Djalil Chafai
Olivier Guédon
Guillaume Lecué

Alain Pajor

INTERACTIONS BETWEEN
COMPRESSED SENSING
RANDOM MATRICES AND

HIGH DIMENSIONAL GEOMETRY




Djalil CHAFAT

Laboratoire d’Analyse et de Mathématiques Appliquées, UMR CNRS 8050, 5
boulevard Descartes, Champs-sur-Marne, F-77454 Marne-la-Vallée, Cedex 2, France.
E-mail : djalil.chafai(at)univ-mlv.fr

Url : http://perso-math.univ-mlv.fr/users/chafai.djalil/

Olivier GUEDON

Laboratoire d’Analyse et de Mathématiques Appliquées, UMR CNRS 8050, 5
boulevard Descartes, Champs-sur-Marne, F-77454 Marne-la-Vallée, Cedex 2, France.

E-mail : olivier.guedon(at)univ-mlv.fr

Url : http://perso-math.univ-mlv.fr/users/guedon.olivier/

Guillaume LECUE

Laboratoire d’Analyse et de Mathématiques Appliquées, UMR CNRS 8050, 5
boulevard Descartes, Champs-sur-Marne, F-77454 Marne-la-Vallée, Cedex 2, France.

E-mail : guillaume.lecue(at)univ-mlv.fr
Url : http://perso-math.univ-mlv.fr/users/lecue.guillaume/

Alain PAJOR

Laboratoire d’Analyse et de Mathématiques Appliquées, UMR CNRS 8050, 5
boulevard Descartes, Champs-sur-Marne, F-77454 Marne-la-Vallée, Cedex 2, France.

E-mail : Alain.Pajor(at)univ-mlv.fr
Url : http://perso-math.univ-mlv.fr/users/pajor.alain/

16-20 November 2009
Compiled October 28, 2010



INTERACTIONS BETWEEN
COMPRESSED SENSING
RANDOM MATRICES AND
HIGH DIMENSIONAL GEOMETRY

Djalil Chafai, Olivier Guédon, Guillaume Lecué, Alain Pajor

Abstract. — These notes are an expanded version of short courses given at the oc-
casion of a school held in Université Paris-Est Marne-la-Vallée, 16-20 November 2009,
by Djalil Chafai, Olivier Guédon, Guillaume Lecué, Alain Pajor, and Shahar Mendel-
son. The central motivation is compressed sensing, involving interactions between
empirical processes, high dimensional geometry, and random matrices.
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INTRODUCTION

Compressed sensing also referred to in the literature as compressive sensing or
compressive sampling is framework that enables to get approximate and exact recon-
struction of sparse signals from incomplete measurements. The existence of efficient
algorithms for the reconstruction, such as the ¢;-minimization, and the potential of
applications in signal processing and imaging, has led to a fast and wide development
of the theory. The ideas and principles underlying the discoveries of these phenom-
ena in high dimensions are related to problems and progresses from Approximation
Theory. One significant example of such an interaction is the study of Gelfand and
Kolmogorov widths of classical Banach spaces. There is already a large literature on
compressed sensing, on both theoretical and numerical aspects. Our aim is not to
survey the state of the art of this recent field developing with great speed, but to high-
light and to study some interactions with other fields of mathematics, in particular
with asymptotic geometric analysis, random matrices and empirical processes.

To introduce the subject, let 7 C RY and let A be an n x N real matrix with rows
Y1,...,Y, € RY. Consider the general problem of reconstructing any vector x € T
from the data Az € R™, that is from the known measurements

(Y1,2),...,(Y,, x).

Classical linear algebra suggests that the number n of measurements should be at least
as large as its dimension N in order to ensure reconstruction. Compressed sensing
provides a way of reconstructing the original signal x from its compression Ax that
takes only a small amount of linear measurements, that is with n << N. Clearly one
needs some a priori hypothesis on the subset T' of signals that we want to reconstruct
from few measurements and of course, the matrix A should be suitably chosen.

The first point concerns T and is a question of complexity. Many tools relevant
to this matter were developed in Approximation Theory and in Geometry of Banach
Spaces. This is one of our objective to introduce these tools.

The second point is concerned with the design of the measurement matrix A. At
present the only good matrices so far are random sampling matrices. They are ob-
tained in many examples by sampling Y7, ..., Y, € R in a suitable way. This is where
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probability enters. These random sampling matrices will be Gaussian or Bernoulli
(£1) type or random sub-matrices of the discrete Fourier N x N matrix (partial
Fourier matrices). There is a huge technical difference in the study of unstructured
compressive matrices (with i.i.d entries) and other case such as partial Fourier matri-
ces. This is one of our objective to study the main tools from probability theory that
fall within this framework. These are tools from probabilistic inequalities, concentra-
tion of measure and empirical processes as well as from random matrix theory.

This is precisely the purpose of Chapter [I| to present the basic tools that will be
used within this book. Elementary properties of Orlicz spaces are introduced in re-
lation with tail inequalities of random variables. An important connection between
high dimensional geometry and the study of empirical processes comes from the be-
havior of the sum of independent centered random variables with sub-exponential
tails. Discretization is an important step in the study of empirical processes. One
approach is given by a net argument. The size of the discrete space may be estimated
by the covering numbers. The basic tools to estimate covering numbers from above
are presented in the last part of Chapter

Chapter [2|is devoted to compressed sensing. The purpose is to provide some of the
key mathematical insights underlying this new sampling method. We present first
the exact reconstruction problem as introduced above. The a priori hypothesis on the
subset of signals T' that we investigate is sparsity. A vector is said to be m-sparse
if it has at most m non-zero coordinates. An important feature of this subset is its
peculiar structure: its intersection with the Euclidean unit sphere is the unions of
unit spheres supported on m-dimensional coordinate subspaces. This set is highly
compact when the degree of compacity is measured in terms of covering numbers. It
makes it a small subset of the sphere as far as m < N, which will be the case. In
other words, the set 7' may be discretized to be reduced to a finite set of reasonably
small cardinality.

A fundamental feature of compressive sensing is that practical reconstruction can
be performed by using efficient algorithms such as the ¢;-minimization method which
consists, for a given data y = Ax, to perform the “linear programming”:

N
Inin ; [t;| subject to At =y.
At this step, the problem comes to find matrices for which this algorithm reconstructs
any m-sparse vectors with m relatively large. A study of the cone of constraints
to ensure that every m-sparse vector can be reconstructed by the ¢;-minimization
method leads to a necessary and sufficient condition known as the null space property
of order m:

Vheker A, h#0, VI C N, [I| <m, Y |hi| < ) |hi.
i€l i€le
This property has a nice geometric interpretation on the structure of faces of random
polytopes called neighborliness. Indeed, if P is the polytope obtained by taking the

centrally symmetric convex hull of the columns of A, the null space property of order
m for A is equivalent to a meighborliness property of order m for P. This means that
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the matrix A which maps the vertices of the cross-polytope

vaz{teRN : ZN:\M 31}.
=1

onto the vertices of P preserves the structure of faces up to the dimension m. A
remarkable connection between compressed sensing and high dimensional geometry.

Unfortunately, the null space property is not easy to verify. An ingenious sufficient
condition is the so-called Restricted Isometry Property (RIP) of order m that requires
that all column sub-matrices of size m of the matrix are well-conditioned. More
precisely, we say that A satisfies the RIP of order p with parameter ¢ if

1-6<|Az2 <1+

holds for all p-sparse unit vectors # € RY. An important feature of this concept is
that if A satisfies the RIP of order 2m with parameter ¢ small enough then every
m-sparse vector can be reconstructed by the ¢;-minimization method. Even if this
RIP condition is difficult to check on a given matrix, it actually holds true with high
probability for certain models of random matrices.

Here is the point where probabilistic methods come into play. Among good unstruc-
tured sampling matrices we shall study the case of Gaussian and Bernoulli random
matrices. The case of partial Fourier matrices, which is more delicate will be studied
in Chapter [} Checking RIP for the first two models may be treated along a simple
scheme presented in Chapter [2] More precisely, the method is based on a reduction
to a finite number of sparse vectors called a net. For each individual vector x in this
net, the Euclidean norm of Az is concentrated around its mean. This concentration
should be strong enough to balance the cardinality of the net in the union bound.
The passage from this uniform control over the net to the whole set of sparse vectors
leads to the precise choice of the parameters in RIP.

Chapter [3| provides a criterion implying RIP for unstructured models of random
matrices, which includes the Bernoulli and Gaussian models. This new degree of
generality is allowed by the development of an adequate notion of complexity. The
approach, known as the generic chaining, allows to bound the supremum of empirical
processes, and is actually quite general.

On the other hand, the RIP can be translated as a control on the largest and
smallest singular values of all sub-matrices of a certain size. Chapter [ aims to
provide an accessible introduction to the notion of singular values of matrices, and
their behavior when the entries are random, including quite recent striking results
from Random Matrix Theory and High Dimensional Geometric Analysis.

Another angle to tackle the problem of reconstruction by the ¢;-minimization is
to study of the Euclidean diameter of the section of the cross-polytope BY¥ with the
kernel of A. This study leads to the notion of Gelfand widths. In this direction,
important works were done in the seventies. This viewpoint which comes from Ap-
proximation Theory and Asymptotic Geometric Analysis enlighten a new aspect of
the problem: if the Euclidean diameter of the section of the cross-polytope BY¥ with
the kernel of A is < D, then m-sparse vectors can be reconstructed by ¢;-minimization
with m = Ll / D2J . Then clearly the objective is to estimate this diameter from above.
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This approach is pursued in Chapter 5| on the model of partial discrete Fourier ma-
trices. The reconstruction problem is connected to the problem of selecting a large
part of a bounded orthonormal system such that on the vectorial span of this family,
the Lo and the L; norms are as close as possible. This subject of Harmonic Analysis,
goes back to the construction of A(p) sets which are not A(q) for ¢ > p where powerful
methods of selectors were developed. Again, tools of empirical processes are at the
heart of the technics of proof.



CHAPTER 1

EMPIRICAL METHODS AND HIGH DIMENSIONAL
GEOMETRY

This chapter is devoted to the presentation of classical tools that will be used within
this book. We present some elementary properties of Orlicz spaces and develop the
particular case of 1, random variables. Several characterization are given in terms of
tail estimate, Laplace transform and behavior of its L, norms. One of the important
connection between high dimensional geometry and the study of empirical processes
comes from the behavior of the sum of (centered) 1, random variables. An important
part of these preliminaries concentrate on this subject. We illustrate these connections
with the presentation of the Johnson-Lindenstrauss lemma. The last part of this
chapter is devoted to the study of covering numbers. We focus our attention on some
elementary properties and on the presentation of methods to estimate upper bound
of these covering numbers.

1.1. Presentation of the Orlicz spaces

The Orlicz space is a function space which extends naturally the classical L,, spaces
when 1 < p < 400. A function ¢ : [0,00) — [0,00) is an Orlicz function if it is a
convex increasing function such that (0) = 0 and ¥ (z) — oo when z — oc.

Definition 1.1.1. — Let ¢ be an Orlicz function, for any real random variable X
on a measurable space (2,0, ), we define its Ly, norm by

[X|l, = inf {c>0:Ep(|X]/c) <p(1)}.
The space Ly (2,0, ) = {X : [|X]|,, < oo} is called an Orlicz space.

It is well known that L, is a Banach space. Classical examples of Orlicz functions
areforp>1and a>1

¢p(x) =2P/p and Po(z) = exp(z®) — 1.

The Orlicz space associated to ¢, is the classical L, space. It is also clear by the
theorem of monotone convergence that the infimum in the definition of the L, norm
of a random variable X, if finite, is attained at [|.X][,,.
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Let ¢ be a convex function. We define its convex conjugate ¥* (also called the
Legendre transform) by: for every y >0

¢ (y) = sup{zy — ¢ ()}
x>0
The convex conjugate of an Orlicz function is also an Orlicz function.

Proposition 1.1.2. — Let 1 be an Orlicz function and ¥* be its convex conjugate.
For every real random variables X € Ly andY € Ly,

EIXY] < (1) + ¢ (1)) 1 XNy Y]] -

Proof. — By homogeneity, we can assume [|X||,, = [|Y]
convex conjugate, we have

4+ = 1. By definition of the

(XY <o (X)) +9"(Y]).

Taking the expectation, since E¢(|X|) < ¢(1) and Eyv*(|Y]) < ¥*(1), we get that
E|XY] < (1) + 0*(1). O

It is not difficult to observe that if ¢,(t) = t¥/p then ¢; = ¢, where pl+qgt=1
(it is also known as Young’s inequality). In this case, Proposition corresponds
to Holder inequality.

Any information about the 1, norm of a random variable is very useful to describe
a tail behavior. This will be explained in Theorem [1.1.5] For instance, we say that
X is a sub-Gaussian random variable when [ X||,,, < oo, we say that X is a sub-
exponential random variable when [ X||,, < co. In general, we say that X is g
when [|X|[,, < oco. It is important to notice (see Corollary and Proposition
that for any 1 < p < +o0, for any as > a3 > 1

Lo C Ly, C Ly, C Ly.

One of the main goal of these preliminaries will be to understand the behavior of
the maximum of L-random variables and of the sum and the product of v, random
variables. We start with a general maximal inequality.

Proposition 1.1.8. — Let ¢ be an Orlicz function. Then, for any positive natural
integer n and any real valued random variables X, ..., X,,

o< qhp L .
B e Xl < 0 (00 (1)) s 1Xil,

where 1~1 is the inverse function of 1. Moreover if 1 is such that

Je>0, Vo, y > 1/2, Y(x)Y(y) < ¢Y(czy) (1.1)
then
) < -1 A
Joax |Xi| LS max {1/2,97" (2n)} max | Xil,

where c is the same as in (L.1)).
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Remark 1.1.4. — e Since for any xz,y > 1/2, (e* — 1)(e¥ — 1) < e"”’/ < ety <
(€3*Y — 1), we get that for any o > 1, 1 satisfies the assumption (1.1) with ¢ = 8/,
e Moreover, the function 1, is such that {5 (ne(1)) < (1 —|— log(n))Y/* and
dt(2n) = (log(1 + 20)) Ve,

e The assumption may be weakened by limsup,, , . ¥(2)¢(y)/P(cry) < oo

e By monotony of 1, for n > (1/2)/2, max {1/2,1/}’1(271)} =¢~1(2n).

Proof. — By homogeneity of the statements, we can assume that for any i = 1,...,n,
[ Xilly < 1.
The first inequality is a simple consequence of Jensen inequality. Indeed,

n

(B 1 1Xi) < Bv(max Xl) < DRG] < o)

To prove the second assertion, we define y = max{1/2,%~(2n)}. For any i =
1,...,n, let x; = | X;|/cy. We observe that if z; > 1/2 then we get by (1.1))

ey < B0
v (1Xilfey) < BT

Moreover,

1?%Xnm - lrglaéxnx { max z; < 1/2} +i§::1m {zi > 1/2}

1<i<n

therefore, we have by monotony of v,

n

Eqp (max | X; |/cy) W(1/2) + ZEw (IXil)/ey) Lr( 1 x,)) Jey) > 1/2)

1 nip(1)
¥(1/2) Eu(|X;]) < (1/2 .
¥(1/2) %D(yz P(IXil) < 9(1/2) + o)
By convexity of ¢ and the fact that ¢(0) = 0, we have ¢(1/2) < v(1)/2. The proof
is finished since by definition of y, ¥(y) > 2n. O

For every a > 1, there are very precise connections between the 1, norm of a
random variable, the behavior of its L, norms, the tail estimates and the Laplace
transform. We sum up these connections in the following Theorem.

Theorem 1.1.5. — Let X be a real valued random variable and o > 1. The following
assertions are equivalent:

(1) There exists K1 > 0 such that [| X, < Ki

(2) There exists Ko > 0 such that for every p > «,

(BIX[P)” < Ky pt/e.
(3) There exist K3, K5 > 0 such that for every t > K3,
P(|X|>t) <exp(—t*/KS).
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Moreover, we have
Koy < 2Ky, K3 < eKo, K} < 2Ky and K, < 2max(K3, K}).

In the case a > 1, let B be such that 1/a+ 1/ = 1. The preceding assertions are
also equivalent to the following:
(4) There exist K4, K} > 0 such that for every A > 1/ K},

Eexp (A X]) < exp (AKy)”.
Moreover, K4y < 2K/, Kj < K1, K3 < 2K, and K} < 2Kf/(K&)°‘71.

Proof. — We start by proving that (1) implies (2). By definition of the L, norm,

we get that
X1\
E <e.
exp ( X <e

Moreover, for every positive natural integer g and every x > 0, expx > x7/¢q! hence
E|X|* < eq! K" < eq!K{".
For any p > «, let ¢ be the positive integer such that ga < p < (¢ + 1)« then

1/(g+1)c

(]E|X‘p)1/p < <E|X|(q+1)a) < 61/(q+1)aK1(q + 1)1/a

2p 1/«
<ePK, () < 2eK;p'/®
a
which means that (2) holds true with Ky = 2eKj.

We now prove that (2) implies (3). We apply Markov inequality and the estimate
of (2) to deduce that for every ¢t > 0,

CCEXP (K e Kop'/®
P(|X| > 1) §11)r>1% ” < inf ( P —;giexp plog ; .

T p>a \ T
We get that for ¢t > e Koa'/®, we can choose p = (t/eK2)™ > « and conclude that
P(|X| > t) < exp (—t*/(Kae)).

Since a > 1, o'/ < e and we conclude that (3) holds true with K4 = e? Ky and
Kg == €K2.

We conclude by proving that (3) implies (1). Assume that (3) holds true and let
¢ = 2max(K3, K4). Then by integration by parts,

X1\ oo e
Eexp|— ) —-1= / au® e P(|X| > uc)du
¢ 0

Kj/c N ~+o0 o
< / au® e du + / au®"texp (uo‘ (1 — a)) du
0 Kj/c KS

_ K\, _1
= exp 1+ —= exp
¢ K5
)

< 2cosh(K}/c)* —1 < 2cosh(1/2
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by the definition of ¢ and the fact that o > 1. This proves that (1) holds true with
Kl =2 maX(Kg, Ké)

We now assume that « > 1 and prove that (4) implies (3). We apply Markov
inequality and the estimate of (4) to get that for every ¢ > 0,

P(|X]| > 1) < )i\nfo exp(—At)Eexp (A X])
>

< inf K4)P = \t).
)\ZI{I/KZLQXP (AK4)” — At)

Therefore if t > 2K2 /(K})*, we can choose At = 2(AK4)? with A > 1/K} and
conclude that
B(IX| > 1) < exp (—1%/(2K4)%)
This proves that (3) holds true with K5 = 2K, and K} = 2K /(K})*~1.
It remains to prove that (1) implies (4). We have already observed that the convex
conjugate of the function ¢ (t) = t*/a is ¢ which implies that for any z,y > 0,

% p
py< =+ L <ar gyl
a B

Hence for every A > 0,

exp(A/X]) < exp ('jf') exp (AL’
1

and taking the expectation, we get by definition of the L, norm that
Eexp(A|X]) < eexp (AK1)” .
We conclude that if A > 1/K; then
Eexp(AX|) < exp (2AK1)”
which proves that (4) holds true with K4 = 2K; and K} = K;. O
A simple corollary of T heorem is the following connection between the L, norms

of a random variable and its 1, norm.
Corollary 1.1.6. — For every o > 1, for every real random variable X,

(E|X|)"/P

1
5z 1K1, < sup S <2e ]
pzo

Proof. — This follows from the implications (1) = (2) = (3) = (1) in Theorem [L.1.5]
and from the computations of the constants Ky, K3, K45 and K. O

We conclude this part with a kind of Holder inequality for v, random variables.

Proposition 1.1.7. — Given p, q € [1,400] be such that 1/p+ 1/q¢ = 1 and two
random variables X € Ly,, Y € Ly, , we have

[ XYy, < 1XNy, Y]y, - (1.2)
Moreover, if 1 < a < B then for every random variable X
1 Xy, < 1XTly, < 1X1,, -
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Proof. — By homogeneity, we assume that || X||,, = [[Y], = 1. Since p and ¢ are

conjugate, we know by Young inequality that for every x,y € R, |zy| < % + %.
By convexity of the exponential, we deduce that

1 1
Eexp(|XY]) < —Eexp | X|P + -Eexp|X|? < e
p q

which proves that [ XY, <1.

The moreover part is a consequence of this result. Indeed, by definition of the
g-norm, the random variable ¥ = 1 satisifes ||Y| vy = L Hence applying with
p = « and ¢ being the conjugate of p, we get that for every a > 1, ”X”wl < HX||%.
We also observe that for any g > «, if § > 1 is such that § = ad then we have

1X 5. = NX1* 1y, < NXI%Ny, = 1X5,,
which proves that || X[, < [X]],, - O

1.2. Linear combination of centered Psi-alpha random variables

In this part we will focus on the case of centered 1, random variables when o > 1.
We will present several results concerning the linear combination of such random
variable. The cases o = 2 and « # 2 are different. We will start by looking at the
case = 2. Even if we may prove a sharp estimate for their linear combination,
we will also consider the simple and well known example of linear combination of
Rademacher. This example will show the limitation of the study of the ¢, norm of
certain random variable. However in the case a # 2, different regime will appear in
the tail estimates of such sum. This will be of importance in several chapters of this
book.

1.2.1. The sub-Gaussian case.— We start by taking a look to sums of 1) random
variables. The following proposition can be seen as a generalization of the classical
Hoeffding inequality [Hoe63] since Lo, C Ly, .

Theorem 1.2.1. — Let X4,..., X, beindependent real valued random variable such
that for anyi=1,...,n, EX; =0. Then

n 1/2
<o (z uxin;)
=1

n

S

i=1

P2
where ¢ < 28.

Before proving the theorem, we start with the following lemma concerning the
Laplace transform of a 1, random variable which is centered. The fact that EX =0
is crucial to improve the assertion (4) of Theorem [L.1.5]

Lemma 1.2.2. — Let X be a ¥y centered random variable. Then, for any A > 0,
the Laplace transform of X satisfies

Eexp(AX) < exp (6/\2 ||X||12p2 )
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Proof. — By homogeneity of the statement, we can assume that ||X||,4, = 1. By the
definition of the L, norm of X, we know that

Eexp (X)* <e
hence, by Markov inequality, we get that for every ¢ > 0,

P(IX| > t) < eexp(—t%).
Thus, for any integer k > 2

+oo
IE\X|’“:/ kth 1P (|X| > t)dt
0

+oo
< e/ kth =1 exp(—t2)dt
0

= eF(k/Q +1),
where T is defined for any v > 1 by T’ fo t*=Lexp(—t)dt. Since EX = 0 and
for any positive integer k, F(k +1) = k:F(k:) = k! we deduce that for every A > 0,
AFEXF T(k/2+1)
Eexp(AX) =1 <1 L I\k
exp(AX) + Z ] +e Tk £ 1)
k>2 k>2

By Cauchy-Schwartz, I'(k/2 4 1) < F(k 4+ 1)/2 and we obtain
/\2k+1

k/2+ +ek§ k:+1 Tk 13/2)°

Eexp(AX) 1+eZ

Since I is non-decreasing, we get

)\Qk 1+ )\ A2
Eexp(AX)<1+e Z R —1+e(1+)\)(e —1).
k>1
Using the Taylor expansion, it is easy to see that 1+ A < 1+e*” and that e(e**” —1) <
3(62)‘2 -1)< ¢** — 1 and the lemma is proven. O

Remark 1.2.3. — We could have used assertion (2) of Theorem to get directly
an estimate of the k-th moment of the random variable X. This would have led to a
slightly worse constant than 6 in the estimate.

Proof of Theorem[I.2.1l — 1t is enough to get an upper bound of the Laplace trans-
form of the random variable | Dy XZ-’. Let Z = 3" , X, then by independence of
the X;’s, we get from Lemmam [1.2.2 that for every A > 0,

Eexp(AZ) HIEeXp AX;) < exp 6)\22 | X ||w2)

i=1 i=1

For the same reason, Eexp(—AZ) < exp (6A2 > 1, ||Xz||12¢,2 ). Thus,

Eexp(AZ]) < 2exp (63 Y |IXi][2, )

=1
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1/2
We conclude that for any ¢ > 1/ (Z?:l ||XZ||i2) ,

Eexp(A|Z]) < exp (TA* Y [1X:]]7, )
i=1
and using the implication ((4) = (1)) in Theorem with o = 8 = 2 (and following
the definition of the constants), we get that [|Z],, < c>7i, ||X1H12/j2 with ¢ <28, O

Now, we take a particular look to Rademacher processes. Indeed, Rademacher
variables are the simplest example of bounded (hence ) random variables. We
denote by €1, . ..,e, independent random variables taking values +1 with probability
1/2. Since Lo C Ly,, for any (a1, ..., a,) € R, the random variable a;&; is centered
and has ¥ norm equal to |a;|. We apply Theorem to deduce that

<clals=¢c|E

1/2
n n 2 /
E a;E4 E ;&4
=1 Yo i=1

Therefore we get from Theorem that for any p > 2,

o\ 1/2
n n n
Zaisi < (E Zaiei Zaisi
i=1 i=1 i=1
This is the Khinchine’s inequality. It is not difficult to extend it to the case 0 < ¢ < 2

by using Holder inequality: for any random variable Z, if 0 < ¢ <2 and A = ¢/(4—q)
then

o\ 1/2

p\ 1/p
E ) <2¢/p|E (1.3)

1/2 A (1-x)/4
(E1217)"" < (B121)Y (E|Z]*) :
Let Z = >""" | a;e;, we apply (1.3) to the case p = 4 to deduce that for any 0 < ¢ < 2,

n q\ 1/q n 2\ 1/2 n q\ 1/q
(E Z a;g; ) <|E Z aic; Z a;c; ) .
i=1 i=1 i=1

< (40)2(2—q)/q (IE

Since for any = > 0, v’ — 1 > 22, we also observe that

n n
E a;€; E a;&;
P2 i=1

i=1
However the precise knowledge of the 1> norm of the random variable Y " | a;e; is
not enough to understand correctly the behavior of its L, norm and consequently of
its tail estimate. Indeed, a more precise statement holds true.

o\ 1/2

(e—1) >E

Theorem 1.2.4. — Let p > 2, let ay,...,a, be real numbers and let e1,...,e, be
independent Rademacher variables. We have

¢

n
E ai€;
i=1

1/2

p\ 1/p
) SZa;‘—l—Qc\/ﬁ z:a;‘2 ,

1P 1>p
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where (a3, ...,a}) is the non-increasing rearrangement of (|a1],...,|an|). Moreover,

the estimate is sharp, up to a multiplicative factor.

Remark 1.2.5. — FEwven if it is the difficult part of the Theorem, we will not present
the proof of the lower bound. It is beyond the scope of this chapter.

Proof. — Since Rademacher random variables are bounded by 1, we also have the
trivial upper bound:
<E

n p\ 1/p n
Zai& ) < Zmi‘. (14)
=1 i=1

By independence and by symmetry of the Rademacher we have

T e

n n
E a;&; E afai
i=1 i=1

Splitting the sum into two parts, we get that

n p\ 1/p p p\ 1/p p\ /P
<]E Zafsi > < (]E Zafsi ) +E Zafsi
i=1 i=1 i>p
We conclude by applying (1.4) to the first term and (1.3)) to the second one. O

This provides a good example of one of the main drawback of this strategy. Indeed,
being a v, random variable allows only one type of tail estimate. In the sense that,
if Z € Ly, then the tail decay of Z behaves like exp(—Kt®) for ¢ large enough, but
this result is sometimes too weak for a precise study of the L, norm of Z.

1.2.2. Bernstein’s type inequalities, the case a = 1. — We start this section
with the well known Bernstein’s inequalities which hold for an empirical mean of
bounded random variables.

Theorem 1.2.6. — Let Xq,...,X, ben independent random variables and M be a
positive number such that for anyi=1,...,n, EX; =0 and | X;| < M almost surely.
Set 02 =n~t>"  EX?. For any t > 0, we have

1 no? (Mt
where h(u) = (14 u)log(l 4+ u) — u for all u > 0.

Proof. — Let t > 0, by Markov inequality and by independence we have
1o , A
P (n Z;Xi > t) < ;\gfoexp(—)\t)EeXp (n Z;Xz>

: - AX;
= ;\I;foexp(—)\t) HIEeXp () . (1.5)

- n
i=1
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Since for any i = 1,...,n, EX; =0 and | X;| < M,

AX; AFEXF 5 A2
Eexp< - )zl—&—ank"<l+]EXiank!

k>2 ’ k>2

CLUEXE (L anyoan
B a2z \FP, n '

Using the fact that 1+ u < exp(u) for all u € R, we get that

e () <om (Z522 (o (2)- (2) 1)

By definition of ¢ and by (L.5), we conclude that for any ¢ > 0,

1 & no? AM AM
— S > < i P _ ) - — ] = — .
P <n ; 1 X; > t) )1\2% exp (M2 (eXp ( > ( ) 1> )\t)

The claim follows by choosing A such that (1 +tM/o?) = exp(AM/n). O

Using Taylor expansion, it is not difficult to see that for every u > 0 we have h(u) >
u?/(2 + 2u/3). This proves that if u > 1, h(u) > 3u/8 and if u < 1, h(u) > 3u?/8.
Therefore the classical Bernstein’s inequality for bounded random variables is an
immediate corollary of this result.

Theorem 1.2.7. — Let X4,...,X, ben independent random variables such that for
ali=1,...,n, EX; =0 and |X;| < M almost surely. Then, for everyt >0,

1 & 3n . [t? t
P(n Zzngl >t> geXp <—8mln (02,M>)7
1 n
2 _ 4 2
where o _nE EX;.
i=1

From Bernstein’s inequality, we can deduce that the tail behavior of a sum of centered,
bounded random variables has two regimes. There is a sub-exponential regime with
respect to M for large values of t (t > 02/M) and a sub-Gaussian behavior with
respect to o2 for small values of ¢ (t < 02/M). Moreover, this inequality is always
stronger than the tail estimate that we could deduce from Theorem (which is
only sub-Gaussian with respect to M?).

Now, we turn to the important case of sum of sub-exponential centered random
variables.

Theorem 1.2.8. — Let X1,...,X, ben independent centered 1 random variables.

Then, for everyt > 0,
>4 < . +2 n
2ex —cnmin | —, —
= ~X p %3 n [1 )

1 n
P(n;Xi
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where My = max 1 Xl » o} = Z | X Hw and c is a number that can be taken

i=1
equal to (e — 1)/2e(2e — 1).

