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1 Introduction

Compressive sensing is a recent theory that predicts that sparse vectors in high di-
mensions can be recovered from what was previously believed to be incomplete in-
formation. The seminal papers by E. Candés, J. Romberg and T. Tao [19, 23] and
by D. Donoho [38] have caught significant attention and have triggered enormous re-
search activities after their appearance. These notes make an attempt to introduce to
some mathematical aspects of this vastly growing field. In particular, we focus on
{;-minimization as recovery method and on structured random measurement matrices
such as the random partial Fourier matrix and partial random circulant matrices. We
put emphasis on methods for showing probabilistic condition number estimates for
structured random matrices. Among the main tools are scalar and noncommutative
Khintchine inequalities. It should be noted that modified parts of these notes together
with much more material will appear in a monograph on compressive sensing [55] that
is currently under preparation by the author and Simon Foucart.
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The main motivation for compressive sensing is that many real-world signals can be
well-approximated by sparse ones, that is, they can be approximated by an expansion
in terms of a suitable basis, which has only a few non-vanishing terms. This is the
key why many (lossy) compression techniques such as JPEG or MP3 work so well.
To obtain a compressed representation one computes the coefficients in the basis (for
instance a wavelet basis) and then keeps only the largest coefficients. Only these will
be stored while the rest of them will be put to zero when recovering the compressed
signal.

When complete information on the signal or image is available this is certainly a
valid strategy. However, when the signal has to be acquired first with a somewhat
costly, difficult, or time-consuming measurement process, this seems to be a waste of
resources: First one spends huge efforts to collect complete information on the signal
and then one throws away most of the coefficients to obtain its compressed version.
One might ask whether there is a more clever way of obtaining somewhat more di-
rectly the compressed version of the signal. It is not obvious at first sight how to do
this: measuring directly the large coefficients is impossible since one usually does not
know a-priori, which of them are actually the large ones. Nevertheless, compressive
sensing provides a way of obtaining the compressed version of a signal using only
a small number of linear and non-adaptive measurements. Even more surprisingly,
compressive sensing predicts that recovering the signal from its undersampled mea-
surements can be done with computationally efficient methods, for instance convex
optimization, more precisely, /1-minimization.

Of course, arbitrary undersampled linear measurements — described by the so-called
measurement matrix — will not succeed in recovering sparse vectors. By now, neces-
sary and sufficient conditions are known for the matrix to recover sparse vectors using
£;-minimization: the null space property and the restricted isometry property. Basi-
cally, the restricted isometry property requires that all column submatrices of the mea-
surement matrix of a certain size are well-conditioned. It turns out to be quite difficult
to check this condition for deterministic matrices — at least when one aims to work
with the minimal amount of measurements. Indeed, the seminal papers [19, 38] ob-
tained their breakthrough by actually using random matrices. While the use of random
matrices in sparse signal processing was rather uncommon before the advent of com-
pressive sensing, we note that they were used quite successfully already much earlier,
for instance in the very related problem from Banach space geometry of estimating
Gelfand widths of E{V -balls [54, 57, 74].

Introducing randomness allows to show optimal (or at least near-optimal) condi-
tions on the number of measurements in terms of the sparsity that allow recovery of
sparse vectors using ¢1-minimization. To this end, often Gaussian or Bernoulli matri-
ces are used, that is, random matrices with stochastically independent entries having a
standard normal or Bernoulli distribution.

Applications, however, often do not allow the use of “completely” random matri-
ces, but put certain physical constraints on the measurement process and limit the
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amount of randomness that can be used. For instance, when sampling a trigonomet-
ric polynomial having sparse coefficients one might only have the freedom to choose
the sampling points at random. This leads then to a structured random measurement
matrix, more precisely, a random partial Fourier type matrix. Indeed, such type of ma-
trices were already investigated in the initial papers [19, 23] on compressive sensing.
These notes will give an introduction on recovery results for £;-minimization that can
be obtained using such structured random matrices. A focus is put on methods for
probabilistic estimates of condition numbers such as the noncommutative Khintchine
inequalities and Dudley’s inequality.

Although we will not cover specific applications in these notes, let us mention that
compressive sensing may be applied in imaging [44, 109], A/D conversion [133], radar
[69, 49] and wireless communication [126, 95], to name a few.

These notes contain some improvements and generalizations of existing results, that
have not yet appeared elsewhere in the literature. In particular, we generalize from ran-
dom sampling of sparse trigonometric polynomials to random sampling of functions
having sparse expansions in terms of bounded orthonormal systems. The probability
estimate for the so-called restricted isometry constants for the corresponding matrix is
slightly improved. Further, also the sparse recovery result for partial random circulant
and Toeplitz matrices presented below is an improvement over the one in [105].

These lecture notes only require basic knowledge of analysis, linear algebra and
probability theory, as well as some basic facts about vector and matrix norms.

2 Recovery via £;-minimization

2.1 Preliminaries and Notation

Let us first introduce some notation. For a vector x = (x1,...,zy) € CV, the usual
p-norm is denoted

N 1/p
Il = (z w) l<p<oo,
/=1

[[x[loo := max |a],
L€[N]

where [N] := {1,2,..., N}. Foramatrix A = (ajz) € C™*" we denote A* = (ay;)
its conjugate transpose. The operator norm of a matrix from ¢, into £, is defined as

[Allp—p == max [|AX]|p.
lIx|lp=1
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For the cases p = 1,2, 0o an explicit expression for the operator norm of A is given by

Al = L, 2.1
Al ;fé?fv‘]jz;l%’“ (2.1)

N
14llocs00 = max >~ ajil,
j€lml =

[All—2 = omax(A4) = /Amax(4*A),

where omax(A) denotes the largest singular value of A and Apax(A*A) > 0 is the
largest eigenvalue of A*A. Clearly, ||A]|1—1 = || A*||co—o0o- It follows from the Riesz-
Thorin interpolation theorem [118, 7] that

[All2-2 < max{[|Al[1-1, [[Allo—soo }- (2.2)

The above inequality is sometimes called the Schur test, and it can also be derived
using Holder’s inequality, see for instance [64]; or alternatively using Gershgorin’s
disc theorem [8, 71, 135]. In particular, if A = A* is hermitian, then

[A]l2-2 < [[A[li-1- (2.3)
All eigenvalues of a hermitian matrix A = A* € C™*™ are contained in
{{4Ax,x) :x e C", x| =1} CR.

In particular, for hermitian A = A*,

|Al22 = sup [(Ax,x)|. (2.4)
[Ix[l2=1
For real scalars «q, . .., o, € Rand vectors zy, . .., z, € C™ the matrix Z?:l a]-zjz;f

is hermitian and we have

n n n
I ZOéijZ;Hz_)z = sup <Z ajzjzjx,x> = sup Zozj|<zj,x>|2
j=1

lIxll2=1 lIxll2=1

j=1 j=1
n n
< max o] sup Y |(z5,x)]* = || Y 22 ]2 max |oy]. (2.5)
ke(n] =1 5 s ke[n]

Also the Frobenius norm will be of importance. For a matrix A = (aj,) it is defined

as
1AllF = [ lajkl> = /Tr(A* A),
7.k
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where Tr denotes the trace. The Frobenius norm is induced by the inner product
(A, B)p = Tr(B*A). The Cauchy Schwarz inequality for the trace states that

(A, B)p| = [Te(B*A)| < [Allrl[ Bl F - (2.6)

The null space of a matrix A € C™*¥ is denoted by ker A = {x € CV, Ax = 0}.
We usually write a; € C™, ¢ = 1,..., N, for the columns of a matrix A € Cm*N,
The column submatrix of A consisting of the columns indexed by S will be written
As = (aj)jes. If S C [N], then for x € C we denote by x5 € C the vector
that coincides with x on S and is set to zero on S¢ = [N]\ S. Similarly, x° € C®
denotes the vector x restricted to the entries in S. The support of a vector is defined as
suppx = {¢,z; # 0}. We write Id for the identity matrix. The complement of a set
S C [N]is denoted S¢ = [N]\ S, while | S| is its cardinality.
If A € C™*", m > n,is of full rank (i.e. injective), then its Moore-Penrose pseudo-
inverse is given by
Al = (4¥A)71A" 2.7)

In this case, it satisfies ATA = Id € C"*". We refer to [8, 71, 59] for more information
on the pseudo inverse.

