Combining the two
inequalities above shows that k < n/2.
Thus, we have

there exists a vector v with at

Z Z Pr(Ay) <Pr most /2 nonzero coordinates
dieD st ‘La%g pr—dx VeGr(ds) such that N, - v=0

< (p + 0(1))" (by Lemma A.2).

(Lemma A.2 is a natural generalization of [4, Section 3.1]; see also [6], [9, Lemma 5.1], and [2,
Lemma 14.10].) O

Proposition 5.4 (Medium combinatorial dimension estimate). Let 0 < €y be a constant much
_ CL¢Di

smaller than 1, and let d+ € D be such that (p + CMedpimeo)"! " < p" de o & Then
n

Y. Pr(Av) <o()".

VeGr(dy)

Here we choose the constant cpedDim SO that cMedDim > (11W + ¢, ), where ¢, is some absolute
constant such that 0 < ¢, < 1 (the ﬁ here comes from M as defined in Section 5.2 below;

in [10], it happens that the constant c,, is also taken to be ﬁ).

To prove Theorem 2.2, we can simply combine Lemma 5.2 with § = (p + CMedDimGO)l/ r
Lemma 5.3, and Proposition 5.4. Thus, proving Proposition 5.4 will complete the proof of The-
orem 2.2. To prove Proposition 5.4, as in [10, Proposition 2.5], we will separate hyperplanes V
of medium combinatorial dimension into two classes, which we will call exceptional and unex-
ceptional (see Definition 5.5). See [10, Section 3] for motivation. The unexceptional case will be
proved in the remainder of this section, and the exceptional case will be proved in Sections 6, 7,
and 8.

The results in [9] and [4] were derived using the ideas that we will use for the unexceptional
medium combinatorial dimension case. The idea of considering the exceptional case separately
in [10] (and using tools from additive combinatorics in the exceptional case) is what lead to
the improvement of Inequality (1), which gives a bound of asymptotically (4%), over the 0.999"
bound in [4].
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5.2. Proof of the medium combinatorial dimension

Before defining exceptional and unexceptional hyperplanes, we will need some new notation.
By assumption, the collection of random variables {«;;}1<; j<n is p-bounded of exponent r

with a constant /,L =1 — p, with random variables ,Biw ) corresponding to each «;;, and with
a constant 0 < g < p (see Definition 2.1). We also define a constant slightly smaller than u,
namely p = u — m Wewilllet Y; := (yi1,...,Yin) = (ﬂl(lf), e, ﬂ(u)) denote another row

vector that corresponds to the row vector X; (,Bi(%) comes from the definition of p-bounded of
exponent ). Also, we will let

kstart— 1 n—kend
Zeroes Zeroes
r—/\—-\ ——
lk —(0 yl ksmnv-~~7yi,k¢nd103"-70)1 (17)

where ksgare := [(k — 1) | + 1 and kenq := k7 |. The vector Z " can be thought of as the kth
segment of Y; (out of r roughly equal segments) Note that Y; and Z! ‘. are both defined using
Bi=p— 100, not w. Finally, let €] be a positive constant that is small with respect to €g, ¢,
and r.

Definition 5.5 (Exceptional and unexceptional). Consider a hyperplane V of medium combina-
torial dimension (that is, d4 satisfies the condition in Proposition 5.4). We say V is unexceptional
if there exists an iy where 1 < ip < n and there exists a kg where 1 < kg < r such that

max {Pr(Xj € V)} < €] Pr(

eV
1<j<n i, ko )

We say V is exceptional if for every i where 1 <i < n and for every k where 1 <k <r we
have

e1Pr(Z}, € V) < max {Pr(X; e V)}. (18)

<jsn

In particular, there exists imax such that Pr(X; . € V) =max ;< {Pr(X; € V)}; and soif V is
exceptional, then

€1 Pr(Z k€ V) < Pr(Xi,, €V) forevery k. (19)

Imax

We will refer to X;

Imax

as the exceptional row.

Inequality (10) following Definition 2.1 can be used to give another relationship between
Pr(Zi*max’ ¢ € V) and Pr(X; . € V) that, together with Inequality (19), will be of critical impor-
tance in Section 7.

Proposition 5.4 follows from the two lemmas below, so long as €; is chosen suitably small
with respect to €g, ¢;,, and r.

Lemma 5.6 (Unexceptional space estimate). We have

Z Pr(Ay) < p_o(")zl’lei‘méon/r.

VeGr(d+): V is unexceptional
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Lemma 5.7 (Exceptional space estimate). We have

n
Z Pr(AV)gn_TH’(”).
VeGr(d+): V is exceptional

We will prove Lemma 5.6 in Section 5.3, and we will prove Lemma 5.7 in Section 6.
5.3. The unexceptional medium combinatorial dimension case

The general idea for the case of an unexceptional hyperplane V is to replace some of the

rows X; in the matrix N, with rows that concentrate more sharply on the subspace V. In the case

where the exponent » = 1, replacing arow X; with ¥; : (,BZ(II), .. ,3 = ) is successful; however,

in the exponent r = 2 case, for example, replacing the entire row resull?s in a bound that is off by
an exponential factor. We solve this problem by replacing X; with only half of Y¥; (with the other
half of the entries being zero). This idea easily extends to any integer r > 2 and is the motivation
for defining the vectors Z} i ¢ to have all zeros except for roughly n/r coordinates, as is done in
Eq. (17). The basic utlhty of zZr o.ko (from Definition 5.5) is that it concentrates more sharply on
the unexceptional subspace V than the vector X; for any i.

Let Z ’z be the vector from the definition of unexceptlonal (Definition 5.5) such that
Pr(X; e V) < €] Pr(Z* ko € V) for every i, and set Z := Z . Let m be the closest integer

cme()n

to , where ¢, is a small positive absolute constant (for example in [10], ¢;, is taken to

be 100)' Flnally, let Zy, ..., Z, be copies of Z, independent of each other and of X7, ..., X;.

Lemma 5.8. (See Lemma 4.4 in [10].) Let By ,,, be the event that Z1, ..., Zy, are linearly inde-
pendent and lie in V. Then,

Pr(By, ) > pO(n)(maX1<i<n Pr(X; e V)>'"
V.m) =

€1

Proof. The argument follows the same reasoning as [10, Lemma 4.4], however, the quan-
tity 24+=" in [10] should be replaced by max;g;g, Pr(X; € V). Details are provided in
Appendix B. O

To conclude the proof of Lemma 5.6, we follow the “row-swapping” argument at the end of
[10, Section 4], with the small change of bounding Pr(X; € V) by max; ¢; <, Pr(X; € V), which
we use in place of the quantity 2%+~ Details are provided in Appendix B.

6. Analyzing the exceptional medium combinatorial dimension case

The approach for exceptional V in [10] is very different from that used in the unexceptional
case or in the large or small combinatorial dimension cases. Using some powerful tools from
additive combinatorics, the general idea is to put exceptional hyperplanes V in correspondence
with a particular additive structure called a generalized arithmetic progression, and then to show
that the number of the particular generalized arithmetic progression s that arise in this way is
exceedingly small. The key to this approach is a structure theorem—namely, [10, Theorem 5.3].
In this section, we state a slightly modified structure theorem (Theorem 6.1), and then we show
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how to use Theorem 6.1 to prove Lemma 5.7. In the beginning of Section 7, we outline the
changes needed to prove the structure theorem for our current context, and in Sections 7 and 8
we provide details.

