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Abstract
Let Ay, ..., Ag be d x n matrices. We define the row product of these matrices as a dX x n matrix,
whose rows are entry-wise products of rows of Ay, ..., Ag. This construction arises in certain computer

science problems. We study the question, to which extent the spectral and geometric properties of the row
product of independent random matrices resemble those properties for a d K % n matrix with independent
random entries. In particular, we show that the largest and the smallest singular values of these matrices are
of the same order, as long as n < d K

We also consider a problem of privately releasing the summary information about a database, and use
the previous results to obtain a bound for the minimal amount of noise, which has to be added to the released
data to avoid a privacy breach.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

This paper discusses spectral and geometric properties of a certain class of random matrices
with dependent rows, which are constructed from random matrices with independent entries.
Such constructions first appeared in computer science, in the study of privacy protection for
contingency tables. The behavior of the extreme singular values of various random matrices with
dependent entries has been extensively studied in the recent years [1,2,9,16,22]. These matrices
arise in asymptotic geometric analysis [1], signal processing [2,16], statistics [22] etc. The row
products studied below have also originated in a computer science problem [9].
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For two matrices with the same number of rows we define the row product as a matrix whose
rows consist of entry-wise product of the rows of original matrices.

Definition 1.1. Let x and y be 1 x n matrices. Denote by x ®, y the 1 x n matrix, whose entries
are products of the corresponding entries of x and y: x ®, y(j) = x(j) - y(j). lf Aisan N x n
matrix, and B is an M x n matrix, denote by A ®, B an NM X n matrix, whose rows are entry-
wise products of the rows of A and B:

(A®; B)(j—)yM+k = Aj Q By,
where (A ®, B);, Aj, By denote rows of the corresponding matrices.

Row products arise in a number of computer science related problems. They have been intro-
duced in [7] and studied in [24] in the theory of probabilistic automata. They also appeared in
compressed sensing, see [3] and [6], as well as in privacy protection problems [9]. These papers
use different notation for the row product; we adopt the one from [6].

This paper considers spectral and geometric properties of row products of a finite number of
independent random matrices. The definition above assumes a certain order of the rows of the
matrix A ®, B. This order, however, is not important, since changing the relative positions of
rows of a matrix does not affect its eigenvalues and singular values. Therefore, to simplify the
notation, we will denote the row of the matrix C = A ®, B corresponding to the rows A; and
By by Cj . We will use a similar convention for the rows of the row products of more than two
matrices.

Recall that the singular values of N x n random matrix A are the eigenvalues of (A*A)!/2
written in the non-increasing order: s1(A) > s2(A) > --- > s5,(A) > 0. The first and the last
singular values have a clear geometric meaning: s1(A) is the norm of A, considered as a linear
operator from ¢35 to 69’ ,and if n < N and rank(A) = n, then s, (A) is the reciprocal of the norm
of A~! considered as a linear operator from Eév N AR" to £5. The quantity k (A) = s1(A)/sn(A),
called the condition number of A, controls the error level and the rate of convergence of many
algorithms in numerical linear algebra. The matrices with bounded condition number are “nice”
embedding of R” into RV, i.e. they do not significantly distort the Euclidean structure. This
property holds, in particular, for random N x n matrices with independent centered subgaussian
entries having unit variance, as long as N > n.

Obviously, the row product of several matrices is a submatrix of their tensor product. This fact,
however, does not provide much information about the spectral properties of the row product,
since they can be different from those of the tensor product. In particular, for random matrices,
the spectra of A ® B and A ®, B are, indeed, very different. For example, letd <n < d?, and
consider d x n matrices A and B with independent +1 random values. The spectrum of A ® B
is the product of spectra of A and B, so the norm of A ® B will be of the order

O((Wn+~d)*) = o),

and the last singular value is O((f — «/3)2) whenever d < n; see [17]. From the other side,
computer experiments show that the extreme singular values of the row product behave as for the
d? x n matrix with independent entries, i.e. the first singular value is

0(d + +/n) = 0(d),

and the last one is O(d — /n); see [9]. Based on this data, it was conjectured that the extreme
singular values of the row product of several random matrices behave like for the matrices with
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independent entries. This fact was established in [9] up to logarithmic terms, whose powers
depend on the number of multipliers. We remove these logarithmic terms in Theorems 1.3 and
1.5 for row products of any fixed number of random matrices with independent bounded entries.
To formulate these results more precisely, we introduce a class of uniformly bounded random
variables, whose variances are uniformly bounded below. To shorten the notation we summarize
their properties in the following definition.

Definition 1.2. Let § > 0. We will call a random variable £ a § random variable if |§| < 1 a.s.,
E¢ = 0, and E£2 > §2.

We start with an estimate of the norm of the row product of random matrices with independent
& random entries.

Theorem 1.3. Let Ay, ..., Ag be d x n matrices with independent § random entries. Then the
K -times entry-wise product A| ®, As ®, - - ®, Ak is a dX x n matrix satisfying

P (141@ @ Axll 2 €@ +0') < exp (e (d + 7))

The constants C', ¢ may depend upon K and 6.

The paper [9] uses an e-net argument to bound the norm of the row product. This is one of
the sources of the logarithmic terms in the bound. To eliminate these terms, we use a different
approach. The expectation of the norm is bounded using the moment method, which is one
of the standard tools of the random matrix theory. The moment method allows to bound the
probability as well. However, the estimate obtained this way would be too weak for our purposes.
Instead, we apply the measure concentration inequality for convex functions, which is derived
from Talagrand’s measure concentration theorem.

The bound for the norm in Theorem 1.3 is the same as for a dX x n random matrix with
bounded or subgaussian i.i.d. entries, while the probability estimate is significantly weaker than
in the independent case. Nevertheless, the estimate of Theorem 1.3 is optimal both in terms of
the norm bound and the probability (see Remarks 5.3 and 5.5 for details). In the important for us
case dX > n the assertion of Theorem 1.3 reads

P (||A1 ®r @ Agll > C/\/dK) < exp(—cd).

It is well-known that with high probability a random N x n matrix A with independent iden-
tically distributed bounded centered random entries has a bounded condition number, whenever
N > n (see, e.g. [15]). Our next result shows that the same happens for the row products of
random matrices as well. For the next theorem we need the iterated logarithmic function.

Definition 1.4. For g € N define the function log,, : (0, c0) — R by induction.
(1) logyt = max(logt, 1);
(2) log(yy 1)t = log ;) (log ) ).

Throughout the paper we assume that the constants appearing in various inequalities may depend
upon the parameters K, ¢, §, but are independent of the size of the matrices, and the nature of
random variables.
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Theorem 1.5. Let K, g, n, d be natural numbers. Assume that

cdX
n < .
log(g) d
Let Ay, ..., Ag be d x n matrices with independent 8 random entries. Then the K -times entry-

wise product A ®, Ay ®, - - ®r Ak satisfies

P <Sn(Al ® - ®r Ag) < c’\/dK> < Cexp(—cd).

This bound, together with the norm estimate above shows that the condition number of the
row product of matrices with § random entries exceeds a constant with probability O (exp(—cd)).
While this probability is close to 0, it is much bigger than that for a dX x n random matrix with
independent random entries, in which case it is of order exp(—dX). However, it is easy to show
that this estimate is optimal (see Remarks 5.3 and 8.2). This weak probability bound renders
standard approaches to singular value estimates unusable. In particular, the size of a (1/2) net on
the sphere $”~! is exponential in 7, so the union bound in the &-net argument breaks down.

This weaker bound not only makes the proofs more technically involved, but also leads to
qualitative effects which cannot be observed in the context of random matrices with independent
entries. One of the main applications of random matrices in asymptotic geometric analysis is
to finding roughly Euclidean or almost Euclidean sections of convex bodies. In particular, the
classical theorem of Kashin [8] states that a random section of the unit ball of E{V by a linear
subspace of dimension proportional to N is roughly Euclidean. The original proof of Kashin
used a random =#1 matrix to construct these sections. The optimal bounds were obtained by
Gluskin, who used random Gaussian matrices [5].

The particular structure of the £ norm plays no role in this result, and it can be extended to a
larger class of convex bodies. Let D C R" be a convex symmetric body such that Bév C D and
define the volume ratio [19] of D by

1/N
wi(D) = | Y2
vol(BY) '

Assume that the volume ratio of D is bounded: vr(D) < V. Then for a random N x n matrix A
with independent entries satisfying certain conditions,

P(3x € R" [Ax]lp < (V) 7 N2 ||x]ly) < exp(—cN).

This fact was originally established in [18], and extended in [12] to a broad class of random
matrices with independent entries. However, the volume ratio theorem does not hold for the row
product of random matrices. We show in Lemma 3.2 that there exists a convex symmetric body
D C ]RdK with bounded volume ratio, such that
inf
xesn—l1

Ax HD < c(Kd)'?

with probability 1. For K > 1 this bound is significantly lower than N = dX/2, which corre-
sponds to the independent entries case.

