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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 com-
pressive sampling is a 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 develop-
ment of the theory after the seminal articles by D. Donoho [Don06], E. Candes, J.
Romberg and T. Tao [CRTO06] and E. Candes and T. Tao [CT06].

The ideas and principles underlying the discoveries of these phenomena 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 highlight
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 T 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 Ax € R™, that is from the known measurements

(Y1,2),...,(Yn, ).

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 = from its compression Az 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
and of course, the matrix A should be suitably chosen.

The first point concerns the subset T" and is a matter of complexity. Many tools
within this framework were developed in Approximation Theory and in Geometry of
Banach Spaces. This is one of our goal to bring forward these tools.
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The second point is concerned with the design of the measurement matrix A. So
far the only good matrices are random sampling matrices. They are obtained in many
examples by sampling Y7,...,Y; € RY in a suitable way. This is where probability
enters. These random sampling matrices will be of 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 matrices. This is one of our
goal to study the main tools from probability theory that fall within this framework.
These are tools from classical probabilistic inequalities, concentration of measure and
empirical processes as well as from random matrix theory.

This is precisely the purpose of Chapter [1] to present some basic tools and prelim-
inary background. This chapter will look briefly at elementary properties of Orlicz
spaces in relation with tail inequalities of random variables. An important connec-
tion between high dimensional geometry and the study of empirical processes comes
from the behavior of the sum of independent centered random variables with sub-
exponential tails. Discretization is an important step in the study of empirical pro-
cesses. 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, such as Sudakov inequality, 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 FEuclidean 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.

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 = Az, to perform the “linear programming”:

N
min ; |ti| 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:

Vh € ker A, h#0, VI C [N, [I| <m, Y |hi| <> |hil.
icl icle
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
symmetric convex hull of the columns of A, the null space property of order m for
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A is equivalent to a neighborliness property of order m for P. This means that the
matrix A which maps the vertices of the cross-polytope

B{V:{teRN : imgl}
=1

onto the vertices of P preserves the structure of k-dimensional faces up to the dimen-
sion k = m; a remarkable connection between compressed sensing and high dimen-
sional geometry due to D. Donoho [Don05].

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 6 = ¢, if

1-6, <|AzZ <1+,

holds for all p-sparse unit vectors z € RY. An important feature of this concept is
that if A satisfies the RIP of order 2m with parameter é 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 and is easily checked for some of
them.

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 [5] Checking the restricted isometry property for the first two models may
be treated along a simple scheme, namely, the € net argument presented in Chapter

Another angle to tackle the problem of reconstruction by #i-minimization is to
analyse the Euclidean diameter of the section of the cross-polytope Bi¥ with the
kernel of A. This study leads to the notion of Gelfand widths, particularly for the
cross-polytope BY. Its Gelfand widths are defined by the numbers

d*(BY,0Y¥)y=inf rad(SNBY), n=1,...,N
codim S<n
where rad (S N BY) = max{ |z| : # € SN B} denotes the half Euclidean diameter
of the section of BiV.

Significant work was done in this direction in the seventies. This viewpoint from
Approximation Theory and Asymptotic Geometric Analysis enlighten a new aspect
of the problem and is based on a celebrated result of B. Kashin [KaS77]| stating that

C
(B8 < log®™M (N/n)

where C' is some numerical constant. The relevance of this result in compressed
sensing is highlighted by the following connection.
Let 1 <m <mn, if
rad (ker AN BY) < 1/2v/m
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then every m-sparse vectors can be reconstructed by £1-minimization.

From this perspective, the goal is to estimate the diameter rad (ker A N BV) from
above. This is discussed in detail for some model of random matrices. The connection
with the RIP is clarified in the following result.

Assume that A satisfies the RIP of order p with parameter §, then

c 1
rad(kerAﬁ B{V) S %m
where C is a numerical constant. Therefore rad (ker A N BY) < 1/2\/m is
satisfied with m = O(p).
The ¢;-minimization method extends to the study of approximate reconstruction

of vectors which are not far from sparse vectors. Let € RY and let ! be a minimizer

of
N

i t; bject to At = Ax.
min ;| | subject to x
Again, the notion of width appears very useful. We prove the following;:
Assume that rad (ker AN BY) < 1/4\/m, then for any I C {1,..., N} such that

[I] < m and any x € RN, we have

1
[z — a2ty < —= ) |ail.
VI g1
This applies in particular to unit vectors of the space ¢ _, 0 < p < 1 for which

Pp,007
min rj<m D¢y [Ti] i O(m!~1/7).

In the last section of Chapter [2| we introduce the parameter of complexity ¢, (7T") of
a subset T C R defined by

£.(T) = Esup Xy,
teT
where (X;) is the Gaussian process X; = ZZI\; giti, indexed by t = (t;,)L, € T and
g1, ..., gn are independent N (0, 1) Gaussian random variables. This kind of parameter
plays an important role in empirical processes and in Geometry of Banach spaces
(IMil86, [PTJ86, [Tal87]). It allows to control the size of rad (ker A N T") which as
we understand is a crucial issue in approximate reconstruction.

This study will be deepen in Chapter [3] In this Chapter we first present classical
results from the Theory of Gaussian processes. To make the link with compressed
sensing, observe that if A is a n x N matrix with row vectors Y7,...,Y,, then the
restricted isometry property of order p with parameter ¢, can be translated in terms
of an empirical process property since

TS
z€S8(Z,) ' T i—1
where S3(3,) is the set of unit one p-sparse vectors of RY. While Chapter [2| makes
use of a simple € net argument to study such process, we present in Chapter [3| the
chaining and generic chaining techniques based on metric complexity measures such
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as the o functional. This « functional is precisely related to the parameter £,(T") by
the majorizing measure theorem of M. Talagrand [Tal87]. This technique enables to
provide a criterion implying a restricted isometry property for unstructured models
of random matrices, which include the Bernoulli and Gaussian models.

It is worth noticing that the £ net argument, the chaining argument and the
generic mechanism are all techniques sharing the same couple of ideas: one of
which is the classical trade-off between complexity and concentration and the
other one is an approximation principle. For instance, consider a Gaussian matrix
A = n"Y2(gij)1<i<n1<j<n Where the g;;’s are i.i.d. standard Gaussian variables.
Let T be a subset of the unit sphere SN¥~1 of RV, A classical problem is to understand
how A acts on 7. In particular, does A preserve the Euclidean norm on 77 In the
Compressed Sensing setup, the “input” dimension N is much larger than the number
of measurements n, because A is used as a compression matrix. So clearly A cannot
preserve the Euclidean norm on the whole sphere S™V~1. Hence, it is natural to
identify the subsets T" of SV ~! such that A acts on 7" in a norm preserving way. Let
start with a single point © € T. Then for any ¢ € (0,1), with probability greater
than 1 — 2 exp(—cone?),

l—e<|Az]3< 1+e.

This result is the one expected since E|Az|3 = |z|3 (we say that the standard Gaussian
measure is isotropic) and the Gaussian measure on RY has strong concentration
properties. Thus proving that A acts in a norm preserving way on a single vector
is only a matter of isotropicity and concentration. Now, we want to see how many
points in T' share this property simultaneously. This is where the trade-off between
complexity and concentration is at stack. A simple union bound tells us that if
A C T has a cardinality less than exp(cone?/2), then, with probability greater than
1 — 2exp(—cone?/2),
Ve e A l-e<|Az)3 <1 +e.

This means that A preserves the norm of all the vectors in A at the same time as
long as |A| < exp(cone?/2). Have we had other entries in A with other concentration
properties, we will have ended up with other cardinality for |A|. As a consequence,
it is possible to control the norm of the images by A of exp(cone?/2) points in T at
the same time. The first way of choosing A that may come to mind is to use an &
net of T with respect to £ and then to ask if the norm preserving property of A on
A extends to T? Indeed, if m < C(g)nlog™! (N/n), there exists an ¢ net A of size
exp(cone?/2) in So(X,,) for the Euclidean metric. And, by what is now called the ¢
net argument, we can describe all the points in S3(X,,) using only the point in A:

A C S2(X) C (1 —¢) teonv(A).

This allows the norm preserving property of A on A to be extended to the entire set
S2(3y,). This was the scheme used in Chapter

But this scheme does not apply to any set 7" in SV ~!. That is why we present in
Chapter [3] the chaining and generic chaining methods. Unlike the € net argument
which demanded only to know how A acts on a single € net of T', these two methods
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require to study the action of A on a sequence (Ts) of subsets of T' with an exponen-
tially increasing cardinality. In the case of the chaining argument, T can be chosen
as an £5 net of T where g5 is chosen so that |Ts| = 2° and for the generic chaining
argument, the choice of (Ty) is recursive: for large values of s, the set Ty is a maximal
separated set in T' of cardinality 22" and for small values of s, the construction of T
depends on the sequence (T}.),>s+1. For these methods, the approximation argument
follows from the fact that dyy(t,Ts) tends to zero when s tends to infinity for any
t € T. And, the trade-off complexity /concentration is used at every s stage of the ap-
proximation of T' by Ts. The metric complexity parameter coming from the chaining
method is called the Dudley entropy integral

/ V0eg N(T,d, €) de
0

while the one coming out of the generic chaining mechanism is the 7, functional

oo

Ye(T, Eév) = inf sup 25/2d2§r (t,Ts)
0

(Ts)s teT o—

where the infimum is taken over all sequences (T) of subsets of T such that |Tp| < 1
and |T,| < 2% for every s > 1. In Chapter [3| we prove that A acts in a norm
preserving way on 7 with probability exponentially in n close to 1 as long as

72 (T, 657) = O(Vn).

In particular, in the case T = S5(X,,) treated in Compressed Sensing, this condition
implies m = O(n log™* (N/n)) which is the same condition obtained using the € net
argument in Chapter [2l That is the reason why, as long as norm preserving properties
of random operator are concerned, the results obtained in Chapter [3| generalizes the
one of Chapter [2] Nevertheless, the norm preserving property of A on a set 7' implies
an exact reconstruction property of A of all m-sparse vectors by the /;-minimization
method only when 7" = S5(3,,). In this case, this norm preserving property is the
restricted isometry property of order m.

On the other hand, the Restricted Isometry Property can be translated as a control
on the largest and smallest singular values of all sub-matrices of a certain size. The
singular values of matrices is precisely the subject of Chapter [l An m x n matrix A
with m < n maps the unit sphere to an ellipsoid, and the half lengths of the principle
axes of this ellipsoid are precisely the singular values s1(A4) = -+ > s,,(4) of A. In
particular,

51(A) = max |Az|y = ||A],,, and s,(A) = min [Az|,.
|z|2=1 |z|2=1
Geometrically, A is seen as a correspondence—dilation between two orthonormal bases.
In matrix form UAV* = diag(s1(A),...,sm(A)) for a couple of unitary matrices U
and V of size m X m and n x n. This is the so called singular value decomposition —
SVD for short — which has a tremendous importance in numerical mathematics. One
can read on the singular values the rank and the norm of the inverse of the matrix.
The singular values are the eigenvalues of the Hermitian matrix v AA*. The largest
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and smallest singular values enter the definition of the condition number s /s, which
allows to control the behavior of linear systems under perturbations of small norm.
The first part of Chapter [l]is a compendium on the singular values of deterministic
matrices, including main useful perturbation inequalities, mostly without proofs. The
Gram—Schmidt algorithm used for the rows and the columns of A allows to construct
a bidiagonal matrix which is unitary equivalent to A. This structural fact is at the
heart of most numerical algorithms for the actual computation of the singular values.
The second part of Chapter [] deals with random matrices with i.i.d. entries and
their singular values. The aim is to propose a cultural tour in this vast and growing
subject. This tour begins with Gaussian random matrices with i.i.d. entries forming
the Ginibre Ensemble. The density is proportional to G — exp(—Tr(GG*)). The
matrix W = GG* follows a Wishart law, a sort of multivariate x2. The unitary bidi-
agonalization allows to compute the density of the singular values of these Gaussian
random matrices, which turns out to be proportional to a function of the form

5+ H s?e‘SZ H |57 — sf|ﬁ
k i#]

The change of variable sy — s7 reveals Laguerre weights in front of the Vandermonde
determinant, the starting point of an orthogonal polynomials story. As for most
random matrix ensembles, the determinant expresses a logarithmic repulsion. Here it
comes from the Jacobian of the SVD. Such Gaussian models allow explicit yet heavy
computations. Many large dimensional aspects of random matrices depend only on
the first two moments of the entries, and this makes the Gaussian case universal. The
most well known universal asymptotic result is indubitably the Marchenko-Pastur
theorem. More precisely if M is an m X n random matrix with i.i.d. entries of variance
n~1/2 then the empirical counting probability measure of the singular values of M

1 m
m Zésk(M)
k=1

tends weakly, when n,m — oo with m/n — p € (0, 1], to the Marchenko-Pastur law

m%mx D= )= (@ = 1D Lp sy (2)da.

We provide a proof of the Marchenko-Pastur theorem by using the methods of mo-
ments. When the entries of M have zero mean and finite fourth moment, the Bai-Yin
theorem furnishes the convergence at the edge of the support, in the sense that

sm(M)—=1—/p and s1(M)—=1+./p.

Chapter {4 simply gives some basic aspects of the study of the singular values of
random matrices, an immense and fascinating subject still under active development.

As Chapter [2]already pointed out, the study of the radius of the section of the cross-
polytope with the kernel of a matrix is central in approximate reconstruction. This
approach is pursued in Chapter [5| on the model of partial discrete Fourier matrices
or Walsh matrices. The discrete Fourier matrix and the Walsh matrix are particular
cases of orthogonal matrices with bounded L, entries. More generally, we consider
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matrices whose rows are a system of orthogonal vectors ¢, ..., ¢x such that for any
i =1,...,N, |¢ila = K and |¢i|.c < 1/V/N. Several other models fall into this
setting. Let Y be the random vector defined by Y = ¢; with probability 1/N and let
Y1,...,Y, be independent copies of Y. One main result of Chapter [] indicates that
if

n

<O, K> ————
= log N (logn)3

then with probability greater than
1 — Cyexp (—C3K°n/m)
the matrix ® = (Y7, ... ,Y,) ! satisfies

N 1
rad (ker® N By') < N

In Compressed Sensing, n is chosen relatively small with respect to N and the
result is that up to logarithmic factors, if m is of the order of n, the matrix ® has
the property that every m-sparse vectors can be exactly reconstructed by the £;-
minimization algorithm. The numbers C;, Cs and C3 are numerical constants and
changing C7 by a smaller constant leads to allow approximate reconstruction by the
f1-minimization algorithm. The randomness introduced here is called the empirical
method but it is worth noticing that it can be replaced by the method of selectors,
defining ® with its row vectors {¢;,i € I} where I = {i,6; = 1} and ¢1,...,dn are
independent identically distributed selectors taking values 1 with probability 6 = n/N
and 0 with probability 1 — 4. In this case the cardinality of I is approximately n with
high probability.

Within the framework of selection of characters, the situation is different. A useful
observation is that by orthogonality of the system {¢1,...,¢n}, we have ker & =
span{¢;}jcs where {Y;}7_; = {¢:}i¢.s. Therefore the previous statement is identical
to a result which is to select |J| > N — n vectors in {¢1,...,éx} such that the ¢V
norm and the £} norm are comparable on the vectorial span of these vectors. Indeed,
the conclusion rad (ker ® N BY) < ﬁ is equivalent to the following inequality

(oy)jer, |D_aids| < \f > asé;
JjeJ 9 JjeJ 1
At issue is how large can be the cardinality of J so that the comparison between the
/& norm and the £ norm on the subspace spanned by {¢;}jes is better than the
trivial Holder inequality. Choosing n of the order of N/2 gives already a remarkable
result: there exists a subset J of cardinality greater than N/2 such that

V(aj)jes, Z%% Zajqﬁj SOy ——— logN Z%%

]EJ 1 jedJ jeJ

This is a Kashin type result. Nevertheless, it is 1mportant to remark that in the state-
ment of Dvoretzky [FLMT77] or Kashin [KaS77] theorem about Euclidean sections
of the cross-polytope, the subspace is such that the £) norm and the /¥ norm are
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equivalent (without the factor log V) but has no particular structure. In the setting
of Harmonic Analysis, the issue is to find a subspace with very strong properties. It
should be a coordinates subspace with respect to the basis given by {¢1,...,¢n}. J.
Bourgain noticed that a factor y/log N is necessary in the last inequality above. Let
 being the discrete probability measure on RY with weight 1/N on each vectors of
the canonical basis, the above inequalities tell that for every scalars (o;);e,

doaidi|  <|Doaids| < CillogN)® Y aje;

ied L 119€7 La (k) et Li(p)
This explains the deep connection between Compressed Sensing and the problem of
selecting a large part of a system of characters such that on the vectorial span of this
family, the L2 (1) and the L; (1) norms are as close as possible, where p is a probability
measure. 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
by J. Bourgain [Bou89]. M. Talagrand proved in [Tal98] that there exists a small
numerical constant Jy and a subset J of cardinality greater than dg/N such that for
every scalars (¢)jer,

Zaﬂ'd)j < Zaquj < Cs +/log N loglog N Zai%
7e’ L €7 La () 7e Ly ()

It is the purpose of Chapter [5| to emphasize the connections between Compressed
Sensing and these problems of Harmonic Analysis. Tools of empirical processes are at
the heart of the technics of proof. We will present classical results from the theory of
empirical processes that are needed for the proof of the main results of the chapter.
We will enlighten about how techniques from Geometry of Banach Spaces are relevant
in this setting. We will also present the strategy with regard to extending the result
of M. Talagrand [Tal98] to a Kashin type setting.






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 moments behavior. 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 concentrates on this subject. We illustrate these connec-
tions 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
bounds of these covering numbers.

1.1. Presentation of the Orlicz spaces

An 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 — occ.

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, p) = {X : || X[|,, < oo} is called the Orlicz space associated to 1.
It is well known that L, is a Banach space. Classical examples of Orlicz functions
areforp>1and a>1
Vo >0, gp(e)=a/p and () = exp(a®) — 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 nonnegative convex function on [0,00). Its convez conjugate ¥* (also
called the Legendre transform) is defined on [0, c0) by:

Yy =20, ¢7(y) = suplay — ¥ (z)}.
x>
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 Xy 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 a family of Ly-random variables and of the sum and the product of v,
random variables. We start with a general maximal inequality.

Proposition 1.1.3. — Let ¢ be an Orlicz function. Then, for any positive integer
n and any real valued random variables Xy, ..., X,,

o< qp L .
B s Xl < 0 (00 (1)) s 1Xcl,

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. — (i) Since for any z,y > 1/2, (e® — 1)(e¥ — 1) < "V < 49 <
(€39 — 1), we get that for any o > 1, 1, satisfies the assumption with ¢ = 8/,
Moreover, the function 1, is such that ¥ (niba (1)) < (14+log(n))* and 1 (2n) =
(log(1 4 2n))/«.

(it) The assumption may be weakened by limsup,, , . ¥(2)¥(y)/P(cry) < oo
(i4i) By monotony of ¥, for n > 1(1/2)/2, max {1/2,97*(2n)} = ¢! (2n).

Proof. — By homogeneity, we can assume that for any i = 1,...,n, || X;|l4 < 1.
The first inequality is a simple consequence of Jensen inequality. Indeed,

V(B max |X;|) < Ey(max [Xi]) < D ED(1X]) < np(1).

1<i<n -
=1

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 have by (L.1)

¥ (| Xs|/ey) < M

P(y)
Also note that by monotony of v,

W(max z;) < ¥(1/2) +Zw zi)Lrp. > 172}

1<i<n

Therefore, we have
Ew ((mx [Xi/en) < 0(1/2) + Zmuxy—wm L0, /o) > 12}

ni(1)
Y(y)

From the convexity of ¢ and the fact that ¢( ) = 0, we have ¢(1/2) < (1)/2. The
proof is finished since by definition of y, ¥ (y) > 2n. O

<9(1/2) + Z]Ew X)) < (1/2) +

For every o > 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 > «,

(E‘X|p)1/p < Kgpl/o‘.
(3) There exist K3, K5 > 0 such that for every t > K3,
P(IX] > 1) < exp (— 1°/K).
Moreover, we have

Ky < 2eK;, K3 < eKy, K} < Ky and K, < 2max(K3z, K3).
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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 (AK4)” .
Moreover, K; < K1, K} < K1, K3 < 2K, and K} < 2K /(K})*!.

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

we have
|X\*
E — ) <
exp ( : <e

Moreover, for every positive integer ¢ and every x > 0, expx > 29/q!. Hence
E|X|* < eq! K7 < eq!K{".

For any p > a, let g be the positive integer such that ga < p < (¢ + 1)« then

< 61/(q+1)aK1(q+1)1/a

1/(g+1)e
(]E|X‘p)1/p < <E|X|(q+1)a) a

% 1/
<MK, () < 2eKyp'/®
(0%

which means that (2) holds true with Ky = 2eK;.
We now prove that (2) implies (3). We apply Markov inequality and the estimate
of (2) to deduce that for every ¢t > 0,

CCEXP (KN e Kop'/®
P(|X|Zt)§;§% tP Sﬁgi (t P _z}rzlieXp plog t '

Choosing p = (t/eK3)® > a, we get that for t > e Koo'/ then p > o and we conclude
that

P(X| > ) < exp (—t°/(Kze)").

Since a > 1, a'/* < e and (3) holds true with K} =e? Ky and K3 = eKo.
To prove that (3) implies (1), assume that (3) holds true and let ¢ = 2 max (K3, K3).
Then by integration by parts, we get

X\ Yo e
Eexp|— ) -1 :/ au® e P(|X| > uc)du
¢ 0

Ki/c N +oo e
< / au® e du + / au®Lexp (uo‘ (1 — a)) du
0 Kj/c KB
KN\® 1 o KI\“
—ow () e e (- (5 1) (7))
C Kig‘ — K3 c

< 2cosh(K}%/c)* —1<2cosh(1/2) —1<e—1

by definition of ¢ and the fact that « > 1. This proves that (1) holds true with
Kl == 2maX(K3,Ké).
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We now assume that o > 1 and prove that (4) implies (3). We apply Markov
inequality and the estimate of (4) to get that for every ¢ > 0,

P(X| > t) < )1\1;% exp(—At)Eexp (A X])

< AZI{I/fKi exp (()\K4)B — )\t).
Choosing At = 2(AK4)? we get that if ¢ > 2K% /(K})*™!, then A > 1/K} and we
conclude that
B(IX| > 1) < exp (—1°/(2K4)%)
This proves that (3) holds true with K3 = 2K, and K} = 2K /(K})*L.
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,

<x0¢+yﬁ
T —+ =
y*a 3

Hence for every A > 0, by convexity of the exponential

1 X\“ 1
exp(\|X]) < - exp <K1|) + Bexp (AK,)?

and taking the expectation, we get by definition of the L, norm that
Eexp(\X]) < 2 + %exp (KL
We conclude that if A > 1/K; then
Eexp(A|X]) < exp (AK7)”
which proves that (4) holds true with Ky = K; and K} = K. O

A simple corollary of Theorem 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,
1 (BIX|7)' 7
X1l < sup <2l Xy, -
262 1["04 p}a pl/(l 1["@

Moreover for any oo > 1, Log C Ly, and | X ||y, < |1 Xz -

Proof. — This follows from the implications (1) = (2) = (3) = (1) in Theorem
and from the computations of the constants K5, K3, K} and K;. The moreover part
is a direct application of the definition of the 1, norm. O

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

Proposition 1.1.7. — Given p, q € [1,+00] be such that 1/p+ 1/q = 1 and two
random variables X € Ly, , Y € Ly, , we have

XY ]y, < 11Xy, Y]y, - (1.2)
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Moreover, if 1 < a < B then for every random variable X

XMy, < 1XNy, < 1X1y, -

Proof. — By homogeneity, we assume that ||X||¢p = ||Y||wq = 1. Since p and ¢ are

conjugate, we know by Young inequality that for every z,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 Y = 1 satisifes ||Y| vy = 1. Hence applying 1| with
p = o and ¢ being the conjugate of p, we get that for every o > 1, | X]||,,, < [ X, -
We also observe that for any 8 > «, if § > 1 is such that 8 = «é then we have

X0, = 1X 1%y, < X1y, = 1X15,,
which proves that X, < |\X||wﬁ . O

1.2. Linear combination of centered Psi-alpha random variables

In this part we will focus on the case of centered v, random variables when a > 1.
We will present several results concerning the linear combination of such random
variable. The cases « = 2 and a # 2 are different. We will start by looking at
the case a = 2. Even if we will 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 classification with the
1o norm of certain random variables. However in the case o # 2, different regime
will appear in the tail estimates of such sum. This will be of importance in several
chapters of this book.

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

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

n 1/2
2
<c(z nxz-nw)
=1

n

>

i=1

U
where ¢ < 16.