All the constants appearing in this note — usually denoted by C or D — are universal,
which means that they do not depend on any of the involved quantities.

2.2 Sparse Recovery

Let x € CV be a (high-dimensional) vector that we will sometimes call signal. It is
called s-sparse if
IIx|lo := [supp x| < s. (2.8)

The quantity || - ||o is often called ¢yp-norm although it is actually not a norm, not even
a quasi-norm.

In practice it is generally not realistic that a signal x is exactly s-sparse, but rather
that its error of best s-term approximation o(x),, is small,

05(x)p 1= inf{||x — 2|, z is s-sparse}. 2.9

(This is the standard notation in the literature, and we hope that no confusion with the
singular values of a matrix will arise.)
Taking linear measurements of x is modeled as the application of a measurement
matrix A € Cm*N,
y = Ax. (2.10)

The vector y € C™ is called the measurement vector. We are interested in the case of
undersampled measurements, that is, m < N. Reconstructing x amounts to solving
(2.10). By basic linear algebra, this system of equations has infinitely many solutions
(at least if A has full rank). Hence, it seems impossible at first sight to guess the
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correct x among these solutions. If, however, we impose the additional requirement
(2.8) that x is s-sparse, the situation changes, as we will see. Intuitively, it is natural to
search then for the solution with smallest support, that is, to solve the £o-minimization
problem
min ||z]lo subjectto Az =y. (2.11)
zeCN

The hope is that the solution x* of this optimization problem coincides with x. Indeed,
rather easy recovery conditions on A € C™*¥ and on the sparsity s can be shown,
see for instance [28]. There exist matrices A € C™*N such that 2s < m suffices to
always ensure recovery; choose the columns of A in general position.

Unfortunately, the combinatorial optimization problem (2.11) is NP hard in general
[35, 88]. In other words, an algorithm that solves (2.11) for any matrix A and any
vector y must be intractable (unless maybe the famous Millenium problem P = NP
is solved in the affirmative, on which we will not rely here). Therefore, (2.11) is
completely impractical for applications and tractable alternatives have to be found.
Essentially two approaches have mainly been pursued: greedy algorithms and convex
relaxation. We will concentrate here on the latter and refer the reader to the literature
[40, 58,78, 90, 91, 103, 131, 127] for further information concerning greedy methods.

The ¢;-minimization problem

min ||z||; subjectto Az =y (2.12)
zeCN

can be understood as convex relaxation of (2.11). Sometimes (2.12) is also referred to
as basis pursuit [25]. In contrast to (2.11), the £;-minimization problem can be solved
with efficient convex optimization methods. In the real-valued case (2.12) can be
rewritten as a linear program and can be solved with linear programming techniques,
while in the complex-valued case (2.12) is equivalent to a second order cone program
(SOCP), for which also efficient solvers exist [15]. We refer the interested reader to
[32, 33, 34, 43, 47, 76] for further efficient algorithms for ¢;-minimization.

Of course, our hope is that the solution of (2.12) coincides with the one of (2.11).
One purpose of these notes is to provide an understanding under which conditions this
is actually guaranteed.

2.3 Null Space Property and Restricted Isometry Property

In this section we present conditions on the matrix A that ensure exact reconstruction
of all s-sparse vectors using ¢;-minimization. Our first notion is the so-called null
space property.

Definition 2.1. A matrix A € C™* satisfies the null space property of order s if for
all subsets S C [N] with |S| = s it holds

lvslli < [[vse|ly forallv € ker A\ {0}. (2.13)
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Remark 2.2. We deal here with the complex case. For real-valued matrices one might
restrict the kernel to the real-valued vectors and define an obvious real-valued analogue
of the null space property above. However, it is not obvious that the real and the
complex null space property are the same for real-valued matrices. Nevertheless this
fact can be shown [52].

Based on this notion we have the following recovery result concerning ¢;-mini-
mization.

Theorem 2.3. Let A € C™*N. Then every s-sparse vector x € CN is the unique
solution of the £\-minimization problem (2.12) with y = Ax if and only if A satisfies
the null space property of order s.

Proof. Assume first that every s-sparse vector x € C¥ is the unique minimizer of ||z|
subject to Az = Ax. Then, in particular, for any v € ker A\ {0} and any S C [N] with
|S| = s, the s-sparse vector v is the unique minimizer of ||z||; subject to Az = Avg.
Observe that A(—vge) = Avg and —vge # vg, because A(vge +vg) = Av =0
and because v # 0. Therefore we must have ||vs|[; < |[vse||1. This establishes the
null space property.

For the converse, let us assume that the null space property of order s holds. Then,
given an s-sparse vector x € CV and a vector z € CV, z # x, satisfying Az = Ax,
we consider v := x —z € ker A\ {0} and S := supp(x). In view of the null space
property we obtain

%[l < lIx = zsl[i + [lzs]li = [[xs = zs| + [|lzsl[s = [[vs]li + [|lzs]]:

<Alvselli + llzsll = | = zselli + [[zs ]l = [[=]1-
This establishes the required minimality of ||x||;. ]

This theorem seems to have first appeared explicitly in [60], although it was used
implicitly already in [41, 48, 97]. The term null space property was coined by A.
Cohen, W. Dahmen, and R. DeVore in [28]. One may obtain also a stable version
of the above theorem by passing from sparse vectors to compressible ones, for which
0s(x)1 is small. Then the condition (2.13) has to be strengthened to ||vg|[1 < || vse||:
for some y € (0, 1).

The null space property is usually somewhat difficult to show directly. Instead, the
so called restricted isometry property [22], which was introduced by E. Candes and
T. Tao in [23] under the term uniform uncertainty principle (UUP), has become very
popular in compressive sensing.

Definition 2.4. The restricted isometry constant §, of a matrix A € C™*¥ is defined
as the smallest d, such that

(1= 80 lIx[13 < [1Ax]3 < (1 + 6)lI13 (2.14)
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for all s-sparse x € CV.

We say that a matrix A satisfies the restricted isometry property (RIP) if 5 is small
for reasonably large s (whatever "small" and "reasonably large" might mean in a con-
crete situation).

Before relating the restricted isometry property with the null space property let us
first provide some simple properties of the restricted isometry constants.

Proposition 2.5. Let A € C™*N with isometry constants J..
(a) The restricted isometry constants are ordered, §| < 0y < 93 < -+,
(b) It holds

ds = max |AAs —Id|2—2
SC[NJ,|S|<s
— sup [{(A"A —1d)x, %)],
x€Ts

where Ty = {x € CV,||x[]» = 1, || x]lo < s}.

(c) Letu,v C CN with disjoint supports, suppu N suppv = (. Let s = |[suppu| +
|supp v|. Then
[(Au, Av)| < ds[[ull2[v]2-

Proof. Since an s-sparse vector is also s + 1-sparse the statement (a) is immediate.
The definition (2.14) is equivalent to

[|Ax[3 — ||x|]3] < &|/x[|3 forall S C [N],|S| <s, forallx € C,suppx C .