Proof. — Since for every z > 0 and any positive natural integer k, e* > z¥/k!, we
get by definition of the ¢); norm that for any integer £ > 1 and any i = 1,...,n,

E|Xi[* < ek! || Xy, -

Moreover EX; = 0 for any ¢ = 1,...,n and using Taylor expansion of the exponential,
we deduce that for every A > 0 such that A [|.X;||,,, <M <n,

NE|X[E eA? uXiHi e |1 X7
EeXp <1+ <1+ ! <14 ——_t1
Z nkk! n2 ( ||X le) n2 (1 _ )\]T\LJI)

k>2

Let Z =n""! >i, X;. Since for any real number z, 142 < e*, we get by independence
of the X;’s that for every A\ > 0 such that AM; <n

Eexp(AZ) < ex Z” 2] = ex _eNar
P P Ayl o | TP T )

We conclude by Markov inequahty that for every t > 0,

P(Z>t)< inf e A N
1mn X — _— .
7 T o<a<n/M,; P n — AM;y

We consider two cases. If t < of/M;, we choose A = nt/2ec? < n/2eM;. A simple
computation gives that

e—1 nt?
1

If t > 07 /M, we choose A = n/2eM;. This time, we get

-1
P(Z > t) < exp (_e nt)

2e(2e — 1) My
We can do the same argument for —Z and this concludes the proof of the announced
result. O
1.2.3. The 9, case: a > 1. — In this part we will focus on the case a # 2 and

a > 1. Our goal is to explain the behavior of the tail estimate of a sum of independent
1o centered random variables. As in Bernstein inequalities, we will see that they share
two different regimes depending on the level of deviation t¢.

Theorem 1.2.9. — Let a > 1 and S8 be such that a1+ 871 = 1. Given X1,..., X,
be independent mean zero 1, real-valued random variables, set

" 1/2 n 1/p
- (Z ||X¢||fbl> and B, = (Z ||Xi|fja> .
1=1

i=1
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Then, for everyt > 0,
2t
2 exp (—c min (, )) if <2,
* A} By
zt] <

( t
2ex —Cqo INax LQ - lf o > 2
P “ l’Bg

where cq, 15 a number depending only on «.

1 n
=N X,

Remark 1.2.10. — We can stated the result with the same mormalization as in
L L 2 _ 1y I B _ 1y 1P
Bernstein inequalities. Let of = 3 >0, [| Xilly, and Mg = =57, | Xlly, . then

we have
2 e
2 — in(—,— if <2,
exp( Con min (U% Mg)) if «

P ( > t) <
2t ,
2exp | —con max if a> 2.

ot Mg
Before proving the Theorem, we start by exhibiting a sub-Gaussian behavior of
the Laplace transform of any 1; centered random variable.

1 n
n 2K

Lemma 1.2.11. — Given X a1 mean-zero random variable, for every A such that
0< A< (2 ||X||¢1>71 we have
Eexp (AX) < exp (4(e —1)a2 ||X||§1) :
Proof. — Let X' be an independent copie of X and denote Y = X — X’. Since X is
centered, by Jensen inequality,
EexpAX = Eexp(A(X —EX')) <Eexp A(X — X') =Eexp \Y.

The random variable Y is symmetric thus, for every A, EexpA\Y = Ecosh A\Y and
using the Taylor expansion,
)\Q(k—l)

(2k)!

A2 2% 2 2%

Eexp)\Y=1+Z(2k)!EY =14+X> EY?2.
k>1 k>1

By definition of Y, for every k > 1, EY?¢ < 22*EX?*_ Hence, for every 0 < A <

-1
(2 ||X||¢1) , we get that

EexpAY < 14422 X3 Zﬂ <1+ X|2 (Eexp( By ) _ 1) .
) s @RI o X

—1
By definition of the %; norm, we conclude that for every 0 < A < (2 ||X||w1>

EexpAX <1+ 4(e—1)\[|IX[2, <exp (4(e —1)A2 ||XHj,1) .
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Proof of Theorem[1.2.9 — We start with the case 1 < a < 2.
For every 1 = 1,...,n, X; is a ¥, random variable with o > 1. Then it is a

random variable (see Corollary [1.1.6]) and from Lemma [1.2.11] we get that
2
VO<A<1/2(Xill,, , EexpAX; <exp (4(6 —1)\? ||Xi||¢1> .
Moreover, from Theorem [I.1.5] we get also that
B
VA> 1/ X lp,, EexpAX; <exp (2/\ ||Xi||wa>

Since 1 < o < 2 then 8 > 2 and it is easy to conclude that there is a number cg > 1
such that

YA >0, EexpAX; < exp (cﬂ (A2||XZ-||§,1 n )\/3|\Xi|\ia)) . (1.6)
Indeed when ||X;||y, > 2||X;lly,, we just have to glue the two estimates. Otherwise,
we have || Xi[ly. < 2[|X;]ly, and for every A € (1/2||Xi||wl ,1/||XZ-||%), we get by
Holder inequality,

X
Eexp A X; < (Eexp (HXH
wa

Let Z =3 | X;, we deduce from (1.6) that for every A > 0,
Eexp A\Z < exp (CB (A%/\2 + Bg)\ﬁ))
where cg > 1. From Markov inequality, we have

P(Z >t) < inf e MEexp \Z < inf A2N2 4+ BPAPY — \t) . 1.
(Z=1) < inf e *Eexp _;I;O(c/a( TN+ BLA) = Xt) (1.7)

M Xillpa
)> < exp (25)\||X||¢,a) < exp (2’6)\24\\Xi\@1) .

tocfl

If (t/A1)? > (t/Ba,)® then we have t2=% > A2/B% and we choose A\ = 1,55
Therefore,

to o to
At = BAP = < d
desBy " T (4es)Bg ~ (dep?By
A%A2 _ toz tOLfQA% ta

< .
(4cp)°Bg By 7 (4¢p)?Bg
We conclude from (1.7]) that

1
P(Z>1t) < —_— .
If (t/A1)? < (t/B,)® then we have t>~* < A? /BY and since (2 — a)8/a = (8 —2)
we also have t#=2 < Bg/Af(Bfl). We choose A = m therefore,
1

t2 t2 t2  ¢P2Bs t2
=——, AN =_——— and BN = i ) < .
dep Ay (4cp)2 A7 (4cp)P A A7 (4cp)? A

We conclude from (1.7)) that

I
1

At
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The proof is complete with ¢, = 1/4cg.
In the case @ > 2, we have 1 < 8 < 2 and the estimate (1.6 for the Laplace
transform of each random variable X; has to be replaced by

VA >0, Eexp AX; < exp (¢sA2]| X,[2,) and Eexp AX; < exp (cﬁ/\5||Xi||ﬁa) .

Indeed, when A [ X[, < 1/2 then (A ”XHM)Q < (A ||XH¢1)5 and when A [| X[, >1
then (X[ X|l,, )? < (A[|X]],,)? Therefore both inequalities hold true.
We conclude that for Z = """ | X;, for every A > 0,

Eexp AZ < exp (CB min (Af)\z, Bg)\ﬁ)) .

The rest is identical to the preceding proof. O

1.3. A geometric application: the Johnson-Lindenstrauss lemma

The Johnson-Lindenstrauss lemma [JL84] is a result concerning low-distortion
embeddings of points from high-dimensional into low-dimensional Euclidean space.
The lemma states that a small set of points in a high-dimensional space can be
embedded into a space of much lower dimension in such a way that distances between
the points are nearly preserved. The map used for the embedding is a linear map and
can even be taken to be an orthogonal projection. We present here an approach using
random Gaussian matrices.

Let G1,...,Gy be k independent Gaussian vectors in R™ distributed according to
the normal law N'(0,1d). Let A : R™ — R* be the random operator defined for every
x € R” by

<G17 x>
Az = : € R*. (1.8)
<Gk7 'T>
We will prove that with high probability, this Gaussian random matrix satisfies the
desired property in the Johnson-Lindenstrauss lemma.

Lemma 1.3.1. — There exists a numerical constant C such that, given 0 < e < 1,
a set T of N distinct points in R™ and an integer k > ko = C'log(N)/e? then there
exists a linear operator A : R™ — R* such that for every z, y € T,

Vi—e|lz—yla <|A(x —y)la < V1+e |z —y|o.

Proof. — Let T be defined by (|1.8). For any vector z € R™ and every ¢ = 1,...k,
we have E(G;, z)2 = |z|3. Therefore, for every z, y € T,

’ ey
VE

For every i = 1,...,k, we define the random variable X; by X; = (G, — y)? —
E(G;,x — y)?. It is a centered random variable. Since e* > 1 + u, we know that

2

k
1 2
y|2—%Z Gi,x —1y)? —E(Gi,x —y)°.

2
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E(Gi,z —y)? < (e—1) H(Gi,x - y)szl. Hence by definition of the 12 norm,

IXillo, < 2(e = D) |[(Giyz = 9)?||,,, = 2(e = 1) [(Gi,z = 93,

By definition of the Gaussian law, (G;,z — y) is distributed like |z — y|2 g where
g is a standard real Gaussian variable. It is not difficult to check that with our
definition of the ¢ norm, ||g||7,, = 2(e —1)*/e(e —2). We will call ¢ this number and
c? = 2(e — 1)c2. We conclude that ||(G;,z — y>||12/)2 = & |z — yl3 and that || X;|y, <
c? |z — y|3. We apply Theorem In this case, My = o1 = ¢? |z — y|3 and we get
that for t = e|lz — y|3 with 0 < e < 1,

'

since t < |z —y|% < c?|z—yl3 < o?/M;. The constant ¢ is defined by ¢’ = ¢/c} where
¢ comes from Theorem Since the cardinality of the set {(x,y) : x € T,y € T}
is less than N2, we get by the union bound that

’ L—y)
VE

and if k > ko = log(N?)/c’€? then the probability of this event is strictly less than
one. This means that there exists a realization of the matrix T'/v/k that defines A
and that satisfies the contrary i.e.

Ve, yeT, V1—ce |z —yla <[A(x —y)l2 < VI +e |z —ylo

Z<Gi7l‘ —y)? —E(Gi,z —y)*

1

1 k
k:

> elz — y|§> < 2exp(—c ke?)

K3

2

— |z —yl3

P(Hm,yeT:
2

> elr — y%) < N2 exp(—c ke?)

O

Remark 1.3.2. — e The value of C' is less than 1600.

e In fact, the proof uses only the g behavior of (G;,x). We could replace the Gaussian
vectors by any sub-Gaussian (isotropic) vectors, like e.g. by random wvectors with
independent Rademacher coordinates. In this case, the value of C' is less than 170.

1.4. Complexity and covering numbers

The study of covering and packing numbers is a wide subject. We will only present
some basic estimates needed for the purpose of this book. In approximation theory,
in compressed sensing, in statistics, it is of importance to measure the complexity of
a set. An important notion is the entropy number which measures the compactness
of a set. Given U and V two sets of R™, we define the covering number N(U, V) to
be the minimum of translates of V' needed to cover U. The formal definition is

N
N(U,V):inf{N:Hxl,...,xN eR™ U C U(mi—&-V)}.

i=1
If moreover V is a symmetric convex set, the packing number M (U, V) is the maximal
number of points in U that are 1-separated for the norm induced by the convex set
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V. Formally,
MU, V) —sup{N c3zy,. ey e UV #E o —x; & V}.

Since V' is a symmetric convex set, we can define the norm associated to V: for every
xeR”

|z|ly = inf{t > 0,2 € tV}.
Hence x; —z; ¢ V is equivalent to say that ||z; — z;|v > 1. For any positive number
e, we will also use the notation

NU,e& | -lv)

for N(U,eV'). Moreover, the family z1,...,zy is said to be an e-net if it is such that
Uc Ufil (x; + V). Also if we define the polar of V' by

Ve={yeR": Ve eV, (z,y) <1}

then the dual of the vectorial normed space (R™, || - ||v) is isometric to (R™, || - ||v).
In the case V being a symmetric convex set, the notions of packing and covering
numbers are closely related.

Proposition 1.4.1. — If U and V are convex bodies then N(U,V) < M(U,V).
If U is a convex set and V is a symmetric convez set then M(U,V) < N(U,V/2).

Proof. — Let N = M(U,V) be the maximal number of points x1,..., 2y in U such
that for every i # j, i —x; ¢ V. Let w € U then {z1,...,zn, u} is not 1-separated in
V and this means that there exists i € {1,..., N} such that u—x; € V. Consequently
UcUY, (zi+V)and N(U,V) < M(U, V).

Let z1,...,zp be a family of vectors of U that are 1-separated. Let z1,...,2n
be a family of vectors such that U C Ufil (z; + V/2). Since for every i = 1,..., M,
x; € U, we can define an application j : {1,..., M} — {1,..., N} where j(i) is such
that x; € 2y + V/2. If j(i1) = j(i2) then 2;, — x4, € V/2 — V/2. By convexity and
symmetry of V, V/2 —V/2 =V hence z;, —x;, € V. But the family x1,..., x5 is
1-separated in V' hence necessarily i1 = i5. This proves that the map j is injective
and this implies that M(U, V) < N(U, V/2). 0

Moreover, it is not difficult to check that for any U, V, W convex bodies N(U, W) <
N(U,V)N(V,W). We have the following simple and important volumetric estimate.

Lemma 1.4.2. — Given V a symmetric convex set in R™, for every e > 0,
2 n
N(V,eV) < (1 + ) .
€

Proof. — By Proposition [1.4.1) N(V,eV) < M(V,eV). Let M = M(V,eV) be the
maximal number of points x1,...,za in V such that for every i # j, z; —x; ¢ V.
Since V' is a symmetric convex set, the sets z; + €V//2 are disjoint and

M
(@i +eV/2) cV+ev/2= (1+ g) V.

i=1
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By taking the volume, we get that

which proves the desired estimate. O

Another important parameter that we will use to measure the size of a subset T

of R™ is £,(T), defined by
£,(T) = Esup(G, t)
teT

where G is a Gaussian vector in R™ distributed according to the normal law A (0, Id).
By definition, £,(T") = ¢,(conv T') where convT denotes the convex hull of T.

We will present some classical tools to estimate the covering numbers of the unit
ball of ¢} by parallelepipeds and some classical estimates relating covering numbers
of T by a multiple of the Euclidean ball and £, (T") or £,(T°).

1.4.1. The empirical method. — We will introduce this method through a con-
crete example. Let d be a positive integer and ® be an d X d matrix. We assume that
the entries of ® are such that for all ¢,5 € {1,...,d},

K

bl < — 1.9

@4 7 (1.9)
where K > 0 is an absolute constant.

We denote by @1, ...,P, the row vectors of ® and we define for all p € {1,...,d}
the semi-norm |[-[|  , for all z € R< by
o]y = max | (25,2} .
Its unit ball is denoted by Beop. If E = span{®y,...,®,} and Pg is the orthogonal
projection on F then we have B , = PEBo p + E*. Moreover, Pg By is a paral-
lelepiped in E. In the next theorem, we obtain an upper bound of the logarithm of
the covering numbers of the unit ball of ¢¢, denoted by B{, by a multiple of B ,.
Observe that from the hypothesis (1.9) on the entries of the matrix ®, we get that
for any = € Bf and any j = 1,...,p, [(®;,2)| < |®;|o|z|1 < K/V/d. Therefore
K

B{ c ﬁBm,p (1.10)

and for any ¢ > K/\/&, N(BiiaEBoo,p) =1

Theorem 1.4.3. — With the preceding notations, we have for any 0 <t < 1,

tK 1 log(2d + 1 2
log N (B‘li, ﬁBm7p> < min{co o8(p) sz( + ), plog (1 + t)}

where ¢q is an absolute constant.

The first estimate is proven using an empirical method, while the second one is based
on the volumetric estimate.
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Proof. — Let x be in B{ and define the random variable Z by

]P’(Z = Sign(xi)ei) =|a;|foralli=1,...,dand P(Z =0) =1 — |z|1

where (eq,...,eq) is the canonical basis of R%. Observe that we have EZ = z.
We use a well known symmetrization argument (see Chapter |5 section for
more details). Take m to be chosen later and Z1,. .., Z, Z},...,Z), be iid. copies

of Z. We have by Jensen inequality

1 & 1 & 1 &
z*E;Zi E;E’ngZi E;z;fzi

The random variable Z] — Z; is symmetric hence it has the same law than ¢;,(Z] — Z;)
where €1, ..., are i.i.d. Rademacher random variables. Therefore, by the triangle
inequality

1 m
E;Z{—Zi

We conclude that

E < EE’

oo,p

oo,p o0,p

m

> ez - Zi)

i=1

m

ZEiZ'L

i=1

1

EE/ = —EE'E. EE.
m

2
Si
m

o0,p 0,p 00,p

. (1.11)

By definition of Z and by (1.9), we know that |[(Z;,®;)| < K/vVd. Let a;; be a
sequence of real number such that |a;;| < K/vd. For any j, let X; be the random
variable X; = Y  a;j¢;. From Theorem we deduce that

m 1/2
Kym
vi=1,....p, [ X;l, §C<Za§j) <c—=—.
’ i=1 vd

Therefore, by Proposition (and the remark after it), we get
Ky/m
E max |X;| <c+/(1+1o —_—
max |X;| < cv/(1+logp) 7
From (1.11)) and the preceding argument, we conclude that

< 2¢K+/(1+logp)

1 m
Elz— — ZZ
m ; o vmd
Let m be the integer such that
2 2
4c*(1 + logp) <m< 4c¢*(1 4+ logp) 41
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For this choice of m we have

1 & tK

El|x—-— Z; < —.

m ; Vd

= 00, p
In particular, there exists w € €2 such that

1 tK
r— — Zi(w < —
m Z:ZI () o Vd

and so the set

1 m
{7§ %2y T € {iel,...,ied}u{o}}
m
i=1

is a t K /v/d-net of B¢ with respect to |- o p- Sinceits cardinality is less than (2d+1)™,
we get the first estimate:

tK
d
,—DB
1 N7 B

where ¢g is an absolute constant.

To prove the second estimate, we recall by (1.10) that Bf C K/v/dBx . Hence

tK K tK
N (Bf, \/aBoo’p) <N (\/aBoo,p, \/gBoo,p) = N (Buop,tBoop) -

Moreover, we have already observed that B, = PeBs p + E+ which means that

N (Boop; tBoop) = N(V,tV)

) o co(1 4 logp) log(2d + 1)

log N (B

where V' is the symmetric convex set PpBy . Since dim E < p, we apply Lemma

11.4.2] to conclude that
tK 2\?
N (B¢ =B <(14+=) .
< YV °°”’>‘( +t)

1.4.2. Sudakov’s inequality and dual Sudakov’s inequality. — Classical tools
for the computation of the covering numbers of a set by Euclidean balls or in a
dual situation covering numbers of Euclidean ball by a symmetric convex set are
Sudakov and dual Sudakov inequalities. They relate these covering numbers with the
complexity £, of the sets.

O

Theorem 1.4.4. — Let T be a subset of RN and V be a symmetric convex set in
RYN. Then, the following inequalities hold:

supey/log N(T,eBY) < cl.(T) (1.12)
e>0

supey/log N(BY,eV) < ¢l (V°) (1.13)

e>0

and
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where for a normal Gaussian vector G € RN, £,(T) = Esup,cr(G,t) and £, (V°) =
Esup,cy(G,t) =E[G|lv.

The proof of the Sudakov inequality (|1.12]) is based on comparison properties be-
tween Gaussian processes. We recall the Slepian comparison lemma without proving
it.

Lemma 1.4.5. — Let Xq,..., Xy and Yq,..., Yy be Gaussian random wvariables
such that for alli,7=1,..., M
ElY; - Y;|* < E[X; - X;/?

then

E max Yk<2]E max Xj.
1<k<M <k<M

Proof of Theorem[1.4.J} — We start by proving (1.12)). Let x1,..., 2z be M points
of T that are e-separated with respect to the Euclidean norm |- |2 and define for every
i =1,...,M, the Gaussian variables X; = (x;,G) where G is a standard Gaussian
vector in RY. We have

E|X; — X;|? = |zi — x;]3 > & for all i # j.

Let ¢g1,...,9m be M standard independent Gaussian random variables and for every

1=1,..., M let Y; be defined byY;:%gi. We have for all i # j

BJY; - Y1 =
and we conclude from Lemma [1.4.5] that
€
—FE <2E G) <20(T).
Vo B, on < 2 max (s, G) < 2U(T)
Moreover there exists a constant ¢ > 0 such that for every positive integer M

E max ge > \/log M /c (1.14)

1<k<

and this proves that ev/log M < 2¢v/2((T). By Proposmon 1} the proof of inequal-
ity (L.12]) is complete. The lower bound - is a classical exercise about Gaussian
random variables. First, we observe that Emax(g1,g2) is computable, it is equal to
1/y/7. Hence we can assume that M is large enough (say greater than 10%). In this
case, we observe that

2E >E —El|g1].

(ax gr > E max |gi| —Elg|
Indeed,
E max g =E max (g5 —g1) =E max max((gx —1),0)

and by symmetry of the g;’s,

E — <E — 0)+E — 0
max g~ 1| < B max max((ge — 91),0) + B max max((g: - g1, 0)

=2 0, o o) = 20, o
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But, by independence of the g;’s

+o0 +oo
E max |g| /O P <11111%)§\/1 |gK| > t) di /O (1 P (12%’5\4 |gx| < t)) dt

+oo 9 +oo 2 M
:/ 1— 1—\/>/ e " 2du dt
0 ™ Jt

and it is easy to see that for every t > 0,
too 2 2
/ 2y > o— D2,
t

Let to + 1 = v/2log M then
to 2 +o00 R M
E max |gk|2/ 1- 1—117/ e/ 2du dt
1<k<M 0 T J

>t 1—<1 ﬁ) > to(1 — e~ V2/m)

W >

which concludes the proof of (1.14).

We will now prove the dual Sudakov inequality (1.13)). The argument is very
similar to the volumetric argument introduced in Lemmal[I.4.2] replacing the Lebesgue
measure by the Gaussian measure. Let r > 0 to be chosen later. Observe that
N(BY,eV) = N(rBY,reV) and let x1,...,2) be M points in rBY that are re
separated for the norm induced by the symmetric convex set V. By Proposition
[[-41] it is enough to prove that

ey/logM < ¢l (V).

The balls centered at the points x; and of radius re/2 are disjoints and by taking the
Gaussian measure of the union of these sets, we get that

M M 2 .
IN (x; +1e/2V) | = / el2l3/2_2% 1
<U ; lz—z:llv <re/2 (271')N/2

i=1

However, by the change of variable z — x; = u;, we have

/ €7|Z|§/2d72 = 67|Ii|§/2/ eflui‘g/zemel’i)diu];
ls=asllv <re/2 (2m)N/2 lusllv <re/2 (2m)N/2

and from Jensen inequality and the fact that V' has barycenter at the origin,

Y T A P | J7 (E )
e 72 >e 2% yN V.
/|Z_$i|V§TE/2 (27T)N/2 2

Since x; € TBéV , we have proved that

Me_r2/2 YN (% V) <1.
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To conclude, we choose r such that re/2 = 2£,(V°). Hence by Markov inequality,
YN (% V) > 1/2 and we have proved that M < 2¢7°/2 which means that for a constant

c
ev/log M < ct,(V°).

)

O

1.4.3. The metric entropy of the Schatten balls. — To finish this chapter,
we show how to apply Sudakov and dual Sudakov inequalities to compute the metric
entropy of Schatten balls with respect to Schatten norms. We denote by B;"" the
unit ball of the Banach spaces of matrices in M, , endowed with the Schatten norm
||| s, defined for any A € My, n by

1/p
A, = (tr(ara?)

It is also the £p-norm of the singular values of A and we refer to Chapter E| for more
informations about the singular values of a matrix.

Proposition 1.4.6. — For everym >n > 1, p,q € [1,400] and € > 0,

5\/10gN(B;”’",€B;n’") < ¢ /m nY/P) (1.15)

and

5 \/logN(Bgﬁ”’",sB;n’”) < e v/m nt/d (1.16)
where ¢, and co are numerical constants. Moreover, for n > m > 1 the same result

holds by exchanging m and n.

Proof. — We start by proving a rough upper bound of the operator norm of a Gaus-
sian random matrix I' € M, ,, i.e. a matrix with independent standard Gaussian
entries:

E|T|s. <2vV2(v/n+Vm). (1.17)
Let X, , be the Gaussian process defined for any v € By*,v € By by
Xuw = (Tv,u).
It is defined such that
IE||F||SOc =E sup Xy,

uw€BL veBY
We have for any u, v’ € BY*,v,v" € BY
E| Xy — Xuw [ = E|{Tv,u — ') + (D(v — '), o)
< 2E|(Tw,u —u))* + E(T'(v — '), ")) < 2(Ju —/|* + Jv —2'|?).
Let Y, , be the Gaussian process defined for any v € B3*,v € B3 by
Yuw = V2((G1,u) + (G2,v))

where GG is a random standard Gaussian vector in R™ and G5 is a random standard
Gaussian vector in R™ independent with G;. Then for any w, v’ € By, v,v' € BY

E‘Yu,v — Yu’,v’|2 = 2(|u — ’LL/l2 + ‘U — ’U/|2) 2 E|Xu,'u — Xu’,v’|2
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and by Lemma[1.4.5) we deduce that

E sup Xuo <2E sup Y-
u€BY weEBY u€BY  weBY

Since

E  sup Y, =V2(E|Gi]z +E|Gs]) < V2(v/m +v/n)

u€BY vEBY
we conclude that (1.17)) holds true.
We first prove ([1.15]) in the case m > n > 1. Using Sudakov inequality , we
have for all £ > 0,

ey/log N(By"" e By'™") < el (BJ'™).

However
(By"")=E sup (', 4)
AeBph™
where (I, Ay = Tr(I" A*). If p’ is such that 1/p + 1/p’ =1 then we have by the trace
duality
(0, 4) < |ITYls,, I4lls, < n'"IIT)s_ [IAls, -

By taking the supremum over A € B;"", the expectation and using 1) we deduce
that
0B < P E|D) o < evm n/?
which ends the proof of (1.15])
We prove ([1.16)) in the case m > n > 1. Using the dual Sudakov inequality (|1.13)
and ([1.17) we get that for any g € [1, +00]:

ey/log N(BY™" cBy"™) < cE|T|g, < en'9E D5 < ¢n'/ay/m.

The proof of the case n > m is completely similar.

1.5. Notes and comments

We focused in this chapter on the study of some very particular concentration
inequalities. Of course, there exist different and powerful other type of concentration
inequalities. Several books and surveys are devoted to this subject and we refer for
example to [vdVW96, [Led01], [Mas07] for the interested reader.
The classical references for the study of Orlicz spaces are [KR61), [LT77, [LT79,
RRo1, RR02].

Tail and moment estimates for Rademacher averages are well understood. Theorem
is due to Montgomery—Smith [MS90] and several extensions to the vector valued
case are known [D [MIS95]|. The case of sum of independent random variables
with logarlthmlcally concave tails has been studied by Gluskin and Kwapien [GK95].
For the proof of Theorem [I.2.9] we could have followed a classical probabilistic trick
which reduces the proof of the result to the case of Weibull random variables. These
variables are defined such that the tails are equals to e *". Hence, the tails are
logarithmically concave and the result is a corollary of the results of Gluskin and
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Kwapien [GK95]. We have presented here an approach which follows the line of
[Tal94]. Even if the results of Talagrand [Tal94] are only written for random variables
with densities coe ", the proofs work in the general context of 1, random variables.

Originally, Lemma [1.3.1] is proved in and the operator is chosen at random
in the set of orthogonal projections onto a random k-dimensional subspace of /s,
uniformly according to the Haar measure on the Grassman manifold G, .

The classical references for the study of entropy numbers are [Pie72), [Pie80),
[Pis89), [CS90]. The method of proof of Theorem has been introduced by Mau-
rey, in particular for studying entropy numbers of operators from ¢¢ into a Banach
space of type p. This was published in [Pis81]. The method was extended and devel-
oped by Carl in [C Sudakov inequality [[.12]is due to Sudakov [Sud71] while
the dual Sudakov 1nequahty is due to Pajor and Tomczak-Jaegermann [PTJ86].
The proof that we presented follows the lines of Ledoux-Talagrand ﬂ]m We have
made the choice to speak only about Slepian inequality, Lemma [[.4.5] The result of
Slepian [SIe62] is more general, it tells about distribution 1nequahty. In the context
of Lemma Fernique proved that the constant 2 can be replaced by 1.
Gordon [Gor85, [Gor87] extended these results and he proved results not only for
the max but also for the min-max of some Gaussian processes. We would like to note
that inequality is due to Chevet [Che78|. It is known that the constant 2v/2
can be replaced by 1 and this is a result of Gordon [Gor85|]. About the covering
numbers of the Schatten balls, Proposition is due to Pajor and more
general estimates are proved in that paper.



CHAPTER 2

COMPRESSED SENSING AND GELFAND WIDTHS

2.1. Short introduction to compressed sensing

Compressed Sensing is a quite new framework that enables to get approximate and
exact reconstruction of sparse signals from incomplete measurements. The ideas and
principles are strongly related to other problems coming from different fields such as
approximation theory, in particular to the study of Gelfand and Kolmogorov width of
classical Banach spaces (diameter of sections). Since the seventies an important work
was done in that direction, in Approximation Theory and in Asymptotic Geometric
Analysis (called Geometry of Banach spaces at that time).

It is not in our aim to give here an introduction to compressed sensing, there
are many good references for that, but mainly to emphasize some interactions with
other fields of mathematics, in particular with asymptotic geometric analysis, random
matrices and empirical processes. The possibility of reconstructing any vector from
a given subset is highly related to the complexity of this subset and in the field of
Geometry of Banach spaces, many tools were developed to analyze various concepts
of complexity.

In this introduction to compressive sensing, for simplicity, we will consider the real
case, real vectors and real matrices. Let 1 < n < N be integers. We are given a
rectangular n X N real matrix A. One should think of N > n; we have in mind to
compress some vectors from RY for large N into vectors in R™. Let X1,..., Xy € R
be the columns of A and let Y7, .., Y, € RY its rows. One has

Y
Y,

We are also given a subset T C RY of vectors. Now let € T be an unknown
vector. The data one is given are n linear measurements of = (again, think of N > n)

Y1,2),...,(Y,,x)
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or equivalently
y = Ax.

We wish to recover x or more precisely to reconstruct x, exactly or approximately,
within a given accuracy and in an efficient way (fast algorithm).

2.2. The exact reconstruction problem

Let us first discuss the exact reconstruction question. Let € T' be unknown and
recall that the given data is y = Ax. When N > n, the problem is ill-posed because
the system At =y, t € RY is highly under-determined. Thus if we want to recover
x we need some more information on its nature. Moreover if we want to recover any
x from T, one should have some a priori information on the set T, on its complexity
whatever it means at this stage. We shall see various parameters of complexity in
these notes. The a priori hypothesis that we investigate now is sparsity.

2.2.1. Sparsity. — We first introduce some notation. We equip R™ and RY with
the canonical scalar product (-, -) and Euclidean norm |- |. We use the notation | - |
to denote the cardinality of a set. By B we denote the unit Euclidean ball and by
S™—1 its unit sphere.