Before proving the theorem, we start with the following lemma concerning the
Laplace transform of a vy random variable which is centered. The fact that EX =0
is crucial to improve the assertion (4) of Theorem
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Lemma 1.2.2. — Let X be a Y9 centered random variable. Then, for any A > 0,
the Laplace transform of X satisfies

Eexp(AX) < exp (eA? ||XH¢2 ).
Proof. — By homogeneity of the statement, we can assume that ||X||4, = 1. By the
definition of the L, norm, we know that
E exp (XQ) <e and for any integer k,EX%* < ek!

Let Y be an independent copy of X. By convexity of the exponential and Jensen
inequality, since EY = 0 we have

Eexp(AX) <ExEyexpA(X —-Y).
Moreover, the random variable X — Y is symmetric hence

A2 +oo ok
ExE AMX -Y)=14 —-ExEy(X -Y)
xEy exp A( ) + g X v ( +Z (25!

Obviously, ExEy (X —Y)? = 2EX? < 2e and ExEy (X — Y)?* < 4FEX?F < e4FE!.
Since the sequence vy = (2k)!/3%(k!)? is nondecreasing, we know that for k > 2
v > vy = 6/32 so that

ed k! e32 [4\F 4e\" 1 ek
22, EaEr (OF Y7 < < G () k'§<¢6) R

It follows that for every A > 0, Eexp(AX) <1+ eX> + 3% e’\!) =exp(er?). O

S ExEy (X - V)%

Proof of Theorem — It is enough to get an upper bound of the Laplace trans-
form of the random variable | Y7 | X;|. Let Z =37 | X; then by independence of
the X;’s, we get from Lemma [T.2.2] that for every A > 0,

Eexp(A\Z) HEeXp AX;) < exp (6)\ ZHX |¢2> :
i=1 =1

For the same reason, Eexp(—AZ) < exp (6)\2 S ||Xz||3,2> Thus,

Eexp(AZ]) < 2exp <3>\22 ||X¢||f¢2> :

=1

1/2
We conclude that for any A > 1/ (Z?:l ”Xl”sz) .

Eexp(A|Z]) < exp (4/\2 > I %)

=1

and using the implication ((4) = (1)) in Theorem with o = 8 = 2 (with the
estimates of the constants), we get that || Z]|,,, < c(32, HXiHiQ)lm with ¢ < 16. O
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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. By definition of Ly,, for any (a1,...,a,) € R", the random variable a;e; is
centered and has 1y norm equal to |a;|. We apply Theorem to deduce that

<clals=¢c|E

1/2
n n 2 /
E ;€4 E ;€4
=1 o i=1

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

Zaisi S (E Zaisi
i=1 = i=1

S

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

E (1.3)

py\ 1/p
) <2c/p|E

1/2 A (1=-x)/4
(B1Z1?)"" < (E|ZI)Y (B|2)*) :
Let Z = 2?:1 a;ei, we apply (1.3)) to the case p = 4 to deduce that for any 0 < ¢ < 2,

a\ 1/q n 2\ 1/2 a\ 1/q
] =1

n
T
i=1
. 2
Since for any z > 0, e — 1 > 2, we also observe that

n n
E ;€4 g ;€4
i=1

i=1
However the precise knowledge of the 1> norm of the random variable Y 7" | a;e; is
not enough to understand correctly the behavior of its L, norms and consequently of
its tail estimate. Indeed, a more precise statement holds true.

< (4¢)?2-0)/a (]E

n
E ;€4
i=1

o\ 1/2

(e—1) > |E

2

Theorem 1.2.3. — Let p > 2, let ay,...,a, be real numbers and let €1,...,&, be
independent Rademacher variables. We have

S

n
g ai€;
i=1

1/2

p\ 1/p
) §Zaf+2c\/ﬁ Za;‘Q ,

i<p i>p

where (af,...,ak) is the non-increasing rearrangement of (|ail,...,|an|). Moreover,

r'n

the estimate is sharp, up to a multiplicative factor.

Remark 1.2.4. — We will not present the proof of the lower bound even if it is the
difficult part of the Theorem. It is beyond the scope of this chapter.
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Proof. — Since Rademacher random variables are bounded by 1, we also have the
trivial upper bound:
<E

n p\ 1/p n
> i ) <> ail- (1.4)
=1 =1

By independence and by symmetry of the Rademacher we have

T e

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

Splitting the sum into two parts, we get that

n p\ 1/p » p\ 1/p p\ /P
<]E Zarai > < (]E Zaf& > + | E Za;*ai
i=1 i=1 iP>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 classification with
Yo-norm. Indeed, being a 1, 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
t large enough, but this result is sometimes too weak for a precise study of the L,
norm of Z.

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

Theorem 1.2.5. — 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~'>"  EX?. For anyt > 0, we have

n 2
P <71l ;X > t) < exp <—?\Z2h (]f;)) ,
where h(u) = (1 + ) log(l +u) —u for all u > 0.
Proof. — Let t > 0, by Markov inequality and by independence we have
P (1 zn:Xi > t) < inf exp(—At)E exp (A Zn:Xz)
n A>0 n =
AX;

= inf exp(—Xt) ﬁEeXp (n) : (1.5)

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 1.2.6. — 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 1.2.7. — Let Xq,...,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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1 n
where My = max 1 Xl » o} = 52; HXZHi1 and c is a number that can be taken
i—
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,

k
E|X|* < ek! || Xqlly,, -

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,

A AFE|X; ¢ eA? || X e |1 X2
Eexp<Xi><1+Z,|Ck"| <1+ 12X, <1+ ————arv H A”;j
n =S w2 (1=2lxl,) o e ER)

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

e eX2o?

A2 - 2
eXp()\ ) S exXp <7’L2 (17M) Zzzln 7/||'¢;1> €xXp (n_)\M1>

n

We conclude by Markov inequality that for every ¢ > 0,

7 T o<a<n/M; n — A\M;

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’(Zzt)gexp(—e nt).

)\2 2
P(Z>t)< inf exp <—)\t+ 2% ) .

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

Our goal is to explain the behavior of the tail estimate of a sum of independent ,,
centered random variables. As in Bernstein inequalities, there will be two different
regimes depending on the level of deviation ¢.

Theorem 1.2.8. — Let a > 1 and S8 be such that a1+ 871 =1. Given X1,..., X,
be independent mean zero 1, real-valued random variables, set

n 1/2 n 1/8
A = (Z ||X¢||fbl> and By = (Z ||Xi|fza> )
1=1

i=1
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Then, for everyt > 0,
2 i £ if @ <2
ex —CoMIN ( —5, — I « >
’ A3 By
P 2t <

E X; ,
i= vt
! 26Xp (_CQ max (B(QX, Bg‘)) if @ >2

where cq, 15 a number depending only on «.

Remark 1.2.9. — We can stated the result with the same normalization as in Bern-
stein inequalities. Let o3 = %Zﬁzl ||Xz||12¢,1 and MP = %Z?:l ||Xi||5,a, then we have

2 i 2t if <2
exp | —conmin [ —, — if o ,
P o7’ Mg

P >t <

2t
2 exp <—can max (W’ W)) if > 2.

Before proving Theorem [I.2.8] we start by exhibiting a sub-Gaussian behavior of
the Laplace transform of any 1, centered random variable.

1 n
=N X,

Lemma 1.2.10. — Given X a1 mean-zero random variable, for every A such that

0<AK (2||X||¢1) we have
Eexp (AX) < exp (4(e —1)a ||X||il) .
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’)) < EexpA(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)!

/\Qk

EY?2F.
(2k)!

EexpAY =1 —I—Z
E>1

By definition of Y, for every k > 1, EY?¢ < 22*EX?F_ Hence, for every 0 < A <
-1
(2 ||X||w1) , we get that

EY? =14 \2 Z
k>1

Eexp\Y < 1+4X%|X|3 EXY  vavxe, (E A 1
exp AY < 144X X7, Z CRXIPF = + AN X, ( Eexp x| —1).
k>1 : P1 o

-1
By definition of the 11 norm, we conclude that for every 0 < A < (2 ||X||w1)

EexpAX <1+ 4(e—1)A\[|IX[2, <exp (4(e —1)a ||XHil) .
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Proof of Theorem[1.2.8 — 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 Proposition [1.1.7)) and from Lemma [1.2.10, we get that

V0 <A<1/2Xi,, » EepAX: < exp (4(e— DA X3, ).
Moreover, from Theorem [1.1.5] we get also that
YA > 1/]|Xilly., EexpAX; < exp (A ||Xz-||¢,a)6
Since 1 < a < 2 then 8 > 2 and it is easy to conclude that for ¢ = 4(e — 1) we have
VA >0, EexpAX; < exp (c (/\2||Xi||12pl + )\5||Xi||ﬁa>) : (1.6)

Indeed when || X;]|y, > 2||X;lly,, we just have to glue the two estimates. Otherwise,
we have | X;]ly. < 2 X:]ly, and for every A € (1/2||X¢||w1 ,1/||Xi||%), we get by
Holder inequality,

X; A X[l , )
Eexp A\ X; < <]Eexp (M)) < exp (M| X||y,) < exp ()\ 4||Xi||w1) .

Let Z =3 | X;, we deduce from ([1.6) that for every A > 0,
EexpAZ < exp (c (A?)\2 + Bg)\'ﬁ)) .

From Markov inequality, we have

S ) < inf e M < 242 B3\8) — \p) .
P(Z>1t) < )1\1;%6 Eexp\Z < )1\1;% (c (AIX* + BEN) — Xt) (1.7)
If (t/A1)? > (t/Ba)® then we have t2~% > A2 /B% and we choose A = %.

Therefore,
t t
) BSAB = < , and
4cB¢ (4c)PBg ~ (4¢)?B%
ta taiQA% ta
(40°Bg By~ (40)’Bg’
We conclude from (1.7)) that
1t
P(Z>1t) < —— .
(=2 )—eXp( SCBg)
If (t/A1)? < (t/B,)® then we have t>=% < A? /B¢ and since (2 — a)8/a = (8 —2)
we also have t3=2 < B8 /A2~ We choose A = 1 therefore,
1

toz
At =

AN =

£ t2 2 P-2B8 2

1cA2 N T gozaz MG e (1c)P A7 2261 = (40243

We conclude from (1.7]) that

1 ¢?
1

At
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The proof is complete with ¢, = 1/4c =1/16(e — 1).
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, EexpAX; < exp (cA?[|X;]|7, ) and Eexp AX; < exp (cA5||XZ-||ﬁQ) .

Indeed, when A || X||,,, < 1/2 then (A ||X||w1)2 < (A ||XH¢1)5 < (A ||X||wu)ﬁ and when
AMX |y, =1 then (A ||X||%)'B < (A ||X||wa)2. Therefore both inequalities hold true.
We conclude as before that for Z = >""" | X;, for every A > 0,

EexpAZ < exp (cmin (Bi)\g, 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 em-
beddings of points from a high-dimensional Euclidean space into low-dimensional Eu-
clidean space. The lemma states that a finite number of points in a high-dimensional
space can be embedded into a space of much lower dimension (which depends of the
cardinality of the set) 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 G4, ...,Gy be k independent Gaussian vectors in R™ distributed according to
the normal law N (0,1d). Let I' : R” — R* be the random operator defined for every
x € R” by

<G1’$>
Iz = : € R (1.8)
<Gkax>

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—ce |z —yla <|A(z —y)2s < V1+e |z —ylo.

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

‘MQ

k
1
:75 (Gi,x —y) —EGi,x— 2,

2
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For every i = 1,...,k, we define the random variable X; by X; = (G, — y)? —
E(G;,z — y)?. It is a centered random variable. Since e* > 1 + u, we know that
E(Gi,z —y)? < (e—1) |(Gi,x - y)szl. Hence by definition of the 15 norm,

IXillo, < 2(e = D) |[(Giz = 9)?||,,, = 2(e = 1) [(Gi,z = 93, (1.9)

By definition of the Gaussian law, (G;, x —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 5 norm, ||g||7, = 2¢*/(e* — 1). We will call ¢ this number and ¢f = 2(e — 1)c3.
We conclude that ||(G;, z — y)HiZ = ¢ |z—y|3 and that || X;||y, < ¢ |z—y|3. We apply
Theorem In this case, M1 = 01 = ¢} |x — y|3 and we get that for t = |z — y|3
with 0 < e <1,

'

since t < |z —y|3 < 2 |z —y|3 < 0?/M;. The constant ¢’ is defined by ¢’ = ¢/c] where
¢ comes from Theorem Since the cardinality of the set {(z,y) :z € T,y € T}
is less than N2, we get by the union bound that

’F(x—y)Q
V

and if k > ko = log(N?)/c’e? then the probability of this event is strictly less than
one. This means that there exists a realization of the matrix I'/v/k that defines A
and that satisfies the contrary i.e.

Va,yeT, V1—elr—yls <[A(x —y)ls < V1Ite |z -yl

<Gi,l‘ - y>2 - E<Giaz - y>2

lk
k 4
=1

K2

> elx — y|§> < 2exp(—c ke?)

— |z —yl3

P(Hw,yeT:
2

> elr — y%) < N2 exp(—c ke?)

Remark 1.3.2. — The value of C is less than 1800.

In fact, the proof uses only the 1y behavior of (G, x). We could replace the Gaussian
vectors by any copies of an isotropic vector Y with independent entries with bounded
o norms, like e.g. a random vector with independent Rademacher coordinates. In-

deed, by Theorem Y,z — y) ||y, < clz—yl|o which gives an estimate of (1.9).
The rest of the proof is identical.

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
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covering number N (U, V) to be the minimum of translates of V' needed to cover U.
The formal definition is

N
NU,V) :inf{N :3xq,..,ay €R™U C U (x +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
V. Formally, for every sets U,V C R",

MU, V) :sup{N:Ele,...,xN ceUVi#jx—z; ¢ V}.

If V' is a symmetric convex set (we always mean symmetric with respect to the origin),
we can define the norm associated to V: for every x € R"

l|z|lv = inf{t > 0,z € tV}.

Hence x; —x; ¢ V is equivalent to say that ||z; — x;||v > 1. For any positive number
g, we will also use the notation

N(U,e& |- v)

for N(U,eV). Moreover, the family x1,...,zy is said to be an e-net if it is such that
UcC Ufil (x; +€V). Also if we define the polar of V' by

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

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

Proposition 1.4.1. — IfU,V CR" and 0 € V 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 z1,..., 2y in U such
that for every ¢ # j, x; —x; ¢ V. Let u € U\ {z1,...,2n} then {z1,...,2n,u}
is not l-separated in V' and this means that there exists ¢ € {1,..., N} such that
u—x; € V. Consequently U C N, (z; + V), since 0 € V, and N(U,V) < M(U, V).

Let z1,...,zp be a family of vectors of U that are 1-separated. Let zi,...,2zn
be a family of vectors such that U C Uf\;l (z; +V/2). Since for every i = 1,..., M,
z; € U, we can define an application j : {1,..., M} — {1,..., N} where j() 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 iy = i5. This proves that the map j is injective
and this implies that M (U, V) < N(U,V/2). O

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.
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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,...,zp in V such that for every i # j, z; —xz; ¢ V.
Since V' is a symmetric convex set, the sets z; + €V//2 are disjoint and

M
izul(xi +ev/2)cVrev/2=(1+ g) %

By taking the volume, we get that

E\" E\"
Mu(3) < (1+3)
2/ = + 2
which proves the desired estimate. O

Another important parameter that will be used to measure the size of a subset T'
of R™ is £,(T), defined by

6.(T) :Efng><G7t>

where G is a Gaussian vector in R™ distributed according to the normal law N(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 ¢7 by parallelepipeds and some classical estimates relating covering numbers
of T by a multiple of the Euclidean ball and £,(T") or £,(7T°).

The empirical method. — We will introduce this method through a concrete
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 4,j € {1,...,d},

K

P, < — 1.10

@] < 2 (1.10)
where K > 0 is an absolute constant.

We denote by ®4,..., P, the row vectors of ® and we define for all p € {1,...,d}
the semi-norm |[-[|  , for all z € R< by
oy = max | (@5} .

Its unit ball is denoted by By p. If E = span{®1,...,®,} and Pg is the orthogonal
projection on E then we have By, , = PrpBoop + EL. Moreover, Pr B, 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 By p-
Observe that from the hypothesis (1.10)) on the entries of the matrix ®, we get that
for any € Bf and any j = 1,...,p, [(®;,2)| < |®;|e|z|s < K/Vd. Therefore

K
B{ ¢ ﬁBW) (1.11)

and for any € > K/\/&, N(BiiaEBoo,p) =1
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Theorem 1.4.3. — With the preceding notations, we have for any 0 <t < 1,

tK 1 log(2d + 1 2
log N (Bf, \/EBOO’p> < min{co 08(p) Of;( + ), 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.

Proof. — Let x be in B{ and define the random variable Z by
P(Z = Sign(z;)e;) = |z;| foralli =1,...,d and P(Z = 0) =1 — ||y

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} Take m to be
chosen later and Zi,...,Z,,,Z1,...,Z] be iid. copies of Z. We have by Jensen
inequality

1 & 1 & 1 &
m—E;Zi EZ;IE’Z;—Zi EZ;Z’{_Z"

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
!
~ ?:1 Z - 7

We conclude that

E < EFE’

oo,p

oo,p o0,p

m

> ez - Zi)

i=1

m

ZaiZi
i=1

1

EE/ = —EE'E. < ZEE.
m

2
m

o0,p 00,p 00,p

E

1 m

=1

. (1.12)

By definition of Z and by (1.10), we know that |[(Z;, ®;)| < K/Vd. Let a;; be a
sequence of real number such that |a;;| < K/+/d. For any j, let X; be the random
variable X; = Y a;j¢;. From Theorem we deduce that

m 1/2
Ky/m
. ] 2
Vi=1,...,p, |Xg||¢2§0<;a¢j> SC*\/ﬁ .
Therefore, by Proposition m (and the remark after it), we get

K/
E max |X;| < c+/(1+1logp) ZVE
1<j<p

J Vd
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From (1.12) and the preceding argument, we conclude that

1 i <2cK\/(1+logp)
m = o - vmd
Let m be the integer such that
2 2
4¢*(1 + log p) <m< 4¢*(1 +logp) +1
t2 12
For this choice of m we have
1 & tK
El|x—— Z; < —.
TP Nz
= 00, p
In particular, there exists w € €2 such that
1 i K
m = o = Vd

and so the set
1 m
{EZZ’ Sy Zm € {iel,...,ied}U{O}}
i=1

is a t K /v/d-net of B¢ with respect to |- oo p- Since its cardinality is less than (2d+1)"
we get the first estimate:

log N (Bf,tfg B ,p) < ol +logp)logd + 1)

where ¢g is an absolute constant.
To prove the second estimate, we recall by (1.11)) that Bf ¢ K/vdBx . Hence

tK K tK
N (Bf, \/ZZBOQP) <N <\/g3m,p, \/gBoo,p> = N (Boo p;tBoop) -

Moreover, we have already observed that B, , = PpBs p + E+ which means that
N (Boo,p tBoo,p) = N(V,tV)

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

11.4.2] to conclude that
tK 2\?
N(BY =—=B.,|<(1+>) .
(ot Gamer) = (1+3)
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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 a Euclidean ball by translates of a symmetric convex set are the
Sudakov and dual Sudakov inequalities. They relate these covering numbers with the
complexity £, of the sets.

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

supey/log N(T,eBY) < cl.(T) (1.13)

e>0

and
supey/log N(BY,eV) < cl.(V°) (1.14)
e>0

where for a mormal Gaussian vector G € RN, £, (T) = Esup,er(G,t) and €, (V°) =
Esup,cy. (G, t) = E||G|v.

The proof of the Sudakov inequality (|1.13]) is based on comparison properties be-
tween Gaussian processes. We recall the Slepian comparison lemma without proving
it.

Lemma 1.4.5. — Let Xy,..., Xy and Yi1,..., Yy be Gaussian random wvariables
such that for all i, =1,... M
ElY; - Y;[* <E|X; - X;[?

then
E max Y, <2E max Xj.
1<k<M 1<k<M

Proof of Theorem[1.4.J} — We start by proving (1.13)). Let x1,..., 2 be M points
of T that are e-separated with respect to the Euclidean norm |- | and define for every

i =1,...,M, the Gaussian variables X; = (x;,G) where G is a standard Gaussian
vector in RY. We have

EIX; — X;|° = |v; — a3 > & forall i # j.
Let g1,...,9m be M standard independent Gaussian random variables and for every
i=1,...,M let Y; be defined by Y; = %gi. We have for all i # j
ElY; - Y =&
and we conclude from Lemma [[.Z.5] that

g
£ _ S,
75 s, on < 2B max (o, G) < 20(T)

Moreover there exists a constant ¢ > 0 such that for every positive integer M

E max gy > /logM/c (1.15)

1<k<M

and this proves that ev/log M < 2¢v/2¢(T). By Proposition the proof of inequal-
ity (1.13) is complete. The lower bound (1.15)) is a classical exercise about Gaussian
random variables. First, we observe that Emax(g1,¢g2) is computable, it is equal to
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1/4/m. Hence we can assume that M is large enough (say greater than 10%). In this
case, we observe that

> .
2E g, 00 2 By lon] ~Elo|

Indeed,

E max gr= Elgggw(gk —g1) = ElggﬂaﬁjmaX((gk - 91),0)

and by symmetry of the g;’s,

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

=2 0, o o) = 20, e, o

But, by independence of the g;’s

+o0 400
E max |gi| = / ]P’( max |9k >t> dt = / (1—1?( max |gg| <t>>dt
1<k<M 1<k 1<k<M

/;Oo 1(1\/7/ “2/2du>[ dt

and it is easy to see that for every t > 0,
Foo 2 2
/ e W2y > e~ tHD7/2,
t

Let to + 1 = +/2log M then
to 2 +oo 5 M
E max |gk|2/ 1- 17\/7/ e /2 du dt
1<k<M 0 T Ji

Z to 1-— < M@) Z to(l — 67\/2/7)

which concludes the proof of .

We will now prove the dual Sudakov inequality (1.14). The argument is very
similar to the volumetric argument introduced in Lemmal[l.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
1.4.1} it is enough to prove that

ev/log M < ¢l (V°).

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

' S 2 dz
YN (x; +7e/2V) | = / e—leB2_%% g
(U ; lz2—z:llv <re/2 (271')N/2

=1
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However, by the change of variable z — x; = u;, we have

_leg2_ 92 _ —|zi|§/z/ s 2/2,— (usme) _ Qi
e =€ e e
/Hz—xi||v§'re/2 (27T)N/2 [|uil|lv<re/2 (27)]\]/2

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

1 / —l22/2__dz w2/
— el > o~ lwil3/2,
W (5 V) Jjamaillv<reso (2m)N/2

Since z; € rBY, we have proved that
Me /2 YN (% V) <1.
To conclude, we choose r such that re/2 = 2£,(V°). Hence by Markov inequality,

v (% V) > 1/2 and we have proved that M < 2¢7°/2 which means that for a constant

C7
ev/log M < ¢t (V°).
O
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 ||-[|g
defined for any A € M,, ,, by

1/p

Alls, = (bx(a7ay72)

It is also the ¢,-norm of the singular values of A and we refer to Chapter {4 for more
informations about the singular values of a matrix.

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

5\/10g N(By"™ eBy"™) < ¢ /m n(1=1/P) (1.16)

and

e /log N(BJ"™ e Bi"™) < ¢o v/m n'/9 1.17
\/ g 2 q

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|Tls. < c(via+vm) (1.18)
for some numerical constant C. Let X, , be the Gaussian process defined for any
u € By, v € BY by

Xy = (Tv,u).
It is defined such that

E[ls, =B _swp_ X
2 2
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From Lemma there exist A € BJ* and A’ C B, (1/4)-net of BY* and B¥
respectively, for their own metric, such that |A] < 9™ and |A'| < 9" . Let u € BY?
and u’ € A such that |u — /|2 < 1/4 and similarly, let v € BY and v’ € A’ such that
|v —v'|2 < 1/4, then we have

[ Xuw = X | = [T, u = ') + (T(0 = o), u)| < Tlg Ju—v']2 + [T, [0 =02
We deduce that ||I'|lg_ < sup,eppen |[Xu |+ (1/2) |Tlg_ and therefore

IPls. <2 sup [ Xurul.
u' €N’ EN

Now X,/ , is a Gaussian centered random variable with variance |u/[3[v/|3 < 1. By

Lemma [T.T.3]

E sup | Xuw| < ev/loglA[[N] < ey/log9 (vVim + v/n)
u €AV EN

and Equation [I.1§] follows.
We first prove :1.16) in the case m > n > 1. Using Sudakov inequality ([1.13]), we
have for all £ > 0,

e\/log N (B By™") < el (B™).
However
(By"")=E sup (I',4)
AeB"
where (T', A) = Tr(I' A*). If p’ is such that 1/p + 1/p’ = 1 then we have by the trace
duality
(L, 4) < [IPllg,, 145, <n"? IVl 1Allg, -
By taking the supremum over A € B)"", the expectation and using (1.18)), we deduce
that
LB < nMPR|D| g < ev/m /Y

which ends the proof of (|1.16])

We prove ([1.17)) in the case m > n > 1. Using the dual Sudakov inequality (1.14)
and ([1.18) we get that for any ¢ € [1, +00]:

ey/log N(BY™" By < cE|U| g, < en'/9E D5 < ¢n'/ay/m.