Before stating the structure theorem, we need some definitions and notation. A generalized
arithmetic progression of rank t is a set of the form

P:{U0+m1U1+~~-+mt1 |m;| <M,'/2},

where the basis vectors v, v1, ..., U are elements of a Z-module (here, Z/Q7Z) and where the
dimensions My, ..., M, are positive integers. We say that v; has corresponding dimension M;.
For a given element a = vg +m vy + - - - +m, in P, we refer to m1, ..., m as coefficients for a.
A generalized arithmetic progression P is symmetric if vo = 0, and P is proper if for eacha € P,
the there is a unique v-tuple (m1, ..., m,) with |m;| < M;/2 that gives the coefficients for a. If
P is proper and symmetric, we define the P-norm ||a| p of an element a € P to be

lallp = (;(g—z))m

We will use the notation m P, where m is a positive integer, to denote the set {Z;":l Xxi: x; € P}
and the notation P, where m is a positive integer, to denote the set {[ /L, x;: x; € P}. If P is
a generalized arithmetic progression of rank v, then so is m P, while P, on the other hand, is
a generalized arithmetic progression of rank at most t”*. Also note that [m P| < m®|P| and that
|P™ < |PI™.

Let V be an exceptional hyperplane of medium combinatorial dimension in Gr(d+) and let
Xinax = (a1, ..., ay) be the exceptional row (here we are using «; as shorthand for o, ;). Let

(,Bf“ ), ey ,B,(,“ )) be the row of random variables corresponding to X; _ from the definition of p-

Imax

bounded of exponent r, and let b; ; with 1 < j <n and 1 <s < £; be the values taken by ,BJ(.“ )

(see Eq. (9) for the definition of ﬁ;f”).
Given an exceptional hyperplane V, there exists a representation of the form

V={(x1,x2,....x2) € (Z/QL)": x1a1 + x2a2 + - -+ + Xpan =0}

for some elements ay, as, ...,a, € Z/Q7Z. We will call ay, az, ..., a, the defining coordinates
of V. Finally, let a; :=bj 1a;. We will refer to (a1, ..., a,) as the scaled defining coordinates
of V. Note that once imax is fixed, so are the elements b; 1. We should also note that the choice

of bj 1 among b; ¢ for 1 <5 < £; is arbitrary—since ,3(.” ) takes the values bj s each with proba-
bility at least ¢, any value of s will do; and so we have taken s = 1 for convenience.

Let H denote the highly rational numbers, that is, those numbers in Z/QZ of the form
a/b (mod Q) where a, b are integers such that |a|, |b| < n°®™ and b # 0. The highly rational
numbers were defined in [10, Section 8], and we will need a small extension for the current pa-
per, due to the fact that we are using the scaled defining coordinates of V instead of simply the
defining coordinates of V. If we were to assume that b; | was an O(1) integer for all j and that
every possible value taken by «;; was an O (1) integer for all 7, j, then we could still use the same
definition of highly rational as in [10]. However, if there is a b; 1 or an entry «;; in the matrix N,
that ever takes an irrational value, then when we pass to Z/ QZ using Lemma 4.1 we have to ac-
count for values possibly on the order of Q (see Remark 4.2), and the highly rational numbers are
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not sufficient for this task. We can overcome this difficulty by extending to the highly T -rational
numbers, which contain the highly rational numbers along with all the values in a structured set
T (described below). We will now give a rigorous definition the highly T -rational numbers.

Let T be a generalized arithmetic progression in Z/ Q7 with rank O (1) and having cardinality
at most n°"". As in the definition of p-bounded of exponent r (Definition 2.1), we will take §
to be the generalized arithmetic progression containing all possible values in Z/ QZ taken by the
random variables ;; that are the entries of N,; thus, by assumption |S| < n°™ By the definition

of p-bounded of exponent r, we know that all of the random variables /3;’.‘ ) take values in a set
with cardinality O(1). Thus, there is a symmetric generalized arithmetic progression 7 with rank
O (1) and cardinality |T| < n°™ such that T contains S, such that 7' contains the set {—1, 0, 1},

and such that 7' contains all the values taken by the ,Bi(j“ ). To construct 7 from S, one can, for

example, add each distinct value taken by a ,Bi(;‘ ) as a new basis vector v/ with corresponding
dimension M’ := 3 (say).

A highly T-rational number h is any element of Z/QZ of the form a/b, where a,b €
n°™TO9M  Note that therefore, the cardinality of the highly 7-rational numbers is at most
(@™ 7)OM = o™ where d = O(1) is the rank of T' (here we used the fact that |T'| < n°™).

Theorem 6.1 (Structure theorem). There is a constant C = C(e_1, €9, €1, €2, q, I, [L) Such that
the following holds. Let V be an exceptional hyperplane and let ay, . . ., a, be its scaled defining
coordinates (as described above). Then there exist integers

1<t C
and My, ..., M. > 1 with the volume bound
MM, <CPr(X;, €V)!
and nonzero elements vy, ..., vy € Z/QZ such that the following holds

o (i) (Scaled defining coordinates lie in a progression) The symmetric generalized arithmetic
progression

P:={muv +---+meve: —M; /2 <m;j < M; )2}

is proper and contains all of the a;.
o (ii) (Bounded norm) The aj have small P-norm:

n

~ 112
> llajlp <cC.
j=1

e (iii) (Rational T -commensurability) The set {vi, ..., v} U{ay,...,a,} is contained in the
set

{hvi: h is highly T -rational}.



J. Bourgain et al. / Journal of Functional Analysis 258 (2010) 559-603 583

Note that unlike [10], part (iii) above does not necessarily place {vy, ..., v }U{ay, ..., a,}in
a simple arithmetic progression.

We will discuss the proof of the structure theorem in Sections 7 and 8. In the remainder of
this section, we will discuss how to use the structure theorem to prove Lemma 5.7.

Fix d+ of medium combinatorial dimension (see Proposition 5.4). Using independence of the
rows, we have

> Pr(Ay) < > JIerxievy

VeGr(dt): VeGr(dy): i=1
V is exceptional V is exceptional

<|{V €Gr(dy): V is exceptional}| - ( max Pr(X; € V))n. (20)

1<i<n

In [10, Section 5], it is shown using Theorem 6.1(i) and (ii) and Gaussian-type methods (and
the fact that v is bounded by a constant) that

o(n)
[{V € Gr(d+): V is exceptional } | < " . Z (1 +n 120, M),
Q- o (M),... My}
{vi,..., 23]
where the sum runs over all possible values for ¢, for the M;, and for vy, ..., v.. By Theorem 6.1,

we know thatt < C = O(l) and that M; < MMy ---M. < CPr(X;,,, € V)Tl < O(1/p");thus,
there are at most n°?™ choices for t and the M;. Furthermore, there are at most Q — 1 choices
for v; (since v; # 0), and once the value for vy has been fixed, (iii) tells us that there are at most
n°™ choices for {va, ..., v} (since |n"(”)T0(1)| < n°™). Thus, the sum runs over at most n°®
terms. (This is the point in the proof where it is essential that n°" T () has cardinality n°™.)
Plugging the volume bound on M - - - M, into the previous displayed inequality, we have

|{V € Gr(d4): Vis exceptional}| < n”(”)(l + n_%CPr(X € V)_l)n

Imax

=n I Pr(X; e V)T, 1)

Imax

using the fact that Pr(X; € V) < CLgTT“, which is a consequence of d4 being of medium com-

binatorial dimension. Plugging in Inequality (21) into Inequality (20) and summing over all d4 of
medium combinatorial dimension completes the proof of Lemma 5.7 (recall that by assumption
max| i< Pr(X; € V) =Pr(X;, . € V)).