Surprisingly, despite the fact that the general volume ratio theorem breaks down, it still holds
for the original case of the ¢ ball. The main result of this paper is the following theorem.
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Theorem 1.6. Let K, g, n, d be natural numbers. Assume that
cd¥
n<-——o
logg) d

and let Ay, ..., Ax be d x n matrices with independent § random entries. Then the K -times
entry-wise product A = A| ®, Ay @, - - ®, Ak is ad® x n matrix satisfying

P (Elx c 5! H Ax H1 < c’dK) < C'exp(=2d).

Note that the results similar to Theorems 1.3, 1.5 and 1.6 remain valid if the matrices
Ay, ..., Ak have different numbers of rows, and the proofs require only minor changes.

The rest of the paper is organized as follows. In Section 2 we consider a privacy protection
problem from which the study of row products has originated. We derive an estimate on the
minimal amount of noise needed to avoid a privacy breach from Theorem 1.5. Section 3 intro-
duces necessary notation. Section 4 contains an outline of the proofs of Theorems 1.3 and 1.6.
Theorem 1.3 is proved in the first part of Section 5. The rest of this section and Section 6 develop
technical tools needed to prove Theorem 1.6.

In Section 7 we introduce a new technical method for obtaining lower estimates. The minimal
norm of Ax over the unit sphere is frequently bounded via an ¢-net argument. The implemen-
tation of this approach in [9] was one of the main sources of the parasitic logarithmic terms. In
Section 7 the lower bound is handled differently. The required bound is written as the infimum of
a random process. The most powerful method of controlling the supremum of a random process
is to use chaining, i.e. to represent the process as a sum of increments, and control the incre-
ments separately [21]. Such method, however, cannot be directly applied to control the infimum
of a positive random process. Indeed, lower estimates for the increments cannot be automatically
combined to obtain the lower estimate for the sum. Nevertheless, in Lemma 7.1 we develop a
variant of a chaining, which allows to control the infimum of a process. This chaining lemma is
the major step in proving Theorem 1.6, which is presented in Section 8, where we also derive
Theorem 1.5 from it.

2. Minimal noise for attribute non-privacy

Marginal, or contingency tables are the standard way of releasing statistical summaries of
data. Consider a database D, which we view as a d x n matrix with entries from {0, 1}. The
columns of the matrix are n individual records, and the rows correspond to d attributes of each
record. Each attribute is binary, so it may be either present, or absent. For any set of K + 1
different attributes we release the percentage of records having all attributes from this set. The

list of these values for all ( Kﬁ-l) sets forms the contingency table. In the row product notation
the contingency table is the subset of coordinates of the vector

K+1 times
—_—
y = <D®r®rD>w7

which correspond to all sets of K + 1 different rows of the matrix D. Here w € R” is the vector
with coordinates w = (1, ..., 1).

The attribute non-privacy model refers to the situation when d — 1 rows of the database D
are publicly available, or leaked, and one row is sensitive. The analysis of a more general case,
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where there are more than one sensitive attribute can be easily reduced to this setting. For the
comparison of this model with other privacy models see [9], and the references therein. Denote
the (d — 1) x n submatrix of D corresponding to non-sensitive attributes by D’, and the sensitive
vector by x. Then the coordinates of y contain all coordinates of the vector
K times K times
— ——
= (D/®r"'®rD/®r xT>w = (D/®r"'®rD/)x7
which correspond to K different rows of the matrix D’. Hence, if the database D’ is generic, then
the sensitive vector y can be reconstructed from D’ and the released vector z by solving a linear
system. To avoid this privacy breach, the contingency table is released with some random noise.
This noise should be sufficient to make the reconstruction impossible, and at the same time, small
enough, so that the summary data presented in the contingency table would be reliable. Let zypise

be the vector of added noise. Let D’ be the ( 2) x n submatrix of D’ ®, - - - ®, D’ corresponding

to all K-element subsets of {1, ..., n}. If the last singular value of D’ is positive, then one can
form the left inverse (D_’)Z1 of D/, and H (D_’)Z1 H = sn_1 (D). In this case, knowing the released

data z + zpoise We can approximate the sensitive vector x by x’ = (D’ )Zl (z + zZnoise)- Then

||x - x/”z = H (D_/)lenoise

L= [ @97 - tznoiell-

Therefore, if ||znoisells = o(/n - sn_l(D_’)), then ”x — x’”2 = o(4/n). Since the coordinates of
x are 0 or 1, we can reconstruct (1 — o(1))n coordinates of x by rounding the coordinates of x’.
Thus, the lower estimate of s, ! (D’) provides a lower bound for the norm of the noise vector.

We analyze below the case of a random database. Assume that the entries of the database
are independent {0, 1} variables, and the entries in the same column are identically distributed.
This means that the distribution of any given attribute is the same for each record, but
different attributes can be distributed differently. We exclude almost degenerate attributes, i.e. the
attributes having probabilities very close to 0 or 1. In this case bound on the minimal amount of
noise follows from the theorem given below.

Theorem 2.1. Let K, g, n, d be natural numbers. Assume that

cdX

n < .
logig)d

Let0 < p' < p” < 1, andlet py, ..., pa be any numbers such that p' < p; < p". Consider
a d x n matrix A with independent Bernoulli entries aj . satisfying P(ajx = 1) = p;j for all
j=1L...,d, k=1,...,n.

Then the K -times entry-wise product A=AQ, A®, - Q AisadX x n matrix satisfying

P (su(A) = ¢VaK) = € exp(—ad)
The constants c, c’, C, C' may depend upon the parameters K, q, p’, p”.

Proof. This theorem will follow from Theorem 1.5, after we pass to the row product of matrices
having independent § random entries. To this end, notice that if an m x n matrix U’ is formed
from the M x n matrix U by taking a subset of rows, then s, (U’) < s,(U).
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Letd = 2Kd' + m, where 0 < m < 2K.For j = 1,..., K denote by A}. the submatrix
of A consisting of rows 2K(j — 1) + 1),...,(2K(j — 1) + K), and by A(} the submatrix
consisting orrows 2K (j—1)+K+1),...,2Kj. Let Djl., D? € R? be vectors with coordinates

Dj = (P2K(j—1)+1s - - » P2K(j—1)+K) and D? = (P2K(j—1)+K+1s - - - P2Kj)- Set

_no 1 1 0

Then Ay, ..., Ak are d’ x n matrices with independent § random entries for some § depending
on [7/, P”-
Let U, s 1,2,3 be N; x n matrices, and let D € R™ be a vector with coordinates

satisfying |d;| < 1 for all j. Then for any x € R"
|wie.(D" & Uy &, UNx|| < I &, U2, Unsla.

Indeed, any coordinate of (U; ®, (DT ®, Uy) ®, Uz)x equals the correspondent coordinate of
(U1 ®, Uz ®, Uz)x multiplied by some d;_ ;, so the inequality above follows from the bound on
|dj, ;|. This argument shows that for any (¢1, ..., ex) € {0, 11K

H (((D}‘g‘)T ® A @, - ®, (D™ @, Ai{))xH2
< (a7 & - 2],

Therefore,

[(4r@, - ® Ax)x],

IA

2

e=(e1,....ex)€{0,1}K

> |(Ae, @, A)x]

AV ®, - & Aig’)xuz

IA

9
because Aij Q- - A;j is a submatrix of A ®, - --®, A. Thus, for any ¢t > 0
P(si(A®, - ® A) < 1) <P (5, (A1®, -+ Ag) < 250),
To complete the proof we use Theorem 1.5 with d’ in place of d, and note that d < 3Kd'. O
3. Notation and preliminary results
The coordinates of a vector x € R” are denoted by (x(1), ..., x(n)). Throughout the paper we

will intermittently consider x as a vector in R” and as an n x 1 matrix. The sequence ey, ..., e,
stands for the standard basis in R". For 1 < p < oo denote by By, the unit ball of the space £},

n 1/p
By = x eR"| x|, = <Z |x<j)|P) <1
j=1

By §”~! we denote the Euclidean unit sphere.
Denote by || A|| the operator norm of the matrix A, and by ||A|| i the Hilbert—Schmidt norm:

1/2
1Allys = (Z |aj,k|2> :
Jj.k
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The volume of a convex set D C R" will be denoted vol(D), and the cardinality of a finite
set J by |J|. By [x] we denote the integer part of x € R. Throughout the paper we denote by
K the number of terms in the row product, by ¢ the number of iterations of logarithm, and by
82 the minimum of the variances of the entries of random matrices. C, ¢ etc. denote constants,
which may depend on the parameters K, ¢, and §, and whose value may change from line to
line.

Let V C R" be a compact set, and let € > 0. A set N' C V is called an s-net if for any x € K
there exists y € N such that ||x — y|, < &. If T : R*" — R™ is a linear operator, and N and
are g-nets in By and By’ respectively, then

ITI < (1 —&) " sup | Txll, < (1 —&)~2 sup sup (T'x, y).
xeN xeN yeN”’

We will use the following volumetric estimate. Let V C Bj. Then for any & < 1 there exists an
e-net N C V such that

3 n
VI < (—) :
e
We will repeatedly use Talagrand’s measure concentration inequality for convex functions
(see [20], Theorem 6.6, or [10], Corollary 4.9).