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

Concentration of norms of Gaussian vectors. — We finish this chapter by an
other important property of Gaussian processes, a concentration of measure inequality
which will be used in the next chapter. It is stated without proof. The reader is
referred to the book [Pis89] to learn more about this.

Theorem 1.4.7. — Let G € R™ be a Gaussian vector distributed according to the
normal law N(0,1d). Let T C R™ and let

o(T) = sup{(E(G, 1)*)

teT

1/2

}.
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We have
Yu >0 P <

sup(G,t) — Esup(G,t>| > u) < 2exp (—cu®/o*(T)) (1.19)
teT teT

where ¢ is a numerical constant.

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 [LT91, vdVW96, [Led01], BBL04, Mas07| for the interested reader.
The classical references for the study of Orlicz spaces are [KR61), [LT77, [LT79,
RR91, RR02].

Tail and moment estimates for Rademacher averages are well understood. Theorem
[[.2:3]is due to Montgomery-Smith [MS90] and several extensions to the vector valued
case are known [DMS93], [MS95]. The case of sum of independent random variables
with logarithmically concave tails has been studied by Gluskin and Kwapien [GK95].
For the proof of Theorem 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
Kwapien [GK95]. We have presented here an approach which follows the line of
[Tal94]. The results are only written for random variables with densities c,e™ , but
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 [1.13]is due to Sudakov [Sud71] while
the dual Sudakov 1nequahtym 1.14)is due to Pajor and Tomczak-Jaegermann [PT.J86].
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 [Fer74] proved that the constant 2 can be replaced by 1
and Gordon [Gor85, (Gor87| extended these results to min-max of some Gaussian
processes. About the covering numbers of the Schatten balls, Proposition [1.4.6]is due
to Pajor [Paj99|. Theorem is due to Maurey and Pisier (see the book [Pis89]
and for variations on the same theme).



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.

Sparsity. — We first introduce some notation. We equip R and RY with the
canonical scalar product (-, -) and Euclidean norm | - |2. 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,xy, # 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, = L., (RY) and its unit sphere by

S5(Lm) = {z € RY : |z|]p = 1and |suppz| < m}.
Similarly let
By(Z) = {z € RN : |z]y < 1and |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 € ¥, 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 matrizx 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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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
erits y € A and z € C such that x =y + €z. 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. — Lete € (0,1). Let C C RN 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
Al < (1+2/e)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 +
e2x9 + ..., 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_l,EBéV)g(E) :

Now, since S3(X,,,) is the union of spheres of dimension m,
N N m—1 m
N(S2(X,),eBy) < (m>N(S ,eBIM).
Using (Z) < (eN/m)™, we get:

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

3eN\"
N(S2(Em),eBY) < (=) .
(sa(zn). 8 < (22)
The ¢;-minimization method. — Coming back to the exact reconstruction prob-

lem, if we want to solve the system
At =y

where y = Az 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 (T]X ) possible
supports, too many to answer the request of a fast algorithm. A more clever approach
was proposed, namely the convex relaxation of the {y-method. Let = be the unknown

vector. The given data is y = Az. For t = (¢;) € R denote by

N

[t = [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. — Exact reconstruction by /;-minimization. We say that
the matriz A has the exact reconstruction property of order m by £1-minimization if
for every x € 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. ;jFrom the geometric point of view, S7(3,,) 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:
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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. Neigh-
borliness property becomes non-trivial when m > 2. In that case, observe that

A(BYN) = conv(£Xy,...,+Xy) has {£X1,...,£Xx} as vertices AND is symmetric
m-neighborly iff A maps every (m — 1)-dimensional face of BV onto a (m — 1) dimen-
sional face of conv(+Xy,...,£Xy). From (2.3) and (2.4)), we deduce the following

criterium.

Proposition 2.2.15. — Let 1 <m < N. The matriz A has the null space property
of order m iff its columns £X1,...,+Xx are the 2N wvertices 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] =% /2] C L,
@ is an isometry on X|,, /2| equipped with the £; metric. In other words,

Vl‘,y € Z|_771/2J ||Q$ - QyH = |aj - yll

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 <
N/2 such that for every I,J € A, I # J | INJ| < |m/2] and |A] > L N 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, 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 <9 max N—m < gm N .
b2 k m—k m/2<k<m \m — 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

1= ()2 ()|

Since for m < N/2 we have (%)m < (Z) < (%)m, we get that

e ] | (25 )

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[WJLVWJ , 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 such that any vectors from X,, can be exactly reconstructed by /¢;-
minimization method.

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 (2.1). Let us start with the following
definition which 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= dp)laf3 < [Az]3 < (1+06,)[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 0, shortly RIP, (), if
0<d,(A4) < 6.

The relevance of the Restricted Isometry parameter is revealed in the following
result:

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.

For simplicity, we shall discuss an other parameter involving a more general con-
cept. The aim is to relax the constraint &a,, (4) < /2 — 1, in Theorem and still
get an exact reconstruction property of a certain order by ¢;-minimization.

Definition 2.3.3. — Let 0 < p < n be integers and let A be an nx N matriz. Define
ap = a,(A) and B, = Bp(A) as the best constants such that

Ve e X, oplz)e < |Az|e < Bplza.

Thus pp = max{|Az|s: & € ¥, |z|2 = 1} and o, = min{|Az|y : v € £, |z|]s = 1}.
Now we define the parameter v, = v,(A) by

In other words, let I C [N] with |I| = p. Denote by Al the n x p matrix with
columns (X;);e; obtained by extracting from A the columns X; with index i € I.
Then «, is the smallest singular value among all the block matrices Al with |I| = p,
and S, is the largest. In other words, denoting by BT the transposed matrix of a
matrix B and A, ((A7) T AT, respectively Aax((AT) T AT), the smallest and largest
eigenvalues of (A7) T A, then

. INT 4T
(4) IC[%}B‘:pAmm((A ) AY)
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whereas
2 2 INT g1
=p0(A)= ma A A%)TAY).
O = O = R oy Amee (4 A0
Of course, if A satisfies RIP,(d), then v,(4)? < 2. The concept of RIP is
not homogenous, in the sense that A may satisfy RIP,(J) 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(2)) ‘|Am|§ — 1| <9
expressing a form of concentration property of |Az|s. Such a property may not be
satisfied despite the fact that A does satisfy the exact reconstruction property of order
p by ¢;-minimization (see Example [2.6.6]).

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
|yl > |hp(2)| > -+ > |hyny|- Denote by It = 5 ({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 Ix+1 = @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, Iy which has cardinality m and the last
one, which may have cardinality not greater 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
Vk > 2, |h1k+1|2 < % |hr, |1

and )
|hrl2 < — |hrels-

Proof. — Let k> 1. We have
|hrirl2 <V k| max{|hs| : 7 € Tyy1}

and
max{|h2| NS Ik+1} < m1n{|hl| NS Ik} < |h[,\|1/|]k|
We deduce that

I
k21 Jhils < V:I’T' i o

Adding up these inequalities for all & > 2, for which /[I41|/|Ix| < 1//p, this prove
the claim. O
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We are ready for the main Theorem of this section

Theorem 2.4.2. — Let 1 <m <p< N and N > m+p. Let A be annx N matriz.
Then

Wheker A,h #0, VI CI[N]|I|<m, |h1|1<,/%2p<A> hiel (25)

and Vh € ker A,h # 0, VI C [N],|I| < m,

1473 1473
[hl2 </ 1 7(4) Ihzvll \/ 1r0a,(4) (2.6)

1493,(A)
p

In particular,

rad (ker AN BY) <

where rad (B) = sup,¢p |z2.

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

definition of g, (see|2.3.3), one has
1
‘hll + h12‘2 < 7|A(h11 + h12)|2'
Q2p

Using that h € ker A we obtain

|h11 + h12|2 < 7|A(h11 + hIz - h)|2 - 7‘14 Zhlk
“2p k>3
Then from the definition of 5, and 7, (2.3.3), using Claim [2.4.1] “ we get
B < 22p(4)
by l2 < by + hryle < =2 by 2 < 2= |hre s (2.7)
X2p =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,
|hreli < |hre|y and |hrly < |hp, |1 < /mlhy, 2.

To prove ([2.6]), we start from
A3 = |h —h1, = hi 5+ by + hiol3
Using Claim (2.4.1]), the first term satisfies

h—hr, = hple <> |hple < —= |hugls
k>3 \/7

Flrom7 |hr, + hiyl2 < 72”7\/(;) |hre|1 and putting things together, we derive that

1+13,(4) 1+193,(A)
|Bly < 4| ——2 |hpely < 4 ——2 |h|y.
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JFrom relation (2.5) and the null space property (Proposition|2.2.11)) we derive the
following corollary.

Corollary 2.4.3. — Let 1 <p < N/2. Let A be an x N matriz. If y2,(A) < /D,
then A satisfies the exact reconstruction property of order m by £1-minimization with

m = |p/v3,(A)] .

Our main goal now is to find p such that ~y3, 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|s satisfies good concentration properties, the restricted isometry
property is more adapted. In this situation, vy, ~ 1. When the isometry constant
d2p is sufliciently small, A satisfies the exact reconstruction of m-sparse vectors with
m = p (see Theorem [2.3.2).

Similarly, an estimate of rad (ker AN BYY) gives an estimate of the size of sparsity
of vectors which can be reconstructed by ¢;-minimization.

Proposition 2.4.4. — Let A be an n X N matriz and let 1 < m. If

1

d(ker ANBY) < ——
rad (ker ) N
then the matriz A satisfies the exact reconstruction property of order m by f1-
minimization.
Proof. — Let h € ker A and I C [N],|I| < m. By our assumption, we have that

Vh e ker A,h #0  |hla < |h|1/2v/m.

Thus |hr|1 < vm |hrle < v/m |hl2 < |h|1/2 and |hf|1 < |hre]1. We conclude using
the null space property (Proposition [2.2.11)). O

To conclude the section, note that implies that if a n x N matrix A satisfies a

restricted isometry property of order m > 1, then rad (ker AN B¥) = ?(Fln)'

2.5. Gelfand widths
The study of the previous section leads to the notion of Gelfand widths.

Definition 2.5.1. — 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|E,
S gesnT

where || . ||g denotes the norm of E and where the infimum is taken over all linear
subspaces S of codimension < k.
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A different notation is used in Banach space and Operator Theory. Let u: X — Y
be an operator between two normed spaces X and Y. The k-th Gelfand number is
defined by

cp(u) = inf{| uig || : S C X,codim S < k}

where g denotes the restriction of the operator v under S. This reads equivalently
as

crp(u) =inf sup |u(z)|y,
S zeSnBx

where Bx denotes the unit ball of X and the infimum is taken over all subspaces S
of X with codimension < k. Thus, the different notation are related by

cr1(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 id : X — Y is the identity mapping of F' considered from the
normed spaces X to Y, then

d*(Bx,Y) = cpp1(id: X - Y).
As a particular but important instance, we have

d"(BN 05 = cpyq(id : 1Y — 65) = dinfs<krad(s N BY).

The study of these numbers attracted a lot of attention during the seventies and

the eighties. An important result is the following

Theorem 2.5.2. — There exist ¢,C > 0 such that for any integers 1 <k < N,

cmin{l, l()g(iv/k)}<ck(id:€]1\[—>€év)<0min{l, log(i\f/k)}

Moreover, if P is the rotation invariant probability measure on the Grassmann mani-
fold of subspaces S of RN with codim(S) = k — 1, then

P <rad(smB{V) < C’min{l, bg(fj”‘”}) > 1 — exp(—ch).

Coming back to compressed sensing, let 1 < m < n and let us assume that
1
2ym’
In other words, we assume that there is a subspace S C RY of codimension < n such
that rad (SN BY) < ﬁ Choose any n x N matrix A such that ker A = S, then

d"(BY', &) <

1
rad (ker AN BY) < —.
Proposition shows A satisfies the exact reconstruction property of order m by
{1-minimization.
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We deduce from Theorem that there exists a matrix A satisfying the exact
reconstruction property of order

Lern/log(caN/n)]
where ¢1, ¢o are universal constants. From Proposition it is the optimal order.

2.6. 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.

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: ||Azf2 — [23] > t|z[3}) < 2e~%""  forall 0<t¢ < 1. (2.8)
Definition 2.6.1. — For a real random variable Z we define the ¥y-norm by
1Z ], = inf{s >0: Eexp(|Z]/s)? < e}.

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

A random vector Y € RN satisfies a 1y estimate with constant o (shortly Y is s
with constant o) 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 ¢ > 0,

]P)(|Z| Z t) S 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;, € RV be i.i.d. isotropic random vectors which are 1
with the same constant «. Let A be the matrix with Y7,...,Y, € RN as rows. We
consider the probability P on the space of matrices M (n, N) induced by the mapping
(Y17.-~7Yn) — A.

Let us recall Bernstein’s inequality (see Chapter [1)). For y € S™V~1 consider the
average of n independent copies of the random variable (Y7,4)2. Then for every t > 0,

. [tE ot
>t| <2exp| —cnming —, — ,
at’ o

n

S

IP(
n -
=1
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where ¢ is an absolute constant. Note that since E(Y;,y)? = 1, one has a > 1 and
2

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

Claim 2.6.2. — LetYi,...,Y, € RN be i.i.d. isotropic 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 .
P H—z‘ ,m%’ Zt|z|§ §2e_a7t2" forall0<t<1
Vn'ol2

where ¢ > 0 is an absolute constant.

The most important examples for us of model of random matrices satisfying (2.8)
are matrices with independent subgaussian rows, normalized in the right way.

Ezxample 2.6.3. — Some classical examples:

- Y1,...,Y, € RN are independent copies of the Gaussian vector Y = (g1,...,9n)
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

Sub-Gaussian matrices are almost norm preserving on ¥,,. — An important
feature of X,,, and its subsets S2(X,,) and Ba(X,,) is their peculiar structure: the two
last are the unions of the unit spheres, and unit balls, respectively, supported on
m-dimensional coordinate subspaces of RV,

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 2.6.4. — Let m > 1 be an integer, ||.|| be a semi-norm in R™ and € €
(0,1/3). Let A C S™7! be an e-net of S™~1 by e By . If
VweA l-e<|yl<l+e,
then —3e 1+4+¢
< 12
Proof. — Proposition implies that S™~! C (1 —¢)~tconv A. Therefore we have

sup |y < (1 +e)(1—e)7"
yesm—1

Yy € §m1

To get a lower estimate, write any y € S™ ! as y = y; + ey, with y; € A and
y2 € By Then |yl > llyall —ellyzll > (1 —¢) —e(l +e)(1 —e)~" = (1-3¢)/(1 —¢)
which proves the claim. O
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We can give now a simple proof that subgaussian matrices satisfy the exact recon-
struction property of order m by #¢;-minimization with large m.

Theorem 2.6.5. — Let P be a probability on M(n, N) satisfying (2.8). Then there
exist positive constants c1,co and cs depending only on co from (2.8), 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— c1n
~ |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| < (S)QP . Apply
Lemma [2.6.4] to the semi-norm

Lo 1/2
Iyl == (n 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 | - > iy - 1)‘ <e,

yeA I i
then

n

1-—3e 1 12 _14e
Yy € 52(22;0) 1_z < %(Z@“y)Q) < 11—z
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 X, is reduced to checking that on the finite set A. Now recall

that |A] < @;) (g)Qp < exp (2plog (%ﬁ:))

Given a probability P on M (n, N) satisfying (2.8)), and using a union bound esti-
mate, we get that the inequalities

1-3 1
5§|A$|2§ +e
1—¢ 1—¢

Vo € Sg(zgp)

hold with probability at least

3eN
1-— 2|A|e‘°°52" >1-—2exp <2plog (;)) p—coe’n >1-— 9p—coe’n/2
DE

whenever
3eN

2plog ( ) < coe®n /2.

2pe
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Assuming these inequalities, we get
Y2p(A) < (14€)/(1 = 3e)
with probability larger than 1 — exp(—coe?n/2). ;From Corollary we deduce

D

that A satisfies the exact reconstruction property of order m by ¢;-minimization with
m = [p/v25(4)%].

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

<
coe®n/2. O

The strategy that we used in the proof of Theorem is the following:

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

— concentration: |Ax|s concentrates around its mean for each individual x 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 |Ax|s around
its mean

— from the net to the whole set, that is checking RIP, is obtained by Lemma[2.6.4]

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 ¢, > 0 and rescale the matrix so
that 6,(toA) =2 —1/72 +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 2.6.6. — Let 1 <n < N. Let § € (0,1). There exists an n x N matriz A
such that for any p < cn/log(CN/n), one has vo,(A)? < /(1 —6)~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) > 6 (think of 6 > 1/2).
Here, C,c,c/,c” > 0 are universal constants.

The proof is left as exercise.

2.7. 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.

Theorem 2.7.1. — Consider a probability on the space of n x N matrices satisfying
Vo€ RY B (||Aaf— o3| = taf3) <2797 foral0<t<1.
Let T C SN~ and 0 < e < 1/15. Assume the following:
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(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
|A] < exp(eon/2).
Then with probability at least 1 — 3 exp(—coe?n/2), one has that for all x € T,

1 —15¢ < |Az|3 <1+ 15¢. (2.9)

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 Q of matrices A such that

|[Azgla — 1] < ||[Amo|3 — 1| <& for all zg € A, (2.10)

and
|Az] <2 for all z€ A (2.11)

JFrom our assumption , i) and ii)
P() > 1 — 2exp(—coe®n/2) — exp(—con/2) > 1 — 3exp(—coe?n/2).
Let x € T and consider z¢ € A such that |z — zg|2 < . Then for every A €
|[Azolz — [A(z — z0)|2 < |Az[z < |Azolz + [A(z — z0)]2.-
Since  — x¢ € (T — T) NeBY, property ii) and (2.11)) give that

|A(x —x0)]2 <2 sup |Az|a =2 sup |Az|z < 4e. (2.12)

zEconv A/ zeN
Combining this with (2.10) implies that 1 — 5e < |Az|s < 1+ 5e. The proof is
completed by squaring. O
Approximate reconstruction of almost sparse vectors. — After analyzing

the restricted isometry property for thin sets of the type of X,,, we look again at the
{1-minimization method in order to get approximate reconstruction of vectors which
are not far from sparse vectors. As well as for the exact reconstruction, approximate
reconstruction depends on a null-space property.

Proposition 2.7.2. — Let A be a n x N matriz and \ € (0,1). Assume that
Vh € ker A, h # 0,VI C [N],|I| < m,|hrl1 < Ahrelr. (2.13)
Let x € RN and let ¥ be a minimizer of

(P) min |t|; subject to At = Awx.
teRN

Then for any I C [N],|I| < m,

14+ A
lv — 2, <2 +

17/\|5L'—$[1.
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Proof. — Let x* be a minimizer of (P) and set h = 2* — x € ker A. Let m > 1 and
I C [N] such that |I| < m. Observe that

|z|1 > |z 4+ hly = |zr + ki1 + |21e + hre|t > |zr)r — |hr]1 + [hre|r — |2re ]t
and thus
|hrelr < |hrlh +2|xse

On the other hand, from the null space assumption, we get

|h[c|1 < |h1|1 -+ 2|(£1c|1 < )\|h1u|1 +2|Z[c‘1.

1-

Therefore
2
hic|h < c|1-
|hreli < 1_/\|ﬂfl l1
Since the null space assumption reads equivalently |h|; < (1 + A) |hse|1, we can con-
clude the proof. O

Note that the minimum of |z —xz;|; over all subsets I such that |I| < m, is obtained
when [ is the support of the m-largest coordinates of x. The vector x; is henceforth
the best m-sparse approximation of z (in the ¢; norm). Note also that if x is m-sparse
then we go back to the exact reconstruction scheme.

Property , which is a strong form of the null space property, may be stud-
ied by means of parameters such as the Gelfand diameters. This gives us the next
proposition.

Proposition 2.7.8. — Let A be an x N matriz and 1 < m <n. Let x € RN and
let % be a minimizer of

(P) min [t];  subject to At = Ax.
teRN

Let p = rad (BY NkerA) = SUDPe BN Aker 4 |T]2. Assume that p < 1/4y/m then for
any I C [N],|I] < m,

|z — 2f|) < 4|z — 2]
and

1
|z — 2f|y < — |z — 21|

vm
Proof. — Let h € ker A. We have
\hili < Vmlhrlz < Vmhla < Vmplhlr.

Therefore

pvm
1—pym
whenever py/m < 1. We deduce that Property 1) is satisfied with A = 7 £ *p/%.
The inequality |z — 2f|; < 4|z — 2|, follows directly from Proposition and the
assumption p < 1/4y/m. The relation |h|s < plh|1 < 4p|lz — x|; concludes the proof
of the last inequality. O

|hilh < |hre|1
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Let 1 <m <p<mnand N > m+p. The last proposition could be reformulated in
terms of the constant of the restricted isometry property or in terms of the parameter

~p, since from ([2.6]),

)< 14193,(A)

p
but we shall not go any further ahead.

Remark 2.7.4. — To sum up, Theorem|[2.4.9 shows that if a nx N matriz A satisfies
a restricted isometry property of order m > 1, then

rad (ker AN BYY) = (3/%). (2.14)

On the other hand, Propositions(2.4.4 and[2.7.3 show that if a nx N matriz A satisfies
, then the matrixz A satisfies the exact reconstruction property of order O(m) by
{1 -minimization as well as an approrimate reconstruction property.

Based on this remark, we could focus on estimates of the diameters, but the exam-
ple of Gaussian matrices shows that it may be easier to prove a restricted isometry
property than computing widths. We conclude this section by an application of
Proposition [2.7.3

Corollary 2.7.5. — Let 0 < p <1 and consider
T:Bé\joo:{l':(l'l,...,xN) eRN ¢ [{i: |ay| > s} <s7P forall s>0}
the unit ball offgoo. Let A be an x N matriz and 1 <m <mn. Let z € T and let z*

be a minimizer of

(P) min [t|; subject to At = Ax.
teRN

Let p =rad (BN Nker A) = SUDPe BN ker A [Z]2 and assume that p < 1/4y/m, then
[ — a5 < ((1/p) — 1) Iml/2-Vp,

Proof. — Observe that for any x € BZIXOO, one has z¥ < 1/i'/?, for every i > 1,
where (z}), is a non-increasing rearrangement of (|z;|)¥.,. Let I C [N], such that
|I| = m and let 27 be the best m-sparse approximation of 2. Note that ), imi/r <
(1/p —1)~'m!=/P_ ;From Proposition we get that if p < 1/4\/m and if z* is

a minimizer of (P), then

1
|z — 2%y < ——=|z — 71 < ((1/p) — 1)~ tm!/27 1P,
Jm
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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.

Definition 2.7.6. — We say that a subset T C RYN 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" %
Recall that rad (S) = sup,cg |z]2.

Lemma 2.7.7. — Let p > 0 and let T C RY be star-shaped. Then for any linear
subspace E C RN such that ENT, = () we have rad (ENT) < p.

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

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 |z]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 in mind, we apply this plan to subsets T like 3,,.

Corollary 2.7.8. — Let P be a probability on M(n,N) satisfying (2.§). Consider
a star-shaped set T C RN and let p > 0. Assume that %Tp c SN=1 satisfies the
hypothesis of Theorem [2.7.1] for some 0 < & < 1/15. Then rad (ker ANT) < p, with
probability at least 1 — 2 exp(—cn) where ¢ > 0 is an absolute constant.

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 € RV : SV [y[P <1} of £, 0<p< 1
— the unit ball BY, = {z € RY : |[{i : |a;] > s}| < s7P forall s>0} of £)
(weak ¢V), for 0 < p < 1.

Note that for 0 < p < 1, the “unit ball” B;,V is not convex and that BIJ)V c BY

;007
so that for estimating Gelfand widths, we can restrict to the balls B)Y .