7. Halasz-type arguments

The proof of the structure theorem has two main ingredients: tools from additive combina-
torics, and Haldsz-type arguments using discrete Fourier analysis. Our proof of Theorem 6.1 will
follow the proof of [10, Theorem 5.2] very closely. We will use results about additive combina-
torics from [10, Section 6] directly, and we will discuss below the extent to which the Hal4sz-type
arguments of [10, Section 7] need to be modified to work for our current context. The proof of
Theorem 6.1 will be given in Section 8 using results from the current section, [10, Section 6],
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[10, Section 7], and [10, Section 8]. Our Section 8 follows [10, Section 8] closely, with a few
modifications to prove rational 7 -commensurability instead of only rational commensurability.
In this section we discuss modifications to the lemmas in [10, Section 7] that are needed in
order to prove Theorem 6.1.
We will use eg(-) to denote the primitive character

eg(x) :=exp2mix/Q).

Let imax be the index of the exceptional row, so for every 1 < k < r we have

€] Pr(Z* k EV)<SPr(Xi,, €V), (22)

Imax

and recall that by Definition 5.5 we have Pr(X; . € V) =max; Pr(X; € V). Let (a1, ..., o) 1=
X.

imax With the corresponding random variables (/31(“ ), e, ,E“ )) from the definition of p-bounded
of exponent r (see Definition 2.1 and Eq. (9)), and let (ay, ..., a,) be the defining coordinates
of V. Then, using the Fourier expansion, we can compute

1 n
Pr(X,-maXeV):E(l{Ximaxev})z]E<§ > eQ<Zaja,~§>)

§€Z/QZ j=1

Z l—“E eQ(d/a/E))|

Q 2oz j=i
1
Z [TE(eo(6%a;6)"
seZ/QZJ 1
¢; 1/r
Z ]_[( u+uij,s005(2nbj,saj§/Q)) (23)
geZ/QZJ 1 s=1
1 1/r
5 Z l_[(l—u+u2p,5008(2ﬂb,sa/E/Q))
£€Z/07 j=1 s=1
.
<[]pr(zt V). 24)
k=1

where the last line is an application of Holder’s inequality.
Define

n ¢ 1/r
@& =1] (1 —pu+1Y Pl cos(znb,,sajs/@) , (25)

j=1 s=1

¢ 1/r
fj(§)1=(1—M+szj,sCOS(27Tbj,sajf/Q)> . and (26)

s=1
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¢ 1/r
a@® = J] <1—g+g2p,~,scos(znbj,sa,-é/@), 7

(k=D <j<k® s=1

where p:=p — 100, as defined in Section 5.2. Note that f(£) = ]_[?=1 fi®).
We will need the following analog of [10, Lemma 7.1]:

Lemma 7.1. For all &£ € Z] QZ, we have

H fiEHr < H 8 (®).

j=1

Proof. This inequality may be proven pointwise (for each j after expanding out the definition
of gi) using the convexity of the log function, just as in the proof of [10, Lemma 7.1] (see also
[9, Lemma 7.1]. O

Let e be sufficiently small compared to €; (we will specify how small in Inequal-
ity (33) while proving Lemma 7.2). Following [10], we define the spectrum A C Z/QZ
of {b1.1a1,...,by1an} ={ai1, ..., a,} (the scaled defining coordinates of V) to be

A:={6€Z/QL: f(§) > e (28)

Let || x |r/z denote the distance from x € R to the nearest integer. Using the elementary inequality
cosRmx) <1 — ﬁllxﬂﬂzk/z, we have

&< exp(—m ZZp, slIb;, Ya,s/QnR/Z)

j=1s=1
q n
2
< exp<_ﬂ]§_l ||bj,1aj$/Q||R/z> (29)

(upj,1 = 2q since min, Pr(ﬂ(“) = x) = g by Definition 2.1).
Thus, there is a constant C (€2, g, r) such that

n 1/2 n 12
(ijS/Qn%g/Z) =(Z||b,»,1a,-s/Qu§/Z) <Cle2,q.1), (30)

j=1 j=1

for every & € A. (E.g., the constant C(e2,¢q,r) := (Sqﬁ ln(é))l/2 suffices.)
Lemma 7.2. There exists a constant C depending on €_1, €q, €1, €2, ¢, ¥, and [t such that

cl'opPr(x;

Imax

€V) <A< COPr(X;

Imax

eV). 3D

Furthermore, for every integer k > 4 we have

k-3
|1<A|<(C]:r 5 )CQPr(leax V). (32)
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Proof. Our goal is to bound Zse 4 f(&) from above and below, and then pass to bounds on | A|

using the fact that e < f(§) < 1 forall £ € A.
Note that

0 §€Z/QZ

Also,

> fE) >Pr(Xi,, €V) (byEq. (25 and Eq. (23)).

éZ Z]_[f,(é) sl ] Z]_[f](S)“/“

1\ §¢A/ 1 Eeé/\j 1

1- 1
<L S [Ta@" Cenmar

0

£€Z/QZ k=1

1/r
1 1
—pu/u (l‘[ Z gk($)> (Holder’s inequality)

k=1 £€Z/0Z

l—p/p

1
<€ (—> Pr(X;, .. €V) (by Inequality (22)).

€1

For the lower bound, we have

Yrer= > fe =) f©

EcA £€Z/QZ E¢A

I—p/p

2 OPr(X;,, eV) -

max

€1

OPr(X; €V)

Imax

= QPr(X;,, € V)(l -2

We can choose ¢; sufficiently small with respect to €; and 1 — p/p so that, for example,

1—
n/n 1
€] 2 ’
For the upper bound, we have

Y rer< Y £

geA £€Z/07

Ql_[Pr e

Imax

< Q—Pr(X~
€1

I-p/un
)

(Inequality (24))

€ V) (Inequality (22)).

(33)
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Thus, we have shown that ZEEA f&)=00Pr(X,,
& € A, we have proven Inequality (31).

Making use of [10, Lemma 6.4], we can prove Inequality (32) by showing |[4A| < C|A|
for some constant C. Using Lemma 7.3 below (for which we need to assume strict positivity

of E(e(ﬂﬁ.“ ) t))—see Remark 2.3), we have that there exists a constant ¢ := c(e_1, €2) such that

€ V)). Since €3 < f(§) < 1 for all

f&) =cle 1, ),
for every £ € 4A. Thus,
41 < IFGE ( ) Q pr(X;y, € V) = ClAl
c(e_ , c(e-1,€2)
EEZ/QZ

for some constant C. This completes the proof of Lemma 7.2. O

We now state and prove a lemma showing that f(£) is at least a constant for all £ € 4A.
In [10], the lemma below is unnecessary because an inequality following from [10, Inequal-
ity (30)] (which corresponds to Inequality (30)) and the triangle inequality suffices.

Lemma 7.3. Let A and f be defined as in Eq. (28) and Eq. (25), respectively. If € € 4 A, then

( ln(l/sg))320000

f©) 2> (e2¢_ =:c(e_1,€).
Note that c(e_1, €) is a constant.
Proof. Note that Inequality (29) implies that for any &’ € A we have

e 1/2
ZZp 1b).a'/Q11% . (10(” ln(i»l/2
s l1Pjsdj R/Z S\ P .

j=1s=1

Thus, by the triangle inequality, we have for any & € 4 A that

n & 172 1/2
2 100r 1
(ZZp,;,s||b,-,sa,/s/Q||R/Z> <4( 1n<—)) . (34)

€
j=1s=1 s 2

Fix £ € 4A. Let ko be the number of indices j such that

£

1
100i)  pjslbjsai€/ Qllk sz > 5.

s=1

and without loss of generahty, say that these indices are j = 1,2, ..., kp. Squaring Inequal-
ity (34), we see that < 1600’ In(L ~), and so we have

1
ko < 3200007 ln(—> ,
€2

200/1,
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which is a constant. Thus, for the vast majority of the indices j, namely j =ko+1,ko+2,...,n,
we have

£
- 1
100Mij,sllbj,sajf/QII%R/Z < ok (35)

s=1

We may now compute that

n ¢ 1/r
@& =1] (1 —pu+1Y Pl cos(znbj,sajs/@)

j=1 s=1

. ¢ 1/r
> Eliol/r 1_[ (1 4+ szj,s cos(27rbj,saj§/Q)>

Jj=ko+1 s=1

(smce f(&") > e_y forany & by the assumption of strict positivity—see Remark 2. 3)

1/r
k
kol (1 — 100u2p,s||b, sajé/QllR/z>

Jj=ko+1

(since cos(Qmrx) > 1—100|x ||ﬁ /z and the factors are all positive by Inequality (35))

. 200 -
> /" ex ( - X anllb]sa]s/QiiR/Z) (1-x>e™ for0<x <079

j=ko+1s=1
3200001n( ) 1 .
>e exp( —3200001n| — (by Inequality (34))
€2
_ (Gzel_nil/ez))woooo.