Theorem (7alagrand). Let X1, ..., X, be independent random variables with values in [—1, 1].
Let f : [—1, 11" — R be a convex L-Lipschitz function, i.e.

Vo, y e [=L 1" [f) — fO)I = Llix =yl
Denote by M the median of f (X1, ..., Xpn). Then foranyt > 0,

t2
]p<|f(X1,...,Xn)—M| Zt) §4eXp<_16L2>'

To estimate various norms we will divide the coordinates of a vector x € R" into blocks. Let
m:{l,...,n} = {l,..., n} be a permutation rearranging the absolute values of the coordinates
of x in the non-increasing order: |x((1))| > --- > |x(7w(1))]. For [ < n and 0 < m define

m—1
No=0, Nu=Y 41, andsetl, =7r({Nm + 1,...,Nm+1}).
=0

In other words, Iy contains / largest coordinates of |z|, /1 contains 4/ next largest, etc. We
continue as long as [, # @. The block I, will be called the m-th block of type [ of the coordinates
of x. Denote x|; the restriction of x to the coordinates from the set /. We need the following
standard lemma.

Lemma 3.1. Let b < 1 and let x € By NbBy,. Forl < b2 consider blocks Iy, I, . .. of type |
of the coordinates of x. Then

> Al - | x1s,,

m=>0

<S5.

2
00 =
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Proof. Note that the absolute value of any non-zero coordinate of x;, , is greater than or equal
to Hx|1m HOO Hence,

Sl |21, 12 = Elxln]2 + 43 el ¢ |12,
m=0 m>1
< +4Y x5 <5 O
m>1

The next lemma shows that Theorem 1.6 cannot be extended from L; norm to a general
Banach space whose unit ball has a bounded volume ratio.

Lemma 3.2. There exists a convex symmetric body D C R4 such that Bzd e D,

1/d¥
vol(D) <C
(vol(BgK)> N

satisfying
inf [|(A) & - ® Ag)xlp < c(Kd)'/?
xesn—1
for all d x n matrices Ay, ..., Ak with entries 1 or —1.
Proof. Set

= U £1®-- Qek

and let D = conv ((dK)~'/2w, ng) . To estimate the volume ratio of D we use Urysohn’s
inequality [13]:

(D) 1/d¥
= <d ¥PEsup(g, x),
vol(B; ) xeD

where g is a standard Gaussian vector in R4*_ Since
D C (dK)_1/2conV(W) + ng,
the right hand side of the previous inequality is bounded by

14+d 5?2 @K)"\?Esup(g,x) <1+cdK) ?log'? W],
xeWw
where |W| is the cardinality of W. Since |W| = 29K the volume ratio of D is bounded by an
absolute constant.
Let ¢ be the first basic vector of R”. The lemma now follows from the equality (4| ®, - - - ®,
Ag)e; = €1Q---Q¢ek, where €1, . .., g are the first columns of the matrices Ay, ..., Ax. O

4. Outline of the proof

We begin with proving Theorem 1.3. We use the moment method, which is one of the standard
random matrix theory tools. To estimate the norm of a rectangular random matrix A with centered
entries, one considers the matrix (A*A)? for some large p € N, and evaluates the expectation of
its trace using combinatorics. Since || A ||2’7 < tr(A*A)?, any estimate of the trace translates into
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an estimate for the norm. Following a variant of this approach, developed in [4], we obtain an
upper bound for the norm of the row product of independent random matrices, which is valid with
probability close to 1. However, the moment method alone is insufficient to obtain an exponential
bound for the probability. To improve the probability estimate, we combine the bound for the
median of the norm, obtained by the moment method, and a measure concentration theorem.
To this end we extend Talagrand’s measure concentration theorem for convex functions to the
functions, which are polyconvex, i.e. convex with respect to certain subsets of coordinates.

Before tackling the small ball probability estimate for

min [|(A; @, - ®r Ax)xlly .
xesn—1

we consider an easier problem of finding a lower bound for [[(41 ®, - - ®, Ax—1 ®, Ax)xl;
for a fixed vector x € S"~!. The entries of the row product are not independent, so to take
advantage of independence, we condition on Ay, ..., Ax_;. To use Talagrand’s theorem in
this context, we have to bound the Lipschitz constant of this norm above, and the median of
it below. Such bounds are not available for all matrices Ay, ..., Ax_1, but they can be obtained
for “typical” matrices, namely outside of a set of a small probability. Moreover, the bounds will
depend on the vector x, so to obtain them, we have to prove these estimates for all submatrices
of the row product. This is done in Sections 5.2 and 5.3. Using these results, we bound the small
ball probability in Section 6. Actually, we prove a stronger estimate for the Levy concentration
function, which is the supremum of the small ball probabilities over all balls of a fixed radius.

The final step of the proof is combining the individual small ball probability estimates to
obtain an estimate of the minimal £;-norm over the sphere. This is usually done by introducing
an g-net, and approximating a point on the sphere by its element. Since the small ball probability
depends on the direction of the vector x, one e-net would not be enough. A modification of this
method, using several e-nets was developed in [11]. However, its implementation for the row
products lead to appearance of parasitic logarithmic terms, whose degrees rapidly grow with
K [9]. To avoid these terms, we develop a new chaining argument in Section 7. Unlike standard
chaining argument, which is used to bound the supremum of a random process, the method of
Section 7 applies to the infimum.

In Section 8 we combine the chaining lemma with the Levy concentration function bound of
Section 6 to complete the proof of Theorem 1.6, and derive Theorem 1.5 from it. We also show
that the image of R" under the row product of random matrices is a Kashin subspace, i.e. the £1
and £, norms are equivalent on this space.

5. Norm estimates
5.1. Norm of the matrix

We start with a preliminarily estimate of the operator norm of the row product of random
matrices. To this end we use the moment method, which is based on bounding the expectation of
the trace of high powers of the matrix. This approach, which is standard in the theory of random
matrices with independent entries, carries over to the row product setting as well.

Theorem 5.1. Let Ay, ..., Ag be d x n matrices with independent § randgm entries. Let p € N
be a number such that p < cen/ 12K Then the K -times entry-wise product A = A} @, Ay @y - -
®, Ak is a d¥ x n matrix satisfying

E|A 2 < p2K+1n <d1/2 +n1/2K>2pK.
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Proof. The proof of this theorem closely follows [4], so we will only sketch it. Denote the entries

of the matrix A; by 8(1) so the entry of the matrix A corresponding to the product of the entries

in the rows iV, i@ | z(K) and column j will be denoted 8((1) . 8(([,2 . Then
2J
~ 12p T
EHAH < Etr(AAT)P
1 K 1 K
=D R IRRC JRRNE )
i/,
210 P 0.9} 8(1) T (LY
( i) p <K> ) ( it jp i“”,jp)
Here V is the set of admissible multi-paths, i.e. a sequence of 2p lists {(lm1 R 1 (z,(nll)<,

]m)}mp: , such that

(1) the column number j, is the same for all entries of the list m;

(2) the first list is arbitrary;

(3) the entries of the second list are in the same column as the entries of the first list, the entries
of the third list are in the same rows as the respective entries of the second list, etc.;

(4) the entries of the last list are in the same rows as the respective entries of the first list;

(5) every entry, appearing in each path, appears there at least twice.

Since the entries of the matrices Ay, ..., Ag are uniformly bounded, the expectations are
uniformly bounded as well, so
~12p
2 af" <
To estimate the cardinality of V denote by B(ry, ..., rk, c) the number of admissible multi-paths

whose entries are taken from exactly r; rows of the matrix Ay, exactly r, rows of the matrix A,
etc., and exactly from ¢ columns of each matrix. Note that the set of columns through which the

path goes is common for the matrices Ay, ..., Ax. An admissible multi-path can be viewed as
an ordered K -tuple of closed paths g1, ..., gx of length 2p + 1 in the d x n bi-partite graph,
such that ¢ (2j) = ¢2(2j) = --- = qx(2j) for j = 1, ..., p, and each edge is traveled at least
twice for each path. With this notation we have
~ 112p
B[4 <> per. k0, 5.1
J

where J is the set of sequences of natural numbers (rq, ..., rg, c) satisfying

rn+c<p+1 foreachl=1,..., K.

The inequality here follows from condition (5) above. Let y (71, ..., rg, c) be the number of
admissible multi-paths, which go through the first r; rows of the matrix Ay, the first ry rows of
the matrix A, etc., and the first ¢ columns. Then

n K /d
B(ri,...,rg,c) < (c> -l_[<rl>-y(r1,...,r1(,c).

=1
We call a closed path of length 2p + 1 path in the d x n bi-partite graph standard if
(1) it starts with the edge (1, 1);



3210 M. Rudelson / Advances in Mathematics 231 (2012) 3199-3231

(2) if the path visits a new left (right) vertex, then its number is the minimal among the left (right)
vertices, which have not yet been visited by this path;
(3) each edge in the path is traveled at least twice.