The term on the left hand side can be rewritten as |((A*A — Id)x, x)|. Taking the
supremum over all x € CV with suppx C S and unit norm ||x|| = 1 yields the
operator norm || A Ag — Id||2—2 by (2.4). Taking also the maximum over all subsets
S of cardinality at most s completes the proof of (b).

For (c) we denote S = suppu,E = suppv and let u, v denote the vectors u, v
restricted to their supports. Then we write

(Au, Av) = @ AZA=V = (0", 05) A%z Asuz (05, V)"
= (0", 0%)(A5uzAsuz — 1d)(05, v7)",

where Og is the zero-vector on the indices in S. Therefore, one may estimate
[(Au, Av)| < [[A5uzAsuz — 1d]2—2]lull2][v]]2.

Applying part (b) completes the proof. a



10 Holger Rauhut

Part (b) shows that the restricted isometry property requires in particular that all
column submatrices of A of size s are well-conditioned. Indeed, all eigenvalues of
A% Ag should be contained in the interval [1 — d;, 1 4 d,], which bounds the condition

number of A%Ag by 1*‘5* and therefore the one of Ag by ”55

The restricted isometry property implies the null space property as stated in the next
theorem.

Theorem 2.6. Suppose the restricted isometry constants drs of a matrix A € CmxN
satisfies
1
02s < 3 (2.15)

then the null space property of order s is satisfied. In particular, every s-sparse vector
x € CV is recovered by {\-minimization.

Proof. Let v € ker A be given. It is enough to consider an index set Sy of s largest
modulus entries of the vector v. We partition the complement of Sy as S5 = S1US, U

., where S} is an index set of s largest absolute entries of v in [N] \ Sy, S, is an
index set of s largest absolute entries of v in [N]\ (Sp U S}) etc. In view of v € ker A,
we have A(vg,) = —A(vs, + Vg, + ), so that

1 1
vl < = A IB = 75— (A(Vs), A(=vs)) + A(=vs) +-+)
1 625 1 525
1
= =& D (A(vs,), A(=vs,))- (2.16)
k>1
Proposition 2.5(c) yields then
(A(vs, ), A(=vsy)) < daslvs, 2]l vy - (2.17)

Substituting (2.17) into (2.16) and dividing by ||vg, |2 gives

625
syl < 1= Z Vsl
k:>1

Since the s entries of vg, do not exceed the s entries of vg, | for k > 1, we have
||<IZ||f jes
vl < = v ora
= ¢ J k
LESK_1

and therefore
1/2

1
vsillz=| Dl | < EIIVSMIIL

JESk
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We obtain by the Cauchy—Schwarz inequality

Vsl < Vsllvsyll2 <

5 D lvs < . (”VSOHI + [lvsell) (2.18)
S k>1

as announced. Since 1 - < 1/2 by assumption, the null space property follows. O

The restricted isometry property also implies stable recovery by ¢;-minimization for
vectors that can be well-approximated by sparse ones, and it further implies robustness
under noise on the measurements. This fact was first noted in [23, 21]. The sufficient
condition on the restricted isometry constants was successively improved in [18, 28,
53, 51]. We present without proof the so far best known result [51, 55] concerning
recovery using a noise aware variant of £;-minimization.

Theorem 2.7. Assume that the restricted isometry constant 0,5 of the matrix A €
C™*N satisfies

Sas < ~ 0.465. (2.19)

3
446
Then the following holds for all x € CN. Let noisy measurements y = Ax + e be
given with ||e||y < . Let x* be a solution of

min ||z]|; subjectto || Az — yl||» < 7. (2.20)
zeCN

Then
Og (X)l
NG

Jor some constants c,d > 0 that depend only on 0,s.

|Ix — x

Note that the previous theorem ensures exact recovery of s-sparse signals using
{;-minimization (2.12) under condition (2.19) in the noise-free case n = 0.

In contrast to the null space property, the restricted isometry property is not neces-
sary for sparse recovery by ¢;-minimization. Indeed, the null space property of A is
invariant under multiplication from the left with an invertible matrix U € C™*™ as
this does not change the null space, while the restricted isometry property is certainly
not invariant (simply take a matrix U with large condition number).

We will soon see examples of measurement matrices with small restricted isometry
constants.

2.4 Recovery of Individual Vectors

We will later need also a condition ensuring sparse recovery which not only depends
on the matrix A but also on the sparse vector x € C" to be recovered. The follow-
ing theorem is due to J.J. Fuchs [56] in the real-valued case and was extended to the
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complex-valued case by J. Tropp [128]. Its statement requires introducing the sign
vector sgn(x) € C¥ having entries

ifz; £0,
sgn(x); = ¢ |zl ’ Jj € [N].
0 ifa; =0,

Theorem 2.8. Let A € C™*N and x € CVN with S := supp(x). Assume that Ag is
injective and that there exists a vector h € C™ such that
Ah = sgn(z®),

|(A*h),| <1, £€[N]\S. (2.21)
Then x is the unique solution to the £\-minimization problem (2.12) with y = Ax.
Proof. Let h € C™ be the vector with the described property. We have

IIx|li = (A"h,x) = (h, Ax).
Thus, forz € CN, z # x, such that Az = y, we derive

Ix[i = <(h,Az) = (A*h,z) = (A*h,zg) + (A*h, zgc)

[(A™h)s]loollzs It + [1(A™h)se oo [[Z5e [t < [lZ5]l1 + (252 ][ = [12]]1-

IN

The strict inequality follows from ||zgc||; > 0, which holds because otherwise the
vector z would be supported on S and the equality Az = Ax would then be in con-
tradiction with the injectivity of Ag. We have therefore shown that the vector x is the
unique minimizer of ||z||; subject to Az =y, as desired. ]

The above result makes clear that the success of sparse recovery by ¢;-minimization
only depends on the support set .S and on the sign pattern of the non-zero coefficients
of x. .

Choosing the vector h = (Ag) sgn(xs ) leads to the following corollary, which

will become a key tool later on.

Corollary 2.9. Let A € C™*N and x € CN with S := supp(x). If the matrix Ag is
injective and if
[(ALay,sgn(x%))| < 1 forall ¢ € [N]\ S, (2.22)

then the vector X is the unique solution to the {|-mininimization problem (2.12) with
y = Ax.
Proof. The vector h = (ATS) sgn(x®) satisfies ALh = AL Ag(A%As) 'sgn(x¥) =

sgn(x®), and the condition (2.22) translates into (2.21). Hence, the statement follows
from Theorem 2.8. a
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2.5 Coherence

A classical way to measure the quality of a measurement matrix A with normalized
columns, ||aj||> = 1,5 € [N], is the coherence [39, 40, 60, 61, 127], defined by

= max |[(a;, ag)|.
p = max|(ay. a0)

If the coherence is small than the columns of A are almost mutually orthogonal. A
small coherence is desired in order to have good sparse recovery properties.
A refinement of the coherence is the 1-coherence function or Babel function, defined
by
§) := max max a;,ap)| < sp.
p1(s) Ze[N]Sc[N]\{Z}ZK j ol < sp
|s|<s  I€8
The following proposition lists simple properties of p and j; and relates the coherence
to the restricted isometry constants.

Proposition 2.10. Let A € C™ N with unit norm columns, coherence 1, 1-coherence
Sfunction p(s) and restricted isometry constants ds. Then

(a) p= o,
(b) p1(s) = maxge(ny,s|<s+1 [[A5As — Id[[1-1,
(c) 6s <pi(s—1)<(s—1)u.