We need two lemmas. The first uses the following classical fact:

Claim 2.7.9. — 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 br(1) > br(2) > .. ..
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Lemma 2.7.10. — Let 0 < p < 1,1 < m < N and set v = (1/p — 1)m!/P=1/2,
Then, for every x € RV,

m 1/2
<2 52
Sup BN<x,Z> ~ <z=;xz ) ’

zerBl NBj

where (x7)N. is a non-increasing rearrangement of (|z;|)Y,. Equivalently,

rBN N By C 2conv (S2(Zm)). (2.15)
Moreover one has

VmBY N BY C 2conv (S9(,)). (2.16)

Proof. — We treat only the case of BY
first that if z € B)Y_, then for any i > 1, 27 < 1/i'/?, where (7)., is a non-increasing
rearrangement of (|z;|)Y ;. Using Claim we get that for any » > 0,m > 1 and
z € TBz])\,roo N BY,

0 < p < 1. The case of BYY is similar. Note

p,00?

m 1/2
z}é(Zx?) +Z 1/p
i=1

>m

<Z>/< Py W>

1>m

m 1/2 1 —1 r
§ *2
=1

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

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

Lemma 2.7.11. — Let 0 < p < 2 and § > 0, and set ¢ = 2(2/p — 1)~/251/r=1/2,
Let 1 <m < N. Then So(X1m/s51) is an e-net of 1711/1”71/2311)\770O N SN=L with respect
to the Fuclidean metric.

Proof. — Let x € m'/P~ 1/2BN N SN~! and assume without loss of generality that
1> x> .. > x> 0. Deﬁne Z' by 2z = x; for 1 <i < [m/d] and z} = 0 otherwise.
Then

w—#f= 30 feil w30 )R < 2fp— 1)t
i>m/é i>m/§

Thus 1 > |2/|s > 1 — (2/p—1)"Y/26Y/P=1/2. Put 2 = 2//|2/|5. Then z € S2(Zpm/s7)
and
2= 2 =1— 2|2 < (2/p— 1)V /2sHPmV2

By the triangle inequality |z — z|s < &, completing the proof. O
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The preceding lemmas are used to show that the hypothesis of Theorem [2.7.1] are
satisfied for an appropriate choice of T' and p. Before that, property ii) of Theo-
rem brings us to the following definition.

Definition 2.7.12. — 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.

Claim 2.7.18. — Let0 < p < 1, then BIJ,YOO and BZI)V are quasi-convex with constant
9(1/p)-1

We come up now with the main claim:

Claim 2.7.14. — Let 0 <p<1land T = BIJXOO. Then (1/p)T, satisfies properties
i) and ii) of Theorem with

1/p—1/2
o
P p(longv/n))

where C,, depends only on p and ¢ > 0 is an absolute constant. Moreover if T = B,
then (1/p)T, satisfies properties i) and i) of Theorem with

o~ ()

where c1,co are positive absolute constants.

Proof. — We consider only the case of T = Bz]v\,[ow 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 g9 = 1/20. To get i) we use Lemma with
€ = £0/2 and § obtained from the equation £9/2 = 2(2/p — 1)~1/25V/P=1/2 Let
1 <m < N. We get that S(Xp,,/57) is an (g0/2)-net of 777,1/”’1/2B113\'OO N SN-1 with

respect to the Euclidean metric. Set m’ = [m/§]. By Claim [2.2.9) we have
€0 N 3eN \™ 6eN\™
N(So(Sr), 2 BNy < (22 ) — (221 .
s 80 < (tom) = (o

Thus, by the triangle inequality, we have

N(ml/p_l/QBIJJ\’[OO NSN=1 gBY) < (66N)

- \m/eg
so that
N(ml/p71/2szJ\,[oo n SN717 €OBéV) < GXP(COTZ/Q)

<66N >n < exp(con/2).

m'eq

whenever

This shows that under this condition on m’ (that is on m), the set 7711/1’_1/23;7\,’OO N
SN=1 satisfies i).
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In order to tackle ii), recall that B, o is quasi-convex with constant 21/P=1 (Claim
2.7.13] By symmetry, we have
B) . — BN c2/"BY_.
Let 7 = (1/p — 1)m!/?=1/2, From Lemma [2.7.10 one has

TB;J;\,[oo N BY C 2conv Sy ().

As we saw previously,
1 3eN \" 6eN\"
N(S2(Z,), = BY) < Y
320 (o) = (%)
and by Claim there exists a subset A’ C SN=1 with [A/| < N(S2(S,), 2 BY)
such that S3(X,,) C 2conv A’. We arrive at
502—1/;} (TB;z])\,[oo — TBIJ)\,foo) N 5035\[ Cep (’I“BIJXOO N Bév) C
C 4epconv A’ C 2conv (AU —A).

Therefore g2~ /PrBY_ N SN=1 satisfies i) whenever 2 (6eN/m)™ < exp(con/2).

Finally £92~ "/ PTB;XOO N SN-1 satisfies i) and ii) whenever the two conditions on
m are verified, that is when emlog(CN/m) < ¢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 [2.7.8] to conclude

Theorem 2.7.15. — 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(eN/n) > L/p=1/2

rad (kerAﬂB;,V) < rad (kerAﬂB;xoo) <6 < -

has probability at least 1 — exp(—c'n).
In particular, if A € Q and if 2',x € B are such that Az’ = Ax then

P,

log(clN/n)>1/p1/2

2 —xls <
| |2\ D n

An analogous result holds for the ball B .

2.8. An other complexity measure

In the last section, we introduce a new parameter ¢,(T") which is a complexity
measure of a set T C RYN. We define
N

£.(T) =Esup
teT

, (2.17)

gits
i=1
where t = (t;,)¥, € RN and gq,...,gn are independent N(0,1) Gaussian random
variables. This kind of parameter plays an important role in empirical processes (see
Chapter [1]) and in Geometry of Banach spaces.
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Theorem 2.8.1. — There exist absolute constants ¢, > 0 for which the following
holds. Let1 <n < N. Let A be a Gaussian matrixz with i.i.d. entries that are centered
and variance one Gaussian random variables. Let T C SN=1 be a star-shaped set.
Then, with probability at least 1 — exp(—c'n),

rad (ker ANT) < cly(T)/v/n.

Proof. — The plan of the proof consists first to prove a restricted isometry property,
then to argue as in Lemma Let § € (0,1). The restricted isometry property is
proved using a discretization by a net argument and an approximation argument. For
any 6 > 0, let A(6) C T be a 0-net of T for the Euclidean metric. Let mg : T — A(6)
be a mapping such that for every ¢t € T, |t — my(t)|2 < 6. By the triangular inequality,
we have

| At|3
n

n b

n n

< sup
seN(0)

+ sup
teT

sup
teT

—E[Y, 6)?

— First step. Entropy estimate via Sudakov minoration. Let s € T. Let (Y;) be
the rows of A and let Y be a Gaussian random vector with the identity as covariance
matrix. Thus (Y, s) is ¢ with respect to some absolute constant. Thus Bernstein
inequality from Theorem [T.2.7) applies and gives that

|As|3
2 gy -

n

3 (Y s)? ~BIY5))

1

<6/2

with probability larger than 1 — 2exp(—cnd?), where ¢ > 0 is a numerical constant.
Let # > 0. A union bound principle ensures that
|As|3

2 _ENY, )|
22 By, )

<0/2

sup
seN(0)

holds with probability larger than 1 — 2 exp(—cnd? + log |A(0)]).
From Sudakov inequality ([1.13]) (Theorem [1.4.4]), there exists ¢’ > 0 such that, if

(D)
d/n
then log |A(6)| < ¢nd?/2. Therefore we get that

2
|A$|2_1’<5/2

0

sup

seAd)| T

holds with probability larger than 1 — 2 exp(—cnd?/2).
— Second step. The approximation term. To begin with, observe that for any
s,t €T, ||As|3 — |At3] < |A(s — t)|2]|A(s + t)]2. Thus

sup ||At]3 — [Amg(t)[3] <2 sup |At|y sup|At],
teT teT(6) teT

where T'(0) = {s — t; s,t € T, |s — t|2 < 6}. In order to estimate these two norms of
the matrix A, we consider a (1/2)-net of the unit Euclidean sphere of R™. According
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to Proposition there exists such a net N with cardinality not larger than 5"
and such that BY C 2conv(N). Therefore
Sup |At|y = sup sup |(At,u)| < 2 sup sup|(t, ATu)|.
teT |ula<1 ueN teT
Since A is a standard Gaussian matrix with i.i.d. entries, centered and with variance
one, for every u € N/, ATu is a standard Gaussian vector and

Esup(t, ATu) = 0,(T).
It follows from Theorem [1.4.7] of Chapter [I] that for any fixed u € N,

sup(t, ATu) — Esup(t, ATu)| > z) < 2exp (—c"2%/0*(T))

Vz>0 P (
teT teT

for some numerical constant ¢”’, where o(T") = sup,c{ (E(t, ATu>|2)1/2}.
Combining a union bound inequality and the estimate on the cardinality of the
net, we get

V>0 P <sup sup(ATu,t) > 0,(T) + za(T)ﬁ) < 2exp (—c’n(2* —logh)).
ueN teT

We deduce that
sup |Atls <2 (6.(T) + 20(T)v/n)
te

with probability larger than 1 — 2exp (—c’n( 2% —log5)).
This reasoning applies as well to T'(9). In our case, o(T) = 1 and o(T(0)) < 6.
Therefore,

sup ||At)2 — | Ao (8)[3| < 8 (£.(T) + 2v/n) (£.(T) + 26y/n)

with probability larger than 1 — 4exp (—c"n( 22 —log5)).
— Third step. The restricted isometry property. Set z = \/log5/v/2, say. Plugging
the value of 6, we get that with high probability

L.(T
sup ||At]3 — |Ama(t)[3] < 8 (€u( +z\f)< «(T) + zc’())
teT 1)
. AtB (TP, 0T)
Atl2 5y (LT (T
2 4 <« 2
fEIT) n 1< 2 te n e d/n

/117

for some new constant ¢’”’. It is clear that one can choose ¢”” such that, whenever

f*(T) < C”N(SQ\/E

then
|At]3

n

sup
teT

with probability larger than 1 — 2 exp(—cnd?/2) — 4exp(—c’nz?%/2).
— Last step. Estimating the width. Applying the previous estimate with § = 1/2
to the subset %THSN’l, we get that with high probability, ker AN (%T N SN’l) =

—1’<5
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@) o g §2y/n. The conclusion follows from Lemma

whenever /., (%T N SNfl) < Z*p

277
O

Remark 2.8.2. — The proof of Theorem [2.8.] generalizes to the case of a matriz
with independent sub-Gaussian rows. Only the second step has to be modified by
using the magorizing measure theorem which precisely allows to compare deviation
inequalities of supremum of sub-Gaussian processes to their equivalent in the Gaussian
case. We will not give here the proof of this result, see Theorem[3.2-1] in Chapter [3,
where an other approach will be developed.

We show now how Theorem applies to some sets T

Corollary 2.8.3. — There exist absolute constants c,c’ > 0 such that the following
holds. Let 1 < n < N and let A be as in Theorem , Let A\ > 0. Let T c SNV-!
and assume that T C 2conv A for some A C BY with |A| < exp(\*n). Then with
probability at least 1 — exp(—c'n),

rad (ker ANT) < e
Remark 2.8.4. — Constant 2 in the inclusion T C 2conv A is not significant.

Proof. — The main point in the proof is that if 7 C 2conv A, A C BY and we have a
reasonable control of |A[, then £.(T) can be bounded from above. The rest is a direct
application of Theorem Let ¢,¢ > 0 be constants from Theorem It is
well known (see Chapter [3)) that there exists an absolute constant ¢’/ > 0 such that
for every A C BY,

Co(conv A) = £, (N) < " log(|A]),
and since T' C 2conv A,

0,.(T) < 24, (convA) < 2" ()\Qn)l/2 :

The conclusion follows from Theorem 2.8.11 O

2.9. Notes and comments

For further information on the origin and the genesis of compressed sensing and
on the /;-minimization method, the reader may consult the articles by D. Donoho
[Don06], E. Candes, J. Romberg and T. Tao [CRT06] and E. Candes and T. Tao
[CT06]. For further and more advanced studies on compressed sensing, see the book
[FR11].

Proposition is due to D. Donoho [Don05]. Proposition [2.2.17 and its proof
is a particular case of a more general result from [FPRU10]. See also [LINO6] where
the analogous problem for neighborliness is studied.

The definition of the Restricted Isometry Property was introduced in [CT05]
and plays an important role in compressed sensing. The relevance of the Restricted
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Isometry parameter for the reconstruction property was for instance revealed in

[CT086], [CTO05], where it was shown that if
O (A) + 021 (A) + 531 (4) < 1

then the encoding matrix A has the exact reconstruction property of order m. This
result was improved in [Can08] to da,,(A) < v/2—1 as stated in Theorem This
constant /2 — 1 was recently improved in [FLO09]. In the same paper these authors
introduced the parameter ~, from Definition [2.3.3]

The proofs of results of Section are following lines from [CTO05], [CDDO09],
[FL0O9], [FPRU10] and [KTO7]. Relation (2.5) was proved in [FL09|] with a bet-

ter numerical constant. Theorem from [G(G84]| gives the optimal behavior of
the Gelfand widths of the cross-polytope. This completes a celebrated result from
[Kas77]. 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 [GIu83|] and used
properties of random Gaussian matrices.

The simple proof of Theorem [2.6.5] stating that subgaussian matrices satisfy the
exact reconstruction property of order m by f;-minimization with large m is taken
from [BDDWOS8| and [MPTJO08]. The strategy of this proof is very classical in
Approximation Theory, see [Kas77] and in Banach space theory where it has played
an important role in quantitative version of Dvoretsky’s theorem on almost spherical

sections, see [FLM7T| and [MS86].
Section follows the lines of [MPTJO08|. Proposition from [KTO07] is

stated in terms of Gelfand width rather than in terms of constants of isometry as in
[Can08] and [CDDQ0Y]. The principle of reducing the computation of Gelfand widths
by truncation as stated in Subsection [2.7)goes back to [GIu83]. The parameter £, (T)
defined in Section plays an important role in Geometry of Banach spaces (see
[Pis89]). Theorem is from [PTJ86].

The restricted isometry property for the model of partial discrete Fourier matrices
will be studied in Chapter There exists many other interesting model of ran-
dom sensing matrices (see [FR11]). Random matrices with i.i.d. entries satisfying
uniformly a sub-exponential tail inequality or with i.i.d. columns with log-concave
density, the so-called log-concave Ensemble, have been studied in [ALPTJ10] and in
[ALPTJ09] where it is shown that they also satisfy a RIP with m ~ n/log?(2N/n).






CHAPTER 3

INTRODUCTION TO CHAINING METHODS

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

(1= om)lof3 < [Az]3 < (14 0om)|2f3

where 2, < vV2 — 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 n~/2Y7, ..., n~/2Y,,, this property can be translated in terms of an empirical
processes property since

1 n
dom =  su ‘f Y,x2—1‘. 3.1
2m xeSQ(gz,m) n;< e > ( )
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] it was shown that matrices from the subgaussian En-
semble 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 stochas-
tic processes.

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,c 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 open balls for the semi-metric d
of radius € needed to cover T. The metric 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;, 1.7 finite SUPter |Xt| or
SUDp g 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 — ci exp(—cav?)

sup | X; — X5 < 031)/ Vg N(T,d,e) de.
s,teT 0

In particular,

E sup |X; — X;| §03/ log 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 shown. 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:

o(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 (i QS/Qd(t,TS)) < i28/2 supd(t, T,) < 223/2775*1'

teT * =0 s=0 teT s=0
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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

For Gaussian processes, the upper bound in expectation obtained in Theorem
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 7' C RV:

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 ¢g1,...,gn are N ii.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 |30 £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 [1.2.7} 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, c1, co and ¢z and with

. 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 shown. 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 on the complexity measure o (F, 92 (p)).

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, Lo, ¥9 and 7 stand for the
spaces La(u), ¥1 () and o (p), for which we omit to write the probability measure
L.

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,1)9). For every f,g € F, we
have:

1. for every u > 2,
B{W(f—g)>ulf—gll, | <2exp (= Cinu?)
2. for every u > 0,
P|1Z(f) — 2(9)| > uar||f = gll,, | < 2exp (=~ Cinmin(u, u?)
and for every u > 0,

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

Proof. — Let f,g € F. Since f,g € Ly,, we have ||(f —g)2||w1 =|f —g||12p2 and by
Theorem for every t > 1,

1 n

S (-9 — I — gl 2t - gl | <2exp(-emt). (314)

i=1

Pl

Using || f — g||w2 > Ve —1|f—gll,, together with Equation 1} it is easy to get
for every u > 2,

P[W(/—g) > ullf =g, ]

SB[ 02X — 17—l = 0 — e~ 1) 17—l ]
i=1

< 2exp (— conu?).

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[T.2.7 The last statement is also a consequence of Theorem [1.2.7]

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 71 (F,2) term coming from 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



78 CHAPTER 3. INTRODUCTION TO CHAINING METHODS

Now, fix a level s > sg. Using a union bound on the set of links {(ms+1(f), 7s(f)) :
[ € F} (note that there are at most |Fyi1||Fs| such links) and the subgaussian
property of W (i.e. Lemma , we get, for every u > 2, with probability greater
than 1 — 2|F,11]|Fs|exp(—Cinu?), for every f € F,

W(msi1(f) = ms(f)) S ullmera(f) = ms(lly, -

Then, note that for every s € N, [Fyi1||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 — 23777 | Fyy1||Fs| exp(—=Cin2%u®) > 1 —
c1 exp(—conu?2%°), for every f € F,

W(f =7 (£) < D Wmea (f) = ms(£) < D 62 mera(f) = ()l

S=S0 S=S80

<2u ) 2%%dy, (f, F).

S=38¢

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, co and cz for which the following holds. Let s1 € N be such that s1 < so (where sg
has been defined in Proposition[3.2.3). Let F C S(La(p)) and oo = diam(F,1p5). For
every u > co, with probability greater than 1 — ¢; exp(—co2%tu),

Y2 (F, v2)
sup | Z(ms — Z(ms < cgua————=.
fellg! (T () = Z(ms, ()| < €3 7
Proof. — For every f € F, we write
So*l

Z(ms-1(f) = Z(rsi (M) = Y Z(ms(f) = Z(msma(f)).

s=s1+1
Let 51 < s < s9 and u > 0. Thanks to the second deviation result of Lemma (3.2.2
with probability greater than 1 — 2exp (— Cynmin ((u2*/2/y/n), (u?2°/n))),

u25/2
1Z(7s(f)) = Z(ms-1(f))] < Vi 176 (f) = Tom1 (P, - (3.15)
Now, s < so, thus 2°/n < 2 and so min (u2%/2/y/n,u*2°/n) > min(u, u?)(2°/(2n)).
In particular, (3.15) holds with probability greater than
1 —2exp (— C12° min(u, u?))).

Now, a union bound on the set of links for every levels s = s1,...,50 — 1
yields, for any u > 0, with probability greater than 1 — 2 Zjoz;lﬂ |Fsy1||Fs| exp ( -
C12° min(u, u?)), for every f € F,

5071 u2s/2

|Z (5o () = Z(ms, (] < D N a[ms(f) = w1 (F)ly, -

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 cg,c; > 0 such that
the following holds. Let w > 0 and s; be such that 2°* < (Ci/2)nmin(w,w?)
(where Cy is the constant appearing in Lemma [3.2.4). Let F C S(La(p)) and
a = diam(F, ). With probability greater than 1 — cg exp(—cin min(w,w?)),

sup ’Z(?Tsl(f))’ < wa?.
fer

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

|Z (75, ()] < wa.
Since |Fj, | < 22" < exp ((C1/2)nmin(w,w?)), the result follows. O
Proof of Theorem — Denote by (Fs)sen an almost optimal admissible se-
quence of F' with respect to the yo-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,

ﬂh{iiﬁ%x»—mﬂxﬂ=ﬁ§jf—maﬁ+mxﬁfuw—ﬁﬂuw

— [Palf = T (1)) + 2Pu(f = Taa(P)ea () + Pat(1)? = By (/)7
WS = 7oy (D) +2W(f = 7y (D)W (73, (1)) + |2 0 ()]
SWF =75 (1) +2W(f = 7y (D) (Z (73 () + D2 + [ Z (s ()]
<BW(f = ma (D) +2W(f w%<»+mzw%<»| (3.16)

where we used ||, ()|, =1 = [If|, and the notation P, stands for the empirical
probability distribution n=!' > | dx,.

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

)
)

0

W(F =y ()2 < e 2020

Let w > 0 to be chosen later and take s; € N such that
s1 = max ( >0:2° <min (2%, (C1/2)n min(w,wz))) (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 — c3 exp(—c42°1)
that for every f € F,

1Z (mso (M < 12 (75 () = 27, (D] + 12 (75, ()]

(3.17)

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

2()] < e 2BV | 22 | e(F ve)

n Jn Tewe—oE

First statement of Theorem [3.2.1] follows for

+ 302w.

F F. 2

w = max (72( ) , REI ;¢2) ) (3.20)
ay/n a?n
For the last statement, we use Proposition [3.2.3] to get
o0 F, 2
Bowp W(f —my (1)) = [ Plawp W(f = my(1))? 2 )t < e 20020 g
feF 0 fer n
and
F,

Esup W(f — 10 (/) < 22 2592 (3.22)

feF vnooo

It follows from Propositions and [3.2.5| - 5 for s; and w defined in and ( -
that

E sup |Z(ms, (f))| < Esup |Z(ms, (f)) = Z(7s, (f)| + Esup | Z (75, (f))]

fEF fer feF
< [ o 1Zn (1)~ ZGra (1) 2 t]at + [ B[ sup | Zmy ()1 >
< ca2E¥2) (3.23)

Jn

The claim follows by combining equations (3.21)), (3.22) and (3.23)) in Equation (3.16)).
O

3.3. Application to Compressed Sensing

In this section, we apply Theorem to prove that a n x N random matrix
with i.i.d. isotropic rows vectors which are 1o with constant « satisfies RIPag,,(d)
with overwhelming probability under suitable assumptions on n, N,m and §. Let A
be such a matrix and denote by n='/2Yy,...,n~'/2Y,, its rows vectors distributed
according to a probability measure p.

For a functions class F' in S(La()), it follows from Theorem that with prob-

ability greater than 1 — ¢; exp ( — (e2/a®) min <na2, y2(F, 1/12)2> ,

Zfz —Ef2(Y)| < c3max <a72(F7¢2) 72(F77/}2)2>.
n

sup
feF

N n

where o = diam(F, ¢2(u)). In particular, for a class F' of linear functions indexed by
a subset T' of SN~1, the 95(11) norm and the Ly (1) norm are equivalent on F and so




3.3. APPLICATION TO COMPRESSED SENSING 81

with probability greater than 1 — ¢; exp ( — ¢co min (n, (T, Zév)2)),
T, 0y T, 05?2

CgOézmaX 72( ) v2 )’72( )2 ) . (3.24)
Vn n

A bound on the restricted isometry constant ds,, follows from (3.24). Indeed let
T = S5(X2,,) then with probability greater than

1 —ciexp (— czmin (n,'yg(Sg(Egm),Eév)2)),

) <w<sz<zzm>,e§> 72(52(22m)7€§\’)2>.

Oom < c3a” max ,
Vn n

Now, it remains to bound 72(S2(Z2m), £2). Such a bound may follow from the Ma-
jorizing measure theorem (cf. Theorem [3.1.5):

V2(S2(S2m), €5) ~ £y (S2(Sam))-

Since S3(Xay,) can be written as a union of sphere with short support, it is easy to

obtain
2m

1/2
0(92(Zam)) = E( D (90)?) (3.25)
i=1
where ¢1,...,gn are N iid. standard Gaussian Varlables and (gf), is a non-

decreasing rearrangement of (]g;])Y;. A bound on ) follows from the following
result.

Lemma 3.3.1. — There exist absolute positive constants c1,co and c3 such that the
following holds. Let (g;)™., be a family of N i.i.d. standard Gaussian variables.
Denote by (g7)X.; a non-increasing rearrangement of (|g:|)X.,. For anyk=1,...,N

we have .
s () <5 (-3 < e ()
i=1

1=

J

Proof. — Let g be a standard real-valued Gaussian variable and take ¢y > 0 such
that Eexp(g?) < cp. By convexity, it follows that

exp (E(;i )) ;iEeXp ;iEexp gl COkN.

Finally,

1 a0\ /2 1, L) /2
E(EZ(QD) <(EEZ(92’)) < y/log (coN/k).

1= 1=

For the lower bound, we note that for any « > 0,

\/>/ exp(—s%/2)ds \/>/2$exp s/2)ds \/>xexp( 22?).
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In particular, for any ¢y > 0,¢; 2 eand 1 <k < N,
260 ca N k \2c0
IP’{ > \/colog (c1 N/k } > lo (—) (—) . 3.26
] Co log (01 / ) L N ( )
It follows from Markov inequality that

k

B(1D2600°)" > Bai > \feolog (e N/k) Blgi > oo log (eaN/R)|

i=1

co log (c1N/I€)]P’[iI(|gi| > 4/colog (clN/k)) > k]

i=1

N

= \/colog (c1N/k) [Zaz }

where I(-) denotes the indicator function and 0; = I(\gi\ > 4/2log (clN/k)> for
every i = 1,...,N. Since (6;)Y; is a family of i.i.d. Bernoulli variables with mean
0= P[\gl > y/2log (clN/k)} , it follows from Bernstein inequality (cf. Theorem|1.2.6
that, as long as k < 6N/2 and Né > 10log4,

al 1 -5
P[;Ji >k] >P[N;5i5> 7} >1/2.