Definition 2.2.1. — Let 0 < m < N be integers. For any x = (v1,...,xy5) € RY,
denote by suppx = {k : 1 < k < N,xj, # 0} the subset of non-zero coordinate of x.
The vector x is said m-sparse if |suppz| < m. The subset of m-sparse vectors of RY
is denoted by 3, = X, (RY) and its unit sphere by

S5(Em) = {z € RY : |z|]y = 1and |suppz| < m}.
Similarly let
By(E) = {z € RN : |z]y < land |[suppz| < m}.
Note that ¥, is not a linear subspace and that Bs(X¥,,) is not convex.

Problem 2.2.2. — The exact reconstruction problem. We wish to reconstruct
exactly any m-sparse vector x € X, from the given datay = Ax. Thus we are looking
for a decoder A such that

Vo € X, A(A, Az) = z.
Claim 2.2.3. — Linear algebra tells us that such a decoder A exists iff
ker AN Xg,, = {0}.

Ezxample 2.2.4. — Let m>1, N >2m and 0 < a; < --- <ay =1. Let n =2m
and build the Vandermonde matriz A = (a;}l), 1<i<n,1<j<N. Clearly all the
2m x 2m minors of A are non singular Vandermonde matrices. Unfortunately it is
known that such matrices are ill-conditioned. Therefore reconstructing x € ¥, from

y = Az is numerically unstable.
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2.2.2. Metric entropy. — As already said, there are many different approaches
to seize and measure complexity of a metric space. The most simple is probably to
estimate a degree of compactness via the so-called covering and packing numbers.

Since all the metric spaces we will consider here are subsets of normed spaces, we
restrict to this setting.

Definition 2.2.5. — Let B and C be subsets of a vector space and let € > 0. An
e-net of B by translates of € C is a subset A of B such that for every x € B, there
exit y € A and z € C such that x = y + ez. In other words, one has

BCA+eC= U (x+eC),

zEA

where A+eC :={a+ec:a€ A ,ceC} isthe Minkowski sum of the sets A and eC.
The covering number of B by €C 1is the smallest cardinality of such an e-net and is
denoted by N(B,eC). The function ¢ — log N(B,eC) is called the metric entropy of
B by C.

Remark 2.2.6. — If (B,d) is a metric space, an e-net of (B,d) is a covering of B
by balls of radius € for the metric d. The covering number is the smallest cardinality
of an e-net and is denoted by N(B,d,€). In our setting, the metric d will be defined
by a norm with unit ball say C. Then x + ¢ C is a ball of radius € centered at x.

Let us start by an easy but important fact. Let C' C R¥ be a symmetric convex
body, that is a symmetric convex compact subset of R, with non-empty interior
(that is, the unit ball of a norm on RY). Consider a subset A C C of maximal
cardinality such that the points of A are eC-apart in the sense that:

Ve #y,x,y €A, onehasz —y & eC
(recall that C' = —C). It is clear that A is an e-net of C' by eC. Moreover the balls
(z + (¢/2)C)aen

of radius (£/2) centered at the points of A are pairwise disjoint and their union is a
subset of (14 (¢/2)) C (this is where convexity is involved). Taking volume of this

union, we get that N(C,eC) < (1+ (2/¢))™ . Let us conclude:

Proposition 2.2.7. — Let C C RY be a symmetric convex body (the unit ball of a
norm). There exists an e-net A of C' by translates of eC such that |A| < (1 +2/¢)N.
Moreover A C C C (1 —¢)!conv (A).

Let us prove the moreover part of the Proposition by successive approximation.

Proof. — Since A is an e-net of C' by translates of eC, every z € C can be written
as z = xg + €21, where xg € A and z; € C. Iterating, it follows that z = xg + ex1 +
€29 + ..., with z; € A, which implies by convexity that C C (1 — &) tconv (A). O

This gives the first claim:
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Claim 2.2.8. — Cowvering the unit FEuclidean sphere by Fuclidean balls of radius €.
One has

3 N
Ve € (0,1), N(SN‘17sB£V)<(E> :

Now, since S3(3,,) is the union of spheres of dimension m,
N N m—1 m
N(S2(Z),eBy') < m N(S™™",eBY).

Using (z) < (eN/m)™, we get:

Claim 2.2.9. — Cowvering the set of sparse unit vectors by Fuclidean balls of radius
e:let1<m < N ande € (0,1), then

3eN\™
N(Sy(E),eBY)y < [ — ) .
(Sa(zn)c8) < (27
2.2.3. The /;-minimization method. — Coming back to the exact reconstruc-
tion problem, if we want to solve the system
At =y

where y = Ax is given and x is m-sparse, it is tempting to test all possible support
of the unknown vector x. This is the so-called £p-method. But there are (Z ) possible
supports, too many to answer the request of a fast algorithm.

A very clever approach was proposed by D. Donoho in [Don06] and E. Candes, J.
Romberg and T. Tao in [CRT06]. This is the convex relaxation of the fo-method.
Let o be the unknown vector. The given data is y = Ax. For t = (t;) € RY denote
by

N
th = [t]
i=1
its £; norm. The ¢;-minimization method (also called basis-pursuit) is the following
program:

(P) min |t|; subject to At =y.
teRN
This program may be recast as a linear programming by
N
minZsi, subject to s > 0,—s <t < s, At = y.
i=1

Definition 2.2.10. — The exact reconstruction problem by /;-minimization.
We say that the matriz A has the exact reconstruction property of order m by {1-
manimization if for every x € ¥, the problem

(P) min [t|]1 subject to At = Ax has a unique solution equal to x. (2.1)
teR
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Note that the above property is not specific to the matrix A but rather a property
of its null space. In order to emphasize this point, let us introduce some notation.

For any subset I C [N] where [N] = {1,..., N}, let I° be its complement and for
any x € RV, let us write z; for the vector in RY with the same coordinates as x for
indices in I and 0 for indices in I¢. We are ready for a criterium on the null space.
Proposition 2.2.11. — The null space property. The following are equivalent

i) For any x € X,,, the problem

(P) min [t|; subject to At = Ax
teRN
has a unique solution equal to x (that is A has the exact reconstruction property
of order m by {1 -minimization)
ii)
Vh € ker A, h # 0,VI C [N],|I| < m,|hr|1 < |hre|1. (2.2)
Proof. — On oneside, let h € ker A, h # 0 and I C [N],|I| < m. Put = —h;. Then
x € ¥, and (2.1) implies that |« + h|; > |z|1, that is |hre|1 > |hr]1.
For the reverse implication, suppose that
Vh € ker A, h # 0,VI C [N],|I| <m, |hi|]1 < |hse|r-
Let x € ¥y, and let I = supp(x). Then |I| < m and
|z + hly = |z + hilt + |hre|y > |zr + hrly + |hr] > |2)h
O
Definition 2.2.12. — We say that A satisfies the null space property of order m if

s satisfied.

This property has a nice geometric interpretation. To introduce it, we need some
more notation. Let (e;)i<i<ny be the canonical basis of RN, Let E{V be the N-
dimensional space R equipped with the ¢;-norm and B{¥ be its unit ball. Denote
also

S1(Zm) ={z e, :|z)1 =1} and Bi(X,,)={ze€ X, : |z <1}.

Let 1 <m < N. Any (m — 1)-dimensional face of BY is of the form conv({e;e; :
i € I}) with I C [N],|I] = m and (g;) € {—1,1}!, where we denoted by conv(-)
the convex hull. From the geometric point of view, S;(¥,,) is the union of all the
(m — 1)-dimensional faces of BYY.

Let A be an n x N matrix and Xi,..., Xy € R" be its columns. A polytope
P C R" is said centrally symmetric if P = —P. Observe that

A(BY) = conv(£X1,...,+Xn).

Proposition [2.2.11] can be reformulated in the following geometric language:



40 CHAPTER 2. COMPRESSED SENSING AND GELFAND WIDTHS

Proposition 2.2.13. — The geometry of faces of A(BYV). Let 1 <m <n < N.
Let A be an n x N matrix with columns X1,..., Xy € R®. Then A satisfies the null

space property iff one has
VI C [N], 1 <|I| <m, V() € {~1,1},
conv({;X; :ie€l})Nconv({+X; : j¢1})=0 (2.3)
Taking advantage of the symmetries, property is equivalent to the following:
VI C [N], 1 <|I| <m,V(e) € {~1,1}7,
Aff({e;X; i € I})Nconv({+X; : j¢I}) =10 (2.4)
where Aff({e;X; : i € I'}) denotes the affine subspace generated by {¢;X; : ¢ € I'}.

The proof of this equivalence is left as exercise.

Definition 2.2.14. — Let 1 < m < n. A centrally symmetric polytope P C R™
18 said to be symmetric m-neighborly if every set of m of its vertices, containing no
antipodal pair, is the set of all vertices of some face of P.

Note that any centrally symmetric polytope is symmetric 1-neighborly. This
property becomes non-trivial when m > 2. In that case, observe that A(BY) =
conv(+Xy,...,+Xy) has {+X;y,...,£Xn} as vertices AND is symmetric m-
neighborly iff A maps every (m — 1)-dimensional face of BY onto a (m — 1)
dimensional face of conv(£Xjy,...,+Xy). From and (2.4), we deduce the

following criterium.

Proposition 2.2.15. — [Don05] Let 1 < m < N. The matriz A has the null space
property of order m iff its columns £X1,..., Xy are the 2N vertices of A(BY) and
A(BY) is m-neighborly.

Consider the quotient map

Q: Y — Y /ker A

If A has maximum rank n, then ¢%¥/ker A is n-dimensional. Denote by ||.]|| the
quotient norm on £V / ker A defined by

1Qz]| =, min |z +hls.
Property (2.1) implies that @ is norm preserving on ,,,. Since X,, /2] =% m/2) C L,
@ is an isometry on X|,, /2| equipped with the £; metric. In other words,

As it is classical in approximation theory, we can take benefit of such an isometric
embedding to bound the complexity by comparing the metric entropy of the source
space (X|,,/2], ¢ with the target space, which lives in a much lower dimension.

The following lemma is a well known fact on packing.

Lemma 2.2.16. — There exists a family A of subset of [N] with cardinality m such
that for every I,J € A, 1 # J|INJ| < |m/2] and |A] > |55 JLm/2J.

32em
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Proof. — We use successive enumeration of the subsets of cardinality m and exclusion
of wrong items. Without loss of generality, assume that m/2 is an integer. Pick any
subset I; of {1,..., N} of cardinality m and throw away all subsets J of {1,...,N}
of size m such that the Hamming distance |I; A J| < m/2, where A stands for the
symmetrical difference. There are at most

2 (005

such subsets and since m < N/2 we have
Z m) (N —m <2™ max N=m <2m N .
k m—k m/2<k<m \m — k m/2
k=m/2
Now, select a new subset Iy of size m from the remaining subsets. Repeating this

argument, we obtain a family A = {I1,1,,...,I,}, p = |A|, of subsets of cardinality
m which are (m/2)-separated in the Hamming metric and such that

Al > Kfﬁ) /" (m%)J |

Since for m < N/2 we have (—m) < § ) we get that
Al (N/2m)™ ’”/2 S| Lm/2]
~ |2™(Ne/(m/2)) m/2 32em ~ [ 32em
which concludes the proof. O

Let A be the family constructed in the previous Lemma. For every I € A, define
a(I) = L3, ;€. Then z(I) € S1(%,,) and for every I,J € A, 1 #J

(1) — 2(J)h :2(1_ 'I;‘]') >2<1_M> > 1.

m

If the matrix A has the exact reconstruction property of order m, then
VI,Je AT #J, [|Q((I)) - Qx(J))ll = Q) —x())|| = [(I) —x(J)L = 1.

[m/2]
On one side [A] > {C [mj\/IQ]J , but on the other side, the cardinality of the set

(Q(x(I)))rea cannot be too big. Indeed, it is a subset of the unit ball Q(BiY) of the
quotient space and we already saw that the maximum cardinality of a set of points
of a unit ball which are 1-apart is less than 3™. It follows that

| N/32em | ™/ < 37

Proposition 2.2.17. — If the matriz A has the exact reconstruction property of
order m by {1 -minimization, then

mlog(cN/m) < Cn.

where C, ¢ > 0 are universal constants.
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Whatever is the matrix A, this proposition gives an upper bound on the size m
of sparsity of vectors such that any vectors from X, can be exactly reconstructed
by ¢1-minimization method (see [FPRU10] for more details and [LINO6] where the
analogous problem for neighborliness is studied).

2.3. The restricted isometry property

So far, we do not know of any “simple” condition in order to check whether a
matrix A satisfies the exact reconstruction property .

Let us start with the following definition which was introduced in [CTO05] and
plays an important role in compressed sensing.

Definition 2.3.1. — Let A be a n X N matriz. For any 0 < p < N, the restricted
isometry constant of order p of A is the smallest number 6, = 6,(A) such that

(1= 0p)lf3 < [Azl3 < (1+0,)[f3

for all p-sparse vectors x € RN. Let § € (0,1). We say that the matriz A satisfies
the Restricted Isometry Property of order p with parameter 6, shortly RIP,(6), if
0<d,(A4) < 6.

The relevance of the Restricted Isometry parameter for the reconstruction property
was for instance revealed in [CTO06], [CT05], where it was shown that if

Om(A) + 6am(A) + Ism(4) < 1

then the encoding matrix A has the exact reconstruction property of order m. This
result was improved in [Can08] as follows:

Theorem 2.3.2. — Let 1 < m < N/2. Let A be an n x N matriz. If
dam (A) < V2 — 1.
then A satisfies the exact reconstruction property of order m by £1-minimization.

Remark 2.3.3. — The constant \/2 — 1 was recently improved in [FL09].

For simplicity, we shall discuss an other parameter involving a more general concept
which was introduced in [FL0O9]. The aim is to relax the constraint da,, (4) < V21,
in Theorem [2.3.2] and still get an exact reconstruction property of a certain order by
/1-minimization.

Definition 2.3.4. — Let 0 < p < n be integers and let A be an nx N matriz. Define
ap = a,(A) and By = Bp(A) as the best constants such that
Ve e X, oplzle < |Az|e < Bplzla.

Thus fB, = max{|Az|s: z € ¥, |z|2 = 1} and o, = min{|Ax|s : z € &, |z|]2 = 1}.
Now we define the parameter 7y, = v,(A) by
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In other words, let I C [N] with |I| = p. Denote by Al the n x p matrix with
columns (X;);es obtained by extracting from A the columns X; with index i € I.
Then «, is the smallest singular value among all the block matrices A’ with |I| = p,
and f3, is the largest. In other words, denoting by BT the transposed matrix of a
matrix B and Ay, (A7) T AT), respectively A\paz((AT) T AT), the smallest and largest
eigenvalues of (A7)T A7, then

2 _ 2A: : )\mzn AITAI
% = = i, (AT

whereas

512; = 52(14) = )‘mar((AI)TAI)~

= max
IC[N],|I|=p

Of course, if A satisfies RIP,(0), then y,(A4)? < 122, The concept of RIP is
not homogenous, in the sense that A may satisfy RIP,(d) but not a multiple of A.
One can “rescale” the matrix to satisfy a Restricted Isometry Property. This does
not ensure that the new matrix, say A’ will satisfy da,, (4’) < v/2 — 1 and will not
allow us to conclude to an exact reconstruction from Theorem [2.3.2] (compare with
Corollary in the next section). Also note that the Restricted Isometry Property
for A can be written

Vo € S2(%)) ||Ax|§ — 1| <é

expressing a form of concentration property of |Az|o. Such a property may not be
satisfied despite the fact that A does satisfy the exact reconstruction property of order

p by £1-minimization (see Example [2.5.7]).

2.4. The geometry of the null space

Let 1 <m < p < N. Let h € RY and let ¢ = ¢ : [N] — [N] be a one-to-
one mapping associated to a non-increasing rearrangement of (|h;|); in others words
o)l = |hpe2)| = -+ > |hyay|- Denote by It = pn({1,...,m}) (a subset of indices
of the largest m coordinates of (|h;|)) then by Iy = pp({m +1,...,m+ p}) (a subset
of indices of the next p largest coordinates of (|h;|)) and iterate I 11 = @p({m+ (k—
Dp+1,...,m+ kp}), for k > 2, as far as m + kp < N, in order to partition [N] in
subsets of cardinality p, except the first one, I; which has cardinality m and the last
one, which may have cardinality less than p.

Claim 2.4.1. — Let h € RV, Suppose that 1 <m <p< N and N > m+p. With
the previous notation, we have
1

VEZ2 il <

|h1k|1

and

1
Z |hr ]2 < 7 |Prels.

k>3
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Proof. — Let k > 1. We have
|h1k+1|2 \/llki maX{|h ‘ 1€ Ik+1}

and
max{|h;| : i € Igp1} <min{|h;| i € I} < |hr|i/|Ixl

We deduce that
I
VE>1 |hp,,|2 < Vil |hr, J1-
2|

Adding up these inequalities for all £ > 2, for which /|Iy41|/|Ix| = 1/./p, this prove
the claim. O

We are ready for the main Theorem of this section

Theorem 2.4.2. — Let1<m <p< N and N > m+p. Let A be an n X N matriz.
Then

Vheker A, h£0, VIC[N||I|<m, |l < ,/% ~ap(A) |hiely (2.5)

and Vh € ker A,h #0, VI C [N |I|<m

1+ 1+735,(A
<A B g < [TEBE 26)

1495,(4)
P

In particular,
diam (ker A N BY) <

where diam (B) = sup,cpg |z|2.

Proof. — Let h € kerA h # 0 and organize the coordinates of h as above. By

definition of g, (see[2.3.4), one has
1
‘hh +h12‘2 < |A(h11 +h[2)|2'
Q2p
Using that h € ker A we obtain

|h11 + h12|2 < 7|A(h11 +hp, — h)|2 < 7“4 thk

k>3
Then from the definition of 8, and v, (2.3.4), using Claim [2.4.1] we get
ke < i, + bl < 225 gl < 28 (27)

2P >3 VP

This inequality is strict because h;, = 0 would imply h;e = 0 and subsequently
hr, = 0. To conclude the proof of (2.5)), note that for any subset I C [N],|I] < m,
|hig|1 < [hrelr and |hr|y < [hpy 1 < V/mlhp 2.
To prove ([2.6]), we start from
‘h@ = ‘h - h’Il - hIz'% + |h11 + hIz'%
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Using Claim (2.4.1]), the first term satisfies

1
h=h1, =hpl2 <) lhrle < —
k>3 VP

From, |hr, + hiyl2 < 72?7\/%“ |hre]1 and putting things together, we derive that

[1+75,(A) 1+93,(4)
|hl2 < % lhigh < % Py

Remark 2.4.3. — Relation was proved in [ELO9| with a better numerical con-
stant.

|hrgls-

O

From relation (2.5 and the null space property (Proposition [2.2.11]) we derive the
following corollary.

Corollary 2.4.4. — Let 1 <p < N/2. Let A be an x N matriz. If v2,(A) < /D,
then A satisfies the exact reconstruction property of order m by £1-minimization with

m = [p/v3,(4)] -

The objective now is to find p such that s, is bounded by some numerical constant.
This means that we need a uniform control of the smallest and largest singular values
of all block matrices of A with 2p columns. By Corollary this is a sufficient
condition for the exact reconstruction of m-sparse vectors by £;-minimization with
m ~ p. When |Ax|, satisfies good concentration properties, the restricted isometry
property is more adapted. In this situation, v2, ~ 1. When the isometry constant
d2p is sufficiently small, A satisfies the exact reconstruction of m-sparse vectors with
m = p (see Theorem [2.3.2)).

Conversely, an estimate of diam (ker ANB{Y) gives an estimate of the size of sparsity
of vectors which can be reconstructed by £;-minimization.

Proposition 2.4.5. — Let A be an n X N matriz and let 0 < D < 1. If
diam (ker AN BY) < D

then the matriz A satisfies the exact reconstruction property of order m by {1-
manimization with
1

Proof. — Let h € ker A and I C [N],|I| < m. By our assumption, we have that
VhekerA,h;éO |h|2<D|h|1

Now |hs|y < v/m |hfla < /m |hle < Dy/m|h|y. Thus if m < 25 and h # 0, then
|hrl1 < |hre|1. We conclude using the null space property (Proposition [2.2.11)). O

This study leads to the notion of Gelfand widths.
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Definition 2.4.6. — Let T be a bounded subset of a normed space E. Let k > 0 be
an integer. Its k-th Gelfand width is defined as

d*(T,E) :=inf sup |z|g,
G zeGNT

where || . ||g denotes the norm of E and where the infimum is taken over all linear
subspaces G of codimension < k.

Remark 2.4.7. — A different notation is used in Banach space and Operator The-
ory. Let u: X — Y be an operator between two normed spaces X and Y. The k-th
Gelfand number is defined by

cr(u) =inf sup [lu(z)]y,
G zeGNBx

where By denotes the unit ball of X and the infimum is taken over all subspaces G
of X with codimension < k. Thus

cri1(u) = d*(u(Bx),Y).

If F is a linear space (RY for instance) equipped with two norms defining two normed
spaces X and Y and if Ix_,y is the identity mapping of F considered from X to Y,
then

d"(Bx,Y) = cxr1(Ixoy)-
Let 0 < D < 1, Proposition [2.4.5] shows that if
d" (BN, ¢5) < D

then there exists a matrix A satisfying the exact reconstruction property of order
m = |1/D?]. Thus if A is any n x N matrix so that the n-Gelfand width of Ion Ly
is reached at G = ker A, then A satisfies the exact reconstruction property of order
m by ¢;-minimization with m = [1/d™(B,¢Y)?|. A famous result from [KaS77]
improved in [GIu83] reads as follows:

Theorem 2.4.8. — [GG84] Let 1 <n < N . Then

N
d"(BN, iy < & {/log ea— (2.8)

where c1,co > 0 are universal constants.

B

We deduce from Theorem [2:4.8] that there exists a matrix A satisfying the exact
reconstruction property of order

Lern/log(c2N/n)]

where ¢1,co are universal constants. This result was proved in [CRT06], [CTO06]
and [Don06] using compressive sensing methods. From Proposition [2.2.17] it is the
optimal order.
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Remark 2.4.9. — The result of [KaS77] was proved using Kolmogorov widths (dual
to the Gelfand widths) and with a non-optimal power of the logarithm (power 3/2
instead of 1/2 later improved in [GG84]). The upper bound of Kolmogorov widths
was obtained via random matrices with i.i.d. Bernoulli entries, whereas [Glu83] and
[GG84] use some properties of random Gaussian matrices. It was also shown in
[GG84] that the estimates of Gelfand numbers given in Theorem are optimal.

Remark 2.4.10. — The method of proofs of results of this section follow [CT05],
[CDDO09],[FL09],[FPRU10| and [KTOT].

2.5. Gaussian random matrices satisfy a RIP

So far, we did not give yet any example of matrices satisfying the exact recon-
struction property of order m with large m. It is known that with high probability
Gaussian matrices do satisfy this property.

2.5.1. The subgaussian Ensemble. — We consider a probability P on the space
of real nx N matrices M (n, N) satisfying the following concentration inequality: there
exists an absolute constant cg such that for every x € RY we have

P ({A : ||Az|5 — |z]*| > t[=]3}) < 2e~c0t’n forall0 <t <1. (2.9)
Definition 2.5.1. — For a real random variable Z we define the ¥y-norm by
12 = inf{s >0: Eexp(|Z]/s)? < e}.

We say that a random vector Y € RN is isotropic if
vy eRY, E[(Y,y)* = |yf3.

A random vector Y € RN satisfies a 1y estimate with constant o (shortly Y is s
with constant av) if

Vy € RNv H<Yv y>||1/12 < a|y|2'

It is well-known that a real random variable Z is 15 (with some constant) if and
only if it satisfies a subgaussian tail estimate. In particular if Z is a real random
variable with || Z||y, < «, then for every t > 0,

]P(|Z| > t) < e—(t/a)2+1

This 1o property can also be characterized by the growth of moments. Well known
examples are Gaussian random variables and bounded centered random variables (see
Chapter [1f for details).

Let us consider Yi,...,Y, € RN be i.i.d. isotropic random vectors which are 1
with the same constant «. Let A be the matrix with Yi,...,Y,, € RN as rows. We
consider the probability P on the space of matrices M (n, N) induced by the mapping
(Yh...,Yn) — A.
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Let us recall Bernstein’s inequality (see Chapter [1)). For y € SV~1 consider the
average of n independent copies of the random variable (Y7,y)2. Then for every ¢t > 0,

1< 2t
]P’( > t> < 2exp <cnmin{4, 2}) ,
ot a

i=1
where ¢ is an absolute constant. Note that since E(Y7,4)? = 1, one has a > 1 and
2

, = L5 (Y;,y)?. This shows the next claim:

that ‘ %

Claim 2.5.2. — LetYi,...,Y, € RN be i.i.d. 1sotropic random vectors that are 1o
with constant . Let P be the probability induced on M (n, N). Then for every x € RN
we have

A 2 C 42
P H—x‘ —|m|2’ > t|z)3 < 2¢~att’m forall0 <t <1
Vvn'ol2
where ¢ > 0 is an absolute constant.

The most important examples for us of model of random matrices satisfying (2.9)
are matrices with independent subgaussian rows, normalized in the right way.

Example 2.5.3. — Some classical examples:

- Y1,...,Y, € RN are independent copies of the Gaussian vector Y = (g1,...,gn)
where the g;’s are independent N'(0,1) Gaussian variables

—Yy,...,Y, € RN are independent copies of the random sign vector ¥ =
(e1,-..,en) where the g;’s are independent, symmetric £1 (Bernoulli) random
variables

- Y1,...,Y, € RN areindependent copies of a random vector uniformly distributed

on the Euclidean sphere of radius v'N.

In all these cases the (Y;) are isotropic with a 19 constant «, for a suitable o > 1.
For the last case see e.g. [LT91]. For more details on Orlicz norm and probabilistic
inequalities used here see Chapter

2.5.2. Sub-Gaussian matrices are almost norm preserving on ¥,,. — An
important feature of ¥, and its subsets S3(X,,) and Bs(X,,) is their peculiar struc-
ture: the two last are the unions of the unit spheres, and unit balls, respectively,
supported on m-dimensional coordinate subspaces of RY.

We begin with the following well known lemma (see Chapter [1) which allows to
step up from an e-net to the whole unit sphere.

Lemma 2.5.4. — Let m > 1 be an integer, ||.|| be a semi-norm in R™ and € €
(0,1/3). Let A C S™ 1 be an e-net of S™ ! by e By . If

Vye A 1—e<|y||<1+e¢,
then

—3e 1+e¢
<yl < ~

v es'm—l
Y - = —1-
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Proof. — Proposition implies that S™~1 C (1 —¢)~!conv A. Therefore we have

sup lyll < (1+e)(1—e)7"
yesm,fl

To get a lower estimate, write any y € S™™! as y = y; + ey, with y; € A and
y2 € BY. Then |lyll > lyall —ellyzll > (1 —¢) —e(l+e)(1 —e)~" = (1-3¢)/(1 —¢)
which proves the claim. O

We can give now a simple proof that subgaussian matrices satisfy the exact recon-
struction property of order m by ¢;-minimization with large m (see [BDDWOS]| and
IMPTJOS]).

Theorem 2.5.5. — Let P be a probability on M (n, N) satisfying (2.9). Then there
exist positive constants c1,co and cg depending only on ¢y from (2.9), for which the

following holds: with probability at least 1 — 2 exp(—csn), A satisfies the exact recon-
struction property of order m by £1-minimization with

m— cin
~ |log(caN/n) | "
Moreover, A satisfies RIP,,(8) for any § € (0,1) with m ~ ¢§°n/log(CN/§*n) where
¢ and C depend only on cq.

Proof. — Let € € (0,1/3) to be fixed later. Let 1 < p < N/2. Let y;, i =1,2,...,n,
be the rows of A. For every subset I of [N] of cardinality 2p let A; be an e-net of
the unit sphere of R! by e B! satisfying Claim that is with |[Af| < (2)2;; . Apply
Lemma 254 to the semi-norm

n 1/2
Iyl = (i Z<yi,y>2)

i=1
on the unit sphere of R7. Let A C RY be the union of all these A; for |I| = 2p.
Suppose that

n

sup | - > (i y)® - 1)‘ <e,

veA I
then

n

1—3e 12 _1+e
eSSy T < (D wen?) <
i=1

Note that there is nothing random in that relation. This is why we change the notation
of the rows from (Y;) to (y;). Thus checking how well the matrix A defined by the
rows (y;) is acting on g, is reduced to checking that on the finite set A. Now recall

that |A] < (é\;) (g)zP < exp (2plog (?’;p]g))

Given a probability P on M (n, N) satisfying (2.9, and using a union bound esti-
mate, we get that the inequalities

1-3 1
< Anl < 8
—e 1—¢

Vo € Sz(zgp)
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hold with probability at least
3eN
1- |A|675052" >1—exp (2p log <6>) e > ] — gm0’ n/2
2pe
whenever
3eN
2plog (e) < coe?n /2.
2pe
Assuming these inequalities, we get

Y2p(A) < (1+¢)/(1 = 3e)

with probability larger than 1 —exp(—coe?n/2). From Corollary we deduce that
A satisfies the exact reconstruction property of order m by £;-minimization with

m = |p/72p(A)°].

This gives the announced result by fixing € (say € = 1/4) and solving 2plog (3221;/ )

<
coe®n /2. O
n)

Remark 2.5.6. — Concerning RIP,,(8) a better estimate m ~ c§°n/log(CN/§?
will be shown later in Theorem [2.7.4)

The strategy that we used in the proof of Theorem [2:5.5]is the following:

— discretization: discretization of the set Xgp, it is a net argument

— concentration: |Ax|y concentrates around its mean for each individual z of the
net

— wunion bound: concentration should be good enough to balance the cardinality of
the net and to conclude to a uniform concentration on the net of |Az|y around
its mean

— from the net to the whole set, that is checking RIP, is obtained by Lemma[2.5.4]

Such a strategy is very classical in Approximation Theory, see [Ka§77] and in Ba-
nach space theory where it has played an important role in quantitative version of
Dvoretsky’s theorem on almost spherical sections, see [FLMT77].

We conclude this section by an example of an n x N matrix A which is a good
compressed sensing matrix but none of the n x N matrices with the same kernel as A
satisfy a restricted isometry property of any order > 1 with good parameter. As we
already noticed, if A has parameter ,, one can find to > 0 and rescale the matrix so
that d,(toA) =7 —1/7; +1 € [0,1). In this example, v, is large, d,(toA) ~ 1 and
one cannot deduce any result about exact reconstruction from Theorem [2.3.2

Example 2.5.7. — Let 1 <n < N. Let § € (0,1). There exists an n x N matriz A
such that for any p < en/log(CN/n), one has vy2,(A)? < /(1 —8)~L. Thus, for any
m < ¢’(1 —9)n/log(CN/n), the matriz A satisfies the exact reconstruction property
of m-sparse vectors by €1-minimization. Nevertheless, for any n X n matriz U, the
restricted isometry constant of order 1 of UA satisfies, 61(UA) > § (think of § > 1/2).
Here, C,c,c,c¢” > 0 are universal constants.