Let m(r, ¢) be the number of the standard paths through r left vertices and c right vertices of the
bi-partite graph. Then

K
y(@ry,...,rg,c) <c!- l_[rl! -m(ry, c).
=1

This inequality follows from the fact that all K paths in the admissible multi-path visit a new

column vertex at the same time, so the column vertex enumeration defined by different paths of
the same multi-path is consistent. Combining two previous estimates, we get

K

Bri,....rx,¢) <n-[]d"m@r, o).

=1
The inequality on page 260 [4] reads

2
mir.y < (1) pRoTOrh

Substituting it into the inequality above, we obtain

Z,B(rl, ..., K, C)
J

p K 2
< Z Z nt - det . (p) . plAp=n—o+14
c=1ri+c<p+1 rg+c<p+1 =1 ul
)4 p+l—c 2
_ Zl—[ ne/K g . (P) L pl2p—n—a+14, (5.2)

r

To estimate the last quantity note that since p < %nl/ 12K

p+l—c 2
Z nC/K g (P) L pl2pri—o+14

=1 l"[

p+l—c 2
— pZnI/K Z pIZ(p+]7r17c)n7(p+]7r17c)/l( (p> dr,n(pfr])/[(

r=1 n

2
< p2n1/K (Zp: <5) (dl/Z)rl(nl/2K)p—r1)

r1=0
2p
_ pznl/K (dl/z +n1/2K) .
Finally, combining this with (5.1) and (5.2), we conclude

E HAHZP < p*tin (dl/z +nl/2K>2pK < pAKHL, (dl/Z _I_nl/zK)ZPK'

Applying Chebyshev’s inequality, we can derive a large deviation estimate from the moment
estimate of Theorem 5.1.
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Corollary 5.2. Under the conditions of Theorem 5.1,

F (”Al ® - @ Agll = C'@"/? +n1/2)) <exp (_Cnﬁ).

Remark 5.3. The bound for the norm appearing in Corollary 5.2 matches that for a random
matrix with centered i.i.d. entries. This bound is optimal for the row products as well. To
see it, assume that the entries of Ay, ..., Ax are independent £1 random variables. Then

3

)2 = dX/2. Also, if x € $"! is such that x(j) = n’l/zgl,j, where Sl,j is an entry in

the first row of the matrix A, then HAx ”2 > pl/2,

More precise versions of the moment method show that the moment bound of the type of
Theorem 1.3 is valid for bigger values of p as well, and lead to more precise large deviation
bound. We do not pursue this direction here, since these bounds are not powerful enough for our
purposes.

Instead, we use the previous corollary to bound the median of the norm of A} ®; -- - ®, Ak,
and apply measure concentration. The standard tool for deriving measure concentration results
for norms of random matrices is Talagrand’s measure concentration theorem for convex func-
tions. However, this theorem is not available in our context, since the norm of A} ®, - - ®, Ag
is not a convex function of the entries of Ay, ..., Ag. We will modify this theorem to apply it
to polyconvex functions.

Lemma 5.4. Consider a function F : REM L R For1 <k <Kandxy,...,Xr1, Xkl - -
xx € RM define a function fy,, .. x_ xei1,.xk RM R by

fxl,...,xkfl,karl,...,xK (X) = F(XI, ey Xk—1, X, X415+ v s XK).
Assume that for all 1 < k < K and for all x1, ..., Xk—1, Xk+1, ..., XK € Bgo the functions
Sxl e xic 1,241, 0xx a¥e L-Lipschitz and convex.
Let (e1,...,€x) = ((vl,l, e VM) (VKT e vK,M)) e RKM be a set of independent

random variables, whose absolute values are uniformly bounded by 1. If
P(F(e1,....ex) = p) <2475,

then for any t > 0

2
K ct
P(F(er,...,e5) 2 u+1) <4 exP<_K2L2)'

Proof. We prove this lemma by induction on K. In case K = 1 the assertion of the lemma
follows immediately from Talagrand’s measure concentration theorem for convex functions.

Assume that the lemma holds for K — 1. Let F : REM — R be a function satisfying the
assumptions of the lemma. Set

0 ={(x1,....xk-1) € BE M P(F(x1,...,xk-1,65) > p) > 1/2}.
Then Chebyshev’s inequality yields

P((eq,...,ex—1) € 2) <4~ &E=D, (5.3)
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By IalagIaIld’S theOIeIIl, fOI any (;Cls cer ;CK—l) € BCgO 1) \ ‘!2
P F( ) > —+ —t <2 ——Ct
Xly.eeoy XK—15 €K M ex]) 3772 .
! ! K K-L

Hence,

2
t . ct
P (F(&‘l,...,&‘]() zu—i—E | (e1,...,6x-1) € B )M\9> §Zexp(—m>.

Define
- I ;
= = {XK € B, |]P(F(81,...,8K_1,)CK) Z/L'f‘? |
(e1,...,ex-1) € BE=DM\ Q) - 47(K71)}'

The previous estimate and Chebyshev’s inequality imply

2
—_ _ ct
P(ex € 5) <2-4K 1exp(—K2L2).

If xx € £¢, then combining the conditional probability bound with the estimate (5.3), we obtain

1
P (F(El,...,EK_l,XK) > /L—}-?)
1t
sP(F(sl,...,eK_l,xm >t o e ek € Béf—“M\rz) +P (1)
<2.47K=D,

Hence, applying the induction hypothesis with %t in place of 7, we get

P (F( Vot SR N ct?
Elyevy EK—1sXK) > — < exp| ——— ).
1 K1 %K) Z L+ % P\~ %212
Finally,

P(F(er,...,ex) = u+1)
<P(F(er,....ex) = u+1|ex € BY\E)+P(ex € )

2
% ct
=4 exp (‘ m) ’
which completes the proof of the induction step. [

This concentration inequality combined with Corollary 5.2 allows to establish the correct
probability bound for large deviations of the norm of the row product of random matrices.

Proof of Theorem 1.3. Fork = 1, ..., K let &, € R?" be the entries of the matrix Ay rewritten
as a vector. For any matrices Ay, ..., Ag—1, Ak+1, ..., Ak the function

fAl ,,,,, Ap—1, Dkt 1smees AK(Ak) =141 Q- ® Akfl Qr Ak Qr Ak+1 ®r - Qr Akl

is convex. Also, since the absolute values of the entries of the matrices Ay, ..., Ar_1, Ags1, ...,
Ak donot exceed 1,

/!
|fA1 ..... Ak,l,A/H,],...,AK(Ak) - fAl ..... Ak,l,Ak+1,...,A]((Ak)|
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< ”Al & Qr Ak—l ®r(Ak - A;() & Ak+1 K Qr AK“
< |A1®r - & Ak1 @ (Ak — A ®r Aky1 & -+ @ Ak ||

N e

so the Lipschitz constant of this function does not exceed 4K ~1/2. By Corollary 5.2, we can take
w = C'(d¥/? +n'/%). Applying Lemma 5.4 with t = C”(d¥/? + n'/?) finishes the proof. [

Remark 5.5. The probability bound of Theorem 1.3 is optimal. Indeed, assume first that 4% > n,
andlet Ay, ..., Ak be d x n matrices with independent random =1 variables. Choose a number
s € N such that /s > C, where C is the constant in Theorem 1.3, and set x = (e] + - - - + e5)/
/5. With probability 27°KX¢ all entries in the first s columns of these matrices equal 1, so
(A1 & -+ ® Ag)xlly = /5 - dX/.

In the opposite case, n > dX, set s = C?n/dX, where the constant C is the same as above.
Then for x defined above we have [|[(A| ®, - - - ®, Ax)x|l, = /s-dX/? = C/n with probability
at least 27554 = exp(C'Kn/dX ).

5.2. Norms of the submatrices

We start with two deterministic lemmas. The first one is a trivial bound for the norm of the
row product of two matrices.

Lemma 5.6. Let U be an M x n matrix, and let V be a d x n matrix. Assume that |v; j| < 1 for
all entries of the matrix V. Then ||U &, V| < Jd 1Ull.

Proof. The matrix U ®, V consists of d blocks U ®;, vj, j =1,...,d, where v; is arow of V.
For any x € RM

| &, vpxl, = || < 1ul- oy @ 2| <101 Ixl.
2
Hence, |U®, V> < Y9_, |U& v;|" <dUJ>. O
The second lemma is based on the block decomposition of the coordinates of a vector.