This completes the proof. O

We have shown that the spectrum A has small doubling, and the next step is to use this fact
to show that a set containing most of the scaled defining coordinates a; also has small doubling.
Towards that end, we will use the A-norm from [10], which is defined as follows: for x € Z/QZ,
let ||x|| 4 be defined by

12
o= (o 2 -0l
§.8'eA

Note that O < ||x|| 4 < 1 for all x and that the triangle inequality holds: [[x +y|l4 < [|xlla+ Iyl 4-
We also have that

1/2
||x||A\(|A|2 > IIxS/QIIR/Z> (|A|2 > ||x§/Q||M)

£.8'eA £,E'€A

1/2
= (|A|Z|| s/QuM) :

EeA

1/2
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Thus, squaring Inequality (30) and summing over all £ € A, we have
n
> lajlh <4C(e.q.r) =:C'. (36)
j=1

We will now show that the set of all x with small A-norm, which by Inequality (36) includes
most of the a;, has small doubling.

Lemma 7.4. (See [10, Lemma 7.4].) There is a constant C such that the following holds. Let
A C7Z/QZ denote the “Bohr set”:

1
A= 7./ QZ: — 1.
{xe /OZ: |x|la < 100}

Then we have

C'Pr(X;, e V) '<IAIS|A+A|<CPr(X; V)L,

imax

The proof of Lemma 7.4 is the same as in [10], with the small modification that a; should
be replaced with a; := b; 1a; and the quantity 24+~ should be replaced with Pr(X imx € V)
(and, of course, the field F in [10] should be replaced with Z/QZ). Also, one should note that
[10, Inequality (30)], [10, Inequality (31)], and [10, Inequality (32)] correspond to, respectively,
Inequalities (30), (31), and (32).

In the next section, we will complete the proof of the structure theorem using the lemma
above.

8. Proof of the structure theorem (Theorem 6.1)

The key to proving the structure theorem is an application of Freiman’s Theorem for finite
fields.

Theorem 8.1. (See Lemma 6.3 in [10].) For any constant C there are constants t and § such
that the following holds. Let A be a non-empty subset of 7] QZ, a finite field of prime order Q,
such that |A 4+ A| < C|Al. Then, if Q is sufficiently large depending on | A|, there is a symmetric
generalized arithmetic progression P of rank ¢ such that A C P and |A|/|P]| = 6.

Note that by Lemma 4.1 we can assume that Q is sufficiently large with respect to |A| <
CPr(X;,, € V)~ <. C(1/p)" (this follows from V being of medium combinatorial dimension).

The set A from Lemma 7.4 satisfies |A + A| < C?|A|, where C < O(1), and also contains
all but O(1) of the scaled defining coordinates a;, since a; ¢ A implies that ||a;]| 4 = 1/100 and
Inequality (36) shows that there can be at most 100C” = O(1) such a;. By Theorem 8.1, there
exists a symmetric generalized arithmetic progression P = {mvy + - -+ + m v |m;| < M;/2}
containing A and satisfying the bounds:

rank(P) =t < O(1) and 37
|P| < MMy My < O(Pr(X;,, € V). (38)

Imax
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The symmetric generalized arithmetic progression P is close to what is needed for Theorem 6.1,
since it satisfies the required volume and rank bounds. We will show below that P can be al-
tered in ways that preserve Inequalities (37) and (38) (except possibly for changing the implicit
constants) so that P satisfies conditions (i), (ii), and (iii) of Theorem 6.1.

To show Theorem 6.1(i), we will first add the remaining scaled defining coordinates
{ar,...,a,} \ P (i.e., those a; such that [|a;||4 > 1/100) as new basis vectors v; with cor-
responding dimensions M, equal to (say) 3. The resulting generalized arithmetic progression,
which we will continue to call P by abuse of notation, satisfies both Inequalities (37) and (38),
since there are only O(1) of the a; with ||a;|l4 > 1/100 (by Inequality (36)). Second, we need
to ensure that P is proper, for which we will use the following lemma:

Lemma 8.2. (Cf. Lemma 9.3 in [10].) There is an absolute constant Co > 1 such that the fol-
lowing holds. Let P be a symmetric progression of rank ¢ in a abelian group G, such that every
nonzero element of G has order at least ¢Cov’ | P|. Then there exists a proper symmetric general-

ized arithmetic progression P’ of rank at most © containing P such that
3
|P'| <P,
Furthermore, if P is not proper and v > 2, then P’ can be chosen to have rank an most t — 1.

One can conclude Lemma 8.2 from the proof of [10, Lemma 9.3] (the only difference is
noting that the rank can be reduced by at least 1 if P is not proper to begin with). Note that we
can always choose Q larger than Cot? |P| < 0(%)”.

Applying Lemma 8.2 gives us a proper symmetric generalized arithmetic progression, which
again we call P by abuse of notation, that contains all the a; and satisfies both Inequalities (37)
and (38).

The next task is to show that P can be further altered so to meet the condition (ii) in Theo-
rem 6.1. Note that there are only O (1) scaled defining coordinates a; such that ||a;|| 4 > 1/100,
and so these a; contribute only a constant to the sum Z;l: 1 lla; ||%,. On the other hand, for any
m. We
will exploit this fact, and to do so will need the following notation. Let @ p : P — Z" be the map
sending a point mjvy + --- + m.v; in the proper generalized arithmetic progression P to the
unique r-tuple of coefficients (my, ..., m;).

If the representation for a; in P is a; =mvy + --- + mv, and ka; is in P, we would like
to be able to say that the representation for ka; is kmivy + --- + km.v,; i.e., we hope that
@p(ka;) is equal to k@p(a;). If this were true, then we would have |km;| < M; for 1 <i <,
which, if k is large, would show that ||| p is small. However, at this point we may well have
®p(kaj)#kPp(aj). A priori, changing this to equality would require replacing P with kP and
then applying Lemma 8.2 to get a proper symmetric generalized arithmetic progression, but since
k may be large, this would increase the volume of P too much, violating Inequality (38). Luckily,
the lemma below provides a way around this difficulty. We will say that P is (k;, x; )-proper if
@P(ijj') = kj(pp(x]').

aj with [|aj|l4 < 1/100, we have that ka; € A C P for every positive integer k <

Lemma 8.3. There exists an absolute constant Cy such that the following holds. Let P be a
symmetric proper generalized arithmetic progression with rank © containing elements x1, ..., X,
and let ky, ..., ky, be positive integers such that £ jx; € P for every 1 < £; < k; and for every j.



J. Bourgain et al. / Journal of Functional Analysis 258 (2010) 559-603 591

Then, there exists a proper symmetric generalized arithmetic progression P’ of rank at most ¢
such that P’ contains P,

|P’| gtclt4|P|, and P is (kj,xj)-proper for every j.