Thanks to (3.26]), it is easy to check that for ¢ = 1/4 and ¢; = 4, we have k <
ON/2. O

It is now possible to obtain the result announced at the beginning of the section.

Theorem 3.3.2. — There exist absolute positive constants cg,c1,co and c3 such
that the following holds. Let A be a n x N random matrix with rows vectors
n~Y2yy, ... ,n"Y2%Y,. Assume that Yi,...,Y, are i.i.d. isotropic vectors of RV,
which are 1y with constant . Let m be an integer and § € (0,1) such that

m log (CoN/m) = c1nd?,

then, with probability greater than 1 — cy exp(—c3nd?/a?), the restricted isometry con-
stant of order 2m of A is such that dopm, < 0.

3.4. Notes and comments

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

1%, — X, ll,, < d(s, ) (3.27)
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may be obtained (see [Pis80] and [Ko6n80]). Under the increment condition (3.27)),

the Dudley entropy integral
[ o da)e
0

where 9! is the inverse function of the Orlicz function 1, is an upper bound on
E sup,cr coming out of the chaining argument.

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 [Tal96al and [Tal95]. Connections between the majorizing
measures and partition schemes have been showed in and [TalO1].

The upper bounds on the process

1 n
sup [ 3 £2(06) ~E£(X) (3.28)

developed in Section follow the line of [MPTJ0T7]. Other bounds on (3.28) can
be found in the next chapter (cf. Theorem [5.3.14).







CHAPTER 4

SINGULAR VALUES

The singular values of a matrix are very natural geometrical quantities which play
an important role in pure and applied mathematics. The first part of this chapter
is a compendium on the singular values of matrices. The second part of the chapter
concerns random matrices, and constitutes a quick tour in this vast subject. It starts
with important facts on Gaussian random matrices, gives a proof of the universal
Marchenko-Pastur theorem regarding the counting probability measure of the singular
values, and ends with the Bai-Yin theorem statement on the extremal singular values.

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 |A1(A)| = -+ > |A,(A4)|. 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. The notion of singular values

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 (m xm) and V (nxn) and a sequence
of real numbers s1 = +++ = Span = 0 such that

U*AV = diag(s1, .- ., Sman) € Mp,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|,,—1 |[Az]s = [|All,, = 5. If[v]2 =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 m x m matrix U with first column vector equal to u, and
a K-unitary n x n matrix V' with first column vector 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,-1(K). If ¢ 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.

If one sees the diagonal matrix D := diag(s1(4)2,..., Sman(A4)?) as an element of
Miy.m(K) or M, ,,(K) by appending as much zeros as needed, we have

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

The positive semidefinite Hermitian matrices AA* € M,,, n,(K) and A*A € M,, ,(K)
share the same sequence of eigenvalues, up to the multiplicity of the eigenvalue 0, and
for every k € {1,...,m An},

sp(A) = \e(VAA*) = /N (AAY) = /A (AFA) = M\ (VA*A) = s55,(A").

This shows the uniqueness of s1,...,Sman. The columns of U and V' are the eigen-
vectors of the positive semidefinite Hermitian matrices AA* and A*A. O
The numbers s;(A) := si for k € {1,...,m An} are called the singular values of

A. Tt is sometimes convenient to use the convention six(A4) = 0 if & > m A n. For
any A € M, »,(K), the matrices A, 4, AT, A* UA, AV share the same sequences of
singular values, for any K—unitary matrices U, V.

Remark 4.1.2 (Normal matrices). — When A is normal (i.e. AA* = A*A) then
m =n and si(A) = |\ (A)] for every k € {1,...,n}. Hermitian matrices are normal.
Note also that si(A™) = s (A)" for any r = 1 (not true in general if A is not normal).

Remark 4.1.3 (Hermitization). — For any A € M, ,(K), the eigenvalues of the
(m +n) x (m+n) Hermitian matriz

0 A*
=3 0)
are giwen by +s1(A),—s1(4), ..., +Sman(4), —Sman(4),0,...,0 where the notation
0,...,0 stands for a sequence of 0’s of length m+n—2(mAn) = (mvVn)—(mAn). One
may deduce the singular values of A from the eigenvalues of H, and H?> = A*A®AA*.

Ifm=mn and A;; € {0,1} for alli,j, then A is the adjacency matriz of an oriented
graph, and H is the adjacency matriz of a compagnon nonoriented bipartite graph.

Remark 4.1.4 (Left and right eigenvectors). — Ifu; L -+ L u, € K™ and
vy Lo+ Lo, € K" are the columns of U,V then for every k € {1,...,m An},

Avg = sp(A)ur,  and  A*uy = sp(A)vg (4.1)

while Avy, =0 and A*up, =0 for k > m An. The SVD gives an intuitive geometrical
interpretation of A and A* as a dual correspondence/dilation between two orthonormal
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.(4) and

A:ZSk(A)ukv}; and {
k=1

kernel(A) = span{v,11,...,0,},
range(A) = spanf{uy,...,u,}.
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We have also si(A) = |Avy|, = |A*ugly for every k € {1,...,m An}.

Condition number. — The condition number of A € M,, ,,(K) is given by
-1 H _ s1(4)

2—2 Sn(A) :
The condition number quantifies the numerical sensitivity of linear systems involving
A. For instance, if 2 € K" is the solution of the linear equation Az = b then x = A~'b.
If b is known up to precision § € K" then z is known up to precision A~!§. Therefore,
the ratio of relative errors for the determination of x is given by
R(b 5) — ’A_15|2/‘A_1b|2 — {A_15|2 |b‘2

7 1615/l 0y |AT1D],

K(A) = [ Al [|A

Consequently, we obtain
_ -1 —
max R(b0) = 47|, |4l = 5(4).
Geometrically, k(A) measures the “spherical defect” of the ellipsoid in figure .

Basic properties. — The eigenvalues of a Hermitian matrix can be expressed in
terms of the entries of the matrix via minimax variational formulas. The follow-
ing theorem is the counterpart for the singular values. It can be deduced from its
Hermitian cousin.

Theorem 4.1.5 (Courant—Fischer variational formulas for singular values)
For every A € My, n(K) and every k € {1,...,m An},

sg(A) = max min |[Az|, = min  max |Az],
VeEGnr z€V VeEGnn—k+1 zEV
z|,=1 z|,=1

where Gy, 1, is the set of all subspaces of K™ of dimension k. In particular, we have
s1(A) = max |Az|, and sman(A) = nin, |Ax],.
lz[;=1 |zl,=1
We have also the following alternative formulas, for every k € {1,...,m An},
sk(A) = ma min Az, y).
k( ) Vegrii,k (x,y)EVxW< y>
WeGm i |z|,=|yl,=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 [} 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.
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 -
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FIGURE 1. Largest and smallest singular values of A € Mj 2(R).

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(4)},
k—1

si(A) BE/\I/Illi,nn(K) |A—Bly_ o =1A— Akl where A, = Zsl(A)ulv:‘
rank(B)=k—1 i=1

with u;,v; as in (4.1). 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

Vke{l,....,n}, sp(A7') =8, ps1(A)7?
Moreover, a square matrix A € M,, ,(K) is invertible iff s,,(4) > 0, and in this case
sn(A) = sl(A_l)_1 = HA

Contrary to the map A — s1(A), the map A — s, (A) is Lipschitz but is not convex
when n > 2. Regarding the Lipschitz nature of the singular values, the Courant—
Fischer variational formulas provide the following more general result, which has a
Hermitian counterpart.

_1H71
2—2°

Theorem 4.1.6 (Additive perturbations). — IfA, B € M,, ,,(K) then for every
i,je{l,...omAn} withi+j <1+ (mAn),

sitj—1(A) < si(B) + s;(A— B).
Theorem implies that A — s(A) := (s1(A),...,s,(A)) is 1-Lipschitz from
(Mmm(K)a ||'||2%2) to (RTAna ||||Oo) since

A) = si,(B)| < || A= B, .,
Kggfmbk() se(B)| < || [P

From the Courant—Fischer variational formulas we obtain also the following result.
Theorem 4.1.7 (Interlacing by rows deletion). — Let A € M,, ,(K) and k €

{L,2,...} with1 <k <m<nand let B € My, n(K) be a matric obtained from A
by deleting k rows. Then for every i € {1,...,m — k},

si(A) = si(B) = sitr(A).

Theorem implies [$y,—k(B), s1(B)] C [sm(A), s1(A)]. Row deletions produce a
compression of the singular values interval. Another way to express this phenomenon
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consists in saying that if we add a row to B then the largest singular value increases
while the smallest singular value is diminished.

The following result is an immediate consequence of theorem [£.1.6] It is used in the
proof of the Marchenko-Pastur theorem [£.3.3] for a rank one additive perturbation.
We recall that the cumulative distribution function of a probability measure p on R
is the function F, : R — [0, 1] defined by F},(t) := pu((—o0,t]) for every t € R.

Theorem 4.1.8 (Rank inequality). — If A,B € M,,,,(K) and if F,,, and F,,
denote the cumulative distribution functions of the counting probability measures
pa = =30 Oa (aax) and pp = =37 6, (pB) then

rank(A — B)

1Fs = Fuall < 2 =2,

Hilbert-Schmidt norm. — For every 4 € M,,, ,(K) we set

A4l = Tr(AA") = Tr(A4"4) = 37 |Asy

i,j=1

2= 51 (A)2 4+ sman(A)2

This defines the so called Hilbert-Schmidt or Frobenius norm ||-||;q. We have always

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

where equalities are achieved when rank(A) =1 and A = AI € M,,, ,(K) with A € K
respectively. The advantage of ||||gg over [|-|[,_,, lies in its convenient expression
in terms of the matrix entries. Actually, the Frobenius norm is Hilbertian for the
Hermitian product
(A, B) = Tr(AB™).

We have seen that a matrix A € M,, ,,(K) has exactly r» = rank(A4) non zero singular
values. If k € {0,1,...,7} and if A, is obtained from the SVD of A by forcing s; = 0
for all ¢ > k then we have the Eckart and Young observation:

. 2 2
BEJ\I}(}:EL(K) |A = Bllgg = |4 — Allfg = skr1(A)* +--- +5.(4)%
rank(B)=k

The following result shows that A — s(A) is 1-Lipschitz for ||-| g and ||-||,.
Theorem 4.1.9 (Hoffman-Wielandt). — If A, B € M,, ,,(K) then

mAn

> (sk(A) = sx(B))* < | A - Blls -
k=1

The following result is used for the proof of the Marchenko-Pastur theorem

Theorem 4.1.10 (Lévy distance inequality). — If A, B € M,, ,(K) and if F,,
and Fy,, are the cumulative distribution functions of the counting probability measures
A = % Sy Oxp(AA=) and pip = % Sy O, (BB*) then

1/4
2
Lua.nn) < (1Al + 1B150) 14 - Bl
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where L(pa, pug) is the Lévy distance between pa and pp defined by
Lijia, p) = inf{e > 0 Fyy (- =€) — £ < By () < Fyy (- +) + 2}
We end up with an inequality due to von Neumann.

Theorem 4.1.11 (von Neumann inequality). — If A, B € M,, ,(K) then

mAn

ITe(AB*)| < > su(A)si(B).

k=1
Remark 4.1.12 (Unitary invariance). — For every k € {1,...,m An} and any
real number p > 1, the map A € My, n(K) = (s1(A)P + -+ - + 5, (A)P)?P is a unitary
invariant norm on My, »(K). We recover the operator norm ||Al|,_ 5 for k =1 and
the Frobenius norm ||A|yg for (k,p) = (mAn,2). The special case (k,p) = (mAn,1)
gives the Ky Fan norms, while the special case k = m A n gives the Schatten norms,
a concept already considered in the first chapter.

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

|det(A)| = H IAR(A)] = H sp(A) = [ [ dist(Ry,span{Ri,...,Re_1})  (4.2)

k=1 k=1
(basis x height etc). The followmg result, due to Weyl, is less global and more subtle.

Theorem 4.1.13 (Weyl inequalities). — If A € M,, ,(K), then

k k n n
vkef{l,....n}, JIN@AI<]]s:(4) and J[siA) <[] (43)
i=1 i=1 i=k i=k

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

k k
Vke{1...onk, > elN(A)P) < elsi(4)). (4.4)
i=1 i=1
Observe that from (4.4) with ¢(t) = ¢ for every ¢t > 0 and k = n, we obtain

n n
SR € 3 sk (A = Tr(AAT) = 3 |4 = Tr(AA") = Al (45)
k=1 k=1 4,j=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 (4.2)), for instance via majorization inequalities and techniques.

Theorem 4.1.14 (Horn inverse problem). — If A € C" and s € [0,00)™ satisfy
M| =2 | M| and 51 = -+ - > s, and the Weyl relationships (4.3) then there exists
A e My, o, (C) such that \i(A) = \; and s;(A) = s; for every i € {1,...,n}.
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From (4.2) we get s,(A4) < [A(4)] < [A(A)] < s1(A) for any A € M,, ,(K). In
particular, we have the following spectral radius / operator norm comparison:

p(A) = [M(A)] < s1(4) = [[All o -

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 4.1.15 (Gelfand spectral radius formula). — Let ||-|| be a submulti-
plicative matriz norm on My, »,(K) such as the operator norm ||-||5_,, or the Frobenius
norm ||-||ys- Then for every matriz A € My, (K) we have

p(A) =\ (A)] = lim /[ A¥[.
— 00

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:

pseudospec, (A) := U {M(B),..., \(B)}.
HB*A”2—>2<5

If A is normal then pseudospec,(A) is the e-neighborhood of the spectrum of A.

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 Frobenius norm
of the inverse respectively.

Lemma 4.1.16 (Rows and operator norm). — If A € M,, ,(K) has row vec-
tors Ri,..., Ry, then, denoting R_; = span{R; : j # i}, we have

m~Y2 min disto(R;, R_;) < Sman(A) < min dista(R;, R—;).

1<i<m 1<i<m
Proof — Since A and AT have same singular values, we can prove the statement for
the column vectors Ct,...,C, of A (swap m and n). For every x € K" and every

i € {1,...,n}, the triangle inequality and the identity Az = 21C; + - - - + 2,,C), give

|Az|, > distz(Az, C_;) = nin [ Az —yl, = Jnin |2:Ci — yly = |2|dist2(Ci, Cy).

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

Sman(A) = min |Az|, > n~1/? min dists(C;, C—).

|z|,=1 1<i<n
Conversely, for any i € {1,...,n}, there exists a vector y € K" with y; = 1 such that

st 1, C-0) = I Ci 4+ 1uCaly = [Auly > bl min [Ae]y > s (4)
in

where we used the fact that \y|§ =P+ |ynl? > = 1. O
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Lemma 4.1.17 (Rows and trace norm). — If A € M, »,(K) with m < n has
rows Ri,..., Ry, and if rank(A) = m then, denoting R_; = span{R; : j # i},

D s2(A) =) dista(Ri, R_) .

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
|R;|5 — dist2(R;, R—;)? = |B*(BB*) "' BR} 2 = (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¢,

(M~ =My — My ge(Mre ) " Mye 1)~
Now we take M = AA* and I = {i}, and we note that (AA*); ; = R; R}, which gives
((AA*)™N)ii = (R:R; — (BR})"(BB*)"'BR;)™" = dista(R;, R_;) >
The desired formula follows by taking the sum over i € {1,...,m}. O

Unitary bidiagonalization and computation of the SVD. — To compute the
SVD of A € M, »,(K) one can diagonalize AA* or diagonalize the Hermitian matrix
H defined in remark [1.1.3] Unfortunately, this approach can lead to a loss of precision
numerically. In practice, and up to machine precision, the SVD is better computed
by using for instance a variant of the QR algorithm after unitary bidiagonalization.

Let us explain how works the unitary bidiagonalization of a matrix A € M,, ,(K)
with m < n. If ry is the first row of A, the Gram—Schmidt (or Householder) algorithm
provides an m x m K-unitary matrix V; which maps ] to a multiple of e;. Since
Vi is unitary the matrix AV}* has first row equal to |r1]5 *e;. Now one can construct
similarly a n x n K—unitary matrix U; with first row and column equal to e; which
maps the first row of AV)* to an element of span(ej,ez). This gives to U1 AV} a
nice structure and suggests a recursion on the dimension m. Indeed by induction
one may construct m x m bloc diagonal K—unitary matrices Uy, ..., U,,_s and bloc
diagonal n x n K—unitary matrices Vi,...,V,,_1 such that if U := Up,_o---U; and
V=V V) _, then the matrix

m
B=UAV (4.6)

is real m xn lower triangular bidiagonal i.e. B; ; = 0 for every ¢ and every j ¢ {¢,i+1}.
If A is symmetric or Hermitian then taking U = V provides a symmetric or Hermitian
tridiagonal matrix B = UAU™* having the same spectrum as A.

4.2. Gaussian random matrices

This section gathers some facts concerning random matrices with i.i.d. Gaussian
entries. The standard Gaussian law on K is A(0,1) if K = R and N(0,115) if
K = C = R2 If Z is a standard Gaussian random variable on K then

Var(Z) :=E(|Z - EZ|?) = E(|Z|*) = 1.
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Let (G 5)i,j>1 be ii.d. standard Gaussian random variables on K. For any m,n > 1,

G = (Gij)icicm1<i<n

is a random m x n matrix with density in M,, ,(K) = K™ proportional to

ﬂ SN 2 B * B 2
G exp Y ;:1 JE:I |G ;17 | =exp fETr(GG )| =exp ~5 1Glis
where

8 1 ifK=R,
" ]2 ifK=C.

The law of G is unitary invariant in the sense that UGV 2 G for every deterministic
K-unitary matrices U (m xm) and V' (n x n). We say that the random m X n matrix
G belongs to the Ginibre Ensemble, real if 5 = 1 and complex if g = 2.

Remark 4.2.1 (Complex Ginibre and the GUE). — If m =n and 8 = 2 then
Hy = (G+G*)/2 and Hy = (G—G*)/2 are independent and in the Gaussian Unitary
Ensemble (GUE). Conversely, if Hy and Hs are two m X m independent random
matrices in the GUE then Hy + +/—1 Hy has the law of G with m =n and § = 2.

Theorem 4.2.2 (Wishart). — Let S, be the cone of m x m Hermitian positive
definite matrices. If m < n then the law of the random Hermitian matrix W = GG*
is a Wishart distribution with Lebesgue density on S, proportional to

W i det(W)Pr=m+D/2=1 oy (—iTr(W)).

Idea of the proof. — The Gram—Schmidt algorithm for the rows of G furnishes a nxm
matrix V' such that T := GV is m x m lower triangular with a real positive diagonal.
Note that V' can be completed into an n x n K—unitary matrix. We have

W =GVV*G* =TT, det(W)=det(T)* = [[T2), Te(W)=>_ |T;;|>
k=1 i,j=1
The desired result follows from the formulas for the Jacobian of the change of variables
G (T,V) and T — TT* and the integration of the independent variable V. O

The Wishart distribution can be understood as a sort of multivariate x? distribu-
tion. The correlation between the entries of the random matrix W = GG* is captured
by the determinent det(W#=m+1)/2=1) ‘which disappears when n = m + (2 — () /5.

Theorem 4.2.3 (Bidiagonalization). — If m < n then there exists two random
K-unitary matrices U (m x m) and V (n x n) such that B := /BUGV € M, ,(K)
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18 lower triangular and bidiagonal with independent real entries of law

Xpn 0 0 0 0
XB(m—1) XB(n—1) 0 0 0
0 Xp(m-2) Xp(n-2) 0 0
0 0 ’ ’ 0
. . [ 0
0 0 0 0 X Xgn—(m-1)) 0O 0

Recall that if Xi,..., X, are independent and identically distributed with law
N(0,1) then | X5 = X7 + -+ X? ~ x? and || X |, = /X7 + -+ X2 ~ x¢. The
densities of X% and ¢ are proportional to ¢t — t¢/2=1e=%/2 and t H-1le—t/2,

Proof. — The desired result follows from and basic properties of Gaussian laws
(Cochran’s theorem on the orthogonal Gaussian projections). O

Here is an application of theorem [4.2.3]: since B and G have same singular values,
one may use B for their simulation, reducing the dimension from nm to 2m — 1.

Theorem 4.2.4 (Laguerre Ensembles). — If m < n then the random vector
(s2(Q),...,5%(Q) = (A (GGY),. .., \n(GGY))

admits a density on {\ € [0,00)™ : A\ = --- = A\, } proportional to

A exp (i i Az‘) ﬁ e | B

i=1 i=1 1<i<j<m

The correlation is captured by the Vandermonde determinant and expresses an elec-
trostatic logarithmic repulsive potential. We recognize the Laguerre weight ¢ — t*e~¢.
Also we say that GG* belongs to the S—Laguerre ensemble or Laguerre Orthogonal
Ensemble (LOE) for § =1 and Laguerre Unitary Ensemble (LUE) for 5 = 2.

Proof. — Let us consider the m x m tridiagonal real symmetric matrix

G bmfl
bm—l Am—1 b7n—2

T =
b2 a9 b1
b1 ay
We denote by A1,..., A\, € R its eigenvalues. Let vq,...,v, be an orthonormal
system of eigenvectors. If V' is the m x m orthogonal matrix with columns vy, ..., v,
then T = VDiag(\1,...,Am)V ". For every k € {1,...,m}, the equation Tv;, = \yvg
writes, for every ¢ € {1,...,m}, with the convention by = by, = vk,0 = Vkm+1 = 0,

brm—it1Vk,i—1 + Cm—it1Vk,i + Om—it1Vk,it1 = AkUk,i-

It follows from these recursive equations that the matrix V' is entirely determined by
its first row r = (r1,...,7m) = (V11,.-.,Um,1) and A1,...,A,,. From now on, we
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assume that A\; # A; for every ¢ # j and that r; > 0,...,7r, > 0, which makes V
unique. Our first goal is to compute the Jacobian of the change of variable

(a,b) = (A, 7).
Note that 7% + -+ + 72, = 1. For every A & {\1,..., \;,} we have

(= 1) 11—ZA_A

On the other hand, for every m x m matrix A with det(A4) # 0, we have

1 - det(Am_l)
(A" )1 = “det(4)

where Ay stands for the k& x k right bottom sub matrix Ay := (A ;) m—k+i<ij<m- If
Ak1s -5 Mgk are the eigenvalues of T}, then we obtain, with A =T — AI,

I A = A) i
15 (i = A) A A

Recall that Ap,..., A\, are all distinct. By denoting Py(\) := HI-C, (A — Ag,;) the

=1
characteristic polynomial of T}, we get, for every i € {1,...,m},
Pr—1(Ai) _ >
Pr () .

Since Py, (Ai) = [[1<jzicm(Xi — Aj) we obtain

Hr T PO
H1<z<]<m()‘ 7)\])2

Let us rewrite the numerator of the right hand side. By expanding the first row in
the determinant det(A — T') = P,,,(\), we get, with P_; := 0 and P, := 1,

Pr(N) = (A = am) Pr—1(A) = b3, Prn2(N).