The proof is left as exercise.
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2.6. RIP for other “simple” subsets: almost sparse vectors

As already mentioned, various “random projection” operators may act as “almost
norm preserving” on “thin” subsets of the sphere. We analyze a simple structure of
the metric entropy of a set 7 C RY in order that, with high probability, (a multiple
of) Gaussian or subgaussian matrices act almost like an isometry on 7. This will
apply to a more general case than sparse vectors. We follow the lines of [MIPTJOS].

Theorem 2.6.1. — Consider a probability on the space of n x N matrices satisfying
Ve e RN P (||Az|} - [2[3] > t|z3) < 2e7""  forall0<t< 1.

Let T C SN and 0 < ¢ < 1/15. Assume the following:

(i) There exists an e-net A C SN=1 of T satisfying |A| < exp(coe®n/2)
(ii) There exists a subset A’ of eBY such that (T —T) NeBY C 2convA’ and
V] < explcon,2).

Then with probability at least 1 — 2 exp(—coe®n/2), one has that for all x € T,

1 —15¢ < |Az|3 <1+ 15¢. (2.10)

Proof. — The idea is to show that A acts on A in an almost norm preserving way.
This is the case because the degree of concentration of each variable |Az|3 around its
mean defeats the cardinality of A. Then one shows that A(conv A’) is contained in a
small ball - thanks to a similar argument.

Consider the set  of matrices A such that

[|Azgl2 — 1] < HA;UO@ - 1‘ <e for all zp € A, (2.11)

and

|Az|s <2 for all z€ A (2.12)
From our assumption (2.9), i) and ii)
P() > 1 — exp(—coe®n/2) — exp(—con/2) > 1 — 2exp(—coe?n/2).
Let z € T and consider zp € A such that |z — zg|2 <e. Then for every A € Q
|Azglz2 — [A(z — m0)|2 < |Az|2 < [Amo|2 + |A(T — 30)]2.
Since x — ¢ € (T — T) NeBY, property ii) and (2.12) give that

|A(x —x0)]2 <2 sup |Az|a =2 sup |Az|z < 4e. (2.13)
z€N

zEconv A/

Combining this with (2.11) implies that 1 — 5e < |Az|s < 1+ 5e. The proof is
completed by squaring. O
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2.6.1. Approximate reconstruction of almost sparse vectors. — After an-
alyzing the restricted isometry property for thin sets like X,,, we consider the /-
minimization method in order to get approximate reconstruction of vectors which are
not far from sparse vectors.

Let A be a n x N matrix and z € RY. Let us recall the ¢;-minimization method:

(P) min |t|; subject to At =y
teRN
where y = Ax. Let 2% be a minimizer of (P) and let h = 2* — 2 € ker A. For any
subset I C [N], observe that
lz[1 > |z 4+ hl1 = |zr + hily + |zre + hrelr > @i — [hi| + [hielr — |zre)

and thus
|hrelr < |hili +2[@rels.
Let 1 <m < p < n and assume that |I| < m. Using (2.5) we get

(1= ) i <2 (14 () fl

Imposing | /" 72,(A) < 1/2, we get

|h|1 < 6 ‘SL’[ch’

and using . we obtain

e T o [T,
1 1 1

Al <64/=+ - [zrcls §3\/3\/f |z el
p 4m m

The minimum of |xjc|; over all subsets I, |I| < m, is obtained when I is the
support of the m-largest coordinates of . The vector x; is henceforth the best m-
sparse approximation of x.

From this analysis, we derive the following proposition that we formulate here in
terms of 7, rather than in terms of constants of isometry (see [Can08] and [CDD09]
for more details).

This yields

Proposition 2.6.2. — Let A be anx N matriz andlet1 <m <p<n. Letx € RN
and let 2 be a minimizer of

(P) trélﬂglv [ty subject to At = Ax.
Assume that m < p/47y2,(A)?, then
lv — 2f; <6z —a1);
and

1
|.’I/'—Q;‘ﬁ|2 < 3\/gﬁ |(ch‘1

where I C [N],|I| =m and xr is the best m-sparse approximation of x.
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Let us give an immediate application of this proposition. Let 0 < p < 1 and
consider

T=B) ={x=(x1,...,an) €ERY : [{i : |z;| > s} < sP forall s>0}

the unit ball of £, the so-called weak £ space. Observe that for any = € BY_,
one has z} < 1/i'/?, for every i > 1, where (x})}¥, is a non-increasing rearrangement
of (Jo;|),. Let I C [N],|I| = m and let x; be the best m-sparse approximation of x.
Note that >, i"%/? < (1/p — 1)"'m!~¥/P. Under the assumption of Proposition
and with the same notation, we get that if m < p/4y9,(A4)? and if 2* is a

minimizer of (P), then

| — {Eﬁb <3v5 ((1/p) — 1)_1m1/2_1/p.

2.6.2. Reducing the computation of Gelfand widths by truncation. — We
begin with a simple principle which reduces the computation of Gelfand widths to
the width of a truncated set. This method goes back to [Glu83].

Definition 2.6.3. — We say that a subset T C RY is star-shaped in O or shortly,
star-shaped, if \T C T for every 0 < X < 1. Let p > 0 and let T C RN be star-shaped,
we denote by T, the subset

T,=TnpSN" 1
Recall that diam(S) = sup,cg |2]2.

Lemma 2.6.4. — Let p > 0 and let T C RY be star-shaped. Then for any linear
subspace E C RN such that ENT, =0 we have diam (ENT) < p.

Proof. — If diam (ENT) > p, there would be x € ENT of norm greater or equal to
p. Since T is star-shaped, so is ENT and thus z/|z|; € ENT,; a contradiction. [0

This easy lemma will be a useful tool in the next sections and in Chapter [5} The
subspace E will be the kernel of our matrix A, p a parameter that we try to estimate
as small as possible such that ker AN T, = @, that is such that Az # 0 for all z € T
with |2| = p. This will be in particular the case if A or a multiple of A acts on T}, in
an almost norm preserving way.

With Theorem [2:6.1] in mind, we apply this plan to subsets 7' like %,,.

Corollary 2.6.5. — Let P be a probability on M(n,N) satisfying (2.9). Consider
a star-shaped set T C RN and let p > 0. Assume that %Tp c SN=1 satisfies the
hypothesis of Theoremfor some 0 < e < 1/15. Then diam (ker ANT) < p, with
probability at least 1 — 2 exp(—cn) where ¢ > 0 is an absolute constant.
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2.6.3. Application to subsets related to ¢, unit balls. — To illustrate this
method, we consider some examples of set T, for 0 < p < 2:

— the unit ball of /¥, denoted by B¥

— the unit ball BY = {z e RV : Ei\[|xi|p§ 1}of &, 0<p<1

— the unit ball BY = {z € RN : [{i : || > s}| <s7P forall s> 0} of £)/

(weak £)Y), for 0 < p < 1.

Note that for 0 < p < 1, the “unit ball” BZZ,V is not convex and that BIJ)V C B;J)\,focn

so that for estimating Gelfand widths, we can restrict to the balls B)Y .

We need two lemmas. The first lemma comes from [MPTJO08| and uses the fol-
lowing classical fact:

Claim 2.6.6. — Let (a;),(b;) two sequences of positive numbers such that (a;) is
non-increasing. Then the sum ) a;br(;) is mazimized over all permutations 7 of the
index set, if b1y = br(2) = ...

Lemma 2.6.7. — Let0<p<1,1<m <N and set r = (1/p—1)m'/P~1/2, Then,
for every x € RV,

m 1/2
sup  (z,z) <2 (Z xf2> ,
i=1

zerBY NBY
where (x7)N.| is a non-increasing rearrangement of (|z;|)Y.,. Equivalently,
rBY . N By C2conv (S2(m)). (2.14)
Moreover one has
VmBY N BY C 2conv (S9(,)). (2.15)

Proof. — We treat only the case of BY__, 0 < p < 1. The case of Bi¥ is similar. Note

P00
first that if z € BY'_, then for any i > 1, 27 < 1/i'/P, where (z})X, is a non-increasing

rearrangement of (|z;])XY,. Using Claim we get that for any » > 0,m > 1 and
zZ € 7“311)\770o N BY,

m 1/2 .
*2 T‘Ti
(r,2) < <Z; Z; ) + Z il/p

i>m

m 1/2
" r 1

1>m

m 1/2 1 —1
,
< x:? 1+<—1> — .
(E) (G

By the definition of r, this completes the proof. O

The second lemma shows that ml/p’l/Qsz,\”OO N SN=1 is well approximated by
vectors on the sphere with short support.



2.6. RIP FOR OTHER “SIMPLE” SUBSETS: ALMOST SPARSE VECTORS 55

Lemma 2.6.8. — Let0<p<2andd >0, and set e = 2(2/p—1)"Y25/P=1/2 Let
1 <m < N. Then S2(Xpm/s1) is an e-net of 7711/”’1/2311)\,7Oo N SN=1 with respect to
the Fuclidean metric.

Proof. — Let x € 7711/1”1/23{9\”oo N SN~! and assume without loss of generality that
X1 > T3> ... > xy > 0. Define 2’ by 2, = x; for 1 <i < [m/d] and z; = 0 otherwise.
Then

o =23 =D fwiff <m¥Pt Y1/ < (2/p - 1)7H o2
i>m/d i>m/é

Thus 1 > [2/|s > 1 — (2/p — 1)"/26/P=1/2 Put 2 = 2//|2'|3. Then z € S2(Bmys1)
and
|2 —2|s =1 || < (2/p— 1) Y251 /P1/2,
By the triangle inequality |z — 2|3 < &, completing the proof. O
The preceding lemmas are used to show that the hypothesis of Theorem [2.6.1] are

satisfied for an appropriate choice of T and p. Before that, property ii) of Theo-
rem brings us to the following definition.

Definition 2.6.9. — We say that a subset T of RN is quasi-convex with constant
a>1, if T is star-shaped and T +T C 2aT.

Let us note the following easy fact.

Clatm 2.6.10. — Let 0 < p <1, then BIJXDO and B;)V are quasi-convex with constant
9(1/p)—1

We come up now with the main claim:

Claim 2.6.11. — Let 0 <p<1land T = B;];\,foo- Then (1/p)T, satisfies properties
i) and i) of Theorem with

1/p—1/2
o
P p(longv/n))

where Cp, depends only on p and ¢ > 0 is an absolute constant. Moreover if T’ = BN,

then (1/p)T, satisfies properties i) and ii) of Theorem with

o~ ()

where c1,co are positive absolute constants.

Proof. — We consider only the case of T' = BIJXOO, 0 < p < 1. The case of BY is
similar. Since the mechanism has already been developed in details, we will only
indicate the different steps. Fix g = 1/20. To get i) we use Lemma with

€ = g9/2 and § obtained from the equation £y/2 = 2(2/p — 1)71/25V/P=1/2 Let
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1 <m < N. We get that So(X[,,/61) is an (9/2)-net of m!/P~ 1/23N N SN-1 with
respect to the Euclidean metric. Set m’ = [m/§]. By Claim [2.2.9] we have

N@ﬁ%m?B%S(QXLQM—<$Z)

Thus, by the triangle inequality, we have

N m
‘7\[(7111/17—1/23;\1oo NSV goBY) < (66/ )
’ m'eg

so that
N(ml/p—1/2Bgoo NSN=1 goBY) < exp(con/2)

< GeN ) " < exp(con/2).

mléo

whenever

This shows that under this condition on m' (that is on m), the set ml/p’l/ngoo n
SN=1 satisfies i).

In order to tackle ii), recall that B, o, is quasi-convex with constant 2'/P~1 (Claim
By symmetry, we have

B) . — BN c2/"BY_.
Let r = (1/p — 1)m"/?='/2, From Lemma one has
BN N BY CQCODVSQ( m)-

As we saw previously,

and by Claim there exists a subset A’ C SV~ with [A| < N(S2(Z,,), 2 BY)
such that S3(3,,) C 2conv A’. We arrive at

gg27 /P (TB;YOO — TB;J;\,IOO) ﬂaOBéV C gp (rBN N B, )
C 4epconv A’ C 2conv (AU —A).

Therefore €92~ 1/prBN N SN=1 satisfies ii) whenever 2 (6eN/m)™ < exp(con/2).

Finally €92~/ prBN N SN~ satisfies i) and ii) whenever the two conditions on
m are verified, that is when emlog(CN/m) < c¢on/2 where ¢,C > 0 are absolute
constants. We compute m and r and set p = €92~ /Pr to conclude. O

Now we can apply Corollary [2.6.5] to conclude

Theorem 2.6.12. — Let P be a probability satisfying @) on the space of n x N
matrices and let 0 < p < 1. There exist ¢, depending only on p, ¢’ depending on co
and an absolute constant ¢ such that the set Q of n x N matrices A satisfying

log(cN/n) ) L/p=1/2

diam (kerAﬂB;V) < diam (kerAﬂBI],\foo) <6 ( -
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has probability at least 1 — exp(—c'n).
In particular, if A€ Q and if 2',x € By ., are such that Ax' = Ax then

<c/<k%@%Nﬂﬂ>lmw2

2 —x
| |2\ D n

An analogous result holds for the ball BY .

2.7. An other complexity measure

We introduce a new parameter, £,(T') which is a complezity measure of a set T' C

RN, Let
zgz 1

where t = (t;), € RN and gy,...,gn are 1ndependent N(0,1) Gaussian random
variables. This kind of parameter plays an important role in empirical processes (see
Chapter [1f) and in Geometry of Banach spaces (see [Pis98]).

The following result was proved in [MPTJO08] (Corollary 2.7).

£.(T) = Esup
teT

: (2.16)

Theorem 2.7.1. — Let1 <n < N and0<§ < 1. LetY be an isotropic 1o random
vector on RN with constant o, set Y1,...,Y, to be independent copies of Y, put A
the matriz with rows Y1, ...,Y, and let T C SN, If n satisfies

0> (¢t /6%) L(T)?,
then with probability at least 1 — exp(—cd?n/a?), one has for allt € T,

1-6< |2<1+5 (2.17)
n

where ¢/, ¢ > 0 are absolute constants.

Let us explain the meaning of Theorem and for simplicity, assume that « is
an absolute constant as in the situation of Gaussian or Bernoulli random vectors. The
parameter £, (T) in this context, measures how probabilistic bounds on the concen-
tration of each individual random variable of the form |At|3 around its mean can be
combined to form a bound that holds uniformly for every ¢ € T. Theorem [2.7.1] says
that as long as n > ¢¢2(T) /62, the random operator A//n maps with overwhelming
probability all the points of T" in an almost norm preserving way.

We will not give here the proof of this result (see Theorem in Chapter |3).
Instead we will show how it applies to some sets 7.

Theorem 2.7.2. — There exist ci,¢ such that the following holds: Let N, 6§, Y
and A be as in Theorem m Fizrl<n<N,leteT c SN and assume that
T C 2conv A for some A C BY with |A| < exp(c16?n/a*). Then with probability at
least 1 — exp(—cd%n/at), for allt € T,

—-6< |2<1+6 (2.18)
n
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Remark 2.7.3. — Constant 2 in the inclusion T C 2conv A is not significant.

Proof. — The main point in the proof is that if T" C 2conv A, A C B and we have a
reasonable control of |A|, then £,(T) can be bounded from above. The rest is a direct
application of Theorem [2.7.1] Note that the hypothesis is simpler than in theorem

2.6.11
Let ¢/, > 0 be constants from Theorem m It is well known (see Chapter |3)
that there exists an absolute constant ¢’ > 0 such that for every A C B¥,

o (conv A) = £,(A) < ¢’\/log(JA]),

and since T C 2conv A,
0.(T) < 20, (conv A) < 2¢" (¢(6%/a*)n)
Choosing ¢; = 1/4c/c"? we get by applying Theoremm O

Using Theorem [2.7.2] we give another proof of the fact that subgaussian matrices
are good sensing matrices.

1/2

Theorem 2.7.4. — Let1 <n < N and0 < d <1. LetY be an isotropic 1o random
vector on RN with constant o, let Y1,...,Y, to be independent copies of Y, put A the
matriz with rows Y1, ...,Y,. Then with probability at least 1 — exp(—c3n)

2 |Atl3 2
a-ape <A <0y apy (219)
holds for all t € ¥,, provided
m < eyn/log(N/can)

where c1,c2,c3 > 0 are of the form cd%/a* for some absolute constant c. In partic-
ular, the random matriz A satisfies RIP,,(0) for m = |cin/log(N/can)]| with high
probability.

Remark 2.7.5. — Observe that the dependence in § is of the form c¢d?/a* and is
better than what was obtained in Theorem [2.5.3



CHAPTER 3

CHAINING

The restricted isometry property has been introduced in Chapter [2]in order to pro-
vide a simple way of showing that a n x N matrix A satisfies the exact reconstruction
property. Indeed, if A is a n x N matrix such that for every 2m-sparse vector x € RY,

(1= Gam)l2l3 < [Azl3 < (1 + 82m) |23

where o, < v/2 — 1 then A satisfies the exact reconstruction property of order m
by ¢;1-minimization (cf. Chapter . In particular, if A is a random matrix with rows
vectors Y7, ...,Y,, this property can be translated in terms of an empirical processes
property since

dom =  sup ‘f Y;,x —1‘. (3.1)
z€82(X2m)

If we show an upper bound on the supremum smaller than /2 — 1, this will
prove that the matrix A has the exact reconstruction property of order m by /¢;-
minimization. In Chapter 2], matrices in the subgaussian Ensemble was showed to
satisfy the restricted isometry property (with high probability) thanks to a technique
called the epsilon-net argument. In this chapter, we present a technique called the
chaining method used to obtain upper bounds on the supremum of stochastic pro-
cesses.

3.1. The chaining method

The chaining mechanism is a technique used to obtain upper bounds on the supre-
mum sup,cp X; of a stochastic process (X¢):er indexed by a set T. These upper
bounds are usually expressed in terms of some metric complexity measure of 7.

One key idea behind the chaining method is the trade-off between the deviation or
concentration estimates of the increments of the process (X;)ier and the complexity
of T endowed with a metric structure connected with the stochastic process (X¢)ier.

As an introduction, we show an upper bound on the supremum sup, 7 X; in terms
of an entropy integral known as the Dudley entropy integral. This entropy integral is
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based on some metric quantities of T that were introduced in Chapter [Ifand that we
recall now.

Definition 3.1.1. — Let (T,d) be a semi-metric space (that is for every x,y and z
inT, d(z,y) =d(y,x) and d(z,y) < d(x, z)+d(z,y)). For everye > 0, the e-covering
number N(T,d,e) of (T,d) is the minimal number of balls for the semi-metric d of
radius € needed to cover T. The entropy is the logarithm of the e-covering number as
a function of €.

We develop the chaining argument under a subgaussian assumption on the incre-
ments of the process (Xi):cr saying that for every s,t € T and u > 0,

P||Xs — X¢| > ud(s,t)} < 2exp(—cu?), (3.2)

where d is a semi-metric on T and c¢ is an absolute positive constant. To avoid
some technical complications that are less important from our point of view,
we will only consider processes indexed by finite sets 7. To handle more gen-
eral sets one may study the random variables Sup;, 7.7 is finite SUPter | Xt or
SUDp - pup is finite SUPtser [ Xt — Xs| which suffices for our goals.

Theorem 3.1.2. — There exist absolute constants cg,c1,co and c3 for which the
following holds. Let (T,d) be a semi-metric space and assume that (Xi)ier 18 a
stochastic process with increments satisfying the subgaussian condition . Then,
for every v = co, with probability greater than 1 — ¢y exp(—cav?)

sup | X; — Xs| < 03v/ V0og N(T,d, €)de.
s,teT 0

In particular,

E sup |X; — X;| < 03/ Vieg N(T, d, €)de.
0

s,teT
Proof. — Put n_; = diam(7,d) and for every integer ¢ > 0 set
n; =inf {n > 0: N(T,d,n) < 22i}.

Let (T};)i>0 be a sequence of subsets of T' where Tj is a subset of T' containing only
one element and for every ¢ > 0, by definition of 7;, we take T; 1 as a subset of T of
cardinality smaller than 22" guch that

T C U (l’ + ’Ith>,
€T 41

where By is the unit ball associated with the semi-metric d. For every ¢t € T and
integer 4, put m;(t) a nearest point to ¢ in T;. In particular, d(t, m;(t)) < n;—1.
Since T is finite, then for every t € T,

Xt — Xnot) = ZXTri+1(t) — Xr () (3.3)
=0
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Let i € N and t € T. By the subgaussian assumption (3.2), for every u > 0, with
probability greater than 1 — 2 exp(—cu?),

X t) — X | S ud(miga (), mi(t) < wni-i +ni) < 2uni-1. (3.4)

To get this result uniformly over every links (m;41(t), m;(t)) for t € T at level i, we

use an union bound (note that there are at most |T;11||T;| < 23'21_such links): with
probability greater than 1 — 2|T;41||T;|exp(—cu?) > 1 — 2exp (3.2'log2 — cu?)), for
every t €T

|X7Ti+1(t) - Xﬂ'l(t)| < 27“”71‘71’

To balance the “complexity” of the set of “links” with our deviation estimate, we take
u = v2"/2, where v is larger than /(6log2)/c. Thus, for the level i, we obtain with
probability greater than 1 — 2exp (— (¢/2)v?2), for all ¢ € T,

X (1) = X)) < 20224,

for every v larger than an absolute constant.
By (3.3) and summing over all levels ¢ € N, we have with probability greater than
1—2% 7 exp (= (¢/2)v?2") > 1 — ¢; exp(—cov?), for every t € T,

|X - 770 t)| 21}221/2771 1= 23/2U Z 21/2 (35)

i=—1

Observe that if ¢ € N and n < n; then N(T,d,n) > 22", Hence N(T,d,n) > 22" 41
and thus

- M4
log(1 4 22°)(m; — miy1) < Vlog N(T', d,n)dn,

Ni+1

and since log(1 + 22i) > 2log 2 then summing over all i > —1,

o -1
v/1og 2 E 21/2(771» — Nix1) g/ Vdeg N(T,d,n)dn
0

1=—1
and
< < > 1\ & .
Z 22 (i = i) = Z 22, — 22(171)/2771 2 (1 - \ﬁ) Z 22,
1=—1 1=—1 1=0 1=—1

This proves that
Z 20/, < 03/ V/log N(T,d,n)dn. (3.6)
i=—1

We conclude that, for every v larger than /(6log2)/c, with probability greater
than 1 — ¢; exp(—c2v?), we have

sup | Xy — Xry)| < 641)/ Veg N(T, d,n)dn.
teT 0
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Integrating the tail estimate,

Esup |X; — X )| = / ]P’{sup | Xt — X )| > u} du
teT 0 teT

<C5/ V1og N(T,d,e)de.
0

Finally, since |Tp| = 1, it follows that, for every ¢,s € T
1Xe = Xo| < [Xe = Xogy| + [ Xs = X (s)

and the theorem is showed. O

In the case of a stochastic process with subgaussian increments (cf. condition (3.2))),
the entropy integral

/ \1og N(T,d,e)de
0

is called the Dudley entropy integral.

A careful look at the previous proof reveals one potential source of looseness. At
each level of the chaining mechanism, we used a uniform bound (depending only on
the level) to control each link. Instead, one can use “individual” bounds for every link
rather than the worst at every level. This idea is the basis of what is now called the
generic chaining. The natural metric complexity measure coming out of this method
is the 7yo-functional which is now introduced.

Definition 3.1.3. — Let (T,d) be a semi-metric space. A sequence (Ts)s>o of sub-
sets of T is admissible if |To| < 1 and |Ts| < 22" for every s > 1. The ~-functional
of (T, d) is

szmfsu( 25/2dtT)
’YZ( (Ts) teg Z

where the infimum is taken over all admzsszble sequences (Ts)sen and d(t,Ts) =
minger, d(t,y) for everyt € T and s € N.

We note that the «o-functional is upper bounded by the Dudley entropy integral:

7o(T, d) < co / /1o N(T. d,2)de, (3.7)
0

where ¢ is an absolute positive constant. Indeed, we construct an admissible sequence
(Ts)sen in the following way: let Ty be a subset of T' containing one element and for

every s € N, let Tsy1 be a subset of T of cardinality smaller than 22" guch that for
every t € T there exists « € T;41 satisfying d(¢, z) < n,, where 7, is defined by

=inf (n>0: N(T,d,n) < 225).
Inequality (3.7) follows from (3.6) and

sup(ZQS/ZdtT ) ZQS/QSupdtT 225/2 1.

teT teT
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Now, we apply the generic chaining mechanism to show an upper bound on the
supremum of processes whose increments satisfy the subgaussian assumption ((3.2)).

Theorem 3.1.4. — There exist absolute constants cg,c1,co and cg such that the
following holds. Let (T, d) be a semi-metric space. Let (X:)ter be a stochastic process
satisfying the subgaussian condition . For every v > ¢y, with probability greater
than 1 — ¢1 exp(—cov?)

sup | X; — Xs| < ezvy2(T, d)

s,teT
and

E sup |X; — X,| < e37(T, d).
s,teT

Proof. — Let (Ts)sen be an admissible sequence. For every t € T and s € N denote

by ms(t) one point in Ty such that d(t, Ts) = d(t, m(t)). Since T is finite, we can write
for every t € T,

|Xt - Xﬂ'o(t)| < Z |X7TS+1(t) - X‘ﬂ's(t)" (38)
s=0

Let s € N. For every t € T and v > 0, with probability greater than 1 —
2 exp(—cp2°v?),

[ Xroon () — Xy (o] < 0272d(meg1 (), 74 (2)).
We extend the last inequality to every link of the chains at level s by using an union

bound: for every v > ¢1, with probability greater than 1 — 2 exp(—c22%v?), for every
teT,

X t) — Xmo ()] < 02°2d(mag1 (1), 7 (t)).

An union bound on every level s € N yields: for every v > ¢;, with probability
greater than 1 — 2 00 | exp(—cp2%0?), for every t € T,

Xt = Xnyny] < cav ) 27%d(ma(t), maga (1)) < esv Y 2°/2d(t, Ty).
s=0 s=0

The claim follows since the sum in the last probability estimate is comparable to its
first term. O

Note that for Gaussian processes, the upper bound in expectation obtained in
Theorem [3.1.4] is sharp up to some absolute constants. This deep result, called the
Majorizing measure theorem, makes an equivalence between two different quantities
measuring the complexity of a set T C R™:

1. a metric complexity measure given by the 5 functional

oo

T,¢)) = inf su 25/2d,n (8, T,
Y2(T, 43") (Ts)tép); tz;\’( )

where the infimum is taken over all admissible sequences (Ts)sen of T
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2. a probabilistic complexity measure given by the expectation of the supremum
of the canonical Gaussian process indexed by T":

N
0(T) =Esup| 3 giti),
ter | i
where ¢1,...,g, are n i.i.d. standard Gaussian variables.
Theorem 3.1.5 (Majorizing measure Theorem). — There exist two absolute

positive constants co and ¢, such that for every subset T of RN,

Cog*(T) < ’}/Q(T, gé\f) < Clg*(T)

3.2. An example of a more sophisticated chaining argument

In this section, we show upper bounds on the supremum

1 e 2
sup |— F(Xy) —Eff (X)), 3.9
sup |3 £70X) ~ B7(X) (39)
where X1,..., X, are n i.i.d. random variables with values in a measurable space X

and F is a class of real-valued functions defined on X

In Chapter |2 this bound is used to show the restricted isometry property in The-
orem 2.7.1. In this example, the class F' is a class of linear functions indexed by a
set of sparse vectors. In particular, for this example, the class F' is not uniformly
bounded.

In general, when [|F||, = supsep[|fll;_ () < o0, a bound on follows from
a symmetrization argument combined with the contraction principle. In the present
study, we do not assume that F' is uniformly bounded but we only assume that F has
a finite diameter in L., (,) where u is the probability distribution of X 4 x 1- This
means that the norm

11y = inf (e > 0: Eexp (IF(X)[2/e%) <)

is uniformly bounded over every f in F. We denote this bound by « and thus we
assume that

o = diam(F, (1)) = 50 11 < o (3.10)
€

In terms of random variables, Assumption means that for all f € F, f(X) has
a subgaussian behaviour and its 1o norm is uniformly bounded over F'.

Under (3.10]), we can apply the classical generic chaining mechanism and obtain
a bound . Indeed, denote by (X¢)secr the empirical process where Xy =
n~t3 L fA(X;) — Ef3(X) for every f € F. Assume that for every f and g in F,
Ef?(X) = Eg*(X). In this case, the increments of the process (X¢)ser are

Xp - X, == 30 (X — (X0)
1=1
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and we have (cf. Chapter 1)
172 = 9211 < 1+ 0l 1 = sy < 20015 = 00 (311)

In particular, the increment Xy — X, is a sum of i.i.d. mean-zero v random vari-
ables. Hence, the concentration properties of the increments of (X¢)ser follow from
Theorem [1.2.8 Provided that for some fo € F, we have Xy, = 0 or (Xf)sep is a
symmetric process then running the classical generic chaining mechanism with this
increment condition yields the following: for every u > ¢y, with probability greater
than 1 — ¢1 exp(—cau),

sup Zf F2(X)

fer | M

Vn n

for some absolute positive constants cg, ¢1, co and ¢z and for

. CW(MF, Ua(w) | n(E, m») (312)

N(F, (1)) = inf sup (Z 2dys (. F2))

(Fs) fer

where the infimum is taken over all admissible sequences (Fy)sen and dy, () (f, Fs) =
minge r, can be derived from
theorem 1.2.7 of [Tal05].

In some cases, computing 1 (F, d) for some metric d can be involved and only weak
estimates can be showed. Obtaining upper bounds on which does not require
the computation of v (F,%2(u)) can be of importance. In particular, upper bounds
depending only on 2 (F, ¢2(p)) can be useful when the metrics Ly, (1) and La(u) are
equivalent on F' because of the Majorizing measure theorem (cf. Theorem . In
the next result, we show an upper bound on the supremum depending only on
the 1o(u) diameter of F and of the complexity measure yo(F, 12()).

Theorem 3.2.1. — There exists absolute constants cgy,c1,co and c3 such that the
following holds. Let F be a finite class of real-valued functions in S(La(p)), the unit
sphere of La(u) and denote by a the diameter diam(F,1y). Then, with probability at

least 1 — c1 exp ( — (ca/a®) min (naQ,’Yz(R 1/J2)2));

5 max (aw(ﬂ 1#2)’ Y2 (F, ¢2)2> .

n

L3P - EF(X)| <
i=1

sup
fer

vn n

Moreover, if F is a symmetric subset of S(La(1)) then,

anQ F2(X)| < ez max (aw(\];aﬁ%),w(F:/fz)Q).