Proof. (a)If S = {j, £} has cardinality two then

0 .
tAg—1d = (a0 )
(ag,a;) 0

by the normalization ||a;||» = |las/l2 = 1. The operator norm of this matrix equals
|(a;,ap)|. Taking the maximum over all two element subsets S shows that 6, = 1 by
Proposition 2.5(b).

(b) Again by normalization, the matrix AgAg — Id has zeros on the diagonal. The
explicit expression (2.1) for the operator norm on ¢; then yields

145 As —1d||1-1 = max > [ay,ak)l.
777 kes\(j)

Taking also the maximum over all S C [N] with |S| < s + 1 gives

max |AcAs —1d||151 = max  max l(aj, a)|
SC[N],|S|<s+1 SC[N],|S|<s+1 j€S ,
keS\{j}

= max max ,ap)| =
jelN) scin \{]}|s<s,;| 2kl = )
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which establishes (b).
For (c) observe that by Proposition 2.5(b) and inequality (2.3) for hermitian matrices

0s = max ALAq —1d <  max ALAq —1d = (s —1
= gemax |A5As 252 < semax [AsAs i1 = g ( )

S (o=l (2.23)
by part (b). o

In combination with Theorem 2.6 (or Theorem 2.7) we see that s — 1 < 1/(3u)
or p1(s — 1) < 1/3 implies exact recovery (and also stable recovery) of all s-sparse
vectors by /;-minimization. We note that the slightly weaker sufficient conditions

pi(s — 1)+ pi(s) < 1 (2.24)

or (2s — 1)u < 1 ensuring recovery by ¢;-minimization can be shown by working
directly with the coherence or the 1-coherence function [39, 60, 127, 129] instead of
the restricted isometry constants. It is worth noting that (2.24) also implies recovery
by the greedy algorithm (orthogonal) matching pursuit [127, 62].

A simple example of a matrix A € C™>?™ with small coherence is a concatenation
of the identity with a Fourier matrix F' € C™*™, i.e., A = (Id|F'), where the entries
of F' are given by

|
Fia = b,
It is well known that F’ is unitary and it is easy to see that y = Lm and p(s) = \/%
fors=1,...,m — 1. It follows that
s—1
0s < . 2.25
s = \/m ( )
Hence, if
s < @ 1 (2.26)

6

then recovery by /;-minimization is ensured. There exist also matrices with many
more columns still having coherence on the order 1/1/m. Indeed, [2, 121] give exam-

ples of matrices A € Ccmxm? satisfying
1
n= \/m
(and one can also check that p1(s) = == for s = 1,..., m — 1 for those matrices).

=+
The drawback of these results is that the sparsity s is required to be tiny compared
to the number m of measurements in (2.26). Or in other words, the number m of

samples (measurements) required to recover an s-sparse vector scales quadratically in
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s. As we will see, there exists (random) matrices for which the quadratic scaling can
be improved to a much better linear scaling (up to log-factors). However, such results
cannot be obtained by analyzing the coherence or the 1-coherence function as follows
from the lower bounds in the next theorem.

Theorem 2.11. Let A € C™*N with normalized columns, coherence 1 and 1-coherence
Sunction p1(s). Then

(@) p =\ /o™y

(b) ui(s) > s m%;:”l) whenever s < /N — 1.

The inequality in part (a) is also called Welch bound and can be found in [121, 111].
The proof of Part (b) is contained in [119]. Note that the case s > /N — 1 is of minor

importance to us, since then p;(s) > VN — 1, /% = \/% — 1 which will be
larger than 1 provided N > 2m. The latter will be the case in all situations where
compressive sensing is interesting. Then Proposition 2.10 implies only that 65 < 1,
which does not allow any conclusion concerning ¢;-minimization.

For large enough N — say N > 2m — the above lower bound for the coherence
scales like ﬁ while the one for y(s) scales like ﬁ Hence, those bounds explain
to some extent why it is difficult to obtain significantly better recovery bounds than
(2.26) for deterministic matrices. Indeed, the estimate (2.3) — or Gershgorin’s theorem
[8, 71, 135] that is often applied in the sparse approximation literature [127, 37] —
which is used to establish Propostion 2.10(c), seems to be the optimal estimate one may
obtain by taking into account only the absolute values of the Gramian matrix A*A. In
particular, it is not possible to improve on (2.25) by using Gershgorin’s disc theorem,
or by using Riesz-Thorin interpolation between || - ||1—1 and || - ||co—oco (Schur’s test).

Hence, to overcome the ’quadratic bottleneck’ (2.25) or (2.26), that is, m > Cs?,
one should take into account cancellations that result from the signs of the entries of
the Gramian A*A. This task seems to be rather difficult, however, for deterministic
matrices. The major breakthrough for beating the “quadratic bottleneck” was obtained
using random matrices [19, 23, 38]. The problem of exploiting cancellations in the
Gramian matrix is handled much easier with probabilistic methods than with deter-
ministic techniques. And indeed, it is presently still an open problem to come up with
deterministic matrices offering the same performance guarantees for sparse recovery
as the ones for random matrices we will see below.

2.6 Restricted Isometry Property of Gaussian and Bernoulli Random
Matrices

By now, many papers deal with Gaussian or Bernoulli random matrices in connection
with sparse recovery, or more generally, subgaussian random matrices, [5, 23, 38,
42, 87, 114, 116]. The entries of a random Bernoulli matrix take the value + \/IE or
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——L with equal probability, while the entries of a Gaussian matrix are independent

vm
and follow a normal distribution with expectation 0 and variance 1/m. With high
probability such random matrices satisfy the restricted isometry property with a (near)

optimal order in s, and therefore allow sparse recovery using ¢;-minimization.

Theorem 2.12. Let A € R™*N be a Gaussian or Bernoulli random matrix. Let €,6 €
(0,1) and assume

m > C6 *(sIn(N/s) 4+ In(e™ ")) (2.27)

for a universal constant C' > 0. Then with probability at least 1 — ¢ the restricted
isometry constant of A satisfies 55 < 0.

There are by now several proofs of this result. In [5] a particularly nice and sim-
ple proof is given, which, however, yields an additional log(6~!)-term. It shows in
connection with Theorem 2.6 that with probability at least 1 — ¢ all s-sparse vectors
x € C can be recovered from y = Ax using ¢;-minimization (2.12) provided

m > C'(sIn(N/s) + In(7")). (2.28)

Moreover, Theorem 2.7 predicts also stable and robust recovery under this condition.
Note that choosing ¢ = exp (—em) with ¢ = 1/(2C"), we obtain that recovery by
£1-minimization is successful with probability at least 1 — e~“" provided

m > 2C"sIn(N/s). (2.29)

This is the statement usually found in the literature.

The important point in the bound (2.29) is that the number of required samples only
scales linearly in s up to the logarithmic factor In(/N/s) — in contrast to the quadratic
scaling in the relation m > 36(s — 1)? deduced from (2.26). Moreover, the ambient
dimension N enters only very mildly into (2.29), and if [V is large and s is rather
small then m can be chosen significantly smaller than N and still allow for recovery
by /;-minimization. In particular, an s-sparse x can be reconstructed exactly although
at first sight the available information seems highly incomplete.

Let us note that (2.29) is optimal as can be shown by using lower bounds for Gelfand
widths of the ¢} ball [54, 57]. In particular, the factor In(N/s) cannot be improved.