Furthermore, if r > 2 and if there is some j for which P is not (k;, x j)-proper, then P’ can be
chosen to have rank at most v — 1.

The proof of this lemma relies on an application of Lemma 8.2 to 2P (which contains P)

along with the fact that if ||a; || < 1/100 then ka; € P for every 1 <k < m.
Proof. We proceed by induction on the rank t. For the base case, let t =1 and consider x; € P
such that kjx; € P. Since P has rank 1 in this case, we have that x; = ®p(x;)v; and kjx; =
@ p(kjx;)v1. Combining these two equations we have k;@p(x;)vy = Pp(k;jx;)vy, and dividing
by v; (note that we may assume that vy # 0), we see that k;Pp(x;) = Pp(k;x;). Thus P is
(k;, xj)-proper for every j.

For v > 2, we may assume that there is some jo such that k; ®p(x;)) # Pp(kjyxjy)
(i.e., we assume that P is not (kj,, xj,)-proper). We may assume that P has the form
{mivy + -+ + meve: |mi| < M;/2}. Let M := (My, ..., M,), and let (—M /2, M/2) denote
the box {(m1,...,my): |m;| < M;/2}.

Let k be the largest integer such that ®@p(kxj,) = kPp(xj,), so 1 < k < kj, and
®p((k + Dxj)) # (kK + DPp(xj,). Since kxj, € P and xj, € P, we know that ®p(xj,) €
(—M/2,M/2) and Pp(kxj) = k®Pp(xj) € (—=M/2,M/2); and thus, (kK + D®Pp(xj,) €
(—M, M). This shows that 2P, which has dimensions 2M = (2My, ...,2M,), is not proper,
since it has two distinct representations for (k + 1)x .

We can now apply Lemma 8.2 to 2P, thus finding a proper symmetric generalized arithmetic
progression P’ of rank at most v — 1 containing 2P (which contains P) such that

3 3
|P'] <t 2P| < PO Py

Since P’ has rank at most t — 1, we have by induction that there exists P” a proper symmetric
generalized arithmetic progression of rank at most t — 1 containing P’ and such that

4 4 3
|P//| < (t_ 1)C1(t71) |P/| <tcl(t71) tZCOt |P|,

and such that P” is (k;, x;)-proper for every j. Choosing C1 > 2Cy (for example) guarantees
that +C1(c—=D*2C0¢? < tC1t4, which completes the induction. O

Applying Lemma 8.3, we can generate a new proper symmetric generalized arithmetic pro-
gression, which again we will call P by abuse of notation, such that P contains the a;, satisfies
Inequalities (37) and (38), and is (k;, a;)-proper for every a; such that | ;|| 4 < 1/100, where
kj = (ml > 1. We will now show that such P satisfies part (ii) of Theorem 6.1. For a;
such that P is (k;, a;)-proper, we have that |k;m;| < M; foreach 1 <i <, and so

v 2 T v
- m; -
||aj||P=E <ﬁl> <E ( ) E 200IIClJIIA _40000t||aj||3x~
! i=1

i=1 i=1
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Thus, part (ii) of Theorem 6.1 follows from Inequality (36), since P is (k;, a;)-proper for all but
O(1) of the a;.

The next step is to make further alterations to P so that we can prove part (iii) of Theorem 6.1.
The key property that we will use for (iii) is to have the set of vectors {@p(a;): 1 < j <n} span
all of RY, and we will use a rank reduction argument on P to produce a new proper symmetric
generalized arithmetic progression satisfying this full rank property.

Lemma 8.4. (See [10].) Let P be a proper symmetric generalized arithmetic progression of
rank t containing a set B such that the set of vectors @ p(B) does not span R*. Then there exists
a symmetric generalized arithmetic progression P’ containing P such that

rank(Py<t—1 and |P'|<|P|.

Note that the resulting P’ is not necessarily proper or (k;,a;)-proper, even if P had these
properties.

Proof. We use the same proof here as appears in [10, Section 8]. If {®p(a;): 1 < j < n} does
not have rank t, then it is contained is a subspace of R® of dimension t — 1. Thus, there exists an
integer vector (o1, ..., o) with all the ¢; coprime such that (¢, ..., @) is orthogonal to every
vectorin {®p(a;): 1 < j <n}. Thus, forevery w € Z/QZ and any a; = m vy + - - - + m v, We
have that

&jzmlvl + ot meve =m(v) — way) + -+ me (Ve — wore).

Since not all the ¢; are zero, we may assume that o, # 0. Setting w = v, /@, so that v, —wa, =0,
we see that P is contained in the symmetric generalized arithmetic progression

P = {m'lvi o ml vy Imi] < M,-/Z}

with rank v — 1, dimensions M1, ..., M,_1 (which are the same as the corresponding dimensions
for P), and basis vectors v; = v; — a; V¢ /ae. By construction |P/| < |P|. O

We can now run the following algorithm to create a generalized arithmetic progression with
all the desired properties. As the input, we take the generalized arithmetic progression P that
we arrived at after applying Lemma 8.3, thus the input P contains all the a;, satisfies Inequali-
ties (37) and (38), and is (k;, a;)-proper for every a; such that ||a;|| 4 < 1/100; however, we do
not yet know whether @p({a;: 1 < j <n}) spans RE.

1. If @p({a; : 1 < j <n}) spans RT, then do nothing; otherwise apply Lemma 8.4.

2. If P is proper, then do nothing; otherwise apply Lemma 8.2.

3. If for every a; with ||a;||la < 1/100 we have that P is (k;, a;)-proper, then do nothing;
otherwise apply Lemma 8.3.

4. If P satisfies the three properties given in steps 1, 2, and 3, halt; otherwise, return to step 1.

Each application of a lemma in the algorithm may disrupt some property that other two lemmas
preserve; however, we also know that each step in the algorithm either does not change P or
reduces the rank of P by at least 1. Since the original input P has rank O(1), the algorithm
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must terminate in O (1) steps, giving us a generalized arithmetic progression of rank v that sat-
isfies Inequalities (37) and (38), satisfies conditions (i) and (ii) of Theorem 6.1, and satisfies the
condition that ®p({a;: 1 < j < n} spans all of RE.

Thus, all that is left to prove is part (iii), the claim of rational T-commensurability. Though
we will not need it in the current section, one should recall that Theorem 6.1 is only useful when
[noWTOM| = o™ \where T is the symmetric generalized arithmetic progression containing
{—1,0, 1} and all possible values taken by the ,Bi(;‘ ) and the a;j (see Section 6).

We say that a set W economically T-spans a set U if each u € U can be represented as a
highly T -rational linear combination of elements in W, where each coefficient may be expressed
as a/b where a, b € n°™ T2 and where the implicit constants in the o(-) and O(-) notation
are uniform over U.

Comparing our definitions with those from [10, Section 8], we note that “highly rational”
means the same thing as “highly {—1, 0, 1}-rational”, and “economically spans” means the same
thing as “economically {—1,0, 1}-spans”. Thus, it is clear that any highly rational number is
also highly T-rational for any 7 containing {—1,0, 1}, and also the statement “W econom-
ically spans U” implies “W economically T-spans U” for any set T containing {—1,0, 1}.
The remainder of this section paraphrases (with some notational changes) the latter portion
of [10, Section 8].

We know that @p({a;: 1 < j < n} spans RF. Thus, there exists a subset U C {ay, ..., d}
of cardinality v such that @p(U) spans R®. Renumbering if necessary, we can write U =
{ai, ..., a.}. It will be important later on that U has cardinality O (1).