Lemma 5.7. Let T : R" — R™ be a linear operator. Set L = [(1/4)logyn] and let 1 < Lo
< L. Forl=1,...,L denote

M, = {x € By | |supp(x)| < 4!, and x(j) € {0,27!, =27} for all j}.
Let b < 27Lo. Then

L 1/2
|]T:B£’ﬂng’o—>B§’1H§~/§<Z max ||Tz||§> :
1

=T, zeM
Proof. Let x € BY NbBY,. Let Iy, I, ..., L1, be blocks of type 4Lo of coordinates of x.
Recall that |[,,| = 450t If x,, £ 0, set
_ x| 1,
x12 |
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otherwise y, = 0. Then ||y lloo < [Zn| ™% = 27507 and ||y lly < 1,50 y € conv(Mposm)
for all m. By the Cauchy—Schwartz inequality,

L—Ly L—Ly ) 2 g, 172
ITxll, < Y |Txls, |, < <Z Il - || x14, oo) ~(Z ||Tym||§)
m=0 m=0

m=0

L—Lg V2 i p, 1/2
Soltwl - |xn ) (Y] max Tz13) .
m=0 M

m=0 zZ€ Loy+m

A

IA

The estimate of Lemma 3.1 completes the proof.  [J

For k € N denote by W the set of all ¢ x n matrices V satisfying

VISl < Ce (d"/z + /171 log"”? (%)) (5.4)
for all non-empty subsets J C {1, ..., n}. Here V|; denotes the submatrix of V with columns
belonging to J, and Cy is a constant depending on k only. This definition obviously depends
on the choice of the constants Ci. These constants will be defined inductively in the proof of
Lemma 5.9 and then fixed for the rest of the paper.

We will prove that the row product of random matrices satisfies condition (5.4) with high
probability. To this end we need an estimate of the norm of a vector consisting of i.i.d. blocks of
coordinates.

Lemma 5.8. Let W be an m x n matrix. Let 6 € R" be a vector with independent § random
coordinates. Forl € Nlet Yy, ..., Y] be independent copies of the random variable Y = ||W8||.
Then for any s > 0

]
. ) ! CcS
P (Zyj > 41 ||W||Hs+~‘> <2 exp (‘ ||W||2>'

=1

Proof. Note that F : R" — R, F(x) = ||Wx]| is a Lipschitz convex function with the Lipschitz
constant ||W||. By Talagrand’s theorem

t2
P(Y — M| >1t) < 4exp (——) ,
16 |W]?

where M = M(Y) is the median of Y. For j = 1,...,[ set Z; = |Y; — M|. Then the previous
inequality means that Z; is a v/, random variable, i.e.

A
J
exp <2
(||W||2)

for some constant ¢’ > 0. By Chebyshev’s inequality and independence of Z1, ..., Z;,

Xl: ) c i 5 't / c't
P Z:>t| =P | —= Z; > —— §2~exp(— )
=’ Wiz = wi? w2
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Using the elementary inequality x% < 2(x — a)2 + 242, valid for all x, a € R, we derive that

I 1 ’
2 2 2 I ct
]P’(E Yj>21M +2t>§}P’<E Zj>t>§2~exp<—”W”2>.

j=1 Jj=1

By Markov’s inequality, M> = M(Y?) < 2EYZ2. To finish the proof, notice that since the
coordinates of 6 are independent,

m n
EY? =" "wi, -EO < |[Wljs. O
j=1k=1

The next lemma shows that a “typical” row product of random matrices satisfies (5.4).

Lemma 5.9. Let d,n, k € N be numbers satisfying n > d*t12 Let Ay, ..., Ay be matrices
with independent § random entries. There exist numbers Cy, ..., Cy > 0 such that

P(A®, - Qr Ax & Wi) < ke 4.

Proof. We use the induction on k.

Step 1. Let £k = 1. In this case A; is a matrix with independent § random entries. For such
matrices the result is standard and follows from an easy covering argument. Let x € S9!, and
let y € "' NRY. Then (x, Ay|;y) is a linear combination of independent § random variables.
By Hoeffding’s inequality (see e.g. [23]),

P(|(x, Ay > 1) < e

forany r > 1. Let J C {1,...,n}, |J| = m. Let N be a (1/2)-net in S¢~!, and let M be a
(1/2)-netin "' NR’. Then

IA11s1l <4 sup sup (x, A1]yy).
xeN yeM

The nets A/ and M can be chosen so that [N| < 67 and | M| < 6. Combining this with the
union bound, we get

P (A1) > 40) < N - IM]|- e~ < exp (—ct2 4 (m + d)log 6) <"

provided that ¢ > C(v/d + /m). Let

t:tm:t-(«/g—f—\/ﬁ log%),
with T > C to be chosen later, and set C1 = 4. Taking the union bound, we get

PArgWn) <Y Y PUAI>4tm) <) (;)e_at,zﬂ

m=1|J|=m m=1
" e\’ en
< Z exp | —c't?- («/3 + /m. [log —) +mlog — |.
— m m

We can choose the constant 7 so that the last expression does not exceed e 9.
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Step 2. Letk > 1, and assume that Cy, ..., Cy_ are already defined. It is enough to find Cx > 0
such that for any U € Wj_; with |u; ;| < 1foralli, j

P(U®, Ax € Wi) < e~ (5.5)
Indeed, in this case

P(A® - ® Ak g Wi | AL ®r -+ ®y At € Wimy) < e
Hence, the induction hypothesis yields

PAIQ Q@ Ak gWk) <P(AI® Q@ Ak €Wk | A1 @+ ) A1 € Wi—1)
+P (A1 ® - ®r Ak—1 € Wi—1)
< ke,

Fix U € W;_1. To shorten the notation denote W = U ®, Ay. For j € N define m; as the
smallest number m satisfying

dl < mlogj (ﬂ> .
m

Our strategy of proving (5.5) will depend on the cardinality of the set J C {1, ..., n} appearing
in (5.4).
Consider first any set J such that |J| < my_1. By Lemma 5.6,

IWIs < Vd U < Vd - Cri(d* D72 4 /17110g% D% (en/| 1))
< 2C;_1d"?,

and so W satisfies the condition Wg with C; = 2Cy_ for all such J.

Now consider all sets J such that my_; < |J| < my. The previous argument shows that any
vector y € 8”1 with [supp(y)| < my_; satisfies |[Wy|| < 2Cx_1d*/>. Any x € §"~! can be
decomposed as x = y + z, where |supp(y)| < mi—1 and ||zl < mk_j? Therefore, to prove
(5.5), it is enough to show that

IP’(EIJ C{l,....nymi_s <|J| <my and HW|, : B! v 2B BY H > Cdk>

< e—cd'
To this end take any z € S"~! such that |supp(z)| < my and 1Zlloe < m,:{Z We will obtain
a uniform bound on ||Wz||, over all such z, and use the ¢-net argument to derive a bound for
[[W]sIl from it.

Let M be the minimal natural number such that 4¥m;_ > my. Let Iy, ..., Iy be blocks of
type my_1 of the coordinates of z. Since U € Wy_1, foranym < M

2 _ _ _
[U11, |7 < Coor @1 + 1Ll log" ™ (en /1 1n])) < 2Ck—1|Ln|log" " (en),

because |I,;,| > my_1.

Let ¢ = (gq,...,¢&,) be arow of the matrix A;. Then the coordinates of the vector Wz
corresponding to this row form the vector (U ®; ¢)z = (U ®; z)eT . Let U’ be the d*1 x [J]
matrix defined as

U =U® zNly.
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The inequality above and Lemma 3.1 imply

Jv)” < ZHUllmH [

M
2Ck_1 log"" ' (en) Z [l - ||zl1,0 io
m=0

10Ck—1 log*=D72 (en) .

IA

A

Also, since all entries of U have absolute value at most 1,
[0 < a7

The sequence of coordinates of the vector Wz consists of d independent copies of U’ 81T
Therefore, applying Lemma 5.8 with [ = d and s = rd¥, we get

k
p(X):=P(IWzl> > (4 +1)-d¥) < 29 exp <_ ctd )

4
td*
< 2% exp T o em |
¢, log™ " (en)

where ¢; = 4C,f_1 /c. By the volumetric estimate, we can construct a (1/2)-net AV for the set

—1/2
Ep = 1{z € S | |supp(2)| < my, Izl < m 1%}

in the Euclidean metric, such that
N < ( " )6’"" < exp (2my log (en)) .
my

Since n > d*t1/2 and my < d*, we have log(en) < 2klog(en/my), and so
dk
logk’] (en)'

Hence, we can chose the constant ¢ = #; large enough, so that
td*
N2 exp |~ —
¢ log" ™" (en)

dk
<exp|——F——
- p( logt~! (en))

with the constant C; = 4 + ;. Thus,

my log(en) < (2k)k

IA

P@Ez e N | [Wz|* > Crd)

k
P @3z € Ex | [Wz|? > 4Cd%) < exp (-%) ,
log"™ " (en)
which implies condition (5.4) with Cx = (4C}_| + 4C})!/? for all sets J such that |J| < my.
Finally, consider any set J with |J| > my. As in the previous case, we can split any vector
xe S lasx = = y + z, where [supp(y)| < my and ||z]lo < mkl/
shows that with probability greater than 1 — exp(—d*/log"~!(en)),

The previous argument

IWyll < 4Ci_, +4Cp'/?a*
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for all such y. Therefore, it is enough to estimate max [|W|;z|| over z € B} N mk_l/ ngo. A

(1/2)-net in the set By N mk_l/ ngo is too big, so following the argument used in the previous
case would lead to the losses that break down the proof. Instead, we will use the sets M; defined
in Lemma 5.7 and obtain the bounds for max || W|;z|| for each set separately.

To this end, set b = 1/,/my, and let Ly be the largest number such that 27Lo > p. Let] > Lo
and take any x € M;. Choose any set I O supp(x) such that |I| = 4/. As in the previous case,
let U’ be the d*~1 x 4! matrix defined as

U' = U® xl.