3 Structured Random Matrices

While Gaussian and Bernoulli matrices ensure sparse recovery via ¢;-minimization
with the optimal bound (2.28) on the number of measurements, they are of somewhat
limited use in applications for several reasons. Often the design of the measurement
matrix is subject to physical or other constraints of the application, or it is actually
given to us without having the freedom to design anything, and therefore it is often
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not justifiable that the matrix follows a Gaussian or Bernoulli distribution. Moreover,
Gaussian or other unstructured matrices have the disadvantage that no fast matrix mul-
tiplication is available, which may speed up recovery algorithms significantly, so that
large scale problems are not practicable with Gaussian or Bernoulli matrices. Even
storing an unstructured matrix may be difficult.

From a computational and an application oriented view point it is desirable to have
measurement matrices with structure. Since it is hard to rigorously prove good recov-
ery conditions for deterministic matrices as outlined above, we will nevertheless allow
randomness to come into play. This leads to the study of structured random matrices.

We will consider basically two types of structured random matrices. The larger
part of these notes will be devoted to the recovery of randomly sampled functions that
have a sparse expansion in terms of an orthonormal system {¢;,j = 1,..., N} with
uniformly bounded L>°-norm, sup;cy [[¥jlloc = sup;cinjsup, |¢;(z)| < K. The
corresponding measurement matrix has entries (v;(t¢))e,;, where the ¢, are random
sampling points. So the structure is determined by the function system 1);, while the
randomness comes from the sampling locations.

The random partial Fourier matrix, which consists of randomly chosen rows of the
discrete Fourier matrix can be seen as a special case of this setup and was studied
already in the very first papers on compressive sensing [19, 23]. It is important to note
that in this case the fast Fourier transform (FFT) algorithm can be used to compute a
fast application of a partial Fourier matrix in O(N log(/N)) operations [30, 59, 137] —
to be compared with the usual O(mN) operations for a matrix vector multiply with
an m x N matrix. Commonly, m > Cslog(N) in compressive sensing, so that an
O(N log(N)) matrix multiply implies a substantial complexity gain.

The second type of structured random matrices we will study are partial random
circulant and Toeplitz matrices. They arise in applications where convolutions are
involved. Since circulant and Toeplitz matrices can be applied efficiently using again
the FFT, they are also of interest for computationally efficient sparse recovery.

Other types of structured random matrices, that will not be discussed here in detail,
are the following.

+ Random Gabor System. On C™ a time-shift or translation is the circular shift
operator (1;.9); = gj—k mod m» While a frequency shift is the modulation opera-
tor (Myg); = €™ / "g;. Now fix a vector g and construct a matrix A = A, €
Ccmxm? by selecting its columns as the time-frequency shifts M,Tpg € C™,
L,k € [m]. Here the entries of g are chosen independently and uniformly at
random from the torus {z € C,|z| = 1}. Then A = A, is a structured random
matrix called a random Gabor system. Corresponding sparse recovery results can
be found in [95, 96].

« Random Demodulator. This type of random matrix is motivated by analog to
digital conversion. We refer to [133] for details.
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3.1 Nonuniform versus Uniform Recovery

Showing recovery results for ¢;-minimization in connection with structured random
matrices is more delicate than for unstructured Gaussian matrices. Nevertheless, we
will try to get as close to the recovery condition (2.28) as possible. We will not be
able to obtain precisely this condition, but we will only suffer from a slightly larger
log-term. Our recovery bounds will have the form

m > Cslog*(N/e)

(or similar) for some o > 1, where € € (0, 1) corresponds to the probability of failure.
In particular, the important linear scaling of m in s up to log-factors is retained.

We will pursue different strategies in order to come up with rigorous recovery re-
sults. In particular, we distinguish between uniform and nonuniform recovery guar-
antees. A uniform recovery guaranty means that once the random matrix is chosen,
then with high probability all sparse signals can be recovered. A nonuniform recovery
result states only that each fixed sparse signal can be recovered with high probability
using a random draw of the matrix. In particular, such weaker results allow in princi-
ple that the small exceptional set of matrices for which recovery may fail is dependent
on the signal, in contrast to a uniform statement. Clearly, uniform recovery implies
nonuniform recovery, but the converse is not true.

It is usually easier to obtain nonuniform recovery results for structured random ma-
trices, and the provable bounds on the maximal allowed sparsity (or on the minimal
number of measurements) are usually slightly worse for uniform recovery.

Uniform recovery is clearly guaranteed once we prove that the restricted isometry
property of a random matrix holds with high probability. Indeed, the corresponding
Theorems 2.6 or 2.7 are purely deterministic and guarantee recovery of all s-sparse
signals once the restricted isometry constant 5 of the measurement matrix is small
enough.

In order to obtain nonuniform recovery results we will use the recovery condition
for individual vectors, Corollary 2.9. If the signal is fixed then also its support is
fixed, and hence, applying Corollary 2.9 means in the end that only a weaker property
than the restricted isometry property has to be checked for the random matrix. In
order to simplify arguments even further we can also choose the signs of the non-zero
coefficients of the sparse vector at random.

4 Random Sampling in Bounded Orthonormal Systems

An important class of structured random matrices is connected with random sampling
of functions in certain finite dimensional function spaces. We require an orthonormal
basis of functions which are uniformly bounded in the L°°-norm. The most prominent
example consists of the trigonometric system [19, 102, 104, 78]. In a discrete setup,
the resulting matrix is a random partial Fourier matrix, which actually was the first
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structured random matrix investigated in connection with compressive sensing [19,
23,116].

4.1 Bounded Orthonormal Systems

Let D C R? be endowed with a probability measure v. Further, let ¢/, ..., 1y be an
orthonormal system of complex-valued functions on D, that is, for j, k € [IV],
— 0 ifj#Kk,
[ oon@ane =5 =1 | @)
D 1 ifj=k.

The orthonormal system will be assumed to be uniformly bounded in L*°,
[$lloo = sup [¢5(t)] < K forall j € [N]. (4.2)
teD
The smallest value that the constant X can take is K = 1. Indeed,
1= [ us(oPdvta) < supluy o) [ avle) = K
D teD D
In the extreme case /X' = 1 we necessarily have |¢;(¢)| = 1 for v-almost all ¢ € D.

Remark 4.1. (a) Note that some bound K can be found for most reasonable sets of
functions v, j € [N]. The crucial point of the boundedness condition (4.2) is
that K = sup,c(] 14|l o should ideally be independent of N, or at least depend
only mildly on N, such as K < C'In®(N) for some o > 0. Such a condition
excludes for instance that the functions ); are very localized in small regions of
D.

Expressed differently, the quotients ||t} ||oc/||¢]|2 should be uniformly bounded
in j (in case that the functions 1; are not yet normalized); or at least grow only
very slowly.

(b) It is not essential that D is a (measurable) subset of R?. This assumption was
only made for convenience. In fact, D can be any measure space endowed with a
probability measure v.

We consider functions of the form

N
F&) = appp(t), teD (4.3)
k=1
with coefficients zq,...,zy € C.
Letty,...,t»n € D be some points and suppose we are given the sample values

N
ye=f(te) =Y axr(te), L=1,...,m.
k=1
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Introducing the sampling matrix A € C™*" with entries

A&k:’(/}k(tg), (=1,....m, k=1,...,N, “4.4)
the vectory = (y1,. . -, ym)T of sample values (measurements) can be written in the
form

y = Ax, 4.5)

where x is the vector of coefficients in (4.3).

Our task is to reconstruct the polynomial f — or equivalently its vector x of coef-
ficients — from the vector of samples y. We wish to perform this task with as few
samples as possible. Without further knowledge this is clearly impossible if m < V.
As common in compressive sensing we therefore assume sparsity.

A polynomial f of the form (4.3) is called s-sparse if its coefficient vector x is
s-sparse. The problem of recovering an s-sparse polynomial from m sample values
reduces then to solving (4.5) with a sparsity constraint, where A is the matrix in (4.4).
We consider ¢;-minimization for this task.