The set {vy, ..., v.} of basis vectors for P economically {—1,0, 1}-spans {ay, ..., a,} by the
definition of P (note that M; < O(Pr(X,,,, € V)™H < O(p™) =n°™), and so by Cramer’s
rule, the vectors @p(U) economically {—1, 0, 1}-span the standard basis vectors {ey, ..., e}
for R*. Applying q§;1 (recall that @ p is a bijection since P is proper) shows that U economically
{—1,0, 1}-spans {vy, ..., v¢}.

Following this paragraph, we will show that there exists a single vector v;, where 1 <ip <t
such that v;, economically 7T-spans U, which will show by transitivity that v;, economi-
cally T-spans {aj,...,a,} (since U economically T-spans {vi,...,v,} which economically
T-spans {ay, ..., a,}; the relation “economically 7-spans” is transitive here since the sets U
and {vy, ..., v} have cardinality O(1)).

Let s be the smallest integer such that there exists a subset of cardinality s of {vy, ..., v¢}
(by renumbering, say the set is {vy, ..., vs}) so that for some nonzero d € n°®TOWM and some
cij € n®™TOW we have

s
d&,-:Zcijvj forevery 1 <i <n. 39)
j=1

Note that d does not depend on i, and so this statement is slightly stronger than having
{v1, ..., vs} economically T-span {ay, ..., a,}. Also, note that Eq. (39) holds (for example) with
s =t by the definition of P and since T contains {—1, 0, 1}.

We now consider two cases:

e The n x s matrix C = (¢;;) has rank 1 in Z/QZ. In this case, a;, /a;, is highly T -rational
for all 7y, i (since all the ¢;; are highly T-rational). We know that U economically T -spans
{vi, ..., v}, and so the numbers v;, /v;, are also highly T -rational (note that it is critical
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here that U has cardinality O(1)). This means that v; (for example) economically 7 -spans
{v1, ..., v}, and so by transitivity v; economically 7-spans U.

e The matrix C has rank at least 2. Recall that (a1, ..., a,) is the normal vector for V and that
V is spanned by (n — 1) linearly independent vectors with entries in S (recall that S contains
all possible values taken by the «;;). We can scale the jth coordinate of each of these vectors
by bj_% to get a set of n — 1 linearly independent vectors each of which is orthogonal to
a:=(aiy,...,a,). Among these (n — 1) linearly independent vectors that are orthogonal to
(ap, .. a,,) we can find at least one, say w = (bl (W - - b;llwn) that is not orthogonal
to every column of C (since C has column rank at least 2). Let B :={b;1: 1 < j <n},
and let w :=w ]_[beB b= (w1, ..., w,). Thus w is orthogonal to a and every coordinate w;
of W is an element of 79 (since T contains S and B and |B| = O(1) by the definition
of p-bounded of exponent r).

Remark 8.5. Note that the line above is the only place in the proof where we use the assumption
from the definition of p-bounded of exponent r that the ﬂi(’.‘) take values in a set with cardinal-
ity O(1). As is evidenced here, the following weaker assumption suffices instead: say that for
each 1 < i < n there exists a set B; such that |B;| = O(1) and such that ﬂﬁi), ﬂg”, .. ,B(“)
each take a nonzero value in B; with probability at least g. In fact, this weaker assumption also
replaces the assumption in the definition of p-bounded of exponent r that ¢ < min, Pr(ﬁ )

B

=)

for every i, j: It suffices for each to take one value in B; with probability at least ¢, 1nstead
of taking every value with probability at least g.
We may now compute:
n n N s n
i=1 i=1 j=I j=1\i=1

Since w is not orthogonal to every column of C = (¢;;), we can assume (reordering if necessary),
that the coefficient for vy above is nonzero, and thus we have

Zz 1CesWe

s—1 n
Plugging this last equation into Eq. (39), we arrive at
n s—1 n n
d( ZCESII)[>C~1,' = Z( Cij ZC@SIIM — Cjys ZC{le)g) Vj.
=1 j=1 (=1 (=1

Since the coefficient for G; on the left is an element of n°™ T O and the coefficient for each v I
on the right is an element of n°™ T 9 we have contradicted the minimality of s.
Thus, we have completed the proof of the structure theorem (Theorem 6.1).
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9. A generalization: § rows have fixed, non-random values

In this section, we will give a generalization of Theorem 2.2 to the case where the random
matrix N, has f < O(Inn) rows that are assumed to be linearly independent and contain fixed,
non-random entries. The proof of the generalized result is very similar to the proof of Theo-
rem 2.2, and we will sketch the main differences in the two proofs below.

Definition 9.1 (A random matrix Nj , with entries in S). Let f be an integer between 1 and n,
let S be a subset of a ring, and let Nj , be an n by n matrix defined as follows. For 1 <i <f
and 1 < j < n, let the entries s;; of Nj,, be fixed (non-random) elements of S such that the rows
(Si1,--.,8in) for 1 <i < § are linearly independent. For f +1 <i <n and 1 < j < n, let the
entries «;; of Ns , be discrete finite random variables taking values in §. Thus,

S1,1 51,2 s St
Fixed rows; assumed to be linearly
independent
Sf’l .. .. Sf’n
Ne o= | @FHLT @f+120 o gl
n --—
f O§421 422 ot Of42p
Of43,1 df432 0 X3 Random rows
Up, 1 Up 2 ce Op.n

Theorem 9.2. Let p be a positive constant such that 0 < p < 1, let r be a positive integer
constant, and let S be a generalized arithmetic progression in the complex numbers with rank
O(1) (independent of n) and with cardinality at most |S| < n°™. Consider the matrix Nin
with entries in S (see Definition 9.1 above), where § < (m —o(1)) Inn. If the collection of
random variables {aji}5+1< j<n,1<k<n S p-bounded of exponent r, then

Pr(Nj,, is singular) < max{(pl/r + o(l))n, (p+ 0(1))n_f}.

Note that the bound on the singularity probability of Nj , for r > 2 is the same as in Theo-
rem 2.2 (since for » > 2, we have n/r << n — clnn =n — f). This is a reflection of the fact that
only the large dimension case uses the randomness in all the rows simultaneously, and in that case
the exponential bound does not depend on r. Generally speaking, the best known lower bounds
on the singularity probability of a discrete random matrix come from a dependency among at
most two random rows, and since Nj, certainly has more than two random rows, the upper
bounds given in Theorem 9.2 seem reasonable.

Theorem 9.2 leads to Corollary 1.2 by following a conditioning argument very similar to that
given in Section 3.3.

9.1. Outline of the proof of Theorem 9.2
The proof of Theorem 9.2 follows the same lines of reasoning as that of Theorem 2.2. In this

subsection, we will state the main lemmas with the necessary modifications, and we will mention
a few important considerations when making the modifications.
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Note that Eq. (15), which reduces the question of singularity to one of the rows spanning
non-trivial hyperplane of dimension n — 1 holds in the current context, using the same definition
of Ay and “non-trivial hyperplane” (both are defined after Eq. (15) in Section 5.1).

Definition 9.3 (Combinatorial dimension with § fixed rows). Let D :={%: 0 < a < n?, acl).
For any d+ € D, we define the combinatorial Grassmannian Grj(d+) to be the set of all non-
trivial hyperplanes V in (Z/QZ)" such that

PR max Pr(X; e V) < pt T,
fH1<i<n

For d+ = 0, we define Gr;(0) to be the set of all non-trivial hyperplanes such that

max Pr(X; eV)<p".
fH1<i<n

We will refer to d+ as the combinatorial dimension of V.

Lemma 9.4 (Small combinatorial dimension, with § fixed rows). For any § > 0 we have

> 3 Pr(Ay) < (1 — D",

d+e€D s.t. Tdgnsn VeGri(ds)
Proof. The proof is the same as that for Lemma 5.2; also see [4,9,10]. O

Lemma 9.5 (Large combinatorial dimension, with § fixed rows). We have

> > P < (pto)'

d+eD s.t. Q%%gwiqn VeGri(ds)
n

Here, cLgpim is the same as in Lemma 5.3.