Since all non-zero coordinates of x have absolute value 2~/ = 1//]I], the assumption U €
Wi—1 implies

b Cr—1 k—1)/2 12 [ en
Ul < Ul < (d( 2 S| - log=b/

2Ci-11ogh V12 (en 471).

A

IA

The last inequality holds since for any m > my > my_

d*D2 < J1ogk=D/2 (ﬂ) _
m

Also, as before, all entries of U have absolute value at most 1, so H U’ Hi s = d*=!. The sequence

of coordinates of the vector Wx consists of d independent copies of U’ SIT. Therefore, applying
Lemma 5.8, we get

P(IWx|? > 4d - d*~ +5) < 24 exp (— ”;f”2>

s
<2exp| -
- P ( ¢, logh~! (en -41))

where ¢} = 4C,%71/c. Set
s =s() = 2¢} - 4' logh (en -4—’) .

Then s(l) > 2c,’cmk logk (en/my) > 2c,’{dk , so the previous inequality can be rewritten as
P(|Wx|? > cs()) < exp (—2 -41og (en .4—’)) .

Hence, the union bound implies that there exists a constant Cy satisfying

P@ElI>Lo3dx e M; |Wx| > Crs(]))
= 120 () 3" exp(—2-4'tog (en-47')) < exp (—4"0log (en - 475))

< exp(—d").
Define the event (2| by
O ={Vl=LoVx e M; [[Wx|l <s(D}.

The previous inequality means that P (£2]) < exp(—d¥).
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Assume that the event {2y occurs. Let J C {1, ..., n} be such that |J| > my, and choose L’
so that 4L =1 < |J| < 4%, Applying Lemma 5.7to T = W|; and b = 1/./my, we obtain

2 L' )
”W|, LB nm; 2B — BY' H <5¢! 3 s() < €4t logh (:—Z>
I=Lo

< 4C)|J | logk (%) .

This shows that condition (5.4) holds with C; = (4C,§_l +4C ,/C + 4C,’{/ 172 for all non-empty sets
J C {1,...,n}. This completes the induction step and the proof of Lemma 5.9. [J

5.3. Lower bounds for the Q-norm

To obtain bounds for the Levy concentration function below, we need a lower estimate for a
certain norm of the row product of random matrices.

Definition 5.10. Let U = (u ) be an M x m matrix. Denote

M m 1/2
Wig=>" ( u?,k) :
k=1

j=1
In other words, ||-|| o is the norm in the Banach space E{VI (Eg”).

If U is an M x m matrix with independent centered entries of unit variance, then for any x € R”",

M m 1/2
(EZu?,kxzac)) =M ||x|,.

oo, <3
=1\ k=1

Moreover, if the coordinates of x are commensurate, we can expect that a reverse inequality
would follow from the Central Limit theorem. This observation leads to the following definition.
Let V; be the set of L x n matrices A such that for any x € R”

HA ®,xTHQ > éd" |Ixl, . (5.6)
We will show below that the row product of L independent d x n random matrices belongs to Vy,

with high probability, provided that the constant ¢ in (5.6) is appropriately chosen. To this end,
consider the behavior of || (A @A) &,y xT || 0 for a fixed vector x € R”.

Lemma 5.11. Let Ay, ..., A be d x m random matrices with independent § random entries.
Then for any x € R™

cdl ||x|?
P (H(Al ®,-~-AL>®rxTHQ < cdt ||x||2) < exp (—¢> .

Ixl2

Proof. Without loss of generality, assume that ||x||,, = 1, so [|x]l; > 1. Let « > 0, and let
V1, ..., vy € [0, 1] be independent random variables satisfying Ev; > o forall j =1,...,m.
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The standard symmetrization and Bernstein’s inequality [23] yield

4

Setting t = («/2) ||x||%, and using [|x]| o < 1, we get

m 2
2. o 2 o 2
P (;le (vj < 5 IIXI|2> <2exp <_E IIXI|2>-

Applying the previous inequality to the random variable Y;, i = 1, ..., d*, which is the £2-norm
of a row of the matrix (A ®, - -- Ar) ®, xT, we obtain P (V; < ¢ ||x||,) < 2exp(—c’ ||x||§). Let
0<6<1.1If

2

2 (% x4(j) +t/3)

D oGy —EY X2,
=1

Jj=1 J

>t> <2exp| —

j=1

dL
[d@r Ao =3 vi<6-atjx,,
i=1
then ¥; < c ||x||, for at least (1 — 0)dL numbers i. Hence,

dL
P (IA1® - A @ xllg < bcd” |xlly) < <L(1 eyt ) exp(—c(l = 0)d" |x5)

exp (—dL (c(l —0) ||x||% — 6 log g))
exp(—(c/2)d" |x3),

A

IA

if 6 is small enough. [J
We will use Lemma 5.11 to show that the row product A; ®, - - - ®, Ak _ satisfies condition
(5.6) with high probability.

Lemma 5.12. There exists a constant ¢ > 0 for which the following holds. Let K > 1, and let
n < dX. For d x n matrices Ay, ..., Ax_1 be matrices with independent § random entries

P(A1® - ® Ak—1 & Vk—1) < exp(—cd¥ ™).

Proof. Denote for shortness A = A ®, - ®, Ag_1. To conclude that Ae Vk—1, it is enough
to show that condition (5.6) holds for any x € §"~!.

For x € §"! denote by f2(x) the set of matrices A such that |A ®rxllg < cdX¥—1. For
L =K —1Lemma5.11 yields

_ . CdK71
P(A € 2°x)) <exp <_W) . (5.7)

As the first step in proving the lemma, we will show that for A = A condition (5.6) holds for all
x from some subset of the sphere. More precisely, we will prove the following claim.

Claim. Let a > 0 and m < n. Denote

S(a,m) ={x € " | Ixlloo < a, [supp(x)| < m}.
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If a®>mlogd < CdX~1, then

’ g K—1
P(Ag{ N Q(x))fexp(—Cdaz )

xeS(a,m)

It is enough to prove the claim for 0 < a < 1. Note that if 0 < [y(j)| < |x(j)| for any
j =1,...,k, then ||A Qr yT || 0 < ||A ®y xT “ 0 Hence, to prove the claim, it is enough to
construct a set A of vectors y € B} \ (1/2)B} such that for any x € S(a,m) thereis y € N
with |y(j)| < |x(j)| for all j and

_ C/dK—l
PlAag () 2m sexp(— 5 )
yeN a

Set

1 1
N = {y € (ﬁ) Z" | |supp)| < m, ||yllo < a and 5= Iyl < 1}.

By the volumetric considerations
V| < (n ) C™ < exp(cmlogn) < exp(C'mlogd),
m

since n < dX. For x € S(a, m) consider the vector y with coordinates y(j) = (1/2/m) -
[2¢/m|x(j)|]. Then |y(/)| < [x(j)|,and lyll, = 1 — [lx — yll, = 1/2, 50 y € . By the union
bound and (5.7),

_ CdK—l
PlAg () R0 s|N|exp(— )

2
yeN 2a

The claim now follows from the assumption a’m logd < Cd¥~! for a suitable constant C.
The lemma can be easily derived from the claim. For a and m as above denote {2(a, m) =

meS(a,m) £2(x). Set
a =3a00K0 = min (¢ i=1,2.3.

Then m3 = n, and the condition al.zmi logd < CdX—!, i =1,2,3 is satisfied. Set
3
V= m Q(a,', m,~).
i=1

By the claim, P (V) < exp(—cdX~1).

Assume now that A € V. Using the non-increasing rearrangement of |x(j)|, we can decom-
pose any x € $"1ag x = x| +x2 +x3, where x1, x2, x3 have disjoint supports, |supp(x;)| < m;,
lxilloo < ai/3. By the triangle inequality, ||x;|l, > 1/3 for some i. Thus,

T
i

.
llxi ll2 0

dK—l

’

1
- >
0 3~

|2ex"], = |20.]

c
3

since x;/ ||x;|l, € S(a;, m;). This proves the Lemma with ¢ = ¢/3. 0O
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6. Bounds for the Levy concentration function

Definition 6.1. Let p > 0. Define the Levy concentration function of a random vector X € R”"
by

L1(X, p) = sup P(|X —x; < p).

xeR”

Unlike the standard definition of the Levy concentration function, we use the £1-norm instead of
the £5-norm. We need the following standard lemma.

Lemma 6.2. Let X € R" be a random vector, and let X' be an independent copy of X. Then for
any p >0
LiX,p) <P2(|X - X'||, <2p),

Proof. Let y € R” be any vector. Then
P2(IX —yll, <p) =P(IX —yl; < pand | X' =y, <p)
<P(x-x], <20
Taking the supremum over y € R” proves the Lemma. [

In the next lemma, we bound the Levy concentration function using Talagrand’s inequality, in
the same way it was done in the proof of Lemma 5.8.