To show Theorem we introduce the following notation. For every f € La(u),
we set

E sup
feF

n

3 fQ(Xi))l/Q. (3.13)

=1

1
n

Zﬂ —~Ef(X) and W(f) = (
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Moreover, for the sake of shortness, in what follows, we omit to write the probability
measure p of the Lo(p) norm, v (p) norm and )2 (p) norm.

To obtain upper bounds on the supremum we study the deviation behaviour
of the increments of the underlying process. Namely, we need deviation results for
Z(f) — Z(g) for every f,g € F. Moreover, since the “end of the chains” will be
analysed by different means, the deviation behaviour of the increments W (f — g) will
be of importance as well.

Lemma 3.2.2. — There exists an absolute constant Cy such that the following holds.
Let F C S(La(w)). Denote by a the diameter diam(F,y). For every f,g € F, we
have:

1. for every u > 2,
P[W(f —g)=zulf ng%} < 2exp (— Crnu?);
2. for every u > 0,
P1Z(f) - Z(9)| > ua llf = gll,, | < 2exp (= Crnmin(u,u?);
and for every u > 0,

]P’[|Z(f)| > ua2] < 2exp (— Cynmin(u, u?)).

Proof. — Let f,g € F. Since f,g € Ly,, we have ||(f — 9)2H¢1 =||f _g”fm and by
Theorem for every t > 1,

n

1

B3 (=X~ If —gli, > t1f —gl, | <2exp(-emt)  (314)
i=1

Using [|f —gll,,, = Ve —1|f —gll;, together with Equation |D it is easy to get

for every u > 2,

P[W(F—9) > ullf ~ g, ]

<P[o 0 - 0K = I g}, > (2 = (e~ )17 ~ g2, ]

< 2exp ( — cznu2).

For the second statement, since Ef? = Eg?, the increments are

Thanks to (3.11), Z(f)—Z(g) is a sum of mean-zero 1; random variables and the result
follows from Theorem The last statement is also a consequence of Theorem|[1.2.8

and (3.11). O
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Once obtained the deviation properties of the increments of the underlying pro-
cess(es) (that is (Z(f))fer and (W (f))fcr), we use the generic chaining mechanism
to obtain a uniform bound on (3.9). Since we work in a special framework (sum
of squares of 15 random variables), we will perform a particular chaining argument
which will allow us to avoid the ~;1(F,13) term coming out of the classical generic
chaining (cf. (3.12)).

If y2(F,42) = oo then the upper bound of Theorem is trivial, otherwise
consider an almost optimal admissible sequence (Fs)sen of F' with respect to s (u).
That is an admissible sequence (Fy)gen such that

’72(F71/}2) ;]Scu <Z2S/ dwz(fﬂ ))

For every f € F and integer s, put 7s(f) a nearest point to f in Fj.

The idea of the proof is for every f € F' to analyze the links ms41(f) — 7s(f) for
s € N of the chain (75(f))sen in three different regions - values of the level s in [0, $1],
[s1+ 1,80 — 1] or [sg,00) for some well chosen s; ans sg - depending on the deviation
properties of the increments of the underlying process(es) at the s stage:

1. The end of the chain: we study the link f — ms, (f). In this part of the
chain, we work with the process (W (f — ms,(f))) fer which is subgaussian (cf.
Lemma . Thanks to this remark, we can avoid the sub-exponential be-
haviour of the process (Z(f))ser and thus the term i (F,v2) appearing in
B.12);

2. The middle of the chain: we work at these stages with the process (Z(ms,—1(f))—
Z(ms,(f))) fer which has subgaussian increments in this range;

3. The beginning of the chain: we study the process (Z (s, (f))rer. For this part
of the chain, the complexity of F§, is so small that a trivial comparison of the
process with the 1o-diameter of ' will be enough.

Proposition 3.2.3 (End of the chain). — There exist absolute constant cg, ¢, ca
and cs for which the following holds. Let F C S(La(p)) and o = diam(F,vs). For
every v = cq, with probability greater than 1 — c; exp(—canv),

sup W (/=0 (f)) < 03\/5')’2(\1%?2)’

where sp = min (s >0:2%> n)

Proof. — Let f be in F. Since F' is finite, we can write
7T90 Z 7T9+1 —Ts (f)a
S=S80

and, since W is the empirical Lo(P,) norm (where P, is the empirical distribution
n~tY " | dx,), it is sub-additive and so

W(f = 7s(£) < D> W(mara(f) = m(f))-

S=S80
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Now, fix a level s > sg. Using a union bound on the set of links {(ms+1(f), 7s(f)) :
f € F} (note that there are at most |Fs41]|Fs| such links) and the subgaussian
property of W (i.e. Lemma , we get, for every u > 2, with probability greater
than 1 — 2|Fs 41| Fy| exp(—C’lnu ), for every f € F,

W(msi1(f) = ms(f)) S ullmsia(f) = ms(Flly, -

Then, note that for every s € N, [Fyp1||F,| < 2222 = 232" 50 that a union bound
over all the levels s > s¢ yields for every u such that ©22% is larger than some absolute
constant, with probability greater than 1 — 2 0 |Fyi1||Fs| exp(—C1n2%u?) > 1 —
¢y exp(— conu2250) for every f € F,

§=S80

W(f — s (f Z W(mor1(f) = () < D u2? mera(f) = ms(f)lly,

$=80 S$=S0
<2u Y 2°/%dy, (f, F.).
S§=S80
We conclude with v = u22% for v large enough, sq such that 2% ~ n and with the

quasi-optimality of the admissible sequence (Fj)s>0- O

Proposition 3.2.4 (Middle of the chain). — There exist absolute constants
Co, €1, C2 and c3 for which the following holds. Let s1 € N be such that s1 < s (where
so has been defined in Proposition [3.2.5). Let F C S(L2(p)) and oo = diam(F, ).
For every u > cq, with probability greater than 1 — ¢; exp(—c22%1u),

JSclelg ’Z Tso (f) = Z(W51(f))| < Cguaﬁyz(\Ff;Z/}z).

Proof. — For every f € F, we write

Z(7ay-1(f) = Z(ms, (1)) = Y Z(7(f)) = Z(mazr(f))-

Let 51 < s < s9 and u > 0. Thanks to the second deviation result of Lemma
with probability greater than 1 — 2exp (— Cinmin ((u2°/2/y/n), (u?2°/n))),

1Z(m5(f)) = Z(ms-1(f))] < NG allrs(f) = ms—1(Hlly, - (3.15)

Moreover, s < 50, thus 2°/n < 2 and so min (u2%/2/\/n, u?2° /n) > min(u, u?)(2°/(2n)).
In partlcular, holds with probability greater than 1—2exp ( C12° min(u, u2)))

Now, a union bound on the set of links for every levels s = sy,...,80 — 1
yields, for any u > 0, with probability greater than 1 — 2 220:;}+1 | Foq1||Fs|exp ( —
C,28 min(u,uQ)), for every f € F,

so—l 9s/2
2 () - Z(ra (D) < Y Qﬁ allma(f) = m s (D, -

s=s1+1
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The result follows since |Fy||Fs; 1| < 232" for every integer s and for u large enough.
O

Proposition 3.2.5 (Beginning of the chain). — There exist absolute posi-
tive constants co and c1 such that the following holds. Let w > 0 and s
be such that 2°* < (Cp/2)nmin(w,w?) (where Cy is the constant appearing in
Lemma [3.2.9). Let F C S(La(n)) and o = diam(F,1p3). With probability greater
than 1 — cg exp(—cynmin(w, w?)),

sup | Z(ms, (f))] < wa?.
feF

Proof. — Tt follows from the third deviation result of Lemma and a union bound
over F, , that with probability greater than 1 — 2|Fj, |exp ( — Cinmin(w,w?)), for
every f € F,

|Z(ms, (f)] < wa.
Since |Fy, | < 22" < exp ((C1/2)nmin(w,w?)), the result follows. O
Proof of Theorem — Denote by (Fs)seny an almost optimal admissible se-
quence of F' with respect to the ¢9-norm and, for every s € N and f € F, denote by

7s(f) one of the closest point of f in F, with respect to 15. Let sg € N be such that
So = min (s >0:2%> n) We have, for every f € F,

|fk§y2 )~ ELE)| = [ 2300 w4 w10 - ()

= [Palf = Tea ()2 + 2Pu(f = Tao (D)o (F) + Partan ()? = B (1)
P2+ 2W(f = 7 (f)
) 7

SW(f =750 (f) IW (7o () + 12 (7 ()]
SW(f — 75 (f) 2+2W — s ( )( (750 (f)) +1)1/2+|Z(7780(f))|
SBW(f = meo ())? 4+ 2W(f = 75y () + 3| Z (75, (1)) (3.16)

where we used |75, (f)|;, =1 = [Ifl, and the notation P, stands for the empirical
probability distribution n=!' Y% | dx,.

Thanks to Proposition for v = 1, with probability greater than 1 —
co exp(—cin), for every f € F,

W(f = (F)) < g 20002 (3.17)

n
Let w > 0 to be chosen later and take s; € N such that

§1 = max (s >0:2° <min (2%, (C1/2)n min(w7w2))) (3.18)

where C is the constant defined in Lemma We apply Proposition with
u = 1 and Proposition to get, with probability greater than 1 — c5 exp(—c4251),
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for every f € F,

1Z(mso ()| < 1Z(7so(f)) = Z(ms, (PN + | Z (75, ()]
Y2 (F,12)

Vn
We combine Equation (3.16)), (3.17) and (3.19) to get, with probability greater than
1 — cgexp(—c72%), for every f € F,

Yo (F, 12)?
cs
n

S 6@ + o’w. (3.19)

Y2 (F, 2) Y2 (F, 2)
|Z(f)| < 7 +C1oa7\/ﬁ

First statement of Theorem [B.2.1] follows for

+ 3a’w.

+ c9

F F. 2
W — max (72( 71#2),72( ;1#2) ) (3.20)
ay/n a?n
For the last statement, we use Proposition [3.2:3] to get
2 [T 2 V2 (F, 1b2)?
Esup W(f — 7, ()" = P[sup W(f — 75, (f))? = t]dt < c1———— (3.21)
fer 0 fer n
and (Fo )
Esup W(f — 75, (f)) < 12 2 Y2 (3.22)

feF Voo
It follows from proposition and for s; and w defined in (3.18)) and (3.20))

that

Esup [Z(ms, ()| < Esup [Z(ms, (f)) = Z(7s, ()] + Esup [ Z(7s, (f))]
fEF fer feF

< [ Psup 2 (1) - 291 > dJat+ [ 7B [sup |20, (1) > o]

fer fer
F
< caM. (3.23)
Vn
The claim follows by combining equations (3.21]), (3.22)) and (3.23)) in Equation (3.16]).
O

3.3. Bibliographical references

Dudley entropy bound (cf. Theorem 3.1.2)) can be found in [Dud67]. Other Dudley
entropy bounds for processes (X;)ier with Orlicz norm of the increments satisfying,
for every s,t € T,

1 Xt — Xl < d(s,t) (3.24)

are obtained in and [Kon80]. Under the increment condition (3.24]), the
Dudley entropy integral

/Ooo Y (N(T, d, €))de,

where ¢! is the inverse function of the Orlicz function v, is an upper bound on
E sup;cp coming out of the chaining argument.
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For the partition scheme method used in the generic chaining mechanism of Theo-
rem [3.1.4] we refer to [Tal05] and [Tal01]. The generic chaining mechanism was first
introduced using majorizing measures. This tool was introduced in [Fer75]
and is implicit in earlier work by Preston based on an important result of Garcia,
Rodemich and Rumsey. In [Tal87], the author proves that majorizing measures are
the key quantities to analyze the supremum of Gaussian processes. In particular, the
majorizing measure theorem (cf. Theorem [3.1.5)) is shown in [Tal87]. More about ma-
jorizing measures and majorizing measure theorems for other processes than Gaussian
processes can be found in and [Tal95]. Connections between the majorizing
measures and partition schemes have been showed in and [Tal01].

The upper bounds on the process

1 n
sup [ 3 £4(0) ~ B (X) (3.25)

developed in Section follow the line of [MPTJ07]. Other bounds on (3.25) can
be found in the next chapter (cf. Theorem [5.2.14).







CHAPTER 4

SINGULAR VALUES OF RANDOM MATRICES

The extremal singular values of a matrix are very natural geometrical quantities
concentrating an essential information on the invertibility and stability of the matrix.
This chapter aims to provide an accessible introduction to the notion of singular values
of matrices and their behavior when the entries are random, including quite recent
striking results from random matrix theory and high dimensional geometric analysis.

For every square matrix A € M,, ,,(C), we denote by A1 (4), ..., A, (A) the eigenval-
ues of A which are the roots in C of the characteristic polynomial det(A—ZI) € C[Z].
We label the eigenvalues of A so that [\ (A4)] = -+ = |\, (A)|. In all this chapter, K
stands for R or C, and we say that U € M,, ,,(K) is K-unitary when UU* = I.

4.1. Singular values of deterministic matrices

This section gathers a selection of classical results from linear algebra. We begin
with the Singular Value Decomposition (SVD), a fundamental tool in matrix analysis,
which expresses a diagonalization up to unitary transformations of the space.

Theorem 4.1.1 (Singular Value Decomposition). — For every A € M, ,,(K),
there exists a couple of K-unitary matrices U (mxm) and V (nxn) and a sequence
of real numbers s1 = -+ = Span = 0 such that

U*AV = diag(s1,...,Sman) € Mpm n(K).
This sequence of real numbers does not depend on the particular choice of U, V.
Proof. — Let v € K™ be such that |Av|y = max|y,—; |Az|z = ||A][,_,, = 5. If[v]z =0
then A = 0 and the desired result is trivial. If s > 0 then let us define u = Av/s.

One can find a K-unitary matrix U of size m x m with first column equal to u, and
a K-unitary matrix V of size n x n with first column equal to v. It follows that

U AV = (8 “’B) — A
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for some w € M,,_11(K) and B € My,_1 n—1(K). If t is the first row of A; then
|A1t*]3 > (s% + |w|3)? and therefore ||141H§H2 > 8%+ wli > HA||§H2. On the other
hand, since A and A; are unitary equivalent, we have ||A;||y_,, = || Al|5_,5. Therefore
w = 0, and the desired decomposition follows by a simple induction. O

The numbers s;(A) := si for k € {1,...,mAn} are called the singular values of A.
The columns of U and V' are the eigenvectors of AA* (mxm) and A*A (nxn). These
two positive semidefinite Hermitian matrices share the same sequence of eigenvalues,
up to the multiplicity of the eigenvalue 0, and for every k € {1,...,m An},

51(A) = M(VAL) = VA(AAY) = /A AA) = M (VATA) = s5,(47).

Actually, if one sees the diagonal matrix D := diag(s1(4)?,...,sman(4)?) as an
element of M, 1, (K) or M, ,,(K) by appending as much zeros as needed, we have

U*AA*U =D and V*A*AV = D.

When A is normal (i.e. AA* = A*A) then m = n and si(A4) = |\, (A)| for every
ke {l,...,n}. For any A € M,, »,(K), the eigenvalues of the (m + n) x (m + n)

Hermitian matrix
0o A*
ue () 0) »

+51(A4),—s1(A), ..., +8man(A4), —=8man(4),0,...,0

where the notation 0, ..., 0 stands for a sequence of 0’s of length

are given by

m+n—2(mAn)=(mvVn)—(mAn).

One may deduce the singular values of A from the eigenvalues of H. Note that when
m = n and A;; € {0,1} for all 4,7, then A is the adjacency matrix of an oriented
graph, and H is the adjacency matrix of a compagnon nonoriented bipartite graph.
For any A € M,, »(K), the matrices A, A, AT, A*, WA, AW’ share the same
sequences of singular values, for any K—unitary matrices W,W’. Ifu; L --- L u,, €
K™andwvy L -+ L v, € K™ are the columns of U, V' then for every k € {1,...,mAn},

Avy, = sp(A)uy,  and  A%uy = sk (A)vy (4.2)

while Avi, = 0 and A*ug = 0 for £ > m An. The SVD gives an intuitive geometrical
interpretation of A and A* as a dual correspondence/dilation between two orthonor-
mal bases known as the left and right eigenvectors of A and A*. Additionally, A has
exactly r = rank(A) nonzero singular values s1(A),...,s,(A4) and

A:Zsk(A)ukvz and {
k=1

We have also si(A) = |Avg|y, = [A*uy|, for every k € {1,...,m An}. It is well
known that the eigenvalues of a Hermitian matrix can be expressed in terms of the
entries of the matrix via minimax variational formulas. The following theorem is the
counterpart for the singular values, and can be deduced from its Hermitian cousin.

kernel(4) = span{v,41,...,0n},
range(A) = span{uy,...,u,}.
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Theorem 4.1.2 (Courant—Fischer variational formulas for singular values)
For every A € My, o(K) and every k € {1,...,m An},

si(A) = max min |Az|, = min max |Az|,
VEVy zeV VeV _jp1 1€V
|z],=1 |z],=1

where Vi, is the set of subspaces of K™ of dimension k. In particular, we have

s1(A) = max Az|, and Sman(4) = xlg(n" Ax|,.
[z, =1 |z|,=1
We have also the following alternative formulas, for every k € {1,...,m An},

sk(A) = max min Ax. ).
(4) Vev, (r,y)EVXW< Y]
WeVi |z],=|y|,=1

As an exercise, one can check that if A € M,, ,(R) then the variational formulas
for K = C, if one sees A as an element of M,, ,(C), coincide actually with the
formulas for K = R. Geometrically, the matrix A maps the Euclidean unit ball to an
ellipsoid, and the singular values of A are exactly the half lengths of the m An largest
principal axes of this ellipsoid, see figure [[l The remaining axes have a zero length.
In particular, for A € M,, ,,(K), the variational formulas for the extremal singular
values s1(A) and s,,(A) correspond to the half length of the longest and shortest axes.

FIGURE 1. Largest and smallest singular values of A € M3 2(R).

From the Courant—Fischer variational formulas, the largest singular value is the
operator norm of A for the Euclidean norm |-|,, namely

s1(A) = [[Ally,5 -

The map A — s1(A) is Lipschitz and convex. In the same spirit, if U, V are the couple
of K—unitary matrices from an SVD of A, then for any k € {1,...,rank(A)},

k—1
si(A) :Beﬁ}ifi(m |A =Bl o =A— Akl,,, where Ay = Z si( Ay
rank(B)=k—1 i=1

with u;,v; as in (4.2). Let A € M, ,(K) be a square matrix. If A is invertible then
the singular values of A~! are the inverses of the singular values of A, in other words

Ve {l,...,n}, sp(A™Y) =5, p1(A)7"
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Moreover, a square matrix A € M,, ,(K) is invertible iff s,,(A) > 0, and in this case
1y _1y-1
suld) = 1 (A7) = 47,
Contrary to the map A — s1(A), the map A — s,,(A) is Lipschitz but is not convex.
Regarding the Lipschitz nature of the singular values, the Courant—Fischer variational

formulas provide the following more general result, which has a Hermitian couterpart.

Theorem 4.1.3 (Weyl additive perturbations). — If A, B € M,, ,(K) then
foreveryi,je{l,....mAn} withi+j <1+ (mAn),

Si+j—1(A) < si(B) + 5;(A - B).
In particular, the singular values are uniformly Lipschitz functions since

1<Ikn<a731(/\n Isk(A) — sk(B)| < [|[A— Blly_s-

From the Courant—Fischer variational formulas we obtain also the following result.

Theorem 4.1.4 (Cauchy interlacing by rows deletion)
Let A€ My, n(K) andk € {1,2,.. .} withl1 <k <m < nandlet B € My_jn(K)
be a matrix obtained from A by deleting k rows. Then for every i € {1,...,m — k},

In particular we have [s,,—i(B), s1(B)] C [sm(4), s1(A)]. Row deletions produce
a sort of compression of the singular values interval. Another way to express this
phenomenon consists in saying that if we add a row to B then the largest singular
value increases while the smallest singular value is diminished. From this point of view,
the worst case corresponds to square matrices. Closely related, the following result
on finite rank additive perturbations can be proved by using interlacing inequalities
for the eigenvalues of Hermitian matrices and their principal submatrices.

Theorem 4.1.5 (Interlacing for finite rank additive perturbations [Tho76])
For any A, B € M,, ,(K) with rank(A — B) < k, we have, for anyi € {1,...,n},

si—k(A) = si(B) = si11(A)

where s, = +oo if r < 0 and s, =0 if r > n+ 1. Conversely, any sequences of non
negative real numbers which satisfy to these interlacing inequalities are the singular
values of matrices A and B with rank(A — B) < k.

In particular, we have [s,_(B), sk+1(B)] C [sn(A), s1(A)]. Tt is worthwhile to
observe that the interlacing inequalities of theorem [£.1.5] give neither an upper bound
for the largest singular values s1(B), ..., sx(B) nor a lower bound for the smallest
singular values s,,—x+1(B),...,s,(B), even when k = 1.

Remark 4.1.6 (Hilbert-Schmidt norm). — For every A € M,, ,(K) we set

1Alls” = Tr(AA") = Te(A"A) = Y |Ai* = s1(A)* + - + sman(4)*.

i,j=1
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This defines the so called Hilbert-Schmidt or Frobenius norm ||-||yg. We have always

||A||2—>2 < ||A||Hs < y/rank(A) ||A||2—>2

where equalities are achieved when rank(A) =1 and A =1 € My, n(K) respectively.
The advantage of ||-||gg over ||-|lo_,o lies in its convenient expression in terms of the
matriz entries. Actually, the Frobenius norm is Hilbertian for the Hermitian product

(A, B) = Tr(AB").

Let us mention a result on the Frobenius Lipschitz norm of the singular values, due
to Wielandt and Hoffman [HWS53|, which says that if A, B € My, »,(K) then

mAn

3 (s1(4) = 51(B))> < A - By,
k=1

We end up by a result related to the Frobenius norm, due to Eckart and Young [EY39)].
We have seen that a matriz A € My, »,(K) has exactly r = rank(A) non zero singular
values. More generally, if k € {0,1,...,r} and if Ay € My, n(K) is obtained from
the SVD of A by forcing s; =0 for all i > k then

min A= Bllys® = |4 - Axllys” = sir1(A)° + -+ 5,.(A)”.

BeM oy, n(K)
rank(B)=k

Remark 4.1.7 (Norms and unitary invariance). — For every k € {1,...,m A
n} and any real number p > 1, the map A € My, (K) +— (s1(A)P + -+ + s, (A)P)1/P
is a unitary invariant norm on My, n(K). We recover the operator norm ||A|l,_,,
for k =1 and the Frobenius norm ||A|lyg for (k,p) = (m An,2). The special case
(k,p) = (m An,1) is known as the Ky Fan norm of order k, while the special case
k = mAn is known as the Schatten p-norm. For more material, see [Bha97, [Zha02].

4.1.1. Condition number. — The condition number of A € M,, ,,(K) is given by

1” _ Sl(A).
292 5 (A)

K(A) = [|Allp, [|A

The condition number quantifies the numerical sensitivity of linear systems involving
A. For instance, if z € K™ is the solution of the linear equation Az = bthen x = A~'b.
If b is known up to precision § € K™ then « is known up to precision A='§. Therefore,
the ratio of relative errors for the determination of x is given by

B OV U P v PR

R(b,96) = = .
|6]5/10] 0], [A10],
Consequently, we obtain
— -1 —
b;é%%);oR(h 5) - HA H2_>2 ||A||2~>2 - K(A>

Geometrically, k(A) measures the “spherical defect” of the ellipsoid in figure (1.



78 CHAPTER 4. SINGULAR VALUES OF RANDOM MATRICES

4.1.2. Basic relationships between eigenvalues and singular values. — We
know that if A € M, ,,(K) is normal (i.e. AA* = A*A) then s,(A) = |\;(A4)] for
every k € {1,...,n}. Beyond normal matrices, for every A € M,, ,,(K) with rows
Ry,...,R,, we have, by viewing |det(A)| as the volume of a hyperparallelogram,

|det(A)| = H A (4)] = H skp(A) = H dist(Ry,span{Ry,...,Rr_1}) (4.3)
k=1 k=1

k=1

The following result, due to Weyl, is less global and more subtle.
Theorem 4.1.8 (Weyl inequalities [Wey49]). — If A € M,, ,,(K), then

n

k n
Ve e{l,....,n}, JIINAI<]]s:(4) and J]siA) <IN (44
=1 i=k

i= i=1 i=k

Moreover, for every increasing function ¢ from (0,00) to (0,00) such that t — p(e?)
is convex on (0,00) and ¢(0) := lim;_,o+ ¢(t) = 0, we have

k
Vke{l,...,n}, Zsﬁ(lki(A)F) <D e(si(4)%). (4.5)

i=1

Observe that from (4.5) with ¢(t) = ¢ for every t > 0 and k = n, we obtain

n n n
* * 2
DoAY (A = Tr(AAT) = Y |Ail? = Te(AA") = || Allys”.  (4.6)
k=1 k=1 ij=1
The following result, due to Horn, constitutes a converse to Weyl inequalities It
explains why so many generic relationships between eigenvalues and singular values
are consequences of (4.3)), for instance via majorization inequalities and techniques.

Theorem 4.1.9 (Sherman inverse problem [Hor54]). — Let (A\,s) € C" x R"
be such that |A1| = -+ = |Ay| and s1 = -+ 2 s, = 0. If these numbers satisfy
additionally to all the Weyl relationships then there exists A € My, ,(C) such
that \;(A) = X\ and s;(A) = s; for everyi € {1,...,n}.

From (4.3) we get s,(A4) < | A (A4)] < [M(A)] < s1(A) for any A € M, (K).
In particular, we have the following comparison between the spectral radius and the
operator norm:

p(A) = [M(A)] < s1(4) = (|45, -
In this spirit, the following result, due to Gelfand, allows to estimate the spectral
radius p(A) with the singular values of the powers of A.

Theorem 4.1.10 (Gelfand spectral radius formula [Gel41])
Let ||-|| be a submultiplicative matriz norm on My, ,(K) such as the operator norm
|-[l5_o or the Frobenius norm ||-||yg. Then for every matriz A € My, »(K) we have

p(A) = D (4)] = Jim {/]] 4.
—00
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The eigenvalues of non normal matrices are far more sensitive to perturbations
than the singular values, and this is captured by the notion of pseudo spectrum,
which bridges eigenvalues and singular values, see for instance the book [TEQS5].

4.1.3. Relation with rows distances. — The following couple of lemmas relate
the singular values of matrices to distances between rows (or columns). For square
random matrices, they provide a convenient control on the operator norm and Frobe-
nius norm of the inverse respectively. The first lemma can be found in the work of
Rudelson and Vershynin while the second appears in the work of Tao and Vu.

Lemma 4.1.11 (Rudelson-Vershynin [RV09]). — If A € M,, ,(K) has rows
Ry, ..., Ry, then, denoting R_; = span{R; : j # i}, we have

m~/? mi<n dista(R;, R—;) < Sman(A4) < min dista(R;, R—;).
<i<m

1< 1<is<m
Proof — Since A and AT have same singular values, we can prove the statement for
the columns of A. For every vector z € K™ and every i € {1,...,n}, the triangle

inequality and the identity Ax = z1C7 + - - - + z,C), give
|Az|, > disto(Ax,C_;) = min |Az —y|, = min |2;C; — y|, = |o|dist2(Ci, C-;).
yeC_; yeC_;

If |z, = 1 then necessarily |z;| > n~%/2 for some i € {1,...,n}, and therefore

Sman(A) = \:£r|li£11 |Azx|, > n~1/? 1211121n dista(C;, C—y).
2= It

Conversely, for any ¢ € {1,...,n}, there exists a vector y € K™ with y; = 1 such that
diStg(Oi,C_i) = |y101 + 4 ynCn|2 = |Ay|2 = |y|2 |H\11n1 ‘A$|2 P SmAn(A)
T|y=

where we used the fact that \y@ =y P+ lyal* = wl? =1 O
<

Lemma 4.1.12 (Tao-Vu [TV10]). — Let 1 < m < n and A € My, o(K) with
rows Ri,..., Ry,. If rank(A) = m then, denoting R_; = span{R; : j # i}, we have

i S;z(A) = i diStQ(RZ‘, R,Z‘)_Q.
i=1 i=1

Proof. — The orthogonal projection of R; on R_; is B*(BB*)"!BR} where B is the
(m — 1) X n matrix obtained from A by removing the row R;. In particular, we have

. * *\ — %2 *\ % *\ — *
R[5 — dista(R;, R_;)? = |B*(BB*)"'BR;|, = (BR})*(BB*)"'BR;

by the Pythagoras theorem. On the other hand, the Schur bloc inversion formula
states that if M is an m x m matrix then for every partition {1,...,m} =T UI¢,

(MY = (Mpr— My re(Mpe o) " Mpe )™t
Now we take M = AA* and I = {i}, and we note that (AA*), ; = R;- R;, which gives
((AA*)™ )0 = (Ri - Ry — (BR})*(BB*) " 'BR;) ™" = dista(R;, R_;) 2.
The desired formula follows by taking the sum over i € {1,...,m}. O
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4.1.4. Algorithm for the computation of the SVD. — To compute the SVD
of A € M, ,(K) one can diagonalize both AA* and A*A or diagonalize the matrix
H defined in . Unfortunately, this approach can lead to a loss of information
numerically. In practice, and up to machine precision, the SVD is better computed
with a two step algorithm such as (the real world algorithm is a bit more involved):

1. Unitary bidiagonalization. Compute a couple of K—unitary matrices W, W’ such
that B = W AW is bidiagonal. Both W, W’ are product of Householder reflec-
tions, see [GVL96]. One can also use Gram—Schmidt orthonormalization of the
rows. It is worthwhile to mention that a very similar method allows also the
tridiagonalization of Hermitian matrices (in this case we have W = W").

2. lterative algorithm for bidiagonal matrices. Compute the SVD of B up to machine
precision with a variant of the QR algorithm due to Golub and Kahan. Note that
the standard QR iterative algorithm allows the iterative numerical computation
of the eigenvalues of arbitrary square matrices.