Proof. The proof is the same as that for Lemma 5.3, except now we appeal to Lemma A.2 with
f > 0. Note that we must assume § < n/2 in order to apply Lemma A.2. See also [4,9,10]. O

Proposition 9.6 (Medium combinatorial dimension estimate, with | fixed rows). Let 0 < € be
a constant much smaller than 1, and let d+ € D be such that (p + cMedDimfeo)"/’ < Tdiq" <
CLgDim

T. If‘f é (m — 0(1)) lnl’l, then

3" Pr(Ay) < (p+o)"".

VeGrj(ds)

Here we choose the constant ¢mMedpim f S0 that cMedpim f > (¢ + ¢f + ﬁ), where ¢, and ¢
creon

are positive absolute constants (in particular, we need ¢ such that § < , which is true for any
positive constant cj since f < O(Inn)). As before, we will prove this proposition by separating
V with medium combinatorial dimension into two cases: exceptional and unexceptional, which
are defined below using the definition of Z;fk from Eq. (17) (this definition is the same as in
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Definition 5.5 with the small change that i and j are required to be between | 4 1 and n instead
of between 1 and n).

Definition 9.7. Consider a hyperplane V of medium combinatorial dimension (that is, d+ sat-
isfies the condition in Proposition 9.6). We say V is unexceptional if there exists an ip where
f+ 1 <ip < n and there exists a kg where 1 < kg < 7 such that

f+r1r1<aj).(<n{Pr(Xj € V)} <€ Pr(Z;:),kO € V).

We say V is exceptional if for every i where f + 1 <i < n and for every k where 1 <k <r
we have

e1Pr(Zf eV) < f+r111<21]?(<’1{Pr(X ienh (40)

In particular, there exists imax such that Pr(X
is exceptional, then

€V)=maxjy1¢<a{Pr(X; € V)};and soif V

Imax

e1Pr(Z;  ,€V)<Pr(X,, €V) foreveryk. (41)

Imax

We will refer to X; _ as the exceptional row.

Imax

cieon L.
——— for some positive

Lemma 9.8 (Unexceptional space estimate, with | fixed rows). If § <
constant cj, then we have

Z Pr(Av) < p—O(ﬂ)Znei‘méon/r-

VeGrj(dt): V is unexceptional

Notice that the bound is the same as in Lemma 5.6, except that we replaced cmedpim With
CMedDim/ When defining “unexceptional”.

Proof. The proof follows in the same way as that for Lemma 5.6; however, when replacing
rows X; of Nj, with rows Z; that concentrate more sharply on V, we must take care to only
replace random rows of Nj , (i.e., rows X1, ..., X; must not be replaced by Z;). See Appendix B
for details. O

In the exceptional case, The same structure theorem (Theorem 6.1) holds, leading to the fol-
lowing lemma.

Lemma 9.9 (Exceptional space estimate, with f fixed rows). If f < (m —o(1))Inn, then
> Pr(Ay) < p"". (42)
VeGr(d+): V is exceptional

Note that this upper bound is dramatically worse than the analogous upper bound in
Lemma 5.7 of n~ 2+,
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Proof. As in Lemma 5.7, the main step in the proof is applying the structure theorem (Theo-
rem 6.1). In the current context, Inequality (20) holds with n — { as the exponent instead of n
(since there are only n — f random rows). If we combine this modified version of Inequality (20)
with Inequality (21), then we have the bound

> Pr(Ay) <n TP € V)T Pr(X;,, € V)"
VeGrj(ds):
V is exceptional
=n"3t0prx; eV) T

where by assumption X; . is the random row such that Pr(X eV) =
maxjiign Pr(X; € V). In order for this upper bound to achieve the desired bound in Inequal-
ity (42), it is sufficient to have

Imax

p—2to Pr(X;, . € V)*f < pn/r. (43)

Using the assumption that Pr(X; . € V) 2 (p + cMedDim f €0)"/" > p"/" (since V is of medium
combinatorial dimension), we see that Inequality (43) holds whenever

)
A (m B "”) o,

which completes the proof. O
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Appendix A. Two background results

A.l. A version of the Littlewood—Offord result in Z.] Q7

If S C Q, then we can clear denominators and prove (as in [10, Lemma 2.4]) the large combi-
natorial dimension estimate in R instead of working in Z/ QZ, in which case we can also use the
Littlewood—Offord result over R (see [11, Corollary 7.13]), instead of the version over Z/Q7Z
given here in Lemma A.1. When working in R, the integral approximation of Inequality (A.1)
can be replaced by a limit going to infinity, and we do not need any extra assumptions on Q. In
particular, we may take Q = exp(exp(Cn)) (see Remark 4.2).

For Q sufficiently large with respect to ¢, r, and n, it is clear that we have

1
1 3 (1-2g+2gcos@n/ Q) < /(1 —2g +2g cos(271))
0

© §€Z/QZ

1
rar+—, (A
n

forall 1 <k <n.
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Lemma A.1l. Let Q be sufficiently large to satisfy Inequality (A.1), and let vy, ..., v, € Z/QZ
be such that vy, ..., v, are nonzero. Let {aj};?zl be a collection of random variables that are
p-bounded of exponent r, and let Xy := ajv1 + - - - + &, v,. Then, for every x € 7] Q7 we have

cLo~/T 1
P Xv= < =0|\—=),
r o Vak (ﬁ)

where cLo is an absolute constant.

Proof. Our proof is closely modeled on the proof of [11, Corollary 7.13]. Let ﬂj(.“ ) be the sym-
metric random variables from the definition of p-bounded of exponent r corresponding to «;
(see Eq. (9)). Then, we can compute

Pr(Xy =x) < Z ]_[ [E(eq(aja;é))| (note thataj =0 for j > k)
SEZ/QZI 1
AL
S l_[( Z (eQ(a jaj& ))’ > (Holder’s inequality)
§€Z/QZ
1 k  (where jo corresponds to the largest factor in the
S 5 Z |E(6Q(aj0aj05))} previous line)
§€Z/ Q7
| o k/r
(since « j, is p-bounded
< E Z <1 Kt szjﬂ*s Cos(znbjo*svjoé/Q)) ofexpotfgnt r)
£€Z/QZL s=1
1 .
<= > (1-2g+2gcos@mbjy 1vj,&/ Q)" (since upjy 1 >2q)
Q §€Z/QZ
1
= a Z (1 —2g+2q COS(ZJTE/Q))k/r (by reordering the sum).

E€Z/QZ

Combining the above inequalities with Inequality (A.1) and following the proof of [11, Corol-
lary 7.13] to bound the integral, we have

1
k/r cLov/T 1
Pr(Xy=x) < 1—2g+2 2t dt+— =0|\—),
r(Xy = x) 0/( q +2q cos(2n1)) N ( )

where cp o is an absolute constant. O
A.2. A generalization of a lemma due to Komlés [6]

This lemma is a generalization of the result in [6] (see also [2, Lemma 14.10], [4, Section 3.1],
and [9, Lemma 5.3]).



600 J. Bourgain et al. / Journal of Functional Analysis 258 (2010) 559-603

Lemma A.2. Fix n, and let p be a positive constants such that 0 < p < 1 and let r be a positive
integer constant. Consider the matrix Ni , taking values in ./ QZ, where f < n/2 and Q is large
enough to satisfy Inequality (A.1). If the collection of random entries in Ny, is p-bounded of
exponent r, then

Pr(there exists v € §2| such that Nj , - v=0) < (p + 0(1))n_f,

where
21 := {(vl, .. V) €Z/QZ: at most (n — f)(l — IL) + 1 of the v; are nonzero} \ {0},
nn

where the constant ¢ can be taken to be ¢ > 21n(100/ p), and where Q denotes the zero vector.