Lemma 6.3. Let U = (u;, ;) be any N x n matrix, and let ¢ = (e, ..., en)T be a vector with
independent § random coordinates. Then for any x € R"
2
T T / ”U ® x” ” 0
Ly ((U@,s ), ¢ | U@, x H >§26xp 2 6.1)
Q N||U®, xT|
Proof. Note that (U ®, sT)x = U ®, xT)s. Let s/l, ..., &, be independent copies of ¢1, . .., &.
Applying Lemma 6.2, we obtain for any p > 0
ci(Werahep) P2 (| e, M -] <20). 62)

Consider a function F : R" — R, defined by

Fo) =|w e <"yl

1 9
where y € R". Then F is a convex function with the Lipschitz constant L < ||U ®, x” : By —

BY|| < VN|U & x"].
By Talagrand’s measure concentration theorem

CS2
P(|F(e — &) —M(F)| > 5) < 4exp <_ﬁ> :

where MI(F) is a median of F, considered as a function on R" equipped with the probability
measure defined by the vector ¢ — &’. This tail estimate implies

IM(F) —EF| < ¢/L < c;vN HU ®,xTH .
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By Lemma 2.6 [15] we have

N
EF:IEZ

i=1

D uijx(j) - ((j) — €' ()))

j=1

N n 1/2
=229 ( uj sz(j)>
j=1

i=1

= H(U@rxT)HQ.

Note that if the constant ¢’ in the formulation of the lemma is chosen small enough, we may
assume that 2c1v/N |[U @, xT| < o (U ®, xT)| o- Indeed, if this inequality does not hold,
the right-hand side of (6.1) would be greater than 1. Combining the previous estimates yields
M(F) = (¢2/2) | (U ®, x")] . Hence,

2 (H(U&ﬂ)(s—e’) =2 \U®rxTﬂQ>

<P (IF(S — &) = M(F)| > %M(F)>

2
< 4ex —CMZ(F) < 4ex —c’_” ver x! ” Y
=TT ) T T Vv e P

This inequality and (6.2), applied with p = ¢ || U ®,xT") H 0’ finish the proof. [J

For the next result we need the following standard Lemma.

Lemma 6.4. Let 51, ..., 54 be independent non-negative random variables such that P (s; <
R) < pforall j. Then

d
P (ZS]' <
i=1

Proof. If 27:1 sj < %Rd, then s; < R for at least /2 numbers j. [J

N =

Rd) < (4p)¥2.

Combining Lemma 6.3 with this inequality, we obtain the tensorized version of Lemma 6.3.

Corollary 6.5. Let U = (u; ;) be any N x n matrix, and let V be a d xn matrix with independent
8 random coordinates. Then for any x € R"

d|ue,xT|?
Li (U, V)x,cd U, xllg) < C2%exp [ —' lve: <l (6.3)

N U, 7|

Proof. The coordinates of the vector (U ®, V)x € RV 4 consist of d independent blocks
U ®re)x, ..., (U®,eq)x, where €1, ..., eq are the rows of V. The corollary follows from
Lemma 6.4, applied to the random variables s; = ||(U ®, £;)x — y;| . where yi. ..., ys € RY
are any fixed vectors. [

To prove Theorem 1.6 we have to bound the probability that the matrix A ®, --- &, Ak
maps some vector from the unit sphere into a small ¢; ball. Before doing that, we consider an
easier problem of estimating the probability that this matrix maps a fixed vector into a small ¢
ball. We phrase this estimate in terms of the Levy concentration function.
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Lemma 6.6. Let U € Wx_1 N Vk_ be a dX=1 x n matrix, and let Ax be a d x n random
matrix with independent & random entries. For any x € R"

_ d ||X||2 c//dK
L ((U ®r Ag)x, cd® ||x||2) < exp <——2 +

. _
lx 15 K—1  enlx|?
10 7 loo
& T

Proof. To use Corollary 6.5, we have to estimate the Q-norm and the operator norms of U ®, x” .
The estimate of the Q-norm is given by (5.6).
To estimate the operator norm, assume that ||x|, = 1, and set s = |_||x||g02J . Let L be the

maximal number / such that 2's < n, and let Iy, ..., I be the blocks of coordinates of x of type
s. Then | x| ], <27 llx]lo. and by Lemma 3.1

L 2
Solal- xlag s <5
=0

Let y € R". By the Cauchy—Schwartz inequality, we have
2

L
> W@ xT 1)yl
=0

L

(Z vy @1y
1=0
L

(Z HU|J, ®rx"
=0

jworsmf: -

2

L) (i)
(2) 3.

2 L
=S ol el
=0

Since U € Wg_1,and |J;| > |J1| = s for all /] < L, the previous inequality implies

L
e 3 (a1t 10g 1 (1))t

=0
C (a7 i +10g 1 (52)).
S

Therefore, by Corollary 6.5 and condition (5.6),

cdk
Li((U®, Ax)x, cd®) <exp| — .
1 (( r Ag) ) P( a5 T x| + logk ! (e;z))

IA

IA

which means

2 L
HU®rxTH SZHULII ®rxT|J1
=0

IA

Josrr

IA

The lemma follows from an elementary inequality exp(—357) < exp(—3;) +exp(—z;). [

7. Lower bounds via the chaining argument

To get a global bound for the Levy concentration function using the bounds for each fixed
vector, we prove a chaining-type estimate. Chaining argument is one of the main approaches to
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obtaining bounds for the supremum of a random process [21]. Let {X, | + € T} be a random
process indexed by a set T. The chaining method is based on representing X; as a sum of
increments and proving an upper estimate for each increment separately, and combining these
estimates using the union bound.

A similar approach, based on passing from a random variable to increments can be applied to
estimating the infimum of a random process as well. In this case we isolate one “big” increment,
whose position in the chain depends on ¢. The rest of the increments is divided into two groups.
In one group the increments are small, and we can bound their absolute values above, and use the
triangle inequality. The increments from the other group may be big, but they belong to a small
set of random variables. In such situation, we can condition on these increments, and obtain a
lower bound on the conditional probability using the Levy concentration function of the “big”
increment. Then we sum up these conditional probabilities over the small set. As usual for the
chaining method, this step requires a balance between the estimate of the Levy concentration
function, and the size of the set.

Lemma 7.1. Let R > 0, a € (0, 1/2) and let {lj}jL'zo be a sequence of natural numbers such

thatlp = 1 and ljyy > 2lj forall j =0,...,L. Setn = Z]L:]lj. Let A :R" - RN bea

random matrix with independent columns. Assume that for any j =1, ..., L there exists pj > 0
such that for any x € "~ with |supp(x)| < Liy lxlleo < l;_l{z
6en \ %
LiAx. R < pj < () . (7.1
Lo

Then for any y € RN

al=IR 12 R
P(3xe s ! JAx —y||; < )5 2ip <IIAII > )
( =)=k 8av/N

Proof. Denote ||A],_,1 = ||A : Bg — BINH.Letj € {l,..., L}andlet J be al;-element subset
of {1, ..., L}. Denote

— —-1/2
Sy =f{x e 8" [Jsupp(x) C J. lIxllee < 12120,

Setm; = Zij:_ll [;. Since the sequence {/ j}JL':1 increases exponentially, m; < [;. We will need
the following.
Claim. Let y € RN, Let
Qs = (w1, llwlly < 20"/, supp(w) NJ =@, |supp(w)| =< m;}.
Then
P@Eze Qs +5; Az—yl = R—a Al < p)™.

By the volumetric estimate we can choose an («/2)-net M in S; such that |M ;| < (6/a0)li.

Take any x € M, and w € Q. Denote yY = y — Aw. Then the vectors Ax and y’ are
independent. Conditioning on the columns of A with indexes from supp(w), and using (7.1), we
get

P(lA(w +x) = yll; < R| Alye) <P (|Ax = '], < R | Aly) < pj.
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Taking the expectation with respect to A|jc yields
P(lA(w +x) —yll; < R) < pj.

The volumetric estimate guarantees the existence of a («/2)-net Ny in Q such that
n N 6en \"™
I (6a=)" = (= .
m; alm;

Since m; < I}, the last quantity does not exceed (
tion (7.1),

6en

[ .
o 1]) ! By the union bound and assump-
I

P@Ex e MyIweN; |[Aw+x)—yll; <R)

6en \ Y 6\ 3/4
S|NJ|‘|MJ|'Pj§( ) <—> ~pj§pj/~

all; o

Assume that a point x’ + w’ € §; + Qy satisfies ||A(w’ +x)—y ||l < R —a||Allp— ;. Then,
approximating it by a point x + w € M + N, such that ||x" + w’' —x — w||2 < a, we get
|[A(w + x) — yll; < R. This, in combination with the probability estimate above, proves the
claim.