This shows that the spectrum of T;,, = T does not depend on the signs of by,...,b,—1.
We can then safely assume that b; > 0,...,b,,_1 > 0. Additionally, we obtain

H |Pm m— 11 |—b2(m % H |Pm 2 m 11)‘

Now the observation

m—1 m—1m—2 m—2
H ‘Prn 2 m 1,0 | - H H |)\m 2,5 — ’m—l,i| - H |Pm—1(/\m—2,j)|
=1 =1 Jj=1

leads by induction to the identity

m—1

H|P mova)| = [ b7

=1
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Finally, we have shown that

m—1 i
-1 o
IT =x)2= lil—iml 2 (4.7)

i=1"1

To compute the Jacobian of the change of variable (a,b) — (A, r), we start from

1<i<j<m

m
7"2

(I =27 =D 5 jMi

i=1

with [A| < 1/max(A1, ..., Ay) (this gives [|AT||,_, < 1). By expanding both sides in
power series of A\ and identifying the coefficients, we get the system of equations

(T4 = er)\f where k€ {0,1,...,2m —1}.
i=1

Since (Tk)l’l = <Tkel,el> and since T is tridiagonal, we see that this system of
equations is triangular with respect to the variables a,,, bmm—1, Gm—1,bm—2,.... The
first equation is 1 = 72 +---+12, and gives —r,,dr,, = r1dry +---+7y_1dr,_1. This
identity and the remaining triangular equations give, after some tedious calculus,

2
1T e T
dadb — =izt (HH”) IT i)t dxar.

o [Ty e \ T b2

which gives, using (4.7),

1<i<j<m

110 b
dadb = i—l_[”ibil d\dr. (4.8)
rm [Limy 7

Let us consider now the m x n lower triangular bidiagonal real matrix (m < n)

Tn
Ynm—-1 Tn-1
B =
Yr  Tp—(m-1)
The matrix T = BB is m x m symmetric tridiagonal and for i € {1,...,m — 1},
Um =20, G =Y, +Th iy D = Yl (m—i)1- (4.9)

Let us assume that B has real non negative entries. We get, after some calculus,

m—2 -1
dxdy = (2"zn_(m_1) H 17%—1) dadb.

i=0
From theorem we have, with a normalizing constant ¢, .3,

m—1 m—1 ﬂ m—1 6 m—1
B(n—i)—1 i—1
dB = s [[ 200" H1 y/" " exp (2 Tnei g E 1 y?) dady.
1= 1=

=0 i=0
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Let us consider T as a function of A and r. We first note that

m

m—1 m—1
doal + > Y =Te(BB")=Te(T)=)_ \.
=0 =1

i=1
The unitary invariance of the law of B implies that r is uniform and that with prob-
ability one the component of A are all distinct. Using equations (4.814.9)), we obtain

m—1 _B(n—i)—2 m—1_pi m
H'folx —i ILZ v B
dB =cm.n = n = 7 —= i | dAdr.
Cm,n, B i exp | 5 ; r

But using equation (4.7H4.9) we have

— . -1 . L —1 i —1 .
H N — \j| = H?ill b _ [T YiTh—(m—i)+1 _ IS = ! i
i A= TEm = ™ = =
1<i<j<m [LZim [LZ i |

and therefore

m—1 o 1B(n—m+1)—1
(Hi:O xnfi) 8 B =
dB = Cpmon.p i H A=Al exp | =5 Z Ai | dAdr-.
= 1<i<jsm =1
Now it remains to use the identity [/ #2_, = det(B)2 = det(T) = [[/“, Ai to get

only (A, r) variables, and to eliminate the r variable by separation and integration. [

Remark 4.2.5 (Universality of Gaussian models). — Gaussian models of ran-
dom matrices have the advantage to allow explicit computations. However, in some
applications such as in compressed sensing, Gaussian models can be less relevant than
discrete models such as Bernoulli/Rademacher models. It turns out that most large
dimensional properties are the same, such as in the Marchenko-Pastur theorem.

4.3. The Marchenko-Pastur theorem

The Marchenko-Pastur theorem concerns the asymptotics of the counting proba-
bility measure of the singular values of large random rectangular matrices, with i.i.d.
entries, when the aspect ratio (number of rows over number of columns) of the matrix
converges to a finite positive real number.

Theorem 4.3.1 (Marchenko-Pastur). — Let (M, ;);;>1 be an infinite table of
.4.d. random variables on K with unit variance and arbitrary mean. Let

1 «— 1
Vi = — Y Og(eany = >0 (TR
k=1 k=1

be the counting probability measure of the singular values of the m x n random matrix

1 1
Lare (L) |
Vn N 1<i<m, 1<5<n

AR USRS
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Suppose that m = m,, depends on n in such a way that

lim % = p € (0,00).

n—oo N

Then with probability one, for any bounded continuous function f: R, — R,

/fdz/mm n:)oo /fdz/p
where v, is the Marchenko-Pastur law with shape parameter p given by
1 1
1—=) g+ —+/(b—22)(22—-0a)l z)dzx. 4.10
(1-3) B0t o VO =1 0 (4.10)

where a = (1 — /p)? and b= (1+ \/p)? (atom at point O if and only if p > 1).

Theorem [4.3.1] is a sort of strong law of large numbers: it states the almost sure

convergence of the sequence (Vyn,n),~; to a deterministic probability measure v,,.
=

Remark 4.3.2 (Weak convergence). — Recall that for probability measures, the
weak convergence with respect to bounded continuous functions is equivalent to the
pointwise convergence of cumulative distribution functions at every continuity point
of the limit. This convergence, known as the narrow convergence, corresponds also
to the convergence in law of random wvariables. Consequently, the Marchenko-Pastur
theorem states that if m depends on n with lim,,_,.o m/n = p € (0,00) then with
probability one, for every x € R (x #0 if p > 1) denoting I = (—o0, z],

nlirr;o V(D) = v,(I).

Remark 4.3.3 (Atom at 0). — The atom at 0 in v, when p > 1 can be understood
by the fact that s, (M) =0 for any k > m An. If m > n then v,({0}) > (m —n)/m.

Remark 4.3.4 (Quarter circle law). — When p = 1 then M is asymptotically
square, a = 0, b =4, and vy is the so called quarter circle law

1
—V 4 — 2 1[0)2] (.I‘)dJU
™

Actually, the normalization factor makes it an ellipse instead of a circle.

Alternate formulation. — Recall that s%(ﬁM) = (2 MM*) for every k €

{1,...,m}. The image of vy, ,, by the map x ~— 22 is the probability measure
1 m
Hm,n = m Z (;Ak(%MZM*)'
k=1

Similarly, the image p1,, of v, by the map z +— 2 is given by

1 1
(1 - p>+5° + ara VO D)@ = ) Ly ()da (4.11)

where a = (1 —/p)? and b = (1+ ,/p)? as in theorem As an immediate conse-
quence, the Marchenko-Pastur theorem can be usefully rephrased as follows:
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Theorem 4.3.5 (Marchenko-Pastur). — Let (M, ;);;>1 be an infinite table of
.1.d. random variables on K with unit variance and arbitrary mean. Let

1 m
Hm,n = E Z(s)\k(%MM*)
k=1

be the counting probability measure of the eigenvalues of the m X m random matrix

%MM* where M = (Mivj)1<¢<m,1<j<n' Suppose that m = m,, depends on n with

lim =pe€ (0,00)
n—,oo N

then with probability one, for any bounded continuous function f: Ry — R,

[~ [ tan,
where , is the Marchenko-Pastur law defined by (4.11]).

Remark 4.3.6 (First moment and tightness). — By the strong law of large
numbers, we have, with probability one,

1 — 1
[ dumnta) = 2> st(= )
mi T Vn
1 1
=Ty MM*)
m
S
nm

This shows the almost sure convergence of the first moment in the Marchenko-Pastur
theorem. Moreover, by Markov’s inequality, for any r > 0, we have

1
ponn(071°) < 1 [ dpin o)
This shows that almost surely the sequence (fim, n),~; s tight.

Remark 4.3.7 (Covariance matrices). — Suppose that M has centered entries.
The column vectors Cq,...,Cy of M are independent and identically distributed ran-
dom wvectors of R™ with mean 0 and covariance I, and %MM* 18 the empirical
covariance matriz of this sequence of vectors seen as a sample of N'(0,1,,). We have

1 I
—MM* == *.
- - Z CrCy
k=1
Also, if m is fized then by the strong law of large numbers, with probability one,

lim, 00 %MM* = E(C1Cy*) = I,,. This is outside the regime of the Marchenko-
Pastur theorem, for which m depends on n in such a way that lim,_,., m/n € (0, 00).
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FIGURE 2. Absolutely continuous parts of the Marchenko-Pastur laws v,

(4.10) and p, (4.11) for different values of the shape parameter p. These
graphics were produced with the wxMaxima free software package.
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4.4. Proof of the Marchenko-Pastur theorem

This section is devoted to a proof of theorem We will actually provide a
proof of the equivalent version formulated in theorem by using the method of

moments. Let us define the truncated matrix M = (M; ;) where

1<i<m,1<j<n
Mij = Mi j1qnm, 5 1<0)
with C' > 0. By theorem [4.1.10] we have
2 —~
L4(M%M,uﬁ]\7) < > (|Mz;j|2 + |Mz',j|2> > IM; P sy

Vo (nm)?
1<i<m 1<i<m
1<j<n 1<j<n

Now, by the strong law of large numbers, with probability one,

lim sup L4(H’LM7MLM) < 4E(|M1,1\21{|M1,1|>C})-
m,n— oo Vn Vn
The right hand side can be made arbitrarily close to zero by choosing C' large enough,
and since the convergence for the Lévy distance implies the weak convergence with
respect to bounded continuous functions, one may assume that the entries of M have
bounded support (remark that by scaling, one may take entries of arbitrary variance).

Let us define the m x n centered matrix M = M — E(M). By theorem we have

7” <M<l.
Vo Vol m m

Consequently, one may assume that M has mean 0. Additionally, lemma below
reduces the problem to the convergence of Ejip, » to p, (via the first Borel-Cantelli
lemma and the countable test functions f = 1(_. 5 With  rational). Next, lemmas
4.4 and [£.4.7] below reduce in turn the problem to the convergence of the moments
of Efirm,n to the ones of u, computed in lemma [4.4.6) below.

Summarizing, it remains to show that if M has i.i.d. entries of mean 0, variance 1,
and support [—C, C], and if lim,_,o, m/n = p € (0,00), then, for every r > 1,

r—1 k
. 0 r\ [r—1
lim E " Albryy.m = . 4.12
Jim E [ i, kz_0k+1(k>( . (412

The result is immediate for the first moment (r = 1) since

E/xdumyn = LEZA;C(MM*)

mn
k=1

1
= —ETr(MM*)
nm

1
= Y E(MiP) ~ L
1<i<m
1<j<n
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This show actually that Efty, , and p, have even the same first moment for all values
of m and n. The convergence of the second moment (r = 2) is far more subtle:

J R .
E/x2 A = EY A (MM*)
k=1

mn?

1
= —ETe(MM*MM")
mn
1 _ _
=— > E(My My My Mi).
1<i,k<m
1<5,I<n

If an element of {(ij), (kj), (kl), (il)} appears one time and exactly one in the prod-
uct MiijijlMil then by the assumptions of independence and mean 0 we get
E(MijﬂijklMiz) = 0. The case when the four elements are the same appears with
mmn possibilities and is thus asymptotically negligible. It remains only to consider
the cases where two different elements appear two times. The case (ij) = (kj) and
(kl) = (il) gives i = k and contributes E(|M;;|*|M;;|*) = 1 with m(n? —n) possibilities
(here j # I since the case j = | was already considered). The case (ij) = (kl) and
(kj) = (il) gives ¢ = j = k = [ which was already considered. The case (ij) = (il)
and (kj) = (kl) gives j = | and contributes E(|M;;|?|My;|?) = 1 with n?(m? — m)
possibilities (here i # k since the case ¢ = k was already considered). We used here
the assumptions of independence, mean 0, and variance 1. At the end, the second
moment of iy, ,, tends to limy, oo (m(n? —n) +n(m? —m))/(mn?) = 1+ p which is
the second moment of p,. We have actually in hand a method reducing the proof of
to combinatorial arguments. Namely, for all » > 1, we write

1 1

mn” mn”

[ dbtnn@) = S MOIM?Y = (M)
k=1

which gives

r 1 — _
E/x Apm,n () = > B(Miyy, Miyj, Miyj, Mg, - My g, M),

1<, 0dr SR

Draw 41, ...,%, on a horizontal line representing N and ji,...,Jj, on another parallel
horizontal line below the previous one representing another copy of N. Draw r down
edges from ig to js and r up edges from jg to 541, with the convention i,,; = 41, for
all s=1,...,r. This produces an oriented “MP” graph with possibly multiple edges
between two nodes (certain vertices or edges of this graph may have a degree larger
that one due to the possible coincidence of certain values of i, or of j,). We have

1
E [ 2" dity n(z) = EM,
[ e = 5 S

where the sum ), runs over the set of MP graphs and where My is the product of My
or M 45, over the edges ab of G. We say that two MP graphs are equivalent when they
are identical up to a permutation of {1,...,m} and {1,...,n}. Each equivalent class
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contains a unique canonical graph such that i, = j; = 1 and i < max{iy,...,is_1}+1
and js < max{ji,...,js—11 + 1 for all s. A canonical graph possesses « + 1 distinct
i-vertices and [ distinct j-vertices with 0 < a <r—1and 1 < 8 < r. We say that
such a canonical graph is T'(«, ), and we distinguish three types :
— Ty (e, B) : T(a, ) graphs for which each down edge coincides with one and only
one up edge. We have necessarily a + 5 = r and we abridge T («, ) into T} ()
— Ty(a, B) : T(a, B) graphs with at least one edge of multiplicity exactly 1
— T5(a, B) : T(a, B) graphs which are not T7(«, ) nor Ta(«, )
We admit the following combinatorial facts :

(C1) the cardinal of the equivalent class of each T'(«, 3) canonical graph is
mm—1)---(m—a)nin—1)---(n— L+ 1).

(C2) each T3(a, B) canonical graph has at most r distinct vertices (i.e. a + 8 < r).
(C3) the number of T7(«, 8) canonical graphs is

1 r\(r—1
a+1\a a )’
The quantity E(Mg) depends only on the equivalent class of G. We denote by
E(Mr(q,5)) the common value to all T'(c, 3) canonical graphs. We get, using (C1),

1 1

nrm Z MG = n'm Z m(m - 1) e (m - a)n(n - 1) e (Tl - ﬂ + I)E(MT(a,ﬁ))
G T(a,B)

where the sum runs over the set of all canonical graphs. The contribution of T, graphs

is zero thanks to the assumption of independence and mean 0. The contribution of

T3 graphs is asymptotically negligible since there are few of them. Namely, by the

bounded support assumption we have | M, o 5| < C*", and thanks to (C2) we obtain

1
3 mlm = 1) (= a)nn— 1) (0 = B+ DE(Mr(q )
T3(a,pB)
7,.2
< _7027,777,&4»1715 = O(nil).
n"m

Therefore we know now that only T graphs contributes asymptotically. Let us con-
sider a T (a, 8) = Ti(a) canonical graph (8 = r — a). Since Mp(a,5 = Mr(q) is a
product of squared modules of distinct entries of M, which are independent, of mean
0, and variance 1, we have E(M7(,)) = 1. Consequently, using (C3) we obtain

1

n"m

S m(m = 1)+ (m = a)n(n— 1) (1~ + @+ DE(Mr(or—a)
T (@)

Zgljra(;)(T;l)nrlmm(m—1)--~(m—a)n(n—1)--~(n—7“+a+1)
S CIG- )T

7
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Therefore, denoting p,, = m/n, we have

E/xr dpin(z) = g a"’fl (;) (7’ - 1) + o).

This achieves the proof of (.12), and thus of the Marchenko-Pastur theorem [4.3.5]

Concentration for empirical spectral distributions. — This section is devoted
to the proof of lemma below. The total variation of f: R — R is

ey == sup Y |f(zar1) = flan)l,

(zK) ez kEZ

where the supremum runs over all non decreasing sequences (zx)rez. If f is differ-
entiable with f* € LY(R) then ||f|ltv = [f/ll;- If f = 1(_ for a real s then
|| flltv = 1, and consequently, for probability measures, the weak convergence with
respect to bounded continuous functions can be checked on measurable test functions
with |||y < 1 (or even = 1).

Lemma 4.4.1 (Concentration). — Let M be an m x n complex random matriz
with independent rows. Let f : R — R be a measurable function such that || f| o < 1.
Assume that E| [ f dunr| < oo where pag == =300 65, (ma+)-  This always holds
true for instance when f is bounded. Then for any r > 0,

P(‘/fduM—E/fduM’ 27") < 2exp (—2mr2).

Proof. — Let A and B be two m X n complex matrices and let F,, and F),, be the
. .. . . 1 m 1 m
cumulative distributions functions of ps = =~ > 7", 55% (ay and pp = =30, 55i(3)'
For any differentiable function f : R — R such that f/ € L'(R), an integration by

parts and theorem 8| give

‘/fduA—/fduB ‘/f Ful FHB(t))dt‘<]WA|f’(t)|dt.

Since the left hand side depends on at most 2m points, we get, by approximation, for
every measurable function f: R — R with || f||y < 1,

‘/fduA—/fduB < Tk = B)

X
m

From now on, f : R = R is a fixed measurable function with || f||;, < 1. For every

row vectors &1, ..., &, in C", we denote by A(x1,...,Z,,) the m x n matrix with row
vectors 1, ..., T, and we define F': (C")™ — R by

F(zla s axm) = /fd:u‘A(cvl,...,mm)-
For any ¢ € {1,...,m} and any row vectors x1,. .., Zm, z; of C", we have

rank(A(T1, ..oy Tio1, Tiy Tig 1y -+ oy Tm) — A(@1, oo T, T Tty Ty)) < 1
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and thus

1
‘F(Ih ey Li—1, L4y L1y - - - 7l'm) - F(Ila .. axi—l»fE;’»fEi-',-l; .o azﬂ’L)‘ g E
Finally, the desired concentration result follows from McDiarmid’s lemma used
for the random variable X = F(Ry, ..., R,,) where Ry, ..., R, are therows of M. [

Lemma 4.4.2 (McDiarmid). — Let Ry,..., R, be independent random variables
taking values in F,...,E,. Let F : By X --- X E, = R be a measurable function such
that the random wvariable X = F(Ry, ..., R,) is integrable. Then for any r > 0,

272
P(IX —E(X)| =2 7) < 2exp (M)

where ¢, = sup(, ynep, [F'(x) — F(2')| and Dy = {(z,2") : z; =z} for all i # k}.
Proof. — Let R},...,R), be an independent copy of Ry,..., R,. If Fj stands for the
o-field generated by Ry, ..., Rg then for every 1 < k < n we have, with Fy = {&, Q},

E(X | Fr-1) =E(F(Ry,...,Rg,...,Rp) | Fx—1) =E(F(Ry,..., R}, ..., Rn) | Fr).
Now the desired result follows from the Azuma-Hoeffding lemma [.4.3] since

di, = E(X | Fr) — E(X | Fr—1)
= E(F(Ry,...,Rp,...,Rn) — F(Ry,...,Ry,...,Rp) | Fi)

gives ||di| ., < ¢ for every 1 <k < n. O

The following lemma on concentration of measure for sums of bounded differences
is close in spirit to theorem The condition on the oscillation (support diameter)
rather than on the variance (second moment) is typical of Hoeffding type statements.

Lemma 4.4.3 (Azuma-Hoeffding). — If X € LY(Q, F,P) then for every r >0

o2
P(IX —E(X)| = r) < 2exp < )
a2, + -+ + lldn %

where dy, = E(X | Fi) — E(X | Fr—1) for an arbitrary filtration
{g,Q}=FcFH C---CF,=F.
Proof. — If U is a random variable with E(U) = 0 and @ < U < b, then, by convexity,
et %etb + Z:—ﬁem for all t > 0 and a < 2 < b, which gives after some analysis
b a
E tU < ta
(™) b—a b—a
Used with U = dy, = E(X | Fi) — E(X | Fr—1) conditional on Fj_1, this gives

2
oth < e%(bfa)Q'

E(et | Fy_y) < o5 lanlZ
By writing the Doob martingale telescopic sum X —E(X) =d,, + --- + dy, we get
E(e!C5E00) = E(eHhrt bR (el | F, ) < - € e U,

Now the desired result follows from Markov’s inequality and an optimization of ¢t. [
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Moments and weak convergence. — This section is devoted to the proof of

lemmas and below. Let P be the set of probability measures 4 on R such
that R[X] C L(u). We say that uy, us € P are equivalent when

/Pdm:/Pdug

for all P € R[X], in other words p; and s have the same moments. We say that y € P
is characterized by its moments when its equivalent class is a singleton. The celebrated
Carleman theorem states that p € P is characterized by its moments (kn),,s, iff

>on mgnl /1) — . Lemma below provides a simpler sufficient condition, which
is strong enough to imply that every compactly supported probability measure, such
as the Marchenko-Pastur law p,, is characterized by its moments. Note that by
the Weierstrass theorem on the density of polynomials, we already know that every
compactly supported probability measure is characterized by its moments among the

class of compactly supported probability measures.
Lemma 4.4.4 (Moments and analyticity). — Let u € P, ¢(t) = [e™du(x)
and k,, = [x" dp(x). The following three statements are equivalent :

1. ¢ is analytic in a neighborhood of the origin

2. ¢ is analytic on R

T 1

3. limy, (F]kn]) ™ < oo.
If these statement hold true then p is characterized by its moments.
This is the case for instance if p is compactly supported.

Proof. — For all n we have [|z|" dp < oo and thus ¢ is n times differentiable on R.
Moreover, ©(™ is continuous on R and for all t € R,

M) = [ (iz)" et x).
o™ (t) / (i) dpu(z)

In particular, (™ (0) = i"k,, and the Taylor series of ¢ at the origin is determined
by (Kn)n>1. The convergence radius r of the power series ) a,2" associated to a se-

— 1
quence of complex numbers (a,,)n>o is given by Hadamard’s formla r—! = lim,, |a,|™.
This shows the equivalence of properties [1| and |3| by taking a, = "k, /n!. Since for
alln e N, s, t € R,

eisw eita: — 1= Ztl _____ (it‘r)nil < |tx|n7
1! (n—1)! n!
we get for all even n € N and all s,t € R,
ol +0) = o(s) = L) = oo - LD )] <, B
1! (n—1)! Sl

and thus property [3] implies property 2l Since property [2] implies property [I] we get
that properties are equivalent. If these properties hold then by the preceding
arguments, there exists » > 0 such that the series expansion of ¢ at any x € R has
radius > r, and thus, ¢ is characterized by its sequence of derivatives at point 0. If

is compactly supported then sup,, |%y]| w < oo and thus property |3| holds. O
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Lemma 4.4.5 (Moments convergence). — Let p1 € P be characterized by its mo-
ments. If (in),, is a sequence in P such that for every polynomial P € R[X],

lim [ Pdu, = /Pd,u

n—oo

then for every bounded continuous function f: R — R,

lim [ fdu, = /f du.
n—oo

Proof. — By assumption, for any P € R[X], we have Cp := sup,,»; JPdu, < oo,
and therefore, by Markov’s inequality, for any real R > 0,

Cx2

R?

This shows that (un)n>1 is tight. Thanks to Prohorov’s theorem, it suffices then to
show that if a subsequence (u,, )r>1 converges with respect to bounded continuous
functions toward a probability measure v as k — oo then v = u. Let us fix P € R[X]
and a real number R > 0. Let g : R — [0, 1] be continuous and such that

pin([— R, R]?) <

1_r R < ¢r < 1—R-1,R+1]-

We have the decomposition
/Pd.unk = /‘pRPd,Unk +/(1 —pr)Pdpiy,.
Since (fn,, )k>1 converges weakly to v we have

lim /@RPd,unk = /goRPdl/.
k—o0

Moreover, by the Cauchy-Schwarz and Markov inequalities we have

’/(1 — oRr)P dpin, 2

. Cx2Cpo
<t (=R RE) [ PP, < ST

On the other hand, we know that klim Pdu,, = /P dp and thus
—00

lim [prPdv= /P du.
R—00

Using this for P? provides via monotone convergence that P € L?(v) C L*(v) and by
dominated convergence that [Pdy = [Pdu. Since P is arbitrary and y is charac-
terized by its moments, we obtain p = v. O

Lemma 4.4.6 (Moments of the M.-P. law p,). — The sequence of moments of
the Marchenko-Pastur distribution p, defined by (4.11)) is given for allr > 1 by

Jrama =25 ()7

In particular, p, has mean 1 and variance p.

o
k+1
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Proof. — Since a+ b= 2(1+ p) and ab = (1 — p)? we have

\/(b—x)(:c—a):\/(a—zb)z—ab—< a+b> =V4p— (x — (1 +p))?

The change of variable y = (z — (1 + p))//p gives

2 dpp(@) = (o dugl@) = o= | (Vpy+1+p) " VI— Py,
/ / 18

Recall that the even moments of the semicircle law are the Catalan numbers :

1 1 [2k
— 2k'H\/él y2dy =0 and —/y Va—y2dy = ( )

2w 1+k\ Kk
By using bmomlal expansions and the Vandermonde convolution identity,
frran="5 sarr (30 () ik
= L(r?;/% e —(21;)!113!!(16 1)
_ T pk+s (r—1)!

El(k+ DI(r —1 =2k — s)ls!

e}
(=)

s=

\ min(t,r—1—t) (T _ 1)'
t=0 =0 El(k+1)(r—1—t—Fk)I(t—k)!