Now we introduce randomness. We assume to this end that the sampling points
ti,...,tn are selected independently at random according to the probability measure
v. This means in particular that P(¢t, € B) = v(B), £ = 1,...,m, for a measurable
subset B C D. The matrix A in (4.4) becomes then a structured random matrix.

Let us give examples of bounded orthonormal systems.

(i) Trigonometric Polynomials. Let D = [0, 1] and for k € Z set
Ur(t) =€, teo,1).

The probability measure v is taken to be the Lebesgue measure on [0, 1]. Then
forall 5,k € Z,

1 [
/O’L/}k(t)lbj(t)dt: .k 4.6)

The constant in (4.2) is clearly K = 1. For a subset I' C Z of size N we then
consider the trigonometric polynomials of the form

F) = min(t) = D ape™*.

kel kel’

A common choice isT" = {—q,—q + 1,...,q — 1, ¢} resulting in trigonometric
polynomials of degree at most ¢ (then N = 2q-+ 1). We emphasize, however, that
an arbitrary choice of I’ C Z of size |I'| = N is possible. Introducing sparsity on
the coefficient vector x € CV then leads to the notion of s-sparse trigonometric

polynomials.

The sampling points ¢1,. .., ¢, will be chosen independently and uniformly at
random from [0, 1]. The entries of the associated structured random matrix A are
given by

App=€eTke p—1,....m, keT, 4.7

)
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(i)

(iii)

Such A is a Fourier type matrix, sometimes also called a nonequispaced Fourier
matrix.

This example extends to multivariate trigonometric polynomials on [0, 1]¢, d €
N. Indeed, the monomials 1y (t) = >0 k e 79 t e [0,1]¢, form an
orthonormal system. For readers familiar with abstract harmonic analysis we
mention that this example can be further generalized to characters of a compact
commutative group. The corresponding measure will be the Haar measure of the
group [50, 117].

The matrix A in (4.7) has a fast (approximate) matrix multiplication algorithm,
called the non-equispaced fast Fourier transform (NFFT) [46, 101]. Similarly to
the FFT, it has complexity O(N log(V)).

Real Trigonometric Polynomials. Instead of the complex exponentials above
we may also take the real functions

Yor(t) = V2cos(2mkt), ke Ny, wo(t) =1,
Yore1(t) = V2sin(2wkt), ke N. (4.8)

They also form an orthonormal system on [0, 1] with respect to the Lebesgue
measure and the constant in (4.2) is K = /2. The samples t1, . .., t,, are chosen
again according to the uniform distribution on [0, 1].

Discrete Orthonormal Systems. Let U = (Uy;) € CV*¥ be a unitary matrix.
The normalized columns v Nu, € CV, k € [N], then form an orthonormal
system with respect to the discrete uniform probability measure on [N], v(B) =
|B|/N for B C [N]; written out, this means

N
& VN OV (0) = (wy ) =G, k€ N,
t=1

Here, ui(t) = Uy denotes the tth entry of the kth column of U. The bounded-
ness condition (4.2) requires that the normalized entries of U are bounded, i.e.,

VN max |Uy| = max |V Nug(t)] < K. (4.9)
kte[N] k,te[N]
Choosing the points ¢y, . . . , t,,, independently and uniformly at random from [V]

corresponds then to creating the random matrix A by selecting its rows indepen-
dently and uniformly at random from the rows of v NU, that is,

A=+NRyU ,
where Ry : CN — C™ denotes the random subsampling operator

(Rrz) =2z¢,, 0 =1,...,m. (4.10)
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(iv)

v)

Compressive sensing in this context yields the situation that only a small portion
of the entries of § = v/ NUx € CV are observed of a sparse vector x € CV. In
other words, y = Rpy € C™, and we wish to recover x from the undersampled
y.

Note that it may happen with non-zero probability that a row of v/ NU is se-
lected more than once because the probability measure is discrete in this example.
Hence, A is allowed to have repeated rows. One can avoid this effect by passing
to a different probability model where the subset {t,...,t,} C [IV] is selected
uniformly at random among all subsets of [N] of cardinality m. This probability
model requires a slightly different analysis than the model described above, and
we refer to [19, 23, 20, 55, 116, 130] for more information. The difference be-
tween the two models, however, is very slight in practice and the corresponding
recovery results are almost the same.

Partial Discrete Fourier Transform. Our next example uses the discrete Fourier
matrix F € CN*N with entries

— L 2milk /N —
Fyy, \/Ne , lk=1,... N. (4.11)
It is well-known (and easy to see) that F' is unitary. The constant in (4.2) or
(4.9) is clearly K = 1. The result X = F'x of a applying F' to a vector is
called the Fourier transform of x. Applying the setup of the previous example
to this sitatuation results in the problem of reconstructing a sparse vector x from
m random entries of its Fourier transform %, that are independent and uniformly
distributed on Zy := {%, k = 1,...,N}. The resulting matrix A is called
random partial Fourier matrix. Such a matrix can also be seen as a special case of
the non-equispaced Fourier type matrix in (4.7) with the points ¢; being chosen
from the grid Zy instead of from the whole interval [0, 1]. Note that the discrete
Fourier matrix in (4.11) can also be extended to higher dimensions, i.e., to grids
74 ford € N.

A crucial point for applications is that the Fourier transform has a fast algorithm
for matrix-vector multiplication, the so called fast Fourier transform (FFT) [30,
137]. Tt computes the Fourier transform of a vector x € C~ in complexity
O(N log(N)).

Incoherent Bases. Let V, TV € CY*V be two unitary matrices. Their columns
(ve)i, and (wg)), form two orthonormal bases of CV. Assume that a vector
z € CV is sparse with respect to the basis (v¢) rather than the canonical basis,
that is, z = Vx for a sparse vector x. Further, assume that z is sampled with
respect to the basis (wy), i.e., we obtain measurements

k= (2, wy,), k=1,...,m
with T := {t1,...,ty} C [IV]. In matrix vector form this can be written as

y = RpW¥*z = RyW*Vx,
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(vi)

where R is again the random sampling operator (4.10). Defining the unitary
matrix U = W*V € CV*N we are back to the situation of the third example.
The condition (4.9) now reads

\/N max

[(ve, wi)| < K. (4.12)
£,kE[N]

The quantity on the left hand side (without the v/N) is known as the mutual
coherence of the bases (vy), (wy), and they are called incoherent if K can be
chosen small. The two previous examples also fall into this setting by choosing
one of the bases as the canonical basis, W = Id € C¥. The Fourier basis and the
canonical basis are actually maximally incoherent, since then K = 1.

Haar-Wavelets and Noiselets. This example is a special case of the previous
one, which is potentially useful for image processing applications. It is conve-
nient to start with a continuous description of Haar-wavelets and noiselets [29],
and then pass to the discrete setup via sampling. The Haar scaling function on R
is defined as the characteristic function of the interval [0, 1),

1 ifzeo,1),

) (4.13)
0 otherwise.

d(z) = xp,1)(x) = {

The Haar wavelet is then defined as

1 ifzel0,1/2),
Y(x) = ¢(2x) —pRx — 1) = —1 ifze[1/2,1), (4.14)
0  otherwise.

Further, denote
in(x) =292 x—k), ép(x) = plz—k), x€R,jEL ke Z (4.15)

It is well-known [138] (and can easily be seen) that, for n € N, the Haar-wavelet
system

Y, = {op,k € Z}U{jp, k=0,...,2 —1,j=0,...,n— 1}  (4.16)
forms an orthonormal basis of
Vo= {f € L*([0,1]) : fis constanton [k2~", (k+1)27"),k=0,...,2" —1}.

Now let N = 2" for some n € N. Since the functions v;, j < n — 1, are
constant on intervals of the form [27"k, 27" (k+-1)) we conclude that the vectors
o, pUF) e CN, j=0,...,n—1,k=0,...,27 — 1, with entries

o =2"""9(t/N), t=0,... . N-1
G =27 Pgu(/N), =0, N~ 1
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(vii)

form an orthonormal basis of C. We collect these vectors as the columns of a
unitary matrix ¥ € CV*V,

Next we introduce the noiselet system on [0, 1]. Let g1 = ¢ = X|o,1) be the Haar
scaling function and define, for > 1, recursively the complex-valued functions

gor(x) = (1 = i)gr(22) + (1 + i)g, (22 — 1),

grr1(x) = (1 4+9)g-2x) + (1 —i)g, (22 — 1).
It is shown in [29] that the functions {2~"/2¢g,,r = 2", ..., 2" — 1} form an
orthonormal basis of V,,. The key property for us consists in the fact that they are

maximally incoherent with respect to the Haar basis. Indeed, Lemma 10 in [29]
states that

1
’/ gr(@)jp(x)dz| =1 providedr >2/ — 1, 0<k<2/ —1. (4.17)
0

For the discrete noiselet basis on CV, N = 2", we take the vectors
3" =2"gni(t/N), 7=0,...,N—1, t=0,...,N—1.

Again, since the functions gy, = 0,..., N — 1, are constant on intervals of
the form [2~"k, 27" (k + 1)) it follows that the vectors g"), 7 = 0,..., N — 1,
form an orthonormal basis of C. We collect these as columns into a unitary
matrix G € CN*N. Due to (4.17) the unitary matrix U = G*¥ € CN*NV
satisfies (4.9) with K = 1 — or in other words, the incoherence condition (4.12)
for the Haar basis and the noiselet basis holds with the minimal constant K = 1.
Due to the their recursive definition, both the Haar wavelet transform and the
noiselet transform, that is, the application of ¥ and G and their adjoints, come
with a fast algorithm that computes a matrix vector multiply in O(N log(N))
time.

As a simple signal model, images or other types of signals are sparse in the Haar
wavelet basis. The described setup corresponds to randomly sampling such func-

tions with respect to noiselets. For more information on wavelets we refer to
[27, 31, 83, 138].

Legendre polynomials. The Legendre polynomials P; are a system of orthogo-
nal polynomials, where P; is a polynomial of precise degree j, and orthonormal-
ity is with respect to the normalized Lebesgue measure dz/2 on [—1, 1]. Their
supremum norm is given by || Pj|lcc = v/2j + I, so considering the polynomi-
als P;,j7 = 0,..., N — 1, yields the constant K’ = /2N — 1. Unfortunately,
K grows therefore rather quickly with V. This problem can be avoided with
a trick. One takes sampling points with respect to the “Chebyshev" measure
dv(z) = 7 '(1 — 22)~"/2dz and uses a preconditioned measurement matrix.
We refer to [106] for details.



Compressive Sensing and Structured Random Matrices 25

Figure 1 shows an example of exact recovery of a 10-sparse vector in dimension 300
from 30 Fourier samples (example (iv) above) using ¢-minimization. For comparison
the reconstruction via £,-minimization is also shown.

1t
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0 100 200 300 0 1 60 200 300
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(@) ®)
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3 g 05 {
s T —
—1r
° 1 60Ffequen'3560 %0 ° ! 6?:requenc$60 %00

© (d)

Figure 1. (a) 10-sparse Fourier spectrum, (b) time domain signal of length 300 with
30 samples, (c) reconstruction via ¢;-minimization, (d) exact reconstruction via £;-
minimization

4.2 Nonuniform Recovery

We start with a nonuniform recovery result that additionally assumes that the signs of
the non-zero entries of the signal x are chosen at random.

Theorem 4.2. Let S C [N] be of cardinality |S| = s and let € = (€g)ses € C° be a
sequence of independent random variables that take the values +1 with equal proba-
bility. Alternatively, the e; may be uniformly distributed on the torus {z € C, |z| = 1}.
Let x be an s-sparse vector with support S and sgn(xS ) =€

Let A € C™*N be the sampling matrix (4.4) associated to an orthonormal system
that satisfies the boundedness condition (4.2) for some constant K > 1. Assume
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that the random sampling points ty, . . . ,t,, are chosen independently and distributed
according to the orthogonalization measure v. Assume that

m > CK?*sIn®(6N/¢), (4.18)

where C =~ 26.25. Set’y = Ax. Then with probability at least 1 — ¢ the vector x is
the unique solution to the £|-minimization problem (2.12).

The proof will be contained in Chapter 7. With more effort (which we will not do
here), the exponent 2 at the log-term in (4.18) can be replaced by 1. More precisely,
one may obtain also the following sufficient recovery condition [55]

m > C1 K> max {s,CyIn(6N/e)} In(6N/e) (4.19)

with (reasonable) constants C, C, > 0. In the special case of a discrete orthonormal
system (see example (3) in the previous section), a version of Theorem 4.2 with recov-
ery condition (4.19) was shown in [20] under a slightly different probability model.

The constants provided in (4.18) and (4.19) are likely not optimal. Numerical ex-
periments suggest much better values. In the special case of the Fourier matrix (exam-
ples (1) and (4) in the previous section) indeed slightly better constants are available
[65, 102, 55]. However, we note that condition (4.19) gives an estimate that is valid
for any possible support set S of size |S| < s. Clearly, it is impossible to test all such
subsets numerically. So only limited conclusions on the constants in (4.19) and (4.18)
can be drawn from numerical experiments.

In case of random sampling in the Fourier system (examples (1) and (4) in the
previous section) the assumption of randomness in the sign pattern of the non-zero
entries of x can be removed [19, 102].

Theorem 4.3. Let x € CN be s-sparse. Assume A is the random Fourier type matrix
(4.7) or the random partial Fourier matrix of example (4) above. If

m > Cslog(N/e)

then x is the unique solution of the {-minimization problem (2.12) with probability at
least 1 — e.

The techniques of the proof of this theorem [19, 102] heavily use the algebraic struc-
ture of the Fourier system and do not easily extend to general bounded orthonormal
systems. In fact, the general case is still open.

4.3 Uniform Recovery

Our main theorem concerning the recovery of sparse polynomials in bounded or-
thonormal systems from random samples reads as follows.
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Theorem 4.4. Let A € C™*N be the sampling matrix (4.4) associated to an orthonor-
mal system that satisfies the boundedness condition (4.2) for some constant K > 1.
Assume that the random sampling points t1, . . . , t,, are chosen independently at ran-
dom according to the orthogonalization measure v. Suppose

m
In(m)
m > DK?sln(e™), 4.21)

> CK?s1n*(s) In(N), (4.20)

where C, D > 0 are some universal constants. Then with probability at least 1 — ¢
every s-sparse vector x € CV is recovered from the samples

m
N
y=Ax = ij¢j(tg)
=1 =1

by {1-minimization (2.12).
Moreover, with probability at least 1 — ¢ the following holds for every x € CN. Let
noisy samples y = Ax + e with

m
lell = | > lec? < nv/m
=1

be given and let X* be the solution of the {-minimization problem (2.20), where 1 is
replaced by n\/m. Then

O'S(X)l
s

[x=x*[2<¢ +dn

for suitable constants c,d > 0.

This result is proven in Chapter 8 by estimating the restricted isometry constants J;
of A. Thereby, also explicit constants are provided, see Theorem 8.4. The reader will
notice that its proof is considerably more involved than the one of Theorem 4.2.

Remark 4.5. We may choose ¢ such that there is equality in (4.21). Then condition
(4.20) implies recovery with probability at least

1— Nf'yln(m) In?(s)
where v = C/D. A condition that is easier to remember is derived by noting that
s < N and m < N (otherwise, we are not in the range of interest for compressive

sensing). Indeed,
m > CK%sIn*(N) (4.22)

implies recovery by ¢;-minimization with probability at least 1 — N7 In*(N)
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E. Candes and T. Tao [23] obtained the sufficient condition (4.22) in case of the
random partial Fourier matrix with an exponent 6 instead of 4 at the In(N) term. M.
Rudelson and R. Vershynin [116] improved this to an exponent 5 at the In(N)-term;
or alternatively to an exponent 4 for constant probability €, see also Theorem 8.1 be-
low. The condition (4.22) with exponent 4 and super-polynomially decreasing failure
probability N 7N s presently the best known result. (In the Fourier case this is
already contained in the proof of the main result in [104], but the author did not realize
at that time that this was actually a slight improvement over the estimate of Rudelson
and Vershynin in [116].) Our proof in Chapter § follows the ideas of Rudelson and
Vershynin in [116] with some modifications and the mentioned improvements.

5 Partial Random Circulant Matrices

This section will be devoted to a different type of structured random matrices, which
are important in applications such as wireless communications and radar, see [4, 68,
110]. We will study partial random circulant matrices and partial random Toeplitz ma-
trices. Presently, there are less recovery results available than for the structured ran-
dom matrices in the preceding section. In particular, a good estimate for the restricted
isometry constants is still under investigation at the time of writing. (The estimates in
[4, 68] only provide a quadratic scaling of the number of measurements in terms of the
sparsity, similar to (2.26).) Therefore, we will only be able to present a nonuniform
recovery result in the spirit of Theorem 4.2, which is a slight improvement of the main
result in [105]. We believe that the mathematical approach to its proof should be of
interest on its own.

We consider the following measurement matrices. For b = (bg, by,...,bn—1) €
CN we define its associated circulant matrix ® = ®(b) € CV*¥ by setting

q)k,j:bj_k mod N5 k,jzl,...,N.

Note that the application of @ to a vector is the convolution,

N
(@x); = (x#b); =Y x¢bj ¢ moa N
=1
where Zj = by—;. Similarly, for a vector ¢ = (c_n41,C-N+2,---,CN—1) its associ-
ated Toeplitz matrix ¥ = ¥(c) € CV*V has entries ¥ j = ¢j_g, k,j = 1,..., N.

Now we choose an arbitrary subset ® C [N] of cardinality m < N and let the
partial circulant matrix ®® = ®®(b) € C™*¥ be the submatrix of & consisting
of the rows indexed by ®. The partial Toeplitz matrix ¥© = ¥®(c) € C™*V is
defined similarly. For the purpose of this exposition we will choose the vectors b and
c as Rademacher sequences, that is, the entries of b and c are independent random
variables that take the value &1 with equal probability. Standard Gaussian vectors or
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Steinhaus sequences (independent random variables that are uniformly distributed on
the complex torus) are possible as well.

It is important from a computational viewpoint that circulant matrices can be diago-
nalized using the discrete Fourier transform [59]. Therefore, there is a fast matrix vec-
tor multiplication algorithm for partial circulant matrices of complexity O(N log(N))
that uses the FFT. Since Toeplitz matrices can be seen as submatrices of circulant ma-
trices [59], this remark applies to partial Toeplitz matrices as well.

Of particular interest is the case N = mL with L € Nand ® = {L,2L,... ,mL}.
Then the application of ®®(b) and ¥®(c) corresponds to (periodic or non-periodic)
convolution with the sequence b (or c, respectively) followed by a downsampling by
a factor of L. This setting was studied numerically in [132] by J. Tropp et al. (using
orthogonal matching pursuit instead of ¢;-minimization). Also of interest is the case
® = [m] which was investigated in [4, 68].

Since Toeplitz matrices can be embedded into circulant matrices as just mentioned,
we will deal only with the latter in the following. The result below (including its proof)
holds without a difference (and even with the same constants) for Toeplitz matrices as
well. Similarly to Theorem 4.2 we deal with nonuniform recovery, where additionally
the signs x;/|z ;| of the non-zero coefficients of the vector z to be recovered are chosen
at random.

Theorem 5.1. Let ® C [N] be an arbitrary (deterministic) set of cardinality m. Let
x € CN be s-sparse such that the signs of its non-zero entries form a Rademacher
or Steinhaus sequence. Choose b = € € R to be a Rademacher sequence. Let
y = ®°(e)x € C™. Then

m > 57sIn*(17N? /) (5.1

implies that with probability at least 1 — ¢ the vector X is the unique solution to the
£1-minimization problem (2.12).

The proof of Theorem 5.1 will be presented in Chapter 9. We note that the exponent
2 of the log-term in (5.1) is a slight improvement over an exponent 3 present in the
main result of [105]. The constant 57 is very likely not optimal. With the much more
technical (and combinatorial) approach of [19, 102, 95] we expect that the randomness
in the signs can be removed and the exponent 2 at the log-factor can be improved to 1.

6 Tools from Probability Theory

The proofs of the results presented in the two previous chapters will require tools
from probability theory that might not be part of an introductory course on probability.
This chapter collects the necessary background. We will only assume familiarity of
the reader with basic probability theory that can be found in most textbooks on the
subject, see for instance [63, 112].
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In the following we discuss the relation of moments and tail estimates, symmetriza-
tion, decoupling, and scalar and noncommutative Khintchine inequalities. The latter
represent actually a very powerful tool that presently does not seem to be widely ac-
knowledged. Furthermore, we present Dudley’s inequality on the expectation of the
supremum of a subgaussian process. Much more material of a similar flavor can be
found in the monographs [36, 73, 79, 80, 125, 134].

6.1 Basics on Probability

In this section we recall some important facts from basic probability theory. Let
(Q,X,P) be a probability space, where X denotes a o-algebra on the sample space Q
and P a probability measure on (Q,X). The probability of an event B € ¥ is denoted
by

M&—AWM—A@MWM,

where the characteristic function I5(w) takes the value 1 if w € B and 0 otherwise.
The union bound (or Bonferroni’s inequality, or Boole’s inequality) states that for a
collection of events By € £,/ = 1,...,n, we have

P (U Bg) <> P(By). 6.1)
(=1 =1

We assume knowledge of basic facts on random variables. The expectation or mean
of a random variable X is denoted by

EX:AX@MM@

The quantities E|X|P, 0 < p < oo, are called (absolute) moments. For 1 < p < oo,
(E|X|P) 1P defines a norm on the LP(Q,P)-space of all p-integrable random variables,
in particular, the triangle inequality

(E|X +Y[P)1/? < (E|X|P)'/? + (E|Y|P)!/P (6.2)

holds for X,Y € LP(Q,P) = {X measurable , E|X|P < oco}.

Let p,g > 1 with 1/p + 1/q = 1, Holder’s inequality states that [EXY| <
(E|X[?)"/P (E|Y'|9)"/9 for random variables X,Y. The special case p = ¢ = 2
is the Cauchy-Schwarz inequality. It follows from Holder’s inequality that for all
0<p<g<oo,

(EIXP)? < (EBIX|9)V. (6.3)

Absolute moments can be computed by means of the following formula.
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Proposition 6.1. The absolute moments of a random variable X can be expressed as
oo
BXP=p [ B(X|Z00 d p>0
0

Proof. Recall that I{|x|»>;} is the random variable that takes the value 