Applying the union bound again, we see that the event

N={3j<ndJc{l,....,n})|J|=1;3x e S;Twe Qy
lA(w+x) = yll; < R—a||Alla1}

satisfies

L L
3/4 n\ 1/4 1/2
P =) 3 s '_maXL(lj>pj/ DI

=R J=he
By condition (7.1), ( l" ) p;./ 4 < p;./ 8 < 1/2. The same condition and the exponential growth of
J

[; show also that the sequence { p}/ 2}/L.:1 decays exponentially, and ZJL: 1 p;/ 2 < 2pI/ 2. This

implies

P(2) < p,%. (7.2)

Now let x € §"~! be any point. Let 7 : {1,...,n} — {1, ..., n} be a permutation rearranging
the absolute values of the coordinates of x in the non-increasing order: [xz(1)| > X7 2)| = -+ >
Xzl Let 1 UL, N--- NI, = {1,...,n} be the decomposition of {1, ..., n} into a disjoint
union of consecutive intervals such that |/;| = [;. Set J; = byl 7). In other words, the set
Ji contains /1 largest coordinates of x, J contains /> next largest etc. Let x; be the coordinate

projection of x to J;,i.e. x; (i) = x(i) - ljj (i). Since the largest coordinate of x; has the position

Z{;ll l; + 1 in the non-increasing rearrangement, and || x|, = 1, we conclude that

i -1/2
%l < (Zli - 1) <P
i=1
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If forall j =1,..., L x|, < a/~!/2, then

||X||2Si||xj||2§l- Lo
o 2 11—«

Hence, there exists a j such that ||x; |, > &/~'/2. Let j be the largest number satisfying this
inequality. Then the vector u = Z{‘:/_H x; satisfies |lu|l, < ZiL:,._H lxill, < .
Assume that ||Ax — y||; < al"Y(R/2 — 2 [lAll2—1)- Then

(5)

Set J = supp(x;), z = x;/ || xj | and w = (X72) x1)/ x5 ,- Since x|, > &/~ /2, w € Q4
and the inequality above implies ||A(w +2)—y/ ||xj ||2||1 < R — 2« ||All,— - Hence, the as-

sumption above implies that the event {2 occurs. Therefore,

IA

/TN R/2 =20 Al ) + I Allay - lull,

1

IA

/TN R/2—a || Al ).

L—1
R
P (Elx e S Ax —y|, < z 1 )

R R
< (3e s ax =yl <ot (5~ 2l ) and 1Al < o)
o
R R
+P (Allam1 > o= ) S P +P (Al > ) -
8a 8a
Since ||All,1 < /N ||All, the lemma is proved. O
8. Lower bounds for 1 and £; norms

In this section we use the chaining Lemma 7.1 to prove Theorems 1.5 and 1.6. Actually we
will prove a statement, which is stronger than Theorem 1.6.
Theorem 8.1. Let K, g, n, d be natural numbers. Assume that

cd¥

log(q) d

n=

andlet Ay, ..., Ag be d x n matrices with independent § random entries. Then for any y € Rd"

P (e s 1A @@ Ax)x — vl = ¢dX) = Cexp(—éd).

Proof. Assume first, that dX > n > dX—1/2 5o the condition of Lemma 5.9 holds fork = K — 1.
Set R = &dX, where ¢ is the constant from Lemma 6.6. Set o« = 8¢/C’, where C’ is the constant
from Theorem 1.3. By this Corollary,

R
8a/dk

P <||A1 Q- R Akl > > <exp(—cd).
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Denote U = A; @, - - - ® Ax—_1, and let U be the set of all dX~! x n matrices A satisfying
IP’(MA@A I R >< (=c'd)
xll > <exp(—cd),
’ 8on/dK

where ¢/ = ¢/2. By Chebyshev’s inequality P (U € U°) < exp(—c'd). Let y € R* . By
Lemmata 5.9 and 5.12,

P@Ex eS| (A1 & Ax)x — yll; < ed®)
<P@Ex eS| (U Ag)x —yll; <cd® and U e Wx_1 NV NU)
+ce".
This estimate shows that it is enough to bound the conditional probability
P@Ex e " IU @ Ap)x =yl < ed® | U)

for all matrices U € Wg_1 NV N U. This bound is based on Lemma 7.1. Fix a matrix
U € Wk_1 NV NU for the rest of the proof. Let L = K + g. It is enough to define numbers
li,...,lp € N,and py,..., pr € (0,1) which satisfy the conditions of Lemma 7.1. These
numbers will be constructed differently for j < K and j > K. The difference between these
cases stems from the different behavior of the bound in Lemma 6.6. For relatively small /; the £,
norm of a vector x is large, and the second term in Lemma 6.6 is negligible, compared to the first
one. However, for [; > cd K /1ogX n the picture is opposite, and the second term is dominating.
We consider the case 1 < j < K first. Setlpy = landcp = 1. For 1 < j < K set

;= | e (8.1)
I log’ d ’ '

where the constants cy, ..., cx will be defined inductively. Assume that ¢y, ..., c;j_1 are already

defined. Applying Lemma 6.6 to any vector x € $"~! with ||x| o < l;_]{z, we get

dK
P <||(U ®r Ag)x —ylly < CdK) < exp(—cdlj_) +exp (—C—)

logk=1n
, )
Y B L
- log/~'d ”
where we can take c;._l = ¢ - cj—1/2. Inequality (7.1) reads

/ j : .
cj_.lcli > 8 de.j -log M .
log/~"d log’ d cjdlal

Since n < dX, this inequality follows from

, 8c; 6ed X
iy > log| —= | -
770 7 logd cjak

Therefore, we can choose ¢; independently of d, so that the inequality above is satisfied. Thus,
the sequence /1, ..., [k satisfies condition (7.1). Also, if d > dy for some dy depending only on
K and §,thenlj 1 > 2l forall j =1,..., K — 1.
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Let us now define the numbers /x4, fors = 1, ..., g + 1. To this end define the sequence
{Bs}7_, by induction. Set

_ logX d
=
Bs = clogf}) (6ep,—1) forl <s =g,

and

Bo

where the number ¢ > 1 will be chosen below. For 0 < s < ¢ set

lgys = 1d%/Bs).

Note that for s = 0 this formula agrees with (8.1). Let 1 < s < g. By Lemma 6.6, any vector
x € 8" with [lxlle < [/7, satisfies

cd¥
P (ll(U ®r Ag)x —yll; < CdK) < exp (—cdlg45-1) + exp Ry A
log (1K+x71)

cd®
<2exp| ———— | = Pk+s-
10gK71 ( en )
Ik ts-1
The last inequality follows from dlxs_1 > d*. In this case, condition (7.1) reads
cd¥ > 8 ) 6en
1OgK—1 < . ) Z OlK+s - 108 Ig e KFs )
lKJrsfl

which can be rewritten as

> — -log

c ( 6enpy )
Jogk ! (mf_;(_l) = B, aK+sgkK |-
Since the sequence { ﬁs}fzo is decreasing, and n < dX, the previous inequality holds, provided
Bs = §10gK_1 (eBs—1) - [IOg(6eﬂs1) + (K + ¢q) log ﬂ
Since by the definition of By, log(eBs—1) > 1, we can choose

. 8 1
c=—--(K+q)log—.
c o

The inductive definition of the numbers B, ..., B, is complete, and the sequences /1, ..., g4,
D1 - -+ PK+q satisfy condition (7.1). Also, if d > d; for some d; depending only K, g, and 4,
then Bs+1 < Bs/2,and so lgx 4541 > 2lgysfors =0,...,qg — 1.

Setn = Zf:lq lj. Thenlgyy < n < 2lg 4. From the definition of B; and induction it fol-
lows that 1 < 8; < ¢’ log(s) dforalls =1,...,q. Hence, there exists ¢ > 0 depending only on
K, g, 6 such that

K
cd <n<dX.

log(,) d
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Thus, for d > max(dy, d1), and n = n, the assertion of Theorem 8.1 follows from Lemma 7.1.
It automatically extends to all n < 7, since for any y € R? “ the quantity
min (4 ®; - ®, Ax)x — yll
xesi—1

can only increase, if we take the minimum over Nanle R", instead of the whole sphere, in other
words, if we consider a submatrix of A| ®, ---®, Ag consisting of n first columns. It can be
also automatically extended to the case d < max(dy, d;) by choosing a large constant C’ in the
formulation of the Theorem. The proof is now complete.  [J

Remark 8.2. The probability estimate of Theorem 8.1 is actually optimal. Indeed, let y = 0,
and assume that the entries of the matrices Ay, ..., Ag are i.i.d. random variables taking values
0, 1, —1 with probability 1/3 each. Then with probability (1/3)¢, the first column of A; is 0, and
so the first column of A| ®, - - - ®, Ak is 0 as well.

We conclude with the proof of Theorem 1.5. Set A= A1 ®; - ®r Ag. By Theorem 1.6,
with probability at least 1 — exp(—cd),

|2] =caf”? and vxe st |Ax| = ca"
Then for any x € §"~!
< 3], s ] 202 3], =t

so all these norms are equivalent. Comparison between the first and the third term of this
inequality implies Theorem 1.5. Moreover, as in [14], we can conclude that AR” is a Kashin
subspace of ]RdK, i.e. the L1 and L, norms are equivalent on it. More precisely, this establishes
the following corollary.

Corollary 8.3. Under the conditions of Theorem 1.6
P(Yy € AR" |lylly = d®/?|lylly = C"Iyll) = 1 —exp (—cd).
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