1 r—1 , min(¢t,r—1—t)
1 ¢
¢

r—

)X (6
()

k=
1

I
)

(1)
S50

Other proof of the Marchenko-Pastur theorem. — An alternate proof of the
Marchenko-Pastur theorem is based on the Cauchy-Stieltjes transform. Recall
that the Cauchy-Stieltjes transform of a probability measure p on R is
1

d .
—— (@)
For instance, the Cauchy-Stieltjes transform of the Marchenko-Pastur law p,, is

l—p—z++/(z=1-p)2—4p
2pz '

O

z€C+:{z€C:Im(z)>0}+—>Sﬂ(z):/

Sy, (2) =
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The knowledge of S, fully characterizes u, and the pointwise convergence along a
sequence of probability measures implies the weak convergence of the sequence. For
any m X m Hermitian matrix H with spectral distribution puy = % Yoy Ox,(H), the
Cauchy-Stieltjes transform .S,,,, is the normalized trace of the resolvent of H since

Sy (2) = Te((H — =),

This makes the Cauchy-Stieltjes transform an analogue of the Fourier transform,
well suited for spectral distributions of matrices. To prove the Marchenko-Pastur
theorem one takes H = %MM* and one first shows that S,,, — ES,, tends to 0
with probability one as n — oco. Beware that ES,, # Sgu,. Next the Schur bloc
inversion allows to deduce a recursive equation for ES,,,, leading to the fixed point
equation S =1/(1 — z — p — pzS) at the limit. This quadratic equation in S admits
two solutions including the Cauchy-Stieltjes transform S),, of the M.-P. law 1.

The behavior of yy when H is random can by captured by looking at E [ f dugy
with a test function f running over a sufficiently large family F. The method of
moments corresponds to the family F = {x — 2" : r € N} whereas the Cauchy-
Stieltjes transform method corresponds to the family F = {z+— 1/(z — 2) : z € C. }.
Each of these allows to prove theorem with advantages and drawbacks.

4.5. The Bai-Yin theorem

The convergence stated by the Marchenko-Pastur theorem is too weak to
provide the convergence of the smallest and largest singular values. More precisely,
one can only deduce from theorem [£:3.1] that with probability one,

1 1
linrgiorolf SnAm <\/EM> <+va and liTILILSOl:p $1 (\/ﬁM> > Vb
where a = (1 —/p)? and b = (14 ,/p)?. Of course if p = 1 then a = 0 and we obtain
limy, 00 Snam ﬁM = 0. The Bai and Yin theorem below provides a complete
answer for any value of p when the entries have mean zero and finite fourth moment.
Theorem 4.5.1 (Bai-Yin). — Let (M; ;)i j>1 be an infinite table of i.i.d. random

variables on K with mean 0, variance 1 and finite fourth moment : E(|Mi 1|*) < oo.

As in the Marchenko-Pastur theorem[4.3.1), let M be the m x n random matriz
M = (M; ;)

1<i<m,1<j<n”
Suppose that m = m,, depends on n in such a way that

lim % = p € (0,00).

n—oo N

Then with probability one

. 1 . 1
nhﬁn;o SmAn <\/ﬁM> =+va and nlgrréosl (\/ﬁM) =Vb.
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Regarding the assumptions, it can be shown that if M is not centered or does not
have finite fourth moment then the largest singular value tends to infinity.
When m < n the Bai-Yin theorem can be roughly rephrased as follows

V= vm + Vno, 00(1) < sman(M) < 51(M) < V4 vVm + Vnop 00 (1).

The proof of the Bai-Yin theorem is tedious and is outside the scope of this book.
In the Gaussian case, the result may be deduced from theorem It is worthwhile
to mention that in the Gaussian case, we have the following result due to Gordon:

Vi = Vm < E(sman(M)) < E(s1(M)) < Vi + v/m.

Remark 4.5.2 (Jargon). — The Marchenko-Pastur theorem concerns the
global behavior of the spectrum using the counting probability measure: we say bulk
of the spectrum. The Bai-Yin theorem [[.5.1] concerns the boundary of the spectrum:
we say edge of the spectrum. When p = 1 then the left limit \/a = 0 acts like a hard
wall forcing single sided fluctuations, and we speak about a hard edge. In contrast,
we have a soft edge at Vb for any p and at \J/a for p # 1 in the sense that the
spectrum can fluctuate around the limit at both sides. The asymptotic fluctuation at
the edge depends on the nature of the edge: soft edges give rise to Tracy- Widom laws,
while hard edges give rise to (deformed) exponential laws (depending on K).

4.6. Notes and comments

The singular values of deterministic matrices are studied in the reference books
[HJ90, [HJ94), Bha97, [Zha02], [BS10| for the static aspects, and [GVL96, [CG05]
for the algorithmic aspects. The notion of pseudo-spectrum is studied in [TEOQ5]. The
SVD is typically used for dimension reduction and for regularization. For instance, the
SVD allows to construct the so called Moore-Penrose pseudoinverse [Mo020, [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 intro-
duced 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 [Tik43l, [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 [Jol02]. The partial least squares (PLS) re-
gression 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. Generalizations
of the SVD are used for the regularization of ill posed inverse problems [BB98|. The
couple of lemmas connecting the rows distances of a matrix with the norm of its
inverse are taken from [RV08a] (operator norm) and [T'V10] (trace norm).

The study of the singular values of random matrices takes its roots in the works
of Wishart [Wis28| on the empirical covariance matrices of Gaussian samples, and
in the works of von Neumann and Goldstine in numerical analysis [vING47]. The
singular values of Gaussian random matrices were extensively studied and we refer
to [Jam60), [DS01), [ER05, [HTO03], [For10]. Our presentation is inspired by [For10].
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For simplicity, we have skipped the link with Laguerre orthogonal polynomials, which
plays an important role in the asymptotic analysis of the extremal singular values.
The bidiagonalization of Gaussian random matrices is due to Silverstein [Sil85]. The
Marchenko-Pastur theorem goes back to Marchenko and Pastur [MP67]. The modern
universal version with minimal moments assumptions was obtained after a sequence
of works including [Gir75] and can be found in the books [PS11), [BS10]. Most of
the proof given in this chapter is taken from [BS10]. The argument for the almost
sure convergence based on concentration for finite variation test functions is due to
Bordenave but can be found in [GL09]. The McDiarmid-Azuma-Hoeffding inequal-
ities are taken from [McD89]. An extension to random matrices with independent
row vectors or column vectors is given in [MP06] and [PP09]. In the Gaussian case,
the Marchenko-Pastur theorem can be proved using Laguerre orthogonal polynomials
with an approach due to Haagerup and Thorbjernsen [HTO03] developed in [Led04].
The Bai and Yin theorem was obtained after a series of works by Bai and Yin
[BY93], and is proved in great generality in [BS10]. The non-asymptotic analysis of
the singular values of random matrices is the subject of the recent survey [Verll].






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 the recent subject about reconstruction of signals with small
supports from a small amount of linear measurements, called also compressed sens-
ing. It has been presented in Chapter 2] A big amount of work was recently made
to develop some strategy to construct an encoder (to compress a signal) and an as-
sociate decoder (to reconstruct exactly or approximately the original signal). Several
deterministic methods are known but recently, some random methods allow the re-
construction 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. 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. Solving this type of problems
leads to questions about the Euclidean radius of the intersection of the kernel of a
matrix with the unit ball of a normed space. That is exactly the subject of study of
Gelfand numbers and Kashin splitting theorem. In all this theory, empirical processes
are essential tools. Numerous results of this theory are at the heart of the proofs and
we will present some of them.

Notations. — We briefly indicate some notations that will be used in this section.
For any p > 1 and t € RY, we define its {,-norm by

N 1/p
tlp = (Z |ti|p>
i=1

1 N 1/p
el = (N;nﬁ) .

For p € (0,1), the definition is still valid but it is not a norm. For p = oo, |t|ec =
[too = max{[t;| : i =1,...,n}. We denote by BY the unit ball of the ¢,-norm in

and its L,-norm by
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RYN. The radius of a set T RY is
rad T = sup |t|s-
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 Lo-norm by

1/p
||fp=</ prdu> and (£l = supl].

The unit ball of L,(p) is denoted by B, and the unit sphere by S,. If T C La(p)
then its radius with respect to La(p) is defined by

RadT = sup ||t]|2.
teT

Observe that if y is the probability counting measure on RY, B, = Nl/pBIJ,V and for

a subset T C Ly(u), VN Rad T = rad T.

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. Selection of characters and the reconstruction property.

Exact and approximate reconstruction.— We start by recalling briefly from
Chapter [2| the ¢;-minimization method to reconstruct any unknown sparse signal
from a small number of linear measurements. Let U € R (or CV) be an unknown

signal. We receive ®U where ® is an n x N matrix with row vectors Y7,...,Y, € RY
(or CV) which means that
Y1
o= : and  ®U = ((Yi,U))1<i<n
Y,

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
®, m, n and N such that for every U € %,,, the solution of the problem

i tly : U = Pt .1
min {[t], : U = &t} (5.1)

is unique and equal to U. From Proposition 2.2.11] we know 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 # 0,91 C [N],[I| <m, ) [hil < |hal.

el i¢I



5.1. SELECTION OF CHARACTERS AND THE RECONSTRUCTION PROPERTY. 115

This property is also called the null space property. Let C,, be the cone
= {h € RY 3T C [N] with |[I| < m,|hze|y < |hr|1}
The null space property is therefore equivalent to ker ® N C,, = {0}. Taking the

intersection with the Euclidean sphere S™V~1, 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-1 = ().

We observe the following simple fact: if ¢ € C,,, N SV~! then

|t|1—2|t\—Z|t|+2|t|<22\t|<2f

iel gl iel
since |I| < m and |t|s = 1. This implies that
Cn NSVt c2y/mBN nsN-1
from which we conclude that if
ker ® N 2y/mBN nsN-1 =9

then “for every U € X¥,,, the solution of (5.1)) is unique and equal to U”. We can now
state the conclusion of this introduction, which is Proposition [2.4.4

Proposition 5.1.1. — Denote by radT the radius of a set T with respect to the
Euclidean distance: rad T = sup,cp |t|2. If

1
rad (ker ® N BY) < p with p < —— (5.2)

2v/m
then “for every U € X,,, the solution of the basis pursuit algorithm (5.1) is unique
and equal to U”.

It has also been noticed in Chapter [2] that it is very stable and allows approximate
reconstructlons Indeed by Proposition 3l if U* is a solution of the minimization

problem (5
min {[t]; : U = Pt} .
teRN

and if for some integer m such that 1 < m < N, we have
1

dker®NBY) < p< —=

rad (ker 1) <p NG

then for any set I C {1,..., N} of cardinality less than m

U —Uly < p|U* - Ullf1 |Urels.

2 \ﬁ
In particular: if rad (ker ® N BV) < 1/4y/m then for any subset I of cardinality less
than m,

U* - Uy < Ul

Ut —Ul, < )
| 2 < NN
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Moreover if U € B i.e. if for all s > 0, [{i,|U;| > s}| < s™? then

Ut —U 1
|Uﬁ—U|2S| |1S —-
W - 1pme
Another problem coming from Harmonic Analysis. — Let p be a probability

measure and let (¢1,...,1%yN) be an orthonormal system of Lo(u) bounded in Lo ()
i.e. such that for every i < N, [|t);||lcc < 1. Typically, we consider a system of
characters in La(u). By the assumptions on {¢1,...,%n}, it is clear that for any
subset I C [N]

V(ai)ier

> ai

iel

<D aiw

icl

<V

> i

icl

1 2 1

The Dvoretky’s theorem proved by Milman asserts that for any e € (0, 1), there exists
a subspace E C span{t1,...,¥n} of dimension dim E = n = ¢ (e?/log(1 + 2/¢)) N
on which the L and Lo norms are comparable, that is such that

N
V(a)r,, if 2= awy € B, then(1—e)r|zl|, < ||z, < (1+e) 7zl

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 E is a general subspace and the fact that € E does not say anything
about the number of non zero coordinates. Moreover the constant ¢ which appears in
the dependance of dim F is very small hence this formulation of Dvoretzy’s theorem
does not provide a subspace of say half dimension such that the L; norm and the Lo
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 E of dimension [N/2] such that V (a;)Y

=1’

N
if 2= aiyi € E then ||z, < |lzll, < C |zl
i=1

N
and if y = apy; € B then [lyll, < llyll, < C |y,
=1

where C is a numerical constant. Again the subspaces F and E' have not any
particular structure.

In the setting of Harmonic Analysis, the questions are more related with coordinate
subspaces because it request to find a subset I C {1,..., N} such that the L; and
Ly norms are well comparable on span {¢;};c;. Talagrand, improving a result of
Bourgain, showed that there exists a small constant &g such that for any bounded
orthonormal system {41, ...,1¥n}, there exists a subset I of cardinality greater than
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00N such that
< C'+/log N (loglog N)

2
This is a Dvoretzky type theorem. We will present in section [5.5 an extension of
this result to a Kashin type setting. An important observation that relates this
study with Proposition [5.1.1] is the following. Let ¥ be the operator defined on
span{¢n,...,¥n} C La(p) by U(f) = ((f,%:))icr- Because of the orthogonality
condition between the 1);’s, the linear span of {1;,7 € I} is nothing else than the kernel
of ¥ and the inequality is equivalent to Rad (ker YN By) < C y/log N (loglog N)
where Rad is the Euclidean radius with respect to the norm on Lo(u) and B is the
unit ball of L (i). The question is reduced to finding the conditions between the size
of I, the dimension N and p; such that Rad (ker ¥ N By) < py. This is analogous to
the condition in Proposition Just notice that in this situation, we have a
change of normalization because we work in a probability space Lo (p1) instead of £2.

V(ai)ier,

> ai

iel

> ai

iel

(5.3)

1

The strategy. — In conclusion of these two paragraphs, we say that we will focus
on the condition about the radius of the section of the unit ball of £ (or B;) with
the kernel of some matrices. As it has been noticed in Chapter [2] the RIP condition
implies a control of this radius. Moreover, the condition was deeply studied in
the so called Local Theory of Banach Spaces during the seventies and the eighties
and is connected with the study of Gelfand widths. These notions are presented in
Chapter [2]and we recall that the strategy consists in studying the width of a truncated
set T, =1TnN pSN=1. Indeed by Proposition d satisfies the condition if p
is such that ker ® N7}, = (). This is the purpose of the following proposition.

Proposition 5.1.2. — Let T be a star body with respect to the origin that is a com-
pact subset T of RN such that for any v € T, the segment [0,x] is contained in T.
Let ® be an n x N matrix with row vectors denoted by Y1,...,Y,.

n

If inf M (Viy)? >0 then rad(ker®NT) < p.

yeTNpSN—1 £
=1

Remark 5.1.3. — By a simple compacity arqgument, the reciprocal of this statement
holds true. We can also replace the Euclidean norm |®z|y by any other norm ||®z||
since the hypothesis is just made to ensure that ker ® N T N pSN=1 =0

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 z = py/|yla € TNpSN~1
so z and y do not belong to ker ®. O

The vectors Y7,...,Y, will be chosen at random and we will find the good con-
ditions such that, in average, the key inequality of Proposition [5.1.2] holds true. An
important case is when the Y;’s are independent copies of a standard random Gaus-
sian vector in RY. It is exactly a way to prove Theorem with ® being this
standard random Gaussian matrix. However, in the context of Compressed Sensing
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or Harmonic Analysis, we are looking for more structured matrices, like Fourier or
Walsh matrices.

5.2. A way to construct a random data compression matrix

The setting of the study is the following. We start with a square N x IV orthogonal
matrix and we would like to select n rows of this matrix such that the n x N matrix
® is a good encoder for every m-sparse vectors. In view of Proposition [5.1.1} we want
to find the conditions on n, N and m such that

1
d(ker® N BY) < ——.
rad (ker 1) NG
The main examples are the discrete Fourier matrix with
1 .
Pre = Wi 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
Prva\ —Wer Wyt )7
+1

The matrix W), is an orthogonal matrix of size N = 2P with entries Nk In each
case, the column vectors form an orthonormal basis of £, with 2/ -norm bounded by
1/v/N. We will consider more generally a system of vectors ¢1,...,¢xn such that

(H) it is an orthogonal system of %,
Vi < N, |bi|loo < 1/V/N and |¢;]o = K where K is a fixed number.

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 Y7, ...,Y,
be independent copies of Y. We define the random matrix @ by

Y

P = :
Y,

We have the following properties:

K?n,_ ,

T'yb' (5.4)

1 & K?
E(Y,y)? = N ;<¢iay>2 = W'y@ and E|®y|3 =
In view of Proposition [5.1.2] we would like to find p such that

n

E  inf Y, y)2 > 0.
yETﬂpSN*1;< ¢ y>
However it is difficult to study the infimum of an empirical process. We shall prefer
to study

n

K2 np?
E sup <)/Z7y>2 -
yETﬂ/)SN_l ; N
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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.

Problem 5.2.1. — What are the conditions on p such that we have

2 2
< 2R,
=3TN

n

> (Vi) - K2 np?

E sup
i=1 N

yeTNpSN-1

Indeed if this inequality is satisfied then there exists a choice of vectors (Y;)1<i<n
such that

- K2 np? 2 K2 np?
T N—1 Y. )2 — <z
Vye QPS 7;< 7y> N —3 N ?
from which we deduce that
n
1 K2np?
VyeTnpSN-1! Y, y)2>-——LC >o.
yeTnps¥™LY (Vi) > o= >

i=1
Therefore, by Proposition we conclude that rad (ker® NT) < p. Doing this
with 7' = BV, we will conclude by Proposition that if

m< —

e
then the matrix @ is a good encoder, that is for every U € %,,, the solution of the
basis pursuit algorithm (5.1]) is unique and equal to U.

Remark 5.2.2. — The number 2/3 can be replaced by any number strictly less than
1.

The method of selectors. — The second definition of randomness uses the notion
of selectors. Let 6 € (0,1) and let é; 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, ..., ¢nx and we select randomly
some rows to construct a matrix ® with row vectors ¢; if §; = 1. The random variables
01,...,0n are called selectors and the number of rows of ®, equal to |{i : §; = 1}, will
be highly concentrated around 6N. The problem [5.2.1] can be stated in the following
way:

Problem 5.2.3. — What are the conditions on p such that we have

N
2
E  sup  |Y (i) — 6K2p?| < S0K?p? 7
yeTNpSN=-1 175 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 rad (ker® N BY¥) < p and we will
conclude as before that the matrix ® is a good encoder.

Before we state and explain the main results, we will need some tools from the
theory of empirical processes to solve Problems and Another question
is to prove that the random matrix ® will be a good decoder with high probability.
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We will also present some concentration inequalities of the supremum of empirical
processes around their mean that will enable us to get better deviation inequality
than the trivial Markov bound.

5.3. Empirical processes

Classical tools. — A lot is known about the supremum of empirical processes and
the connection with Rademacher averages. We refer to chapter 4 of [LT91] for a
detailed description. We recall the important comparison theorem for Rademacher
average.

Theorem 5.3.1. — Let F : RT — RT be an increasing convex function, let h; :
R — R be functions such that |h;(s) — hi(t)] < |s —t| and h;(0) = 0. Then for any

separable bounded set T' C R"™,
1 n
EF | —su 5ihi ti S EF | su .
<zt£ 2 it >> ( )

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

n
Z Eiti

i=1

n

> (f(YV) —Ef(V7))

i=1

Z = sup
fer

The situation will be different from Chapter [I| 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 5.3.2. — Consider n independent random vectors Yi,...,Y, taking val-
ues in a measurable space ), F be a class of measurable functions and €1, ...,e, be
independent Rademacher random variables, independent of the Y;’s. Denote by E. the
expectation with respect to these Rademacher random variables. Then the following
inequalities hold true:

E sup ;(f(Y;) ~Ef(¥)| < 2EE. sup ;sz—f(m , (5.5)
E;ggzl f(Yi)] < ;gg;Elf(Yi)\ + 4EE. sup ;a—f(Yi) ~ (5.6)

Moreover
EE. sup > alf(V) —Ef(Y:)) S2]EJS}£ Z(f(yi)_Ef(Yi))‘- (5.7)

i=1 i=1
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Proof. — Let Y{,...,Y, be independent copies of Y7,...,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,

> (f(Y) —Ef(Y:)

=1

n

> (F(v) - f(Y/))‘ :

=1

< EE’ sup
feF

E sup
fer

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 Rademacher random variables. We deduce that

n
> _(f(Y;) —Ef(Y;))| < EE'E. sup
p— fer
We conclude the proof of by using the triangle inequality.

Inequality is a consequence of (5.5) when applying it to |f| instead of f, using
the triangle inequality and Theorem % (in the case F(z) = x and h;(z) = |z|) to
deduce that

E sup
fer

S af(v) - f(Y/))‘ .

i=1

> el f () e ()

For the proof of , we can assume that Ef(Y;) = 0. We compute the expectation
conditionally with respect to the Bernoulli random variables. Let I = I(e) = {i,&; =
1} then

E. sup < 2E. sup
fer F

EE: sup > eif (V)| <EEsup |y f(¥i)— > f(V3)
fer |iza iel igl
<EEsup |y f(Yi)|+EEsup |y f(Y5)|.
FE€F ier €F ligr

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(Yi)+ ) Ef(Y;)|<Esup|) f(¥3)
|2 EDBECAPY |2
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 5.3.83. — Leteq,..., 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™

2 n
<4y/—-E it -
<\ Zep|S o

i=1

n

ZEiti

i=1

E sup
teT
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Proof. — Indeed, (g1,...,gn) has the same law as (e1]g1|,...,€n|gn|) and by Jensen

inequality,
P
= \/7]143 sup
2 er |

n
E 61‘252‘ .
=1

n
EcEg sup Z€i|gz‘|t¢
teT |5

> Eesup
teT

n
Eq Zﬁz‘|gz‘|ti
=1

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.

Theorem 5.3.4. — Consider n independent random vectors Yy, ...,Y, and G a class
of measurable functions. Let

> g(vh)

i=1

Z = sup
9€g

n
, M =sup|lgllee, V=Esup» g(¥;)>.
g€g 9€9 4

Then for any t > 0, we have

t tM
— < —c— +=—=1].
P(|Z-EZ| >1t) Cexp( c log (1 ))

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(Y) —
Ef(Y) for any f € F. In this situation, we have a very useful estimate for V.

Proposition 5.3.5. — Consider n independent random vectors Y1,...,Y, and F a
class of measurable functions. Let

S F(YVi) - Bf(Y)

i=1

Z = sup
ferx

, u=sup || flleo, and
feF

v = sup ZVarf(Yi) + 32uE sup
feF i feF

Zf(m —Ef(Y3)

Then for any t > 0, we have
t t
P(|Z—EZ| >t) < Cexp <—cu log (1 + :)) .

Proof. — It 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 =sup||g|lec and V = Esung(Yi)Q.
g€eSG 9€6
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It is clear that M < 2u and by the triangle inequality we get

Zg +supZEg

Esung 2 < Esup

9€9 geg 9€9 4
Using inequality (5.5]), we deduce that
E sup g(Yi)? — Eg(Y;)?| < 2EE, sup g:.9(Y;)*| = 2EE, sup git?
geG Z geG Z ' teT Z '

where T is the random set {t = (¢t1,...,tn) = (g(Y1),...,9(¥n)) : g € g}. Since
T C [—2u,2u]™, we deduce that the function h(z) = 22 is 4u-Lipschitz on T. By the
comparison Theorem we get that

E. sup

sup Zst th

Since for every i < n, Eg(Y;) = 0, we deduce from (5.7)) that

Zszg Zg

< 8uE, sup
teT

EE. sup
9€g

< 16uEsup
9€g

This allows to conclude that

V < 32uE sup f(Y:) —Ef(Y;)| + sup Var f (Y;
sup ; (¥3) (Y3) fef; (
This ends the proof of the proposition. O

The study of the expectation of the supremum of some empirical processes.
— We go back to the study of Problem with a definition of randomness given
by the empirical method. The situation is similar if we worked with the method
of selectors. For any star body T' C RY, we define the class F of functions in the
following way:

o fy : RN - R . N—1
.7:—{ Y o (V) yeTNpS .
Therefore
7= s [P0 -EPE)| = s [Sap? -
fer i=1 ' ’ yGTﬂpSN*1 i=1 v N

Applying the symmetrization procedure to Z (cf (5.5))) and comparing Rademacher
and Gaussian processes, we conclude that
n

2

np

Y, y)2 — £
§< JY) N

i=1

< 2EE. sup
yeTNpSN-1

E sup
yeTNpSN—1

Z €i <}/Z7 y>2
=1
> giYi,y)?

i=1

< V271EE, sup
yeTNpSN—-1
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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 working with these
difficult processes, we present a result of Rudelson where the supremum is taken on
the unit sphere SV—1.

Theorem 5.3.6. — For any fized vectors Y1,...,Y, in RY,

. 1/2
< C\/logn max. |Y|2 sup <Z<Yz’y>2> .

Ec sup Z& Vi, y)?
yeSN—1 yeSN-1 put
Proof. — For every i = 1,...,n, we define the self-adjoint rank 1 operators

RN — RN

T, =Y;®Y;:
{ y = (Y)Y

in such a way that

St ’ up

yeSN -1

sup
yeSN-1

O e,y =D &
=1 =1

Let (A\;)1<i<n be the eigenvalues of a self-adjoint operator S. By definition of the Sév
norms for any g > 0,

2—2

1/q
18]l2—2 = [|S[lsy = max \A | and ||S|sy = (Zl/\ |q> :

=1

Assume that the operator S has rank less than n then for ¢ > n+ 1, \; = 0 and we
deduce by Hélder inequality that

ISllsxy < IISllsy < n'/|S|lsy <ellSlsy for q=logn.