Proof. Let £y = {there exists v € £2| with at most k nonzero coordinates such that Nj ,, -v = 0}.
Clearly,

Pr(there exists v € §21 such that N5, - v=0) < Z Pr(Ey \ Ex—1).
1<k (n—HA—55)+1
Let § be the set of all possible values that could appear as entries in Nj ;,, and let N5 ,j,..... j
be the n by k matrix consisting of columns jy, ..., ji of Nj,,. Following [6, Lemma 2] (see also
[2, Lemma 14.10] and [9, Lemma 5.3]) we can write

Pr(E¢\Ex-1) < ) > > PrRwSpny, ;) ) PrRWIn, i, #),
1< /i< 1<ip < H a (k—1)-
< jpn «<iy—1<n dimensional
hyperplane

spanned by S¥

where

RwSpn;, ;. g i={rowsiy, ... ix—1 of Nj,lj .. j span H}, and

Rwln;, . ., g = {all rows of Nj,lj, .. j. exceptiy,..., ik arein H}.
Let U(k, p,q) be a uniform upper bound for Pr(row i isin H), where f + 1 <i < n and
q is the constant from Definition 2.1 (here, we mean uniform with respect to the index sets
{j1,..., jk}and {i1, ..., ir}). Then we have

Pr(Ey \ Ex—1) <U(k, p,q)" F 1! <Z) (k i 1)’

since k — 1 fixed rows of Nj ,|j,,....j can span at most 1 hyperplane H of dimension k — 1.

82 T
For k < 2;};r (a constant), we can set U (k, p, g) = p by the Weighted Odlyzko Lemma (see

Lemma B.1), giving us a bound of

Pr(Ex \ Ex-1) < (p+o()" ™. (A2)
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For 2 CLOr <k<(n—H(~— )+ 1, we use Lemma A.1 to set U(k, p,q) = C%. Since

(DG < 2nj we thus have

n—k—j+1
2

Pr(Ey \ Er_1) < 22" (CL°r>
qk

As a function of k, this upper bound has strictly positive second derivative; thus, the largest upper

8 .2
bound will occur at one of the extremal values of k = zg}sr ork= (-0~ )+ 1,and
a bit of computation shows that

1
Pr(Ex \ Ex—1) < —0(p" ). (A.3)

3

Summing the bounds in Inequalities (A.2) and (A.3) completes the proof. 0O
Appendix B. The unexceptional case with f fixed rows

This section is adapted from the proof of [10, Lemma 4.1], and proves Lemma 5.6 by setting
f = 0. Assume that § < Cfeon , and let m be the closest integer to 2<% Let Zy, ..., Z,, be i.i.d.
copies of the unexceptlonal row vector Z ok from Definition 9.7, so0 €1 Pr(Z; € V) >Pr(X; eV)
for all 4+ 1 <i < n. We will need the followmg version of the Weighted Odlyzko Lemma:

Lemma B.1. (Cf. [10, Lemma 4.3] or [4, Section 3.2].) For 1 <i, let W;_1 be an (f+i — 1)-
dimensional subspace containing X1, ..., Xj (which are fixed, linearly independent row vectors).
Then

€o B—f—i+l
Pr(Z; e W;_1) < — .
I'( i i 1) <p+ 100)

Proof. Since W;_; has dimension §+i — 1, there exists a set of f i — 1 “determining” coordi-
nates such that if a vector V € W;_y, then the f i — 1 “determining” coordinates determine the
values of the remaining n — f —i + 1 coordinates. Since the maximum probability that any of the
n/r random coordinates in Z; takes a given value is at most | — u = p + 100, and since there
are at least °- — f —i + 1 of the random coordinates in Z; that are not among the “determining”
coordmates we have the desired upper bound. O

Let Vo :=Span{X}, ..., Xj}, the space spanned by the f fixed rows, and for 1 <i <m let By ;
be the event that Zy, ..., Z,, are linearly independent in V \ V. We have the following analog
of Lemma 5.8 (and also [10, Lemma 4.4]):

Lemma B.2. (See Lemma 4.4 in [10].) Let m, §, and By ,, be as defined above. Then,

Pr(By ) > po<n><maXf+1<i<nPr(Xl- e V))’"
V,m =

€1
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Proof. Using Bayes’ Identity, we have

m
Pr(By ) = [Pr(Bv.i | Bv.i-1), (B.1)
i=1

where By o denotes the full space of the Z;. Conditioning on a particular instance of Zy, ..., Z;
in By ;_1, we have that

Pr(By i|By,i—1) =Pr(Z; € V) —Pr(Z; € W;_y),

where W;_; denotes the (f +i — 1)-dimensional space spanned by X1, ..., Xjand Z1,..., Z; .
We will now establish a uniform bound that does not depend on which particular instance
of Z1,...,Z;—1 in By ;_; that we fixed by conditioning. By the definition of unexceptional,
we have

1
Pr(Z; e V) > — max Pr(X; eV),
€] fHI<i<n

and by the Weighted Odlyzko Lemma (see Lemma B.1), we have

B—f—i+l
€\’ €0
Pr(Z; e Wi—1) < (P + —) < (p +

% (1=(em +Cf)50)
100 Too) ‘

Using Taylor’s Theorem with remainder (for example), one can show that

€0 %(1_(0;)1+Cf)50) 1 1
(p + —) < (P + CMedpim€0)"’” < = max_ Pr(X; € V),
2n n f+1<i<n

so long as cMedDim > ﬁ +cm +c5 > ﬁ + (e + cf)pln(%) and n is sufficiently large (the
second inequality in the display above is the definition of medium combinatorial dimension).
Thus

1 €
Pr(By.i | Bri-1) > —( max Pr(XieV)) (1 - —‘),
€1 \f+1<i<n n

and plugging this estimate back into Inequality (B.1) we get

maxsi1gi<n Pr(X; € V))m
€1 ’

Pr(By ) > p"““(

To conclude Lemma 9.8 (which implies Lemma 5.6 by setting §f = 0), we will proceed as in
the proof for [10, Lemma 4.1].

LetZy,..., Z, bei.i.d. copies of Z;:),ko that are independent of the random rows X1, ..., X,.
Using independence and Bayes’ Identity we have

PI'(AV AN BV,m)

Pr(Ay) =Pr(Ay | B =
r(Ay) =Pr(Ay | By,m) Pr(By )

m
_ €]
<Pr(Ay A B o(n) .
<Pr(Ay V,m)p maxit1<i<n Pr(X; € V)
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Because the Z; are linearly independent in V' \ Vj, we know that there is a subset I C {f + 1,
f+2,...,n} of cardinality [/| =m, such that {Z;,..., Z,,} U{X;: i ¢ I} spans V. Let Cy  be
the event that {Z1, ..., Z,,} U{X;: i ¢ I} spans V. Then we have

Pr(Ay ABym)< Y. Pr(CviA{XieV:iel))
IC{f+1,...,n}
[I|=m

m
<( max Prtiev)) Y PrCv.
frisisn IC{f+1,.n)
[I|=m

Summing the above inequality over all unexceptional V (note that ), Pr(Cy ;) < 1) and com-
bining with the bound for Pr(Ay) above gives us

m(p—f —o(n) €1 "
> PriAy) < ( max_ Pr(X; € V)> p
fH1<i<n m maxsy1gign Pr(X; € V)

unexceptional V

< piU(”)Z"e’ln.
This completes the proof of the estimate for unexceptional V.
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