The svd command of Matlab, GNU Octave, GNU R, and Scilab allows the numerical
computation of the SVD. At the time of writing, the GNU Octave and GNU R version
is based on LAPACK. The GNU Scientific Library (GSL) offers an algorithm based
on Jacobi orthogonalization. There exists many other algorithms/variants for the
numerical computation of the SVD, see [GVL96, sections 5.4.5 and 8.6].

octave> A = rand(5,3) % Generate a random 5x3 matrix
A = 0.3479368 0.7948432 0.0011214
0.4912752 0.6836159 0.8509682
0.0315889 0.9831456 0.3328946
0.3665785 0.9985220 0.6228932
0.2481886 0.5890069 0.2542045
octave> [U,D,V] = svd(A) % Compute SVD up to machine prec.
U= —-0.351343 —0.557528 0.667944 —0.165446 —0.303643
—-0.509631 0.708933 0.144001 —0.438839 —0.156123
—0.448938 —0.414874 —0.704250 —0.353062 —0.075585
—0.563423 0.084485 —0.082364 0.808135 —0.124705
—0.312799 —0.085546 0.174251 —0.048095 0.928527
D = Diagonal Matrix

2.18534 0 0

0 0.61541 0

0 0 0.31967

0 0 0

0 0 0

V = —-0.30703 0.24525 0.91956

—0.83093 —0.54016 —0.13337

—0.46400 0.80503 —0.36963
octave> norm(UxDxV'—A,” fro”) % Quality check (Frobenius)
ans = 6.0189e—16
octave> norm(UxU —eye(5,5),” fro”) % Quality check (Frobenius)
ans = 8.2460e—16
octave> norm(V+V' —eye(3,3),” fro”) % Quality check (Frobenius)
ans = 3.3309e—-16
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- J

4.1.5. Some concrete applications of the SVD. — The SVD is typically used
for dimension reduction and for regularization. For instance, the SVD allows to
construct the so called Moore-Penrose pseudoinverse [Mo0020, [Pen56] of a matrix
by replacing the non null singular values by their inverse while leaving in place the
null singular values. Generalized inverses of integral operators were introduced earlier
by Fredholm in [Fre03]. Such generalized inverse of matrices provide for instance
least squares solutions to degenerate systems of linear equations. A diagonal shift in
the SVD is used in the so called Tikhonov regularization [Tik43), [Tar05] or ridge
regression for solving over determined systems of linear equations. The SVD is at
the heart of the so called principal component analysis (PCA) technique in applied
statistics for multivariate data analysis, see for instance the book [Jol02]. The partial
least squares (PLS) regression technique is also connected to PCA/SVD. In the last
decade, the PCA was used together with the so called kernel methods in learning
theory. Certain generalizations of the SVD are used for the regularization of ill posed
inverse problems such as X ray tomography, emission tomography, inverse diffraction
and inverse source problems, and the linearized inverse scattering problem, see for
instance the book [BB98|. The application of the SVD to compressed sensing is
under development and some few devoted books will appear in the near future.

4.2. Singular values of Gaussian random matrices

In the sequel, the standard Gaussian on K is N(0,1) if K = R and N(0, 115) if
K =C =R If Z is a standard Gaussian random variable on K then

Var(Z) :=E(|Z —EZ|*) = E(|Z*) = 1.
4.2.1. Matrix model. — Let (G ;)i ;j>1 be an infinite matrix of i.i.d. standard
Gaussian random variables on K. For every m,n € {1,2,...}, the random m X n
matrix
G = (G;;)
has Lebesgue density, in M, »(K)

Gorexp [~ 30N Gl | = e (-5T(66) ) = exp (-5 101?)

i=1 j=1

1<i<m, 1<j<n

K™ proportional to

where

gim 1 if K =R,
" )2 ifK=C.

The law of G is K—unitary invariant since UGV 2 G for every deterministic K—
unitary matrices U (m x m) and V (n x n). For K = C we have

LG+ vTIG)

“=5
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where GG1 and G are i.i.d. copies of the case K = R. The law of G is also known as
the K Ginibre ensemble, see [Gin65, [Meh04]. The symplectic case where K is the
quaternions (8 = 4) is not considered in these notes. The columns C4, ..., C,, of the
random matrix G are i.i.d. standard Gaussian random column vectors of K™ with
ii.d. standard Gaussian coordinates. Their empirical covariance matriz is

1 z": CyCp = 1 GG*

n MR T '
The strong law of large numbers gives lim, oo n *GG* = I,,, a.s. We are interested
in the sequel in asymptotics when both n and m tend to infinity. The random matrix
GG* is m x m Hermitian positive semidefinite. If m > n then the random matrix
GG* is singular with probability one, as a linear combination of n < m rank one
m x m matrices C1CY,...,C,Cr. If m < n then the random matrix GG* is invertible
with probability one (comes from the diffuse nature of Gaussian measures), and

Vi e {1,...,m}, s1(G)* = A\(GG*) = n\ (1 GG*).
n

4.2.2. Unitary bidiagonalization. — Let us consider the K—unitary bidiagonal-
ization of section for the Gaussian matrix GG. Assume for convenience that
m < n. One can find random K—unitary matrices W (m x m) and W’ (n x n) such
that B := WGW’ is bidiagonal with

Sh 0 0

0
0
B = ! "
V] 0 0 0
: : e 0
0 0 0 0 -+ 0Ty Sy—m-1)y O 0
(4.7)
Following Silverstein [Sil85] the random variables S,,, ..., S, _(n-1), Tm-1,...,T1 are

independent with laws given by S7 ~ x?(Bk) for every k € {n — (m —1),...,n} and
T? ~ x2(Bk) for every k € {1,...,m — 1}. The random matrices B and G share the
same sequence of singular values. Such an explicit bidiagonalization has an amazing
consequence for the simulation of the singular values of G. It allows to reduce the
dimension from nm to 2(n Am) — 1.

4.2.3. Densities. — The random Hermitian positive semidefinite m x m matrix
2
GG* can be seen as a random vector of R™ x KM =m)/2 1f m < n, the law of GG*

is a Wishart distribution with Lebesgue density in R™ x K (m?=m)/2 proportional to
W = det(WAm=mH+D/2=1y oxpy (—gTdW)) (4.8)

on the cone of Hermitian positive semidefinite matrices. This Wishart law is also
known as the S—Laguerre ensemble or Laguerre Orthogonal Ensemble (LOE) for 8 = 1
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and Laguerre Unitary Ensemble (LUE) for 5 = 2. The correlation between the
entries is captured by the determinental term, which surprisingly vanishes when n =
m + 2671 — 1. In the SVD of G, one can take U,V distributed according to the
normalized Haar measure on the K—unitary group, and independent of the singular
values. As a consequence, the same holds true for the K—unitary diagonalization of
the positive semidefinite Hermitian matrix GG*. When m < n, this diagonalization,
seen as a change of variable, followed by the partial integration over the K—unitary
group of with respect to the eigenvectors, gives the expression of the density of
M(GG*), ..., A\ (GG*), which turns out to be proportional to

A — exp <_§ Z /\i> H )\f(n—m+1)/2—1 H I\ — )\j‘ﬁ (4.9)
i=1

i=1 1<i<j<m

on {A € [0,00)™ : Ay = -+ = A\, }. The normalizing constant is a Selberg integral,
and can be explicitly computed [Meh04]. The (repulsive) correlation is captured
by the Vandermonde determinant, which comes from the Jacobian of the change of
variable (unitary diagonalization). If m = n = 1 then (4.84.9) are identical (x?
law). The formulas were considered by e.g. Wishart [Wis28] and James
[Jam60]. For a modern presentation, see e.g. Edelman and Rao [ERO05|] or Haagerup
and Thorbjgrnsen [HTO03].

4.2.4. Orthogonal polynomials. — Set K = C. If m < n then the density (4.9)
of the eigenvalues of the m x m random matrix GG* turns out to be proportional to

A= det [(S(Ai; Aj))icijcm] - with S(z,y) := Vg(x)g(y) 2 Py(2)Pp(y)  (4.10)
k=0

where (Pg)rp>0 are the Laguerre orthonormal polynomials [Sze75| relative to the
Gamma law on [0, o) with density g proportional to z — 2™ ™ exp (—z). Both g and
(Pr)k>0 depend on m,n. These determinental/polynomial formulas appear in various
works, see e.g. Deift [Dei99], Forrester [For10], and Mehta [Meh04], Haagerup and
Thorbjgrnsen [HTO03] and Ledoux [Led04]. When m < n, and at the formal level,
it follows from this determinental/polynomial expression of the density that for any
Borel symmetric function F': [0,00)™ — R, the expectation

E[F(A(GG™), ..., An(GG"))]

can be expressed in terms of the determinant . The behavior of such averaged
symmetric functions when n and m tend to infinity is related to the asymptotics of the
Laguerre polynomials (Py)k>0. Useful symmetric functions of the eigenvalues include

1. F(A1,.. o, Am) = f(M1) + - + f(Am) for some fixed f:[0,00) — R;

2. F(A1,.. s Am) =min(Aq, ..., Ap);

3. F()\l, ey )\m) = max()\l, ey )\m)

The real case K = R is similar but trickier due to 8 =1 in (4.9)), see [For10].
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4.2.5. Behavior of the singular values. — We begin our tour of horizon with
the behavior of the counting probability measure of the eigenvalues of n 'GG*. It is
customary in random matrix theory to speak about the “bulk behavior”, in contrast
with the “edge behavior” which concerns the extremal eigenvalues. When m < n,
this corresponds to the counting probability measure of the squared singular values of
n~1/2G. The first version of the following theorem is due to Marchenko and Pastur
IMP67).

Theorem 4.2.1 (Bulk behavior). — If m = m,, — oo with lim,, oo m,/n =y €
(0,00) then a.s. the spectral counting probability measure

1 m
Hn-rGGe = ;%kmflcc*)

converges narrowly to the Marchenko—Pastur law
1\* 1 b—z)(zr—a
ﬁMP = <1 - > 50 + 7M ]l[a,b] (x) dx
Y 21y T

where

a=(1-yy)? and b= (1+y)>

25

—~utnouwu]

TITT
[SI=FeN

FIGURE 2. Density of the limiting law of the empirical singular values
distribution % > 5sk(n*1/2c) when m = my with lim,—e mn/n =y,
for different values of y (theorem . This is nothing else but the
density of the absolutely continuous part of the image law of Lyp by the
map z — /z. The case y = 1 corresponds to the so called quartercircular
law. This graphics was obtained by using the wxMaxima software.
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Idea of the proof. — When K = C, the result can be obtained by using the determi-
nental/polynomial approach. Namely, following Haagerup and Thorbjernsen [HTO03]
or Ledoux [Led04], for every Borel function f : [0,00) — R, we have,

[ dnsca@) = (1= 2) 10+ [ 1@ - St do

where S is as in . Note that the left hand side is a symmetric function of the
eigenvalues. The Dirac mass at point 0 in the first term of the right hand side above
comes from the fact that if m > n then m — n eigenvalues of GG* are necessarily
zero (the remaining eigenvalues are the square of the singular values of G). The
convergence to Lyp is a consequence of the behavior of m~1S(x, x) related to classical
equilibrium measures of orthogonal polynomials, see [Led04, pages 191-192]. In this
approach, Lyp is recovered as a mixture of uniform and arcsine laws.
Another approach is the so called trace/moments method, based on the identity

1
/xr ditp—1ga+(x) = - Tr

valid for every r € {0,1,2,...}. The expansion of the right hand side in terms of the
entries of G allows to show that the moments of u,,-155+ converge to the moments of
Lyvp. The Gaussian nature of the entries allows to use the Wick formula in order to
simplify the computations. There is also an approach based on the Cauchy—Stieltjes
transform, or equivalently the trace-resolvent, see [HPOO] or [Bai99]. This gives
a recursive equation obtained by bloc matrix inversion, which leads to a fixed point
problem. Here again, the Gaussian integration by parts may help. The trace/moment
and the Cauchy—Stieltjes trace/resolvent methods are “universal” in the sense that
they are still available when G is replaced by a random matrix with non Gaussian
i.i.d. entries. The determinental/polynomial approach is rigid, and relies on the de-
terminental nature of the law of G, which comes from the unitary invariance of G. It
remains available beyond the Gaussian case, provided that G has a unitary invariant
density proportional to G — exp(—Tr(V(GG*))) for a potential V : R — R.

There is finally a more original approach based on large deviations via a Varadhan
like lemma, which exploits the explicit expression of the law of the eigenvalues. We
recover Lyp as a minimum of the logarithmic energy with Laguerre external field. O

(¢G7)")

The limiting distribution is a mixture of a Dirac mass at zero (when y > 1) with
an absolutely continuous compactly supported distribution known as the Marchenko—
Pastur law. The presence of this Dirac mass is due to the fact that if y > 1 then
a.s. the random matrix n~'GG* is not of full rank for large enough n. The a.s. weak
convergence in theorem says that for any interval I C [0, 00),

|{k € {1,...,m} such that \p(n"'GG*) € I'}| ,

m n—00

— Lap(1).

This convergence implies immediately the following corollary.

Corollary 4.2.2 (Edge behavior implied by bulk behavior)
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If m = m,, — oo with lim,, oo my,/n =1y € (0,00) then a.s.
1ggi£fxl(n—1GG*) > (14 y)>
Moreover, if y < 1 then a.s.
limsup A, (n7'GG*) < (1 — /y)*

n—oo

In particular, if m, =n theny =1 and a.s.

]- a.s.
- — —1 *
\/ﬁsn(G) )\n(n GG ) — 0.

It is then natural to ask about the convergence of the extremal eigenvalues of
n~'GG* to the edge of the limiting support. In a sense, the left edge a is “soft” if
y < 1 and “hard” if y = 1. The term “soft” means that the fluctuation may hold in
both sides while “hard” means that the fluctuation is confined in a single side. The
right edge b is “soft” regardless of y. We will see that the nature of the fluctuations
of the extremal singular values depends on the hard/soft nature of the edge.

Theorem 4.2.3 (Convergence of smallest singular value)
If m = my, — oo with m, <n and lim,_,o my,/n =y € (0,1] then

1 ’ —1 ey @S 2
(ﬁ Smn(G)> = Am, (" GG") n:; (1—vy)~
Idea of the proof. — Corollary [£.2.2] reduces immediately the problem to show that
a.s.

liminf \,,,(n " 'GG*) = (1 — /y)*

n—oo

Following Silverstein [Sil85], we have A,,,(GG*) = A,,,(BB*) where B is as in (4.7).
Observe that BB* is tridiagonal. One can then control \,,(BB*) by using the law of
B and the Gersgorin disks theorem which states that if A € M,, ,(K) then

{M(A), . A (A} C ULz €Cilz— Aiil <} where 1= |A; 5.
i=1 j#i
When K = C, an alternative approach is based on the determinental/polynomial
formula for the density of the eigenvalues of GG*, and can be found in [Led04]. O

Theorem 4.2.4 (Fluctuation of smallest singular value for hard edge)
Assume that m = n.

— If K = C then for everyn € {1,2,...}, the random variable (v/n 5,(G))? follows
an exponential law of unit mean with Lebesgue density x — exp(—x). In other
words, for everyn € {1,2,...} and any real number t > 0,

P(vnsn(G) > t) = exp (—t?).
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— If K = R then the random variable (v/n s,(G))? converges in distribution as
n — oo to the law with Lebesgue density density

T 1;\/\;{56Xp (—;x— ﬁ)

In other words, for every real number t > 0,

lim P(vns,(G) >t) =exp (—;tQ - t).

n—oo

Idea of the proof. — When K = C, it suffices to integrate over all but the
smallest eigenvalue. This gives that the random variable n\,, (GG*) = ns, (G)? follows
an exponential law with unit mean. This is immediate when n = 1 from . When
K = R, one can proceed as for the complex case, but with this time 8 = 1. This
makes the computations non explicit for a fixed n due to the factors )\;1/ 2 which were
not present for K = C. However, following Edelman [Ede88], for every n,

1 1
M (GG*) = 5,(G)?  has density proportional to z ﬁUn(g) exp (—2nac>

where U, is the Tricomi function, unique solution of the Kummer differential equation
22U (z) — (1 + 22)U},(z) — (n — 1)Up(z) =0

with boundary conditions 2U, (0)I'(1 + n/2) = /7 and U,(co) = 0. The Tricomi
function admits an integral representation, and is also known as the Gordon function
or the confluent hypergeometric function of the second kind, see [AS64, Chapter
13.6]. The behavior of the Tricomi function gives the limiting law of \/ns,(G). O

Theorem 4.2.5 (Convergence of largest singular value)
If m = m,, — 0o with lim,_,oc My, /n =y € (0,00) then

1 21 o as, 2
(Jro1(@) = tuce) 25 0+ i

Idea of the proof. — Corollary reduces the problem to show that
limsup \; (n T 'GG*) < (1+ )%

n—oo

This was proved in turn by Geman [Gem80], following an idea of Grenander. The
method, which can be seen as an instance of the so called power method, consists in
the control of the expected operator norm of a power of n~"'GG* with the expected
Frobenius norm, and then in the usage of expansions in terms of the matrix entries
via the trace formula for the Frobenius norm. This method does not rely on explicit
Gaussian computations. When K = C, one can use the determinental /polynomial
formula for the density of the eigenvalues of GG* as in the work of Ledoux [Led04].

O

Gaussian exponential bounds for the tail of the singular values of G are also avail-
able, and can be found for instance in the work of Szarek [Sza91], Davidson and
Szarek [DS01], Haagerup and Thorbjgrnsen [HT03|, and Ledoux [Led04].
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The fluctuation of the smallest singular value in the hard edge case given by theo-
rem can be also expressed in terms of a Bessel kernel, see for instance the work
of Forrester [For10Q]. Let us consider now the fluctuation of the largest singular value
around its limit. The famous Tracy—Widom laws TW; and TW; are known to de-
scribe the fluctuation of the largest eigenvalue in the ensembles of square Hermitian
Gaussian random matrices (GOE for K = R and GUE for K = C), see [TW02]. One
can ask if these laws still describe the fluctuations of the largest singular values of the
Gaussian matrix G. By definition, TW; and TW, are the probability distributions
on R with cumulative distribution functions F} and F5 given for every s € R by

F5(s) = exp (—/ (x — s)q(x)? dac) and F(s)* = Fy(s)exp (—/ q(x) d:c)
S S
where ¢ is the solution of the Painlevé II differential equation

¢ (x) = zq(z) + 2¢° ()

with boundary condition g(z) ~ Ai(z) as x — oo, where Ai is the Airy function

1 [ 1
Ai(x) := ;/0 cos <3t3 + xt) dt.

The Airy function Ai is also uniquely defined by the properties
1 2 .
Ai"(z) = zAi(z) and Ai(z) ~p oo W exp <3$3/2).

The function F» can be expressed as a Fredholm determinant: Fy(s) = det(I — Ay)
where A; is the Airy operator on square integrable functions on (s, c0), with kernel

Ai(z)Ai' (y) — A’ (z)Ai

Aoy oo ME@AT ) — AV ()AIG)
r—=y

See for instance [Dei99), [Dei07] and [Forl0] for more information, and [ERO05|] and

[JTohO1] for the numerical evaluation of F; and F5.

Theorem 4.2.6 (Fluctuation of largest singular value)
If m = m,, — oo with m,, < n and lim,_,o m,/n =1y € (0,1] then, by denoting

2
UBm = (\/n +B8—-2+ \/ﬁ) and opy = 1/,tw,n(

the random variable

1 1 1/3
,Wﬁ_ﬁm) ’

Sl(G)2 — KB,n
08n
converges narrowly as n — oo to the Tracy—Widom law TWg. Moreover, if y > 1
then the result remains true up to the swap of the roles of m and n in the formulas
(recall that G and G* have same singular values).

For K = C and m = n, we have 8 = 2 and ps,, = 4n while oy, = (16n)/3. The
Tracy—Widom fluctuation based on the Airy kernel describes also the fluctuation of
the smallest singular value in the soft edge regime (y < 1), see for instance the book
by Forrester [For10] and the approach of Ledoux [Led04].
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FIGURE 3. Density of TW3 for 8 =1 (blue) and 8 = 2 (red), obtained by
using the GNU-R package RMTstat.

Idea of the proof. — The proofs of Johnstone [Joh01] and Johansson [JohO0O] are
based on the determinental/polynomial approach. Let us give the first steps when
K =C. If S is as in (4.10), then for every Borel function f : [0,00) — R,

E [H 1+ FORGGN) | = cpm det(I + SF)

k=1

where ¢y, is a normalizing constant. Here one must see S as an integral operator.
For the particular choice f = —1[; ) for some fixed ¢ > 0, this gives

P(lg}cagxm M (GGY) = t> = cp,m det(f — S]l[t,oo))-
Now the Tracy and Widom [TW02] heuristics says that the determinant in the right
hand side satisfies to a differential equation, which is Painlevé 1T as n — oco. See also
the work of Borodin and Forrester [BF03), [For10], and the work of Ledoux [Led04]
inspired from the work of Haagerup and Thorbjgrnsen [HTO03].

An alternative approach, based on the bidiagonalization trick (4.7)), was provided
by Ramirez, Rider, and Virdg [RRV09]. This can be viewed as the S-Laguerre
(LUE and LOE) analogue of the work of Edelman and Sutton [ES05] for f—Hermite
ensembles (GUE and GOE). In particular, it provides the convergence of the rescaled
extremal singular values to a Schrodinger operator. O

The largest eigenvalue of such matrices can be seen as the maximum of a ran-
dom vector with correlated coordinates (Vandermonde repulsion). Here the asymp-
totic fluctuation is not captured by classical extreme values theory for i.i.d. samples
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(Gnedenko—Fréchet—Fisher-Tippett—Gumbel theorem, see [Res08]). The laws TW;
and TW5 are unimodal, asymmetric, with exponentially light tails. For instance, TW;
has a left tail &~ exp (—5;|2|*) and a right tail ~ exp (—2|z|*/2), see [JohO1].

The study of the extremal singular values s1(G), s,(G) and the condition number
k(GQ) = $1(G)/sn(G) of the random Gaussian matrix G was motivated at the origin
by the behavior of numerical algorithms with random inputs. This goes back at least
to von Neumann and his collaborators [vIN63l, vING47], Smale [Sma85], Demmel
[Dem88|, and Kostlan [Kos88]. Note that if m = n then

L si(@) a6 _ 1.
W@ =@ =\ Awiaen — VHEE = ﬁ“(n e )

An elementary result on k(G) is captured by the following corollary. For sharp esti-
mates on the tails of k(G), see for instance the work of Edelman and Sutton [ES05],
Szarek [Sza91], Azais and Wschebor [AW05], and also Chen and Dongarra [CD05].
These sharp bounds involve the control of the joint law of the extremal singular values.
This joint law can be expressed with zonal polynomials and hypergeometric functions
[Mui82, RVAO05]. This expression is difficult to exploit. The approach of Azais and
Wschebor [AWO05] is based on Rice formulas for Gaussian processes extrema, see
[AWQ9]. For the case § & {1,2}, see for instance [DKO8| and references therein.

Corollary 4.2.7 (Condition number, m =n). — If m = n then n=! k(G) con-
verges in distribution as n — oo to a law with Lebesque density

Mexp( 1_alc> if K =R,

3 212

436Xp<—1> if K=C.
x

2

T —

Proof. — Theorem [4.2.5|gives that a.s. s1(G) = (2+0(1)) v/n as n — oo. We conclude
by using the Slutsky lemma and the limiting law of v/n s,(G) (theorem [4.2.4). O

4.3. Universality of the Gaussian case

Gaussian random matrices with i.i.d. entries such as G have the advantage to allow
explicit computations. But one can ask if such Gaussian matrices are good enough
for the modelling of random inputs of algorithms. For instance, the support of such
random matrices is essentially concentrated on a centered Frobenius ball, which can
be seen as a drawback. More generally, let us consider a sample of n i.i.d. random
column vectors of K™. One can ask about the behavior of the eigenvalues of their
empirical covariance matrix in the situation where the common law of the vectors. . .

— is not centered

— is not a tensor product

has only few finite moments (heavy tails)

does not have a density (for instance Bernoulli or Rademacher entries).
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It is rather difficult to give a comprehensive account on the available literature in
few pages. Regarding independent column vectors, a whole line of research is based
on tools and concepts from high dimensional geometric analysis, such as the work of
Mendelson and Pajor [MPO06] and the work of Adamczak, Guédon, Litvak, Pajor,
and Tomczak-Jaegermann [AGLT08]. In the sequel, we restrict our attention on
some few results regarding the singular values of random matrices with i.i.d. entries.

Many results for random matrices with i.i.d. Gaussian entries remain valid for non
Gaussian entries when the moments match the Gaussian moments up to some order.
This is referred as “universality”. Let (X; ;); j>1 be an infinite matrix with i.i.d.
entries in K. We consider in the sequel the m x n random matrix

X = (Xij)i<i<m, 1<ign-

When X;; is a standard Gaussian random variable then X 2 G where G is the
Gaussian random matrix of the preceding section. Note that if the law of X ; has
atoms, then X X* is singular with positive probability, even if m < n. Moreover, if
X1,1 is not standard Gaussian, the law of X is no longer K—unitary invariant, and
the law of the eigenvalues of X X* is not explicit in general. One of the first universal
version of theorem is due to Wachter [Wac78|. See also the review article of
Bai [Bai99]. For the version given below, see the book of Bai and Silverstein [BS10],
and the article by Bai and Yin [BY93] on the behavior at the edge.

Theorem 4.3.1 (Universality for bulk and edges convergence)

If X11 has mean E[X11] € K and variance E[|X11 — E[X11]?] = 1, and if m =
my, — 00 with m,/n — y € (0,00), then the conclusion of theorem remain
valid if we replace G by X. Moreover, if E[X11] = 0 and E[|X11]|*] < oo then the

conclusion of theorem (when y € (0,1)) and theorem remain valid if we
replace G by X. If however E[| X1 1|*] = oo or E[X1 1] # 0 then a.s.

limsup Ay (n ' X X™) = 0.
n—oo

The bulk behavior is not sensitive to the mean E[X], and this can be understood
from the decomposition X = X — E[X] + E[X] where E[X] = E[X;:](1 ® 1) has
rank at most 1, by using the Thompson theorem Regarding empirical covari-
ance matrices, many other situations are considered in the literature, for instance
in the work of Bai and Silverstein [BS98|, Dozier and Silverstein [DS07al, [IDS07Db],
Hachem, Loubaton, and Najim [HLNO6|, with various concrete motivations ranging
from asymptotic statistics to information theory and signal processing.

The universality of the fluctuation of the smallest and largest eigenvalues of em-
pirical covariances matrices was studied for instance by Soshnikov [Sos02], Baik, Ben
Arous, and Péché [BBAPO5], Ben Arous and Péché [BAPO5], El Karoui [EKO0T],
Féral and Péché [FP09], Péché [Péc09], Tao and Vu [TV09b], and by Feldheim and
Sodin [FS10]. The following theorem on the soft edge case, due to Feldheim and
Sodin [FS10], includes partly the results of Soshnikov [Sos02| and Péché [Péc09].

Theorem 4.8.2 (Universality for soft edges). — If the law of X1 1 is symmetric
about 0, with sub-Gaussian tails, and first two moments identical to the ones of G 1,
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and if m = m,, — 0o with m,, < n and lim, o my/n =y € (0,00), then s1(X)? has
the Tracy—Widom rates and fluctuations of s1(G)? as in the Gaussian theorem .
If moreover y < 1 then the same holds true for the smallest singular value s, (X)?.

The following theorem concerns the universality of the fluctuations of the smallest
singular value in the hard edge regime, recently obtained by Tao and Vu [TV09b].

Theorem 4.3.3 (Universality for hard edge). — If m = n and if X1,1 has first
two moments identical to the ones of G11, and if E[| X1,1]1°°%] < oo, then the random
variable (v/n 5,(X))? converges as n — oo to the limiting law of the Gaussian case
which appears in theorem [{.2.]}

Actually, a stronger version of theorems and [4:3.3]is available, expressing the
fact that for every fixed k, the top and bottom k singular values are identical in law
asymptotically to the corresponding quantities for the Gaussian model.

Following [TV09b], theorem implies in particular that if X;; follows the
symmetric Rademacher law %(5,1 + 561 then, for m = n, for all £ > 0,

t2

1 2

P(vn sn(X) < t) = / L4 VE e vE gy o(1) =1—e 28"t 4 o(1).
0 2z

In [TV09Db], the o(1) error term is shown to be of the form O(n~¢) uniformly over ¢.

This is close to the statement of a conjecture by Spielman and Teng on the invertibility

of random sign matrices stating the existence of a constant ¢ € (0, 1) such that

P(v/nsn(X) <t) <t+c" (4.11)

for every t > 0. The ¢” is due to the fact that X has a positive probability of
being singular (e.g. equality of two rows). In 2008, Spielman and Teng were awarded
the Godel Prize for their work on smoothed analysis of algorithms [STO03), [ST02].
Actually, it has been conjectured years ago that

P(sn(X) = 0) = (; + 0(1)>n.

This intuition comes from the probability of equality of two rows, which implies
that P(s,(X) = 0) > (1/2)™. Many authors contributed to this difficult nonlinear
discrete problem, such as Komlés [Kom67], Kahn, Komlés, and Szemerédi [KKS95],
Rudelson [Rud08|, Bruneau and Germinet [BG09], Tao and Vu [TV06, [TVO07,
TV09al, and Bourgain, Vu, and Wood [BVW10] who proved that

n
P(s,(X) =0) < (\}5 + 0(1)) for large enough n.

Back to theorem the bulk behavior when X ; has an infinite variance was
recently investigated by Belinschi, Dembo, and Guionnet [BDGO09], using (4.1)). They
considered heavy tailed laws similar to a—stable laws (0 < a < 2), with polynomial
tails. For simulations, if U and ¢ are independent random variables with U uniform on
[0,1] and € Rademacher £6_; +16;, then the random variable T = £(U /% —1) has a
symmetric bounded density and P(|T| > t) = (14¢)~“ for any ¢ > 0. In this situation,

the normalization =" in n~' X X* must be replaced by n~2/®. The limiting spectral
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distribution is no longer a Marchenko—Pastur distribution, and has heavy tails. In
the case where X ; is Cauchy distributed, it is known that the largest eigenvalues are
distributed according to a Poisson statistics, see the work of Soshnikov and Fyodorov
[SFO05] and the review article by Soshnikov [Sos06]. On can ask about the invertibility
of such random matrices with heavy tailed i.i.d. entries. The following lemma gives
a rather crude lower bound on the smallest singular value of random matrices with
i.i.d. entries with bounded density. However, it shows that the invertibility of these
random matrices can be controlled without moments assumptions. Arbitrary heavy
tails are therefore allowed, but Dirac masses are not allowed.

Lemma 4.3.4 (Polynomial lower bound on s, for bounded densities)
Assume that X1, is absolutely continuous with bounded density f. If m = n then
there exists an absolute constant ¢ > 0 such that for everyn € {1,2,...} and u = 0,

P(Vnsn(X) <) < en? ||f]| o v’

From the first Borel-Cantelli lemma, it follows that there exists b > 0 such that
a.s. for large enough n, we have s, (X) > n=°.

Proof. — Let Ry,...,R, be the rows of X. From lemma [4.1.11| we have
win dista(R;, R—;) < Vnsp(X).
Consequently, by the union bound and the exchangeability, for any u > 0,
P(v/n sp(X) < u) < nP(disto(Ry, R_1) < u).

Let Y be a unit normal vector to R_;. Such a vector is not unique, but we just
pick one which is measurable with respect to Ra,...,R,. This defines a random
variable on the unit sphere So(K") = {& € K" : |z|, = 1}, independent of R;. By
the Cauchy-Schwarz inequality, we have |Ry - Y| < [p(R1)|5|Y ], = dista(R1, R_1)
where p(-) is the orthogonal projection on the orthogonal space of R_;. Actually,
since the law of X ; is diffuse, the matrix X is a.s. invertible, the subspace R_; is a
hyperplane, and |R; - Y| = disto (R, R_1), but this is useless in the sequel. Let v be
the distribution of ¥ on S3(K™). Since Y and R; are independent, for any u > 0,

Pdista (1, Roa) <) <POR Y <) = [ BOR: 3] <) dvly)
S (KT

Consider some y € So(K™). Since |y|, = 1, there exists some i € {1,...,n} such
that |y;| > 0 and |y;|~" < v/n. The random variable X, is absolutely continuous
with density |y;| =1 f(7i ' -). Now, the random variable R; -y is a sum of independent
random variables X; 171, ..., X1 » Un, and one of them is absolutely continuous with
a density bounded above by /n || f||,,. Consequently, by a basic property of con-
volutions of probability distributions, the random variable R; - y is itself absolutely
continuous with a density ¢ bounded above by v/n | f||,. Therefore, we have,

2uy/n if K =R,
PiRcal <= [ ptas< 2y Wl
{zE K 2| <u} muiy/n | fll, i K=C.
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The proof of lemma above is quite instructive. Let us focus on the control
of P(|Ry - y| < u) when u is small. In the case where £ is Gaussian, the rotational
invariance of the distribution of R; implies that the quantity P(|R;y - y| < u) does not
depend on y and is of order u (take for y an element of the canonical basis and use the
fact that £ has a bounded density). However, when L is not Gaussian, the quantity
P(|R; - y| < u) depends heavily on £. Recall that the simple lemma above does not
allow atoms in £. In particular, it does not cover the case where £ is Rademacher
%6,1 + %6“. Such discrete matrices have a positive probability of being singular. In
this discrete case, the quantity P(|R; - y| < u) depends heavily on the arithmetic and
sparsity structure of the coordinates of 3. For instance, if y = n=2(e; + --- + e,),
then by the central limit theorem, the quantity P(|R; -y| < w) is of order u as n — oo,
whereas if y = 271/ 2(eq + e3) then we get a completely different behavior:

Also, one should restart from s,,(X) = min,|,—; |Xx|, and partition the unit sphere
into “compressible” and “incompressible” vectors. This leads to the use of e—nets
techniques and to the consideration of Littlewood—Offord type problems for the con-
trol of small balls probabilities. In this direction, an important step was first made by
Rudelson [Rud06]. Later, Rudelson and Vershynin [RVO08b, RV08a] have shown
that if X ; has zero mean, unit variance, and finite fourth moment, then for any fixed
t > 0 (recall that m = n),

P(vis,(X) <4) < f(t) +o(1) and P(vis,(X) > ) < g(t) +o(1)

where f, g do not depend on n and f(¢),g(t) — 0 as t — 0, and where o(1) is relative
to n — oo. Moreover, if the entries are additionally sub-Gaussian then there exist
constants C' > 0, ¢ € (0,1) depending only on the moments such that for any ¢ > 0,

P(vns,(X) <t) < Ct+c". (4.12)

Since the Rademacher law is sub-Gaussian, the remarkable bound proves, up
to the multiplicative constant C, the conjecture of Spielman and Teng (4.11)). The
proof of Rudelson and Vershynin has many ingredients, including an upper bound on
the right tail of the largest singular value and a lower bound on the smallest singular
value of rectangular matrices obtained in [LPRTJO05] (see also the more recent work
IRV09]). Regarding moments, Tao and Vu have shown [TV08), [TV09a] that under
the sole assumption that X;; has non zero finite variance then for any constants
a,c > 0 there exists b > 1/2 depending on a, ¢ and the law of X ; such that for any
n x n deterministic matrix ¥ with [|Y||,_,, < n¢,

P(vVns, (X +Y)<nb) <n (4.13)

Actually, one can find in [TV09c] many bounds of this flavor. For instance, under
the sole assumptions that X; ; has zero mean and unit variance, for any fixed a > 0,

P(\/n 5, (X) < n-22970%) L prato(), (4.14)

The bounds (4.13H4.14)) are less precise than the bound (4.12) but do not rely on
moments assumptions beyond the finite variance. With lemma[4.3.4]in mind, one can
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ask if the finite moment assumption in (4.13)) can be weakened in order to allow for
instance heavy tailed non centered discrete laws such as the Zipf type law

C(s)_1 in_sén
n=0

where s > 0, and where ( is the Riemann zeta function.

4.4. Comments

The singular values of deterministic matrices are studied in many books such as

[HJ90, [HJ94], [Bha9T|, and [Zha02]. For the algorithmic aspects, we recommend
[GVLI6] and [CGO5]. The singular values of random matrices are studied in the

books [Meh04], [Dei99], [For10], [AGZ09].






CHAPTER 5

EMPIRICAL METHODS AND SELECTION OF
CHARACTERS

The purpose of this chapter is to present the connections between two different
topics. The first one is a recent subject about reconstruction of signals with small
supports from a small amount of linear measurements, called also compressed sensing.
A big amount of work was recently made to develop some strategy to construct an
encoder (to compress a signal) and an associate decoder (to reconstruct exactly or
approximately the original signal). Several deterministic methods are known but
recently, some random methods allow the reconstruction of signal with much larger
size of support. A lot of ideas are common with a subject of harmonic analysis, going
back to the construction of A(p) sets which are not A(q) for ¢ > p. The most powerful
method was to select a random choice of characters via the method of selectors. In
a different direction, we will discuss about the problem of selecting a large part of a
bounded orthonormal system such that on the vectorial span of this family, the Lo
and the L; norms are as close as possible. The study of some empirical processes is
at the heart of these proofs and it is the main connection between these subjects.

5.1. Reconstruction of signals with small support by random methods.

5.1.1. Presentation of the problem. — Let U € RY (or CV) be an unknown
signal. We receive ®U where ® is an n x N matrix with rows Y7,...,Y;, € RY (or
C") which means that

Y
b = : and QU = ((Y3,U))i<i<n
Ya

and we assume that n < N — 1. In this case the linear system to reconstruct U is ill-
posed. However, the main information is that U has a small support in the canonical
basis chosen at the beginning, that is |supp U| < m. We also say that U is m-sparse
and we denote by X, the set of m-sparse vectors. Our aim is to find conditions on
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®, m, n and N such that the solution of the problem
min {|t|; : U = &t 5.1
min {Jfs } (5.1)
is unique and equal to U. This minimization problem is called the basis pursuit
algorithm and we refer to Chapter [2| for more details about the description of this

problem. Let us recall (see Proposition [2.2.11]) that the property “for every signal
U € X,,, the solution of (5.1)) is unique and equal to U” is equivalent to the following

Vh € ker @, h # 0,1 C [N, [I] <m, > [hi| < |hil.
i€l il
This property is also called the null space property. Let C,, be the cone
Con = {h € RY 3T C [N] with |I| <m, |hrey < |hs]i}-

The null space property is therefore equivalent to ker ® N C,, = {0}. Introducing an
intersection with the Euclidean sphere SV ! the following picture makes the situation
clear:

ker ®

Fi1GURE 1. The null space property.

In conclusion, we can say that

“for every signal U € %,,, the solution of (5.1]) is unique and equal to U”
if and only if
ker® N C,,, N SN = ().

We observe the following simple fact: if ¢t € C,, N SV~! then

N

=D [l =D It + )t <2 |t < 2v/m

i=1 iel il il

since |I| < m and |t|s = 1. This implies that
Crn N SN™1 C 2¢/mBY NSVT!
from which we conclude that if
ker ® N2ymBY N SN~ =0

then “for every U € ¥,,, the solution of (5.1)) is unique and equal to U”. We can now
state the conclusion of this introduction.



5.1. RECONSTRUCTION OF SIGNALS WITH SMALL SUPPORT BY RANDOM METHODS. 99

Proposition 5.1.1. — Denote by diamT the half-diameter of a set T with respect
to the Fuclidean distance:

diam T = sup |t|o.
teT

If

diam (ker ® N BY) < (5.2)

1
2y/m
then “for every U € ¥,,, the solution of the basis pursuit algorithm (5.1) is unique
and equal to U”.

In this chapter, instead of considering the RIP property (as discussed in Chapter
, we will focus on the condition about the half-diameter of the section of the unit
ball of /¥ with the kernel of the matrix ®. The main reasons are that it is a very
simple condition that was deeply studied in the so called Local Theory of Banach
Spaces during the seventies and the eighties, that it will give sharp results and that
this condition is very stable and allows also approximate reconstructions. Moreover
we will meet exactly the same question when studying another problem of harmonic
analysis.

5.1.2. Notations. — We briefly indicate some notations that will be used in this
section. For any p > 0 and t € RY | we define its £,-norm by

N 1/17
1y = (z wy)
=1

1 N 1/p
el = (N@w) .

For p = 00, [t|os = [|tloc = max{[t;| : i = 1,...,n}. We denote by B} the unit ball
of the £,-norm in RY. The half-diameter of a set T C RY is

and its L,-norm by

diam T = sup |t|o.
teT

More generally, if p is a probability measure on a measurable space €2, for any
p > 0 and any measurable function f, we denote its L,-norm and its L.-norm by

1/p
||fp=</ If”du> and  |flloe = sup /.

The unit ball of L,(u) is denoted by B, and the unit sphere by S,. If T C Lo(p)
then its half-diameter with respect to La(p) is defined by

Diam T = sup ||t]|2.
teT

Observe that it p is the probability counting measure on R, B,=N 1/ pBI],V and for
a subset T' C Ly(p), VN Diam T = diam 7.
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The letters ¢,C are used for numerical constants which do not depend on any
parameter (dimension, size of sparsity, ...). Since the dependence of these parame-
ters is important in this study, it will be always indicated (as precisely as we can).
Sometimes, the value of these numerical constants can change from line to line.

5.1.3. Approximate reconstruction via the study of the half-diameter of
sections.— We explain in the following theorem why the same type of condition
than about the size of the half-diameter of the section allows also approximate
reconstruction of the original unknown signal.

Theorem 5.1.2. — Let U € RY be an unknown signal, ® be an n x N matric
(encoder) and x be a solution of the minimization problem (5.1))

trgﬂ%{r}lv {It]s : U = Dt} .
Let m be an integer such that 1 < m < N. If
diam (ker® N BY) < p < L
2y/m
then for any set I C {1,...,N} of cardinality less than m

2p
—Uly < Ul £ —————|Ur<|h.
|z la<plz |1*1—2p\/ﬁ|1|1
In particular: if diam (ker ® N BYY) < 1/4y/m then for any subset I of cardinality less
than m,

[z =Uh _ Ul
4y/m — ym '
Moreover if U € BY _ i.e. if for all s >0, |{i,|U;| > s}| < s7P then

p,00
‘LL'—U|1 < 1

O

Proof. — Since diam (ker ® N BY) < p we get that for any h € ker ®, |hla < p|hl;.
Since & — U € ker @ then |x — Ul < p|x — U|;. The set I has cardinality less than m
hence by Holder inequality, for any h € ker @,

|hilr < vmlhila < /mlh|a < pv/ml|hl;.

By definition of the ¢;-norm, |h|; = |hr|1 + |hre|1 and we conclude that for any
heker®, if 1 — py/m >0,

‘.’E—U|2§

|z —Ula <

Nl=

Mm,eh. (5.3)

1—pym

Moreover, z is a solution of the minimization problem (5.1)) hence 2z — U € ker ® and
|z|1 < |U]1. Since |z|1 = |xr|1 + |zre]1 and |U]y = |Ur|1 + |Ure|1, we deduce that
|zre[1r < |Urly — |21l + |Ure|r < |op — Urly + |Ure|y. Therefore,

|zre — Urely < |are|t + |Urely < |zr — Urly 4 2|Usels.

|hr|q

IN
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Since © — U € ker ®, we can combine this inequality with (5.3]) to conclude that

m 2py/m
|1§7|$1c*Uzc|1§L _2pVim_

1—pym 1—pym 1—pym
The general conclusion of the Theorem follows. The particular case is obtained by
taking p = 1/4y/m. Moreover, if U € B)Y_, we denote by (U})}, the non-increasing

rearrangement of (|U;|)¥.; and we get by definition that for all i = 1,..., N, U} <
i~1/P_ Let I be a set of indices of the m-th largest coordinates of U therefore

N N +oo 1
|Upe|y = ZUi*S Zi_l/pé/ S_l/pdsz()ill‘
m ].—p P

m—+1 m+1 me

lzr — Ur|i + |Urel.

O

Remark 5.1.3. — This Theorem gives an alternative proof of the exact reconstruc-
tion property discussed in Proposition [5.1.1 Indeed, we apply the general conclusion
taking the set I as the support of the unknown signal which means that |Ure|; = 0.

5.1.4. Approximation numbers and local theory of Banach spaces. — Let
u : X — Y be an operator between Banach spaces. Let £ > 1 be a natural integer.
Recall the definition of the approximation numbers of u

ag(u) = inf{|lu—v||: v:X = Y,rank (v) < k}.
The Gelfand numbers of u are defined as
ce(u) = inf{|| wg ||: S C X, codim$ < k}
= inf .
SCX,Cl()r(liirnS<k IES,SHI;ﬁxfl ||U(33)||Y

For any closed subspace S C X, we denote by QJg the quotient mapping from X onto
X/S. We define the Kolmogorov numbers of u as

di(u) = inf{||Qsu| : S C X,dim S < k}.

The sequences (ax(u))k>1, (cx(w))k>1, (dp(u))r>1 are all non-increasing and satisfy
a1(u) = c1(u) = di(u) = JJu||, cp(u) < ag(u), dg(u) < ag(u). Moreover, we have
ci(u) = di(u*) and if u is compact, we have di(u) = cx(u*) and ag(u) = ag(u*). In
the finite dimensional setting, we are interested in the optimal dependance in k and
the dimension. For example, considering the identity map from ¢ to £5, the Gelfand
numbers are

cr(id: Y — 05) = gt diam (S0 BY)

and any upper bound on these numbers gives a solution to (5.2]) for a matrix ® such
that S = ker ®. The study of these numbers attracted a lot of attention during the
seventies and the eighties. An important result is the following

Theorem 5.1.4. — There exist numbers ¢,C > 0 such that for any integer N > 1
and k€ {1,...,N},

coin {1\ P50 < i ) < Comin {1, PSQTR
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The upper bound follows from the fact that if g; ; are independent Gaussian standard

P (diam (ker ® N B1Y) < C'min {1, log(i\ﬁk)}) > 1 — exp(—ck).

Using Proposition the following result is an immediate corollary about the
basis pursuit algorithm and the exact reconstruction property of random Gaussian
matrices.

Corollary 5.1.5. — For every natural integers N andn < N, if g; ; are independent
Gaussian standard random variables and ® = (g; j)1<i<n1<j<n : RY — R", if
n
m< C— ——
= “log(N/n)
then with probability greater than 1 —exp(—cn), for every U € ¥,,, the solution of the
basis purswit algorithm (5.1) is unique and equal to U.

The estimate of a lower bound of the Gelfand numbers is based on a volumetric
and entropic argument. We will not prove it and will focus on the study of the upper
bound. The first important and simple idea to study the diameter of a section of a
star shape body by a vectorial subspace is the following.

Proposition 5.1.6. — Let T be a star shape body with respect to the origin that is
a compact subset T of RN such that for any x € T, the segment [0, z] is contained in
T. Let ® be an n x N matriz with rows denoted by Y1,...,Y,.

n

If inf > (Yiy)? >0 then diam(ker®NT) < p.

TNpSN-1
yelne i=1

Remark 5.1.7. — By a simple compacity argument, the reciprocal of this statement
holds true. We can also replace the Euclidean norm |®z|2 by any other norm ||®z]|.

Proof. — The argument is geometric. Indeed, if z € T N pSN~! then |®z]3 > 0 so
2 ¢ ker ®. Since T is star shaped, if y € T and |y|a > p then 2z = py/|yl2 € TNpSN~1
so z and y do not belong to ker . O

The vectors Y7, ...,Y, will now be chosen at random and we will find the good
conditions such that, in average, the key inequality of this proposition holds true.
In the case of Theorem the rows of the matrix ® are independent copies of a
standard random Gaussian vector in RY.

5.1.5. A way to construct a good random decoder. — The setting of the
study is the following. We start with a square N x N orthogonal matrix and we
would like to select n rows of this matrix such that the n x N matrix ® is a good
decoder for every m-sparse vectors. In view of Proposition we want to find the
conditions on n, N and m such that

1

diam (ker ® N By') < ——.
iam (ker 1)_2\/771
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The main examples are the discrete Fourier matrix with

1 .
e = —\/N Wk 1<k, 0<N wherew =exp(—2ir/N),
and the Walsh matrix defined by induction: W7 = 1 and for any p > 2,

W, = L Wpr Wy
PV W W )0
1

The matrix W), is an orthogonal matrix of size N = 2P with entries N In each
case, the column vectors form an orthonormal basis of £, with £,.-norm bounded by
1/v/N. We will consider more generally a system of vectors ¢1,..., ¢y such that

() it is an orthogonal system of £},
Vi < N, |biloo < 1/V/N and |¢;]o = K where K is a fixed number.

5.1.5.1. The empirical method. — The first definition of randomness is an empirical
one. Let Y be the random vector defined by Y = ¢; with probability 1/N and let
Y1,...,Y, be independent copies of Y. We define the random matrix ® by

Y1
P =
Y,
We have the following properties:
N
1 K? K?n
E(Y,y)* = ;<¢i,y>2 = vl and E|®y[5 = ——lyl3. (5.4)

In view of Proposition [5.1.6] we would like to find p such that

n
E inf Y, y)? > 0.
yeTNpSN-1 ;< ‘ y>
However it is difficult to study the infimum of an empirical process. We shall prefer
to study

n

K2 np?
Z<Yi7 v - —x
=1
that is the supremum of the deviation of the empirical process to its mean (because
of (5.4])). We will focus our attention on the following problem.

E sup
yeTNpSN—1

Problem 5.1.8. — What are the conditions on p such that we have
2, 2

< 2K,

-3 N

n

K2 np?
> (Yiy)? -
(Yi,y) I

i=1

E sup
yeTNpSN—1

Indeed if this inequality is satisfied then there exists a choice of vectors (Y;)i<i<n
such that

n

K?%np?
> (Yiy)® -
i:1< ) ~

< 2K2np2

Yy e T NpSN—1
Y e 14 y =37 N
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from which we deduce that

1 K2 np?

237N > 0.

VyeTnpSV! ZY@/
i=1

Therefore, by Proposition we conclude that diam (ker ® N T) < p. Doing this
with T = B, we will conclude by Proposition that if

1
A2

<
m v

then the matrix ® is a good decoder, that is for every U € 3,,, the solution of the
basis pursuit algorithm (5.1]) is unique and equal to U.

Remark 5.1.9. — The number 2/3 can be replaced by any number strictly less than
1.

5.1.5.2. The method of selectors. — The second definition of randomness uses the
notion of selectors. Let § € (0,1) and let §; be i.i.d. random variables taking the
value 1 with probability § and 0 with probability 1 —§. We start from the orthogonal
matrix with rows ¢1, ..., ¢n and we select randomly some rows to construct a matrix
® with rows d1¢1,...,0n¢n. This matrix will contain some rows equal to zero that
we will “erase” and we will keep the rows that we have selected from the starting
orthogonal matrix. The number of non-zero lines will be highly concentrated around
SN. The problem can be stated in the following way:

Problem 5.1.10. — What are the conditions on p such that we have

2
sup 8i(pi,y)? — OK?p?| < S6K?p* ?
yETﬁpSN 1 Z 3

The same argument as before shows that if this inequality is satisfied for T = BV
then there exists a choice of selectors such that diam (ker ® N BYY) < p and we will
conclude as before that the matrix ® is a good decoder.

Before we state and explain the main results, we will need some tools from the
theory of empirical processes to solve Problems and and also to get de-
viation inequality in order to deduce some probabilistic estimate (instead of just the
existence of a matrix ®).

5.2. Empirical processes

5.2.1. Classical tools. — A lot is known about the supremum of empirical pro-
cesses and the connection with Rademacher averages. We refer to the chapter 4 of
[ILT91] for a detailed description. We recall the important comparison theorem for
Rademacher average.
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Theorem 5.2.1. — Let F : Rt — RT be an increasing convex function, let h; : R —
R be contractions such that h;(0) = 0. Then for any separable bounded set T C R"™,

Z&ZZ ><EF<§E¥ ZEH>.

i=1
The proof of this theorem is however beyond the scope of this chapter. We will
concentrate on the study of the average of the supremum of some empirical processes.
Consider n independent random vectors Y7,...,Y, taking values in a measurable
space {) and F be a class of measurable functions, and define

EF ( sup
teT

n

Z = sup Z(f(yz) —-Ef(Yi))]-

feF i1

The situation will be different from Chapter [1] because the control on the 1, norm of
f(Y;) will not be relevant in our situation. In this case, a classical strategy consists
to “symmetrize” the variable and to introduce Rademacher averages.

Theorem 5.2.2. — Consider n independent random vectors Y,...,Y, taking val-
ues in a measurable space U, F be a class of measurable functions and e1,...,e,
be independent Bernoulli random wvariables, independent of the Y;’s. Denote by E.
the expectation with respect to these Bernoulli random variables. Then the following
inequalities hold true.

E sup ;(f(Yi)—Ef(E-)) < 2EE. sup |} Zé‘zf (5.5)
EsupZ\f )| < supZELf )| + 4EE, e sup |} ZEZ (5.6)

If for every f € ]—", IEf( Y;) =0 then
EE. sup Zel < 2Esup Zf (5.7)

Proof. — Let Y{,...,Y, be independent copies of Yi,...,Y,. We replace Ef(Y;)
by E'f(Y/) where E’' denotes the expectation with respect to the random vectors
Y/,..., Y, then by Jensen inequality,
n

E sup Z(f(yz) -Ef(Y2))

fer iz

< EE sup
fer iz

The variables (f(Y;) — f(Y/))i<i<n are independent symmetric hence (f(Y;) —
f(Y/))1<i<n has the same law as (g;(f(Y;) — f(Y/)))1<i<n where £1,...,¢e, are
independent Bernoulli random variables. We deduce that

ZE'L z f(}/z/))|

n

Esup |y (f(Yi) —Ef(Y3)

FeF|iza

< EE'E, sup
feF
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We conclude the proof of (5.5) by using the triangle inequality.

Inequality (5.6) is a consequence of (5.5) when applying it to |f| instead of f, using
the triangle inequality and Theorem [5.2.1] (in the case F(z) = x and h;(z) = |z|) to

deduce that

E. sup < 2FE; sup .
fer fer

D el f(va)l >_eif (Vi)

For the proof of (5.7)), we compute the expectation conditionally with respect to the
Bernoulli random variables. Let I = I(¢) = {i,&; = 1} then

EE. sup | Y e f(V;)| <E-Esup > f(Yi) =D (V)
€ li=1 Flier igI
<EEsup | f(V;)|+EEsup |> f(V;)].
iel €F |igr

However, since for every i < n, Ef(Y;) = 0 we deduce from Jensen inequality that for
any I C {1,...,n}

Esup |> f(Y;)| =Esup |>_ f(¥i)+ > Ef(V;)| <Esup|>_ f(¥)
Fer lier FeF lier i1 fer iz
which ends the proof of (5.7)). O

Another simple fact about Rademacher averages is the following comparison be-
tween the supremum of Rademacher processes and the supremum of the same Gaus-
sian processes.

Proposition 5.2.3. — Letey, ..., e, be independent Bernoulli random variables and
g1 - - -5 gn be independent Gaussian N'(0,1) random variables, then for any set T C R™

n 2 n
E sup Zeiti < \/7Esup giti| .
teT | T teT |5
Proof. — Indeed, (g1,-..,g,) has the same law as (e1]g1|, ..., en|gn|) and by Jensen
inequality,
n n P n
E.E, sup €ilgilti| > E.sup |E eilgilti| = \/7]Esup gitil .
e gteTiZZ;l| z|z EtET gizzl z| z|z 2 tET;zz

O

To conclude this part, we state an important result about the concentration of the
supremum of empirical processes around its mean. This motivates the fact that we
will focus on the estimation of the expectation of the supremum of such empirical
process.
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Theorem 5.2.4. — Consider n independent vectors Yi,...,Y, taking values in a
measurable space Q, and G a class of measurable functions. Let

Zg

Then for any t > 0, we have
t tM

— < —Cc — — .

P(|Z IEZ|>t)Cexp< c 10g<1+ V))

Sometimes, we need a more simple quantity than V in this concentration inequality.
Let F be a class of measurable functions, and define the function g by g(Y) = f(YV) —
Ef(Y) for any f € F. In this situation, we have a very useful estimate for V.

—sup||g||oo, V= Esung Y;)2.

gEQZ 1

= sup
Y

Proposition 5.2.5. — Consider n independent vectors Y1,...,Y, taking values in
a measurable space Q, and F a class of measurable functions. Let

Zf Y;)

i=1

= sup
feFr

, = sup || flleo, and
feF

v = sup ZVarf ) + 32uE sup
reri 4 fer

Then for any t > 0, we have

P(|Z-EZ| >t) < Cexp (—ct log <1+tu>>.
u v

Zf(m —Ef(Y;)|-

Proof. — 1t is a typical use of the symmetrization principle. Let G be the set of
functions defined by g(Y) = f(Y) —Ef(Y) where f € F. Using Theorem the
conclusion will follow when estimating

M—supHgHOo and V = Esung
gGQZ 1

It is clear that M < 2u and by the triangle inequality we get

Esup ¥ ¢(¥;)? < Esup g(Y; Y;)?| +sup ¥ Eg(V;
9€g lzl 9€g Z 9€g ;
Using inequality (5.5]), we deduce that
E sup g9(Y; ) < 2EE. sup £:9(Y;)?| = 2EE, sup €; t
g€eg Z g€y Z teT ;

where T is the random set {t = (t1,...,tn) = (g(Y1),...,9(Yn)) : g € G}. Since
T C [—2u,2u]", we deduce that the function h(z) = x? is 4u-Lipschitz on T. By the
comparison Theorem [5.2.1} we get that

>

n
< 8ukE. Sup gitil .

E. sup
teT
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Since for every i < n, Eg(Y;) =0, we deduce from ({5.7) that

EE.sup | eig(¥:)?| < 16uBsup |> " g(Y;)|.
9€9 [i=1 9€9 i
This allows to conclude that
V <32uEsup > f(Yi) —Ef(Yi)| + sup ¥ _ Varf(Y;).
ferfic feri=
This ends the proof of the proposition. O

5.2.2. The study of the expectation of the supremum of some empirical
processes. — We go back to the study of Problem with a definition of ran-
domness given by the empirical method. The situation is similar if we worked with
the method of selectors. For any star-shape body T C RY, we define the class of
functions F in the following way:

o fy : RN — R . N—1
]-‘{ Y o (Vi) yeTnNpS .
Therefore
Z=sw|SP0) EPED| = s S
= sup i) — i))| = up Y T A
feF =1 yeTNpSN—1 i—1 N

Applying the symmetrization procedure to Z (cf (5.5))) and comparing Rademacher
and Gaussian processes, we conclude that

n

2

np

E Y, y)? — —
sup |y (Vi,y) N

N-—-1
yeTNpS i=1

<2EE. sup }jsxyayﬁ|
=1

yETNpSN =1 |, =
n
Z i <Y;a y>2
i=1

< V27EE, sup
yeTNpSN—-1

We will first get a bound for the Rademacher average (or the Gaussian one) and
then we will take the expectation with respect to the Y;’s. Before to work with these
difficult processes, we present a result of Rudelson where the supremum is taken on
the unit sphere SN—1.

Theorem 5.2.6. — For any fized vectors Yy, ..., Y, in RY,

n n 1/2
> el y)?| < CVlogn max [Yils sup <Z<K,y>2> :

i=1 yeSNT \i=1

E. sup
yeSN-1

Proof. — We define the self-adjoint rank 1 operators

RN — RN

T=Y;®Y:
{ y — Y)Y
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in such a way that

sup
yeSN-1

Zazm,w’ — sup

i=1 yesh—t

<Z eiTyy, y) Z&'Ti
i=1 i=1

Let (Ai)1<i<n be the eigenvalues of a self-adjoint operator S. By definition of the Sé\’
norms for any g > 0,

22

N 1/q
ISz = 1Sllsy = max A and |Sllsy = (ZM) .

i=1
Assume that the operator has rank less than n then for i > n+ 1, \; = 0 and we
deduce by Hélder inequality that

ISllsy < ISllsx < n'/2)Sllsy <elSllsy for g>logn.

The non-commutative Khinchine inequality of Lust-Piquard and Pisier states that for
any operator T1,...,T,,

n " 1/2 n
Y &Ti|| < C/qmax (ZTT) , (ZTT)
i=1 =1 i=1

aN ‘ ‘
q SN SN

1/2
E.

In our situation, T}T; = T;T; = |Y;|37; and S = (>, T;‘Ti)l/2 has rank less than
n, hence for ¢ = logn,

n 1/2 n 1/2 " 1/2
(rn) | se|(Smn) | e[S
i=1 Sé\] i=1 Sg\,o i=1 SN
Combining all these inequalities, we conclude that for ¢ = logn
" n 1/2
E. Z&'Ti < Cy/logn <Z T:E)
i=1 SN i=1 SN
n 1/2
< Cey/logn max |Y|a sup (Z(K,y>2>
esN-t i=1
O
Remark 5.2.7. — Since the non-commutative Khinchine inequality holds true for

independent Gaussian standard random variables, this result is also valid for Gaussian
instead of Bernoulli.

The proof that we presented here is based on an expression related to some operator
norms and our original question can not be expressed with these tools. The original
proof of Rudelson used the majorizing measure theory. Several improvements are
known and the statements of these results need some definition from the theory of
Banach spaces.
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Definition 5.2.8. — A Banach space X is of type 2 if there exists a constant ¢ > 0
such that for every n and every xi,...,z, € X,

n 2\ 1/2 n 1/2
> e <ec (Z ||xi|2> :
=1 =1

The smallest constant ¢ > 0 satisfying this statement is called the type 2 constant of
X and is denoted by To(X).

E,

Classical examples are Hilbert spaces and L, space for 2 < g < 4+-00. From Theorem
[[2.T)in Chapter [T} we know also that L., has type 2.

Definition 5.2.9. — A Banach space X has modulus of convezity of power type 2
with constant A if

2
)
2

The modulus of convezity of a Banach space X is defined for every e € (0,2) by

Sx(e) = inf{l -

r+y 2 1
Va,y € X, Hg A7 < 5 (el + 1wl?)

Tty
2

: el = lll =1 and o — gl < }

It is obvious that if X has modulus of convexity of power type 2 with constant A
then dx () > &2/2A? and it is well known that the reverse holds true (with a different
constant than 2).

Definition 5.2.10. — A Banach space Y has modulus of smoothness of power type
2 with constant u if
2

+ u2

Tty 2

r—y
2

The modulus of smoothness of a Banach space Y 1is defined for every 7 > 0 by

Ve,y €Y,

1
> 5 (Il + [lyll*) -

e+ 7yl + =z =7yl

pr(r) =su { ! 1 ol = loll =1}

It is clear that if ¥ has modulus of smoothness of power type with constant p then
for every 7 € (0,1), py (1) < 272u? and it is well known that the reverse holds true
(with a different constant than 2).

More generally, a Banach space X is uniformly convex if for every € > 0, dx(g) > 0
and a Banach space Y is uniformly smooth if lim, g py(7)/7 = 0. We have the
following simple relationship between these notions.

Proposition 5.2.11. — For every Banach space X, X* being its dual, we have

(i)  For every T > 0, px+(7) =sup{re/2 — ix(g),0 < e < 2}.

(it) X is uniformly convex if and only if X* is uniformly smooth.

(#it)  For any Banach space X, if X has modulus of convexity of power type 2 with
constant X then X* has modulus of smoothness of power type 2 with constant cA and
T2 (X*) S cA.
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Proof. — The proof of (i) is straightforward, using the definition of duality. We have
for 7 > 0,
2px+(7) = sup{[|z” + 7y*|| + [l* — 7y*|| = 2 [l2¥| =1, [ly"]| = 1}
= sup{z”(z) + 75" (z) + 2" (y) —7y"(y) = 2 []2"[| = L lly" = 1, l=ll = 1, llyll = 1}
=sup{z”(z+y) +7y"(x —y) = 2: [lo"]| =1 [ly"[| = 1, [Jzf| = 1, [jy|| = 1}
=sup{||z +yll + 7llz —yll =2 [lzf| = 1, []y| = 1}
=sup{[lz +yl| +7e -2 [zl =L [lyl =1, llz -yl < e, € (0,2]}
= sup{re — 20x () : € €(0,2]}.
The proof of (ii) follows directly from (z). We will just prove (ii¢). If X has modulus

of convexity of power type 2 with constant A then &x (¢) > £2/2)A2. By (i) we deduce
that px«(7) > 72A2/4. It implies that for any z*, y* € X*,

+ (e))?

S|
>3 (1117 + lly*117)

*

—Y
2

¥+ y*
2

*

where c is a positive number. We deduce that for any u*, v* € X*,
1
Eellew” + v*[[F = 5 (Il +v* |2 + | = w* + 0¥ [2) < o[ + ()|l

We conclude by induction that for any integer n and any vectors zj,...,z); € X*,

Zn:&x? < (eM)? (i IIxz*IIf)
i=1 i=1

which proves that To(X™*) < ¢ O

2
[

*

It is now possible to state the results about the estimate of the average of the
supremum of empirical processes.

Theorem 5.2.12. — If X is a Banach space with modulus of convexity of power
type 2 with constant \ then for any integer n and &1,...&, € X*,

Zgi@,@z

i=1

E, sup
lzll<1

n 1/2
< C A y/logn max I€i]l« sup (Z(fi,w>2>

sisn lzll<1 \ =

where g1, ..., gn are independent N'(0,1) Gaussian random variables and C' is a nu-
merical constant.

Corollary 5.2.13. — Let X be a Banach space with modulus of convezity of power
type 2 with constant \. Let Yi,...,Y, € X* be independent random wvectors and
denote

n

) 1/2
K(n,Y) = 2\/;0)\5\/10gn (IE max ||Yz|z) and o* = sup ZE(K,y>2

lyll <135
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where C is the numerical constant of Theorem|5.2.12. Then we have

E sup |y (Vi,y)* —E(Yi,9)°| < K(n,Y)? + K(n,Y)o
i<t ;=
Proof. — Denote by V5 the expectation of the supremum of the empirical process,
that is
Vo =E sup > ((Vi,y)? —E(Y;,0)%)].
llyll<1 i=1

We start with a symmetrization argument. By (5.5) and Proposition [5.2.3| we have

n

2

> eilYi,y)? 32[EE sup Zgz (Yi,y)?
d llyll<t ;=1

i=1
In view of Theorem we observe that the crucial quantity in the estimate is

1/2
sup <1 (i1 (Y, 2)°)

Vo <2 EE. sup
lyll<1

. Indeed, by the triangle inequality,

n

> (Vi) =BV, 0)%) |+ sup Y E(Yi,y)? = Vato.

i=1 llyll<1 i=1
Therefore, applying Theorem and the Cauchy Schwarz inequality, we get

n 1/2
V2§2\/>C)\5 ViegnE Jax I1Y: |l sup (Z(K,xf)

[ i=1

n

E sup Z Yl,x < E sup
lzll<1 5 lyll<1

> . . 1/2 1/2
2\/;0A Viogn (IE max ”Yi*> (E uiﬁ%; (V;,x) )
<Kn,Y)(Va+02)"?.
We get that
Vi —K(n,Y)*Vy— K(n,Y)%0? <0
from which it is easy to conclude that
Vo < K(n,Y) (K(nY) + o).
O

The proof of Theorem [5.2.12]is slightly complicate and uses the tools of majorizing
measure theory and deep results about the duality of covering numbers (it is where
the notion of type is used). We will not present it. However, using simpler ideas, we
can also prove a general result where the assumption that X has a good modulus of
convexity is not needed.

Theorem 5.2.14. — Let X be a Banach space and Y1, ...,Y, be independent ran-
dom vectors in X*. Let F be a set of functionals on X*. Denote by ds p, the random
quasi-metric on F defined for every f, f in F by

doon(f, ) = max |f

- ).
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We have

n

Esup | (f(Y))* —Ef(Y))?)

JTeF |

< max(orU,,U?)

where for a numerical constant C,

1/2
U,=C (Efyg(]:, doo,n))l/2 and oF = (sup ZEf > .
fe]:z 1

We refer to Definition in Chapter [3|for the precise definition of 2 (F, deo,n)-

Proof. — As in the proof of Corollary [5.2.13] we need first to get a bound of

Zgif(y 2
i=1

Let (Xf)fer be the Gaussian process defined conditionally with respect to the Y;’s,
Xy =>",9:f(Y;)? and indexed by f € F. The quasi-metric d associated to this
process is given for any f, f € F by

E, sup

d(f, 1) =Byl Xy = Xg? = 3 (J()* = J(%3)?)

In conclusion, we have proved that for any f, f € F,
n 1/2
d(f.F) < 2 sup (Z f(m)Q) doon(f. ):
FeF \i=1

By definition of the 7, functionals, see Chapter |3] we conclude that for every vectors
Yi,....,Y, € X*,

Zgz

i=1

E, sup
fE]-'

1/2
< c sup (Zf ) ’72(]:7 doo,n)

fer

where C' is a universal constant. We repeat the proof of Corollary [5.2.13] Let

n

Vo =Esup | (f(¥i)? —Ef(Y)?)|.

FeF iz
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By a symmetrization argument and the Cauchy-Schwarz inequality,

2 n
Vo < 2\/71EE sup | > gif (Vi)
2 T gfg}_ Z (Vi)

=1
< C (Bya(F, doon)?)? (Vo +02)'2 .

where the last inequality follows from the triangle inequality: Esup ¢ S f(Y)?E<
(Vo+0%)?. This shows that V» satisfies an inequality of degree 2 from which it is easy
to conclude that

" 1/2
< C (Eye(F, doo,n)Q)l/z (E sup Z f(Yi)2>

feri4

Vs < max(o7U,, U2), where Uy, = C (Eya(F, doon)?)"” .
O
5.3. Selection of characters
5.3.1. Reconstruction property. — We are now able to state one main theorem

concerning the reconstruction property of a random matrix defined by taking empirical
copies of the rows of a fixed bounded orthogonal matrix (or by selecting randomly its
rows).

Theorem 5.3.1. — Let ¢1,...,¢n be an orthogonal system in (5 such that for a
real number K 1
Vi < N, |¢ilo = K and |¢;loc < ——.
= |¢z|2 |¢z|oo \/N
Let'Y be the random vector defined by Y = ¢; with probability 1/N and Yi,...,Y, be
independent copies of Y. . If

m§01K2 i

log N (log n)*
then with probability greater than
1 — Cyexp(—C3K?n/m)
Y,
the matriz ® = : is a good reconstruction matriz for sparse signals of size
Y,
m, that is for every U € 3, the basis pursuit algorithm , tlélﬂi%% {It]1 : U = Pt}

has a unique solution equal to U.

Remark 5.3.2. — e By definition of m, the probability of this event is always greater
than 1 — Cy exp (—C5log N (log n)?).

e The same result is valid when using the method of selectors.

e As we already mentioned, this theorem covers the case of a lot of classical systems
like the Fourier system or the Walsh system.

o The result is also wvalid if the orthogonal system ¢1,...,¢N satisfies the weaker
condition that for all i < N, Ky < |¢ila < Ko and in the statement, K has to be
replaced by K3 /K.
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Proof. — Observe that E(Y,y)? = K?|y|3/N. We define the class of functions F in
the following way:

o fy : RN — R N N—1
.7:—{ Y o (V) y € By NpS .
Therefore
Z=sup Y (f(Yo)? —Ef(Y)*)|=  sup (Y, ) — :
fer ; yEBY NpSN—1 ; N
With the notation of Theorem [5.2.14] we have
- K?%np?
2 2
0% sup D E(Y;y)? = (58)

yGB{VﬂpSNfl i=1
Moreover, since B N pSN-1 c BN,
VQ(B{V m/’Sd\[iladoo,n) < VQ(B{V»doom)'

It is well known that the o functional is bounded by the Dudley integral (see (3.7))
in Chapter [3)):

+oo
Yo(BY do) < C / \/log N(BY, e,dw n) de.
0

However, for every i < n, |Yi|oo < 1/v/N and

m 2
7) = Yy —w\ <2 Vil < 2
y;lelgfv foenv:7) y;lelg{\] 1§?§Xn Yy =7l = 1§1'a§Xn| iloo < VN

The integral is only computed from 0 to 2/ VN and by the change of variable t = ev/N,
we deduce that

e \/ N I Nt
log N(By',€,doon)de = —/ log N <B ,,doo’n) dt.
/0 ! VN Jo VN
JFrom Theorem m, since for every i < n, |Yi|oo < 1/V/N, we have

% v/logny/log N ,

t
log N (B{V,,doo,n) <
\/ VN Cy/nlog (14—3)

We split the integral into two parts, the one when ¢t < 1/4/n and the one when

1/yn<t<2.

1/Vn 1
/ nlog <1+3)dt:/ log <1—|—3\/ﬁ> du
0 \ t o\ U
! 3
S/ logn + log () du < C +/logn
0 u
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and since

S |
/ —dt < C'logn,
1/vn

we conclude that

1 3log N
(B 1S dao) < 0(BY o) < € | BN

Combining this estimate and (5.8) with Theorem [5.2.14] we get that for a real number

=1,
(logn)log N n [(logn)3log N
< 60 Bet A =R S I
IEZCmax( N , pK

We choose p such that

- 1
(logn)3log N < p K \/n(logn)3log N < ﬁKszn

which means that p satisfies

(logn)3log N
——

Kp>3C (5.9)

For this choice of p, we conclude that
n

K?np?
Z<Yi, y)? - Y
i=1
We use Proposition to get a deviation inequality for the random variable Z.
With the notations of Proposition [5.2.5] we have

< lean

EZ =E sup S3TN

yeEBNNpSN-1

1
= )2 < P —
L [max (¢i,y)° < max [ile <
and
o= sup Y E((Yiy)?-E(Yiy?)? + 320EZ

yEB{VﬂpSN*1 i=1

n

CK?np?  CK?np?
< swp E(Y;,y)* + <
yEB{VﬂpSN_liz:; N2 N2

since for every y € BN, E(Y,y)* < E(Y,y)?/N. Using Proposition with ¢t =

2 2
%K ~—, we conclude that

2K2 2
IE”(ZZ 3 ;p ) < Cexp(—cK?%np?).

With probability greater than 1 — C exp(—c K2 n p?), we get that

n

K?np?
Yi,y)? —
;< Y) ~

< ZKan2

sup =3 N

yeBNNpSN-1
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from which it is easy to deduce by Proposition that
diam (ker oN B{V) < p.

We choose m = 1/4p? and conclude by Proposition that with probability greater
than 1 — Cexp(—cK?n/m), the matrix ® is a good reconstruction matrix for sparse
signals of size m, that is for every U € 3,,, the basis pursuit algorithm has
a unique solution equal to U. The condition on m in Theorem comes from

(5.9)- O

Remark 5.3.3. — In view of Theorem it is clear that the matriz ® shares
also the property of approximate reconstruction. It is enough to change the choice of
m by m = 1/16p2. Therefore, if U is any unknown signal and x a solution of

in {|t|;, ®U = Bt
min {[¢ls }

then for any subset I of cardinality less than m,
[z = Ul _ [Urh
4/m — ym

5.3.2. Random selection of a coordinate subspace. — In this part, we consider
a problem coming from Harmonic Analysis. Let p be a probability measure and let
(1,...,¢n) be an orthonormal system of Lo(u) bounded in Lo, i.e. such that for
every i < N, ||¢i]loo < 1. Typically, we consider a system of characters in La(u). For
a measurable function f and for p > 0, we denote its L, norm and its L., norm by

‘$7U|2§

1/p
||f|p=</ If”du> and |flloe = sup /.

In RY or C¥, p is just the counting probability measure so that the L,-norm of a
vector x = (x1,...,xy) is defined by

1 N 1/p
Jallp = <N;m|ﬁ) .

The spaces ¢ and LY coincide and we observe that if (1y,...,1x) is a bounded
orthonormal system in LY then (¢1/V/N,...,1n/vN) is an orthonormal system of
¢} such that for every i < N, |¢;/V/N|so < 1/v/N. Therefore the setting is exactly
the same as in the previous part except a normalization factor of v/N.

Of course the notation of the half-diameter of a set T will now be adapted to the
Lo () Euclidean structure. This means that for a set 7', its half-diameter is

Diam T = sup ||t||2.
teT

For any ¢ > 0, we denote by B, the unit ball of L,(u) that is
B, = { f measurable with respect to y, such that ||f|, <1}
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and by S, the unit sphere of Ly(). It is clear that for any subset I C [N]

> i > i > ai

el el iel

V(ai)ies < < VI

1 2 1

The Dvoretky’s theorem proved by Milman asserts that for any € € (0, 1), there exists
a subspace E C span{ty,...,¥n} of dimension dimE =n = ¢ (52/10g(1 + 2/5)) N
such that

N

V(a:)iL,, if v =) i € B, then(1—e)rllz|, < [lally < (1+e)r ]l

i=1
where r is a number depending on the dimension N which can be bounded from
above and below by some numerical constants (independent of the dimension N).
Observe that the constant ¢ which appears in the dependance of dim E is very small
therefore this Dvoretzy’s theorem does not provide a subspace of say half dimension
such that the L; norm and the Ls norm are comparable up to constant factors. This
question was solved by Kashin. He proved in fact a very strong result which is called
now a Kashin decomposition: there exists a subspace F of dimension [N/2] such that
v (ai)z]‘\; J

N
if 2= a;y; € E then ||z]|, < |lz], < C |lz|,,
=1

N
and if y =Y a4y € E* then ||y, < |lyll, < C llylly

i=1
where C is a numerical constant. In the setting of Harmonic Analysis, the questions
are more related with coordinate subspaces because the questions are related in finding
a subset of {¢1,...,%x} which satisfies good comparison properties between the L,
norms. Talagrand, improving a result of Bourgain, showed that there exists a small
constant dg such that for any bounded orthonormal system {1, ..., x}, there exists
a subset I of cardinality greater than do/N such that

Zaﬂ/% < /log N (loglog N)

el 2

V(as)ier,

> i

icl

(5.10)

1

The proof involves the construction of specific majorizing measures. Moreover, it was
known from Bourgain that the /log N is necessary in the estimate. We will now
explain why the strategy that we developed in the previous part is adapted to this
type of question. For example, we will be able to extend the result to a Kashin
type setting.

We start with the following simple Proposition concerning some properties of the
matrix ¥ (that we will later define randomly as in Theorem .

Proposition 5.3.4. — Let u be a probability measure and let (1,...,¥N) be an
orthonormal system of La(p). Let Y1, ..., Y, be a family of vectors taking values from
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Y;
the set of vectors {i1,...,¥n}. Let ¥ be the matriz ¥ = : . Then

Ya
(1) ker U = span {{1,...,¥n}\{Yi}io1} = span{¢i}icr where I is a subset of
cardinality greater than N — n.

(ii) (ker )+ = span {i}igr
(iii) If for a star shape body T

n 2

N (Vi) -

sup
i=1 N

1 np?
< —— 5.11
yeTNpSa “3 N (5.11)

then Diam (ker U N T) < p.
(iv) If n < 3N/4 and if (5.11)) is satisfied then we also have Diam ((ker ¥)t NT) < p.

Proof. — Since {t1,...,¥n} is an orthonormal system, the parts (i) and (ii) are
obvious. For the proof of (iii), we first remark that if (5.11)) holds true then we get
from the lower bound that for all y € T'N pSs,

and we deduce as in Proposition that Diam (ker U NT) < p.
For the proof of (iv), we deduce from the upper bound of (5.11]) that for all y € TNpSs,

N n n
D Wiy = Wo ) =D Vi) =yl3 = > (Vi)
icl i=1 i=1 i=1
4 np? 4
sz—g%:f (1—3;) > 0 since n < 3N/4.
This inequality means that for the matrix U defined by ¥ = | , for every
"/ der
y € TN pSy, we have
inf || Tyl|2 >0
et o vyl
and we conclude as in Proposition that Diam (ker U N T) < p. Moreover, it is
obvious that ker ¥ = (ker ¥)~. O
5.8.2.1. The case of LY. — We will now present a result concerning the problem

of selection of characters in LY. It is not the most general result but we would like
to emphasize the deep similarity between the proofs of this result and the proof of

Theorem [5.3.11

Theorem 5.3.5. — Let (1,...,%xN) be an orthonormal system of LY bounded in
LY i.e. such that for every i < N, ||[¢]loo < 1.
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For any 2 <n < N—1, there exists a subset I C [N] of cardinality greater than N —n
such that for all (a;)cr,

> am

i€l

< Oy = \/@logn 3/2 Zalwz

el

1

Proof. — Let Y be the random vector defined by Y = ¢; with probability 1/N and
let Y7,...,Y, be independent copies of Y. Observe that E(Y,y)? = ||y||3/N and define

n

n 2
S ip? -

Z = sup N

yEB1NpSa

i=1
Following the proof of Theorem 1| (the normalization is different from a factor
V/N), we obtain that if p is such that

N (logn)3log N
n

p>C

then
2

1np np
> < —Cc—).
]P’(Z 3N)_C’exp(cN)

Therefore there exists a choice of Y7, ...,Y,, (in fact it is with probability greater than
1 —Cexp(—c )) such that

n

2

np

Y, )2 — 2
§< VY) N

i=1

< Lo

sup =3°N

yEB1NpS2

and if I is defined by {®;}icr = {¢1,..., YN} \{Y1,..., Y, } then by Propositionm
(#¢) and (i), we conclude that Diam (span {¢;}icr N B1) < p and |I| > N — n. This
means that for every (a;)ier,

> ait

icl

P> azwz

i€l

2
O

Remark 5.3.6. — Theorem [5.3.5 implies Theorem [5.3.1l Indeed, if we write the
inequality with the classical £1 and €5 norms, we get that

S| < 0B (ogn)*”? Zazwl

el 2 el

which means that diam (ker U N BYY) < C’\/lmgTN(log n)3/2. We conclude about the
reconstruction property by using Proposition |5.1.1]
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5.8.2.2. The general case of La(p). — We can now state a general result about the
problem of selection of characters. It is an extension of (5.10) to the existence of a
subset of arbitrary size, with a slightly worse dependence in loglog V.

Theorem 5.3.7. — Let p be a probability measure and let (11,...,%N) be an or-
thonormal system of La(u) bounded in Lo i.€. such that for everyi < N, ||1;]|oo < 1.
For any n < N — 1, there exists a subset I C [N] of cardinality greater than N — n
such that for all (a;)er,

Z a;Y;

el

< O (logy)®?

Z a;;

iel

2 1

where v = ,/%\/logn.

Remark 5.3.8. — e If n is chosen to be proportional to N then 7(10g’y)5/2 s of
the order of \/log N (loglog N)*/2. However, if n is chosen to be a power of N then
7 (logy)®/2 is of the order \/g Tog n(log N)®/2 which is a worse dependence than in
Theorem [5.3.3

e Fxactly as in Theorem we could assume that (1,...,9nN) is an orthogonal
system of Lo such that for every i < N, ||¥;]la = K and ||¥i|loo < 1 for a fized real
number K.

The second main result is an extension of ([5.10) to a Kashin type setting.

Theorem 5.3.9. — With the same assumptions as in Theorem [5.3.7, if N is an
even natural integer, there exists a subset I C [N| with % — /N <|I| < % +cVN
such that for all (a;)Y,

> ait

icl

< C/log N (loglog N)>/?

2

> ait

icl

and

< C/log N (loglog N)*/?

2

| Z a;; Z a;;

i¢1 i¢l

In order to be able to use Theorem and its Corollary we would like
to replace the unit ball B; by a ball which has a good modulus of convexity that is
for example B, for 1 < p < 2. We start recalling a classical trick that is used very
often when we compare the L, norms of a measurable functions (for example in the
theory of thin sets in Harmonic Analysis).

1

Lemma 5.3.10. — Let f be a measurable function with respect to the probability
measure . For 1 <p <2,

if || £ll2 < Allfllp then || fll2 < AZ7 | f]1.
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Proof. — This is just an application of Holder inequality. Let 6 € (0,1) such that
1/p=(1-0)+6/2 that is 6 = 2(1 — 1/p). By Holder,

11l < 1AITC 115
Therefore if ||f|l2 < Al f|l, we deduce that || f]l2 < AﬁHle O
Proposition 5.8.11. — With the same assumptions as in Theorem the fol-
lowing holds.

1) For any p € (1,2) and any 2 <n < N — 1 there exists a subset I C {1,...,N}
with |I| > N — n such that for every a = (a;) € CV,

C
Zaﬂ/)i vaN/n\/lOgn Zaﬂ/%
2

icl icl »

2) Moreover, if N is an even natural integer, there exists a subset I C {1,...,N}
with N/2 — ¢o/N < |I| < N/2 + /N such that for every a = (a;) € CV,
C

Zaiwi S 752\/N/n\/logn Zaﬂﬂz
; (p—1)5/ ;
i€l 2 el P
and
C
| ;alwl vaN/nvlogn ;aiwi
i 2 g p

the proof of Theorem Indeed, let v = \/N/n+/logn and choose p = 1+1/log~.
Using Proposition [5.3.11] there is a subset I of cardinality greater than N — n for

which
Z a;; Z a;;

el i€l

Combining the first i art of Proposition [5.3.11|with Lemmal5.3.10} it is easy to make

V(ai)ier, <Cpv

2 p

where C,, = C/(p — 1)°/2. By the choice of p and Lemma 5.3.10

> ai; > ait

el el

<~ Cg/(Q—p)72(p—1)/(2—p) < Cvyh(y)

> aith

icl

2 1 1

where h(y) = (log~)°/2.

The same argument works for the Theorem [5.3.9| using the second part of Propo-
sition B.3.111

It remains to make the proof of Proposition

Proof. — Let Y be the random vector defined by Y = v; with probability 1/N and
let Y7,...,Y, be independent copies of Y. Observe that E(Y,y)? = |ly[|3/N, let
E =span{¢n,...,¢¥n} and for p > 0 let E, be the vectorial space E endowed with

the norm defined by
_ 1/2
(g 2yl
Iy = (22
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We restrict our study to the vectorial space E and it is clear that
(B, N pBs) C B, C V2(B, N pBs>) (5.12)

where B, is the unit ball of E},. Moreover, the Clarkson inequality tells that for any
fr9 € Ly,

’f+g2+p( )’f g

1 2
R e IR
It is therefore easy to deduce that E, is a Banach space with modulus of convexity
of power type 2 with constant \ such that A\=2 = p(p — 1)/8.
We define the random variable

n 2
np

> Yiy)® -

iﬂ< v -

Z = sup
yEB,NpSa

and we deduce from (5.12) that

n

> (Viy)? —E(Yi,y)?

=1

We use Corollary [5.2.13] We deduce from (5.12) that 0% = sup,cp, nlyll3/N <
2np%/N and that for every i < N, il gy < V2||[Yille < V2. By Corollary [5.2.13

we get

EZ <E sup

yE€BEg,

n

> (Viy)? —E(Yi,y)?

1=1
N1 1 np?
if p>ON 28" then Ez < -2
n 3 N

We conclude that
and using Proposition we get that
Diam (ker U N B,) < p

E sup
y€BEg,

1
< C'max (/\10 log n, pA® n ;{gn) .

Y
where U = . We choose p = C\%4/ W and deduce from Proposition|5.3.4

Ya
(797) and (¢) that for I defined by {¢;}icr = {t1,..., %N} \ {Y1,...,Ys} we have

Z a;; Z az%

i€l el

which ends the proof of the first part of Proposmon

For the proof of the second part, we add the following observation. By a combina-
torial argument, it is not difficult to prove that if n = [0 N] with ¢ = log2 < 3/4 then
with probability greater than 3/4,

N/2—c¢VN <|I|=N—|{Y,...,Y,}| < N/2+ VN,

az i€l
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for some absolute constant ¢ > 0. Hence n < 3N/4 and we can also use part (iv) of
Proposition which proves that

Diam (ker W N B,) < p and Diam ((ker ¥)* N B,) < p

Since ker U = span {1; };c; and (ker ¥)+ = span {ti}igr, this ends the proof of the
Proposition. O

5.4. Comments

Concerning the Gelfand numbers of the operator id : ¢ — ¢ a major break-
through was made by Kashin in [Ka§77]. The statement of Theorem [5.1.4]is a result
due to Garnaev and Gluskin [GG84] and to Gluskin [GIlu83|. The study of the
Gelfand and Kolmogorov numbers was deeply developed during the eighties and we
refer also to CPS88| PTJ90]. The Proposition [5.1.6] comes from
[PTJ86] (Proposition 2) and was at the heart of several improvements about these
approximation numbers.

For the study of the supremum of an empirical process and the connection with
Rademacher averages, we already referred to chapter 4 of [LT91]. Theorem is
due to Talagrand and can be found in theorem 4.12 in |[LT91]. Theorem is
often called a “symmetrization principle”. This strategy is already used by Kahane
n [Kah68] for studying random series on Banach spaces. It was pushed forward by
Giné and Zinn in [GZ84] for studying limit theorem for empirical processes. The
concentration inequality, Theorem is due to Talagrand [Tal96b]. Several im-
provements and simplifications are known, in particular in the case of independent
identically distributed random variables. We refer to KRO5]
for more precise results. The Proposition [5.2.5is taken from [Mas00].

Theorem is due to Rudelson [Rud99]. The proof that we presented was
suggested by Pisier to Rudelson. It used a refined version of non-commutative Khin-
chine inequality that can be found in [Pis98|. However, it is based
on an expression related to some operator norms and we have seen that we need
some estimates of the supremum of some empirical processes that can not be ex-
pressed in terms of operator norms. The original proof of Rudelson can be found in
[Rud96] and used the majorizing measure theory. Some improvements of this result
are proved in [GRO7] and in [GMPTJO08]. The proof of Theorem can be
found in and it is based on the same type of construction of majorizing
measures than in [GRO7] and on deep results about the duality of covering numbers
[BPSTJ89]. The notions of type and cotype of a Banach space are important in this
study and we refer the interested reader to [Mau03].

Theorem [5.2.14] comes from [GMPTJ07]. It was used to prove some results about
the problem of selectlon of characters like Theorem [5.3.5] As we have seen, the proof
is very similar to the proof of Theorem and this result is due to Rudelson and
Vershynin [RV08c]. They improved a result due to Candés and Tao [CTO05] and
the strategy of their proofs was to study the RIP condition instead of the size of the
half-diameter of the section by Bf¥. Moreover, the probabilistic estimate is slightly
better than in [RV08c| and it was shown to us by Holger Rauhut [Raul0]. We
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refer to [Raul0, [FR10] for a deeper presentation of the problem of compressed
sensing and for several different points of view. We refer also to [CDD09, [KT0T] for
the study of approximate reconstruction. Theorem comes from [KTO07] where
connections between the Compressed Sensing problem and the problem of estimating
the Kolmogorov widhts are discussed.

For the classical study of the local theory of Banach spaces, we refer to [MS86]
and to [Pis89]. The study of the Euclidean sections or projections of a convex body is
studied in detail in and the Kashin decomposition can be found in [Kas77].
About the question of selection of characters, we refer the interested reader to the
paper of Bourgain where he proved for p > 2 the existence of A(p) sets which
are not A(r) for r > p. This problem was related to the theory of majorizing measure
in [Tal95]. The existence of a subset of a bounded orthonormal system satisfying the
inequality (5.10) is proved by Talagrand in [Tal98]. Theorems and are
proved in [GMPTJ08|. We refer also to that paper for a proof of the fact that the
factor v/log N is necessary in the estimate.







NOTATIONS

The sets of numbers are Q, R, C
For all z € RN and p > 0,
2y = (o2 -+ fex )7 and [zl = max o
BY ={z eRN : |z|, <1}
Scalar product « -y or (z,y) and L y means z -y =0
A* = AT is the conjugate transpose of the matrix A
s1(A) = -+ = s,(A) are the singular values of the n x N matrix A where n < N
|All,_, is the operator norm of A (¢2 — ¢%)
| Al s is the Hilbert-Schmidt norm of A
e1,...,en is the canonical basis of R™

2 stands for the equality in distribution

% stands for the convergence in distribution

2 stands for weak convergence of measures

M (K) are the m x n matrices with entries in K, and M,,(K) = M, ,(K)
I is the identity matrix

x Ay =min(z,y) and z V y = max(z,y)

|S| cardinal of the set S

disto(z, F) = infyep |2 — yly

suppx is the subset of non-zero coordinate of x

The vector z is said to be m-sparse if [supp z| < m.

Ym = X (RY) m-sparse vectors

Sp(Em) ={z € RN |z|p = 1, [supp z| < m}

By(Em) ={z € RY : |zl < 1,[suppz| < m}

conv(FE) is the convex hull of F

diam(F, ) = sup{|Jz]| : = € F}

For arandom variable Z and any o > 1, || Z||y, = inf {s > 0; Eexp (|Z]/s)" < e}

(u(T) = Esup,er | SN, gitil
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