The non-commutative Khinchine inequality of Lust-Piquard and Pisier states that for
any operator T1,...,T,,

n 1/2 n 1/2
< C\/q max (ZT{“TZ) , (ZTT)

SN i=1 i1
q sy Sy

n
§ giTz
i=1

In our situation, T;T; = T;T;} = |V;|3T; and S = (31—, T;‘“Ti)l/2 has rank less than
n, hence for ¢ = logn,

1/2 n 1/2
< 2T, <
‘ ZT T <e (Z;|YZ|2TZ> elrgax |Y: |2
N =

o sy

n 1/2

T

=1

SN
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Combining all these inequalities, we conclude that for ¢ = logn

n n 1/2
E.|Y =T < C\Viogn (Z TT)
i=1 SN i=1 sy
n 1/2
< Cey/logn lrgggnli’ilzyes;gfl <;<Yi,y>2> :
O
Remark 5.3.7. — 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.

Definition 5.3.8. — A Banach space B is of type 2 if there exists a constant ¢ > 0
such that for every n and every zi,...,z, € B,

" 2\ 1/2 " 1/2
Z&‘fﬂz‘ <c <Z ||x2|2> )
i=1 i=1

The smallest constant ¢ > 0 satisfying this statement is called the type 2 constant of
B and is denoted by To(B).

E.

Classical examples are Hilbert spaces and L, space for 2 < g < 4+-00. From Theorem
in Chapter [I} we know also that L, has type 2.

Definition 5.3.9. — A Banach space B has modulus of convezity of power type 2
with constant X\ if
2

+ A2

2

THYI 2|y

2 2
The modulus of convezity of a Banach space B is defined for every e € (0,2] by

05 (e) = inf {1 -

It is obvious that if B has modulus of convexity of power type 2 with constant A
then dp(e) > £2/2A? and it is well known that the reverse holds true (with a different
constant than 2). Moreover, for any 1 < p < 2, the Clarkson inequality tells that for

any f,g € Ly,

1
vyes, | < 3 (P + 1?)

2

x-i-y‘

c el = lyll =1 and o — g < }

2

+
p

2
<
p

Hf;g (LFIZ + lgll2)-

1
2

plp—1) || f—g
8 2
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This proves that for any p € (1,2], L, has modulus of convexity of power type 2 with

A=cyp—1.

Definition 5.3.10. — A Banach space B has modulus of smoothness of power type
2 with constant u if
2

+ uQ

Tty ’

2
The modulus of smoothness of a Banach space B is defined for every T > 0 by

-y

Vx,y € B,
T,y 9

1
> = (Il + l9l?)

[z + 7yl + 1z =7yl

pi(r) = sup { ! i ol = ol =1}

It is clear that if B has modulus of smoothness of power type 2 with constant u
then for every 7 € (0,1), pp(7) < 2721% and it is well known that the reverse holds
true (with a different constant than 2).

More generally, a Banach space B is uniformly convex if for every ¢ > 0, dg(¢) > 0 and
is uniformly smooth if lim,_,¢ pg(7)/7 = 0. We have the following simple relationship
between these notions.

Proposition 5.3.11. — For every Banach space B, B* being its dual, we have

(1)  For every T >0, pp+(7) = sup{re/2 — dp(e),0 < e < 2}.

(1) B is uniformly convez if and only if B* is uniformly smooth.

(#it)  For any Banach space B, if B has modulus of convezity of power type 2 with
constant A\ then B* has modulus of smoothness of power type 2 with constant cA and
T5(B*) < cA.

Proof. — The proof of (i) is straightforward, using the definition of duality. We have
for 7 > 0,

2pp+ (1) = sup{[lz* + 7y*[| + lz" — 79" = 2 [l="]| = |ly"[| = 1}

= sup{z*(2) + 75" () + 2" (y) — 7y (y) = 2 [l2*| = [ly*[| = |zl = [lyll = 1}

=sup{z”(z +y) + 7y (x —y) = 2: [l = lly"] = ll=ll = Iyl = 1}

=sup{llz +yll +7llz —yll =2 [zl = Iyl = 1}

=sup{[lz +yl| +7e =2 [zl =yl =1, [z —yll <e,e € (0,2]}

= sup{re — 20p(c) : €€ (0,2]}.
The proof of (ii) follows directly from (z). We will just prove (éi7). If B has modulus
of convexity of power type 2 with constant A then dg(e) > ¢2/2)2. By (i) we deduce
that pp«(7) > 7202/4. It implies that for any z*, y* € B*,

+(e)?

S|
25 (1117 + lly*117)

*

—Y
2

T+ y*
2

*

where ¢ is a positive number. We deduce that for any u*, v* € B*,

1
Eellew” + o[l = 5 (Il +v* |12 + [ = v+ 0*[5) < o I + ()|l
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We conclude by induction that for any integer n and any vectors z7,...,z} € B*,

Zsle < (eN)? (Z ||$7*||3>
i=1 i=1

which proves that To(B*) < cA. O

2
E.
*

It is now possible to state the results about the estimate of the average of the
supremum of empirical processes.

Theorem 5.3.12. — If B is a Banach space with modulus of convexity of power type
2 with constant \ then for any integer n and &1,...&, € B*,

Zgi@,@z

i=1

E, sup

1<i
llzll<1 = llell <1\ 3=

n 1/2
< OXVlogn max [|&]]. sup (Z@,xﬁ)

where g1, ..., gn are independent N'(0,1) Gaussian random variables and C is a nu-
merical constant.

Corollary 5.3.13. — Let B be a Banach space with modulus of convexity of power
type 2 with constant A. Let Y1,...,Y, € B* be independent random vectors and denote

o /205 2 2 2 _ - 2
K(n,Y) 2\/;0)\ Vlogn (Elrglag(nHYﬂ*) and o° = sup ZE(YQ,QA

Iyl <1525

where C is the numerical constant of Theorem|5.3.12. Then we have

n
E sup |} (Yi,y)? —E(Yi,9)*| < K(n,Y)? + K(n,Y)o.
lyll<1 i=1
Proof. — Denote by V5 the expectation of the supremum of the empirical process,
that is
Va=E sup Y ((Vi,9)* —E(Y;,9)?)].
lylI<1 i=1

We start with a symmetrization argument. By (5.5) and Proposition we have

2
< 2\/> EE, sup
™ lyll<1

In view of Theorem we observe that the crucial quantity in the estimate is

n
5] <}/17 y>2
1=1

n

> 6i(Yiy)?

i=1

Vo <2 EE. sup
lylI<1

sup|z<1 (Xie1 (Y, a:>2)1 ® Indeed, by the triangle inequality,

n n

+ sup Y E(Yi,y)? = Vato®.
llyll<1 i=1

n
B sup 3 (02 <E sup
llell<1555 lyll<1

(<}/i7y>2 - E(Ea y>2)

i=1
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Therefore, applying Theorem [5.3.12| and the Cauchy Schwarz inequality, we get

n 1/2
2 5 2
V2 < 2\/;CA lognE Jnax. IY:ll« sup (Z(Yz,x) )

llzll<

i=1
5 1/2 1/2
2\/>C)\5 logn (IE max ||Y; 3) E sup Y“x
= o iogn (E max Vi W;

< Kn,Y)(Va+0%)"?.
We get that
Vi —K(n,Y)* Vo — 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 is slightly complicated. It involves a specific construc-
tion of majorizing measures 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 B has a good
modulus of convexity is not needed.

Theorem 5.3.14. — Let B be a Banach space and Yi,...,Y, be independent ran-
dom wvectors in B*. Let F be a set of functionals on B* with 0 € F. Denote by doo n
the random quasi-metric on F deﬁned for every f, finF by

We have

n

Esup | (f(Y)* —Ef(Y)?)

fer iz

< max(orU,,U?)

where for a numerical constant C,

1/2
U,=C (Efyg(]:, aloo,n))l/2 and or = (sup ZEf > .

fers =1
We refer to Definition in Chapter [3|for the precise definition of v2(F, deo,n)-
Proof. — As in the proof of Corollary [5.3.13] we need first to get a bound of

Zgz

Let ( X¢) ter be the Gaussian process defined conditionally with respect to the Y;’s,
=3 aif( Y;)? and indexed by f € F. The quasi-metric d associated to this

E, sup
feF
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process is given for any f, f € F by

d(f, f)? =Bl Xy — X7* = Z (f(¥3)? = f(¥3)?)

In conclusion, we have proved that for any f, f € F,

n 1/2
_ i _
d(f, f) <2 ;telg (; f(Y5) ) doon(f, f)-

By definition of the 7, functionals, see Chapter [3] we conclude that for every vectors
Yi,....Y, € BY,

E, sup Z gi f
where C is a unlversal constant. We repeat the proof of Corollary [5.3.13] Let

n

Vo =Esup | (f(¥i)? —Ef(Y)?)|.

FeF iz

fer

1/2
< C sup (Zf ) Y2 (F, doc,n)

By a symmetrization argument and the Cauchy-Schwarz inequality,

V2§2\/>EE sup Zgz
feF

< C (Bya(F, doo ) )1/2 (Vo +0%)"?%.

" 1/2
< C (Era(F,doon)?)? (E;gg; f(Yi)2>

where the last inequality follows from the triangle inequality: Esup S f(Y)?
(Vo+0%)2. This shows that V5, satisfies an inequality of degree 2 from which it is easy
to conclude that

Vo < max(oxU,,U?), where U, = C (]E'yg(]:, doo’n)Q)l/z.

5.4. 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).
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Theorem 5.4.1. — Let ¢1,...,¢n be an orthogonal system in 5 such that for a

real number K
1
Vi < N, |oilo = K and |¢;|oo < —.
LetY be the random vector defined by Y = ¢; with probability 1/N and Y1,...,Y, be
independent copies of Y. If
n

<O K? ——————
= log N (logn)3

then with probability greater than
1 — Cyexp(—C3K?n/m)
Y

the matriz ® = : 18 a good reconstruction matriz for sparse signals of size

Y,
m, that is for every U € ¥, the basis pursuit algorithm lb mir}}l {|t|1 : PU = Bt},
teR

has a unique solution equal to U.

Remark 5.4.2. — (i) By definition of m, the probability of this event is always
greater than 1 — Cy exp (—Cg log N (log n)3)

(it) The same result is valid when using the method of selectors.

(#i1) As we already mentioned, this theorem covers the case of a lot of classical systems
like the Fourier system or the Walsh system.

(iv) The result is also valid if the orthogonal system ¢1,..., 0N satisfies the weaker
condition that for all i < N, Ky < |¢;|a < Ko and in the statement, K has to be
replaced by K3 /K.

Proof. — Observe that E(Y,y)? = K?|y|3/N. We define the class of functions F in
the following way:

_J f:RY = R N N-1
]:—{ Y o (V) y € By NpS .
Therefore
Z=sup |S (J(Y)? ~Ef(Y)?)| = sup (Vi )? — =2
ferx i=1 yGB{VﬂpSN71 i=1 N
With the notation of Theorem [5.3.14] we have
n K2'fl 2
ok= sw S E(y) =3 (5.8)
yeBN NpSN-1

Moreover, since B N pSN-1 c BN,

’72(BiN N pSN_17 doo,n) S VQ(B{V7dO°an)
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It is well known that the 2 functional is bounded by the Dudley integral (see (3.7))
in Chapter [3):

+o0
WQ(B{V@oo,n)gc/ VIog N(BY &, duc ) d.
0

However, for every i < n, |Yi|oo < 1/V/N and

2
Ly = < oo < ——.
(Yi,y =) < 21r§§§xnle|oo

~ VN

The integral is only computed from 0 to 2/ VN and by the change of variable t = ev/N,
we deduce that

+o00o 1 2 t
log N(BNvgvdoo,n)ds = 7/ log N <BN7 T doo,n) dt.
/0 \/ ! VN Jo VYN

From Theorem m, since for every i < n, |Yi|so < 1/v/N, we have

% v/logny/log N ,

t
IOgN (B{V7 7doo,n) S
\/ VN C’Unlog(l—i—i)

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 (u) du < C +/logn
0

21
/ —dt < C'logn,
1/vn

SUp doo(y,y) = sup max |
y.geBY ygeBY TSN

and since

we conclude that

(logn)3 log N
— N
Combining this estimate and ([5.8)) with Theorem|[5.3.14] we get that for a real number

C=>1,
(logn)3log N n [(logn)3log N
< .
EZ < Cmax ( N , pK ~V T~

We choose p such that

1
(logn)®log N < p K \/n(logn)3log N < @KQan

'72(3{\, OPSNildeO,n) < 72(B{V7dw,n) <C (5.9)
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which means that p satisfies

(logn)3log N
—

Kp>3C (5.10)

For this choice of p, we conclude that

n

> (Viy)? - Kony?

< LK
=1 N

-3 N

EZ=E sup

yeBNNpSN-1

We use Proposition to get a deviation inequality for the random variable Z.
With the notations of Proposition [5.3.5] we have

1
= )2 < 2 < =
u yeB;tmlfstllgfg§v<¢z,y> < max |dils <
and
v= swp > E((Yiy)?-E¥,)?%)" + 32uEZ
yeBNNpSN-1 4
- CK?*np?> _ CK?np?
< s SRV b <

yEB{VﬂpSNfl i=1

since for every y € BV, E(Y,y)* < E(Y,y)2/N. Using Proposition with ¢ =
1 K%np®
37N

, we conclude that

2K2 2
IP’(ZZ 3 ]:;p ) < Cexp(—cK?%n p?).

With probability greater than 1 — C exp(—c K2 n p?), we get that
- K2np?
)2
> (Yi) N
i=1
from which it is easy to deduce by Proposition that

rad (ker@ﬂB{V) < p.

2 K2np?
< —
-3 N

sup
yeBNNpSN-1

We choose m = 1/4p? and conclude by Proposition that with probability greater
than 1 — C exp(—cK?n/m), the matrix ® is a good reconstruction matrix for sparse
signals of size m, that is for every U € X,,, the basis pursuit algorithm has
a unique solution equal to U. The condition on m in Theorem [5.4.1| comes from
(5.10]). O

Remark 5.4.3. — By Proposition[2.7.3, it is clear that the matriz ® shares also the
property of approximate reconstruction. It is enough to change the choice of m by
m = 1/16p. Therefore, if U is any unknown signal and x a solution of

in {|t|;, BU = Bt
min {[¢l: }
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then for any subset I of cardinality less than m,
[z Ul _ [Urh
4/m — m

|z —Uls <

5.5. Random selection of characters within a coordinate subspace

In this part, we consider the problem presented in section We briefly recall the
notations. Let p be a probability measure and let (¢1,...,%x) be an orthonormal
system of La(u) bounded in Ly, i.e. such that for every i < N, ||1);]|0 < 1 (typically, a
system of characters in Lo (1) like the Fourier or the Walsh system). For a measurable
function f and for p > 0, we denote its L, norm and its L., norm by

1/p
1= (f1sPan) " and sl = sl

In RN or CV, p is just the counting probability measure so that the L,-norm of a
vector = (x1,...,xy) is defined by

1 N 1/p
Il = <N;m|?> .

The spaces ¢ and LY coincide and we observe that if (¢1,...,1y) is a bounded
orthonormal system in LY then (11 /v/N,...,¢¥n/V/N) is an orthonormal system of
¢} such that for every i < N, |1;/V/N|so < 1/v/N. Therefore the setting is exactly
the same as in the previous part up to a normalization factor of v/N.

Of course the notation of the radius of a set T' will now be adapted to the La(u)
Euclidean structure. This means that for a set T, its radius is

Rad T = sup ||t||2.
teT

For any ¢ > 0, we denote by B, the unit ball of L,(¢) and by S, the unit sphere of
Ly(p). Our question is to find a very large subset I of {1,..., N} such that

> ai; > i

iel i€l

V(ai)ier, <p

2

1
with the smallest possible p. We already said that Talagrand showed that there exists
a small constant &g such that for any bounded orthonormal system {41, ..., ¥y}, there
exists a subset I of cardinality greater than dgN such that p < Cy/log N (loglog N).
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 of Talagrand to a
Kashin type setting, that is for example to find I of cardinality greater than N/2.
We start with the following simple Proposition concerning some properties of a
matrix that we will later define randomly as in Theorem [5.4.1
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Proposition 5.5.1. — 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
Y1
the set of vectors {i1,...,¥n}. Let ¥ be the matriz ¥ = . Then
Y,
(i) ker ¥ = span {{t1,...,¥n}\{Yi}i 1} = span{v;}icr where I is a subset of
cardinality greater than N — n.

(ii) (ker W)+ = span {¢i}i¢1~
(iii) For a star body T, if

n 2

S e P L

— 5.11
p N |73 N ( )

sup
yeTNpS2

then Rad (ker W NT) < p.
(iv) If n < 3N/4 and if (5.11)) is satisfied then we also have Rad ((ker ¥)+ NT) < p.

Proof. — Since {#1,...,%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 pSa,

n

2 np?
Yiy)? > 20
;( > 2y
and we deduce as in Proposition that Rad (ker ¥ N'T) < p.
For the proof of (iv), we deduce from the upper bound of (5.11]) that for all y € TNpSs,

N n n

D Wny)® = (Wi y)® = > (Yiy) = lylz - Y (Vi)

i€l =1 i=1 i=1

4 np? 4
2p2_3n£:pQ(l—?)JT\Lf)>Osincen<3N/4.

This inequality means that for the matrix U defined by ¥ = | , for every

iel
y € TN pS,, we have

inf [[dy[3 >0

yeTNpSs
and we conclude as in Proposition that Rad (ker\il NT) < p. Moreover, it is
obvious that ker U = (ker ¥)+. O
The case of LY. — We will now present a result concerning the problem of selection

of characters in LY. Tt 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

Theorem 5.5.2. — Let (1,...,%n) be an orthonormal system of LY bounded in
LY i.e. such that for everyi < N, ||[¢i]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,

> azwz

i€l

< Oy = mmgn 3/2 Zaﬂ/}z

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

> i,y

i=1

np?
Z = sup - —
yeB1NpS2 N

Following the proof of Theorem (the normalization is different from a factor
V/N), we obtain that if p is such that

N (logn)3log N
n

1np n p?
> < ).
]P’(Z 3N)Cexp<cN>

Therefore there exists a choice of Y7, ...,Y,, (in fact it is with probability greater than
1 —Cexp(—c "p )) such that

p=C

then

n

I R P

sup <
i=1 3N

yEB1NpS2

and if I is defined by {¢; }icr = {¢1, ..., ¥n}\{Y1,...,Y,} then by Proposition
(#7) and (i), we conclude that Rad (span{v;}icr N B1) < p and |I| > N —n. This
means that for every (a;)ier,

> ait

i€l

P> am

el

2
O

Remark 5.5.3. — Theorem implies Theorem [5.].1. Indeed, if we write the
inequality with the classical £ and (Y norms, we get that

S| < 0B (ogn)*”? Zam

i€l 2 i€l

which means that rad (ker ¥ N BY) < C 1‘ygTN(logn)g’/Q. We conclude about the
reconstruction property by using Proposition |5.1.1]
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The general case of Ly(u). — We can now state a general result about the problem
of selection of characters. It is an extension of (5.3) to the existence of a subset of
arbitrary size, with a slightly worse dependence in loglog N.

Theorem 5.5.4. — Let v be a probability measure and let (11,...,%N) be an or-
thonormal system of La(p) bounded in Loo(p) i.e.  such that for every i < N,
oilloo < 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,

> ai

icl

< C~(logy)®?

> ait

icl

2 1

where v = ,/%\/logn,

Remark 5.5.5. — (i) If n is chosen to be proportional to N then  (log~)*/? is of
the order of \/Tog 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 [5.5.2

(it) Exactly as in Theorem we could assume that (¢1,...,%¥N) is an orthogonal
system of Lo such that for every i < N, |[i;]la = K and ||¢i]|lcoc < 1 for a fized real
number K.

The second main result is an extension of ([5.3)) to a Kashin type decomposition.

Theorem 5.5.6. — With the same assumptions as in Theorem if N is an
even natural integer, there exists a subset I C [N] with % —c¢/N < || < % +cVN
such that for all (a;)N

i=1

> ait

icl

< C/log N (loglog N)>/?

2

> ai

icl

and

< C/log N (loglog N)*/?

2

| Z aithi Z a;;
il il

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 5.5.7. — Let f be a measurable function with respect to the probability mea-
sure . For1 <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)+6/2that is 6 = 2(1 — 1/p). By Holder,

1£1lp < 112 IF115-
Therefore if ||f|l2 < Al f|l, we deduce that || f]l2 < AﬁHle O

Proposition 5.5.8. — With the same assumptions as in Theorem[5.5.7), the follow-
ing 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
doaii| < 17 VN/nViogn
2

iel

> ai

iel

p

2) Moreover, if N is an even natural integer, there exists a subset I C {1,...,N}
with N/2 — /N < |I| < N/2+ ¢V/'N such that for every a = (a;) € CV,

C
Zaiwi Sm\/]v/nvlog” Zai%‘
el 2 i€l P
and
C
| ;ai% < o1 VN/n/logn ;aiwi
K3 2 1 p

Combining the first part of Proposition [5.5.8| with Lemma it is easy to prove
Theorem Indeed, let v = \/N/n+/logn and choose p = 1+ 1/log~y. Using

Proposition there is a subset I of cardinality greater than N — n for which

v(ai)ieb

Z a;;

i€l

<Cpv
2

Z a;Y;

i€l

p

where C,, = C/(p — 1)°/2. By the choice of p and Lemma [5.5.7]

> ait > i

el i€l

<~ Cg/(2fp),y2(p71)/(2fp) < C+(log 7)5/2

> i

el

2 1 1

The same argument works for the Theorem using the second part of Propo-
sition £.5.8

It remains to prove Proposition [5.5.8
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 for any y € La(u),

E(Y,y)? = ||y|3/N. Let E = span {¢1,...,¥n} and for p > 0 let E, be the vectorial
space F endowed with the norm defined by

B 1/2
ol = Iyl + 2 2llyli3
Y - 9 .
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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 [5.3.13] 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 [5.3.13

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
Rad (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|5.5.1

Ya
(797) and (¢) that for I defined by {¢;}icr = {t1,..., %N} \ {Y1,...,Ys} we have

Z a;h; Z aﬂ;zjz

i€l el

This ends the proof of the first part of Proposmon 5.5.8

For the second part, we add the following observation. By a combinatorial argu-
ment, it is not difficult to prove that if n = [§N] with § = log2 < 3/4 then with
probability greater than 3/4,

N/2—cVN <|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

Rad (ker U N B,) < p and Rad((ker¥)* N B,) < p.

Since ker U = span {¢; };c; and (ker W)+ = span {1;};¢s, this ends the proof of the
Proposition. O

5.6. Notes and comments

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
in [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 [Rio02), Bou03), Kle02, KR05]
for more precise results. The Proposition is taken from [Mas00].

Theorem is due to Rudelson [Rud99]. The proof that we presented was sug-
gested by Pisier to Rudelson. It used a refined version of non-commutative Khinchine
inequality that can be found in [LP86), [LPP91), [Pis98]. However, it is based on
an expression related to operator norms and we have seen that in other situations,
we need an estimate of the supremum of some empirical processes that can not be
expressed 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 [GMPTJO0S8|]. The proof of Theorem can be
found in [GMPTJ08| 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|]. The notions of modulus of
convexity and smoothness of a Banach space are classical and we refer the interested
reader to [LT79, Pis75].

Theorem comes from [GMPTJ07]. It was used to prove some results about
the problem of selection of characters like Theorem As we have seen, the proof
is very similar to the proof of Theorem [5.4.1] and this result is due to Rudelson and
Vershynin [RVO08b]. 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
radius of sections of Bi. Moreover, the probabilistic estimate is slightly better than
in [RVO8Db] and it was shown to us by Holger Rauhut [Raul0]. We 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 [KTO07] where connections between the
Compressed Sensing problem and the problem of estimating the Kolmogorov widhts
are discussed and to [CDDO09), [KTO07] for the study of approximate reconstruction.
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For the classical study of local theory of Banach spaces, we refer to [MS86)] and
to [Pis89]. Euclidean sections or projections of a convex body are studied in detail
in [FLMT77] 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 [Bou89] where he proved for p > 2 the existence of A(p) sets which are
not A(r) for » > 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 is proved by Talagrand in [Tal98]. Theorems and are
taken from [GMPTJO08]. We refer also to that paper for a proof of the fact that the
factor y/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 (x,y) and L y means z -y =0
A* = AT is the conjugate transpose of the matrix A
$1(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 n(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 : |z]p < 1,[suppz| < m}

conv(E) is the convex hull of F

diam(F, ||[) = sup{|Jz]| : = € F}

For a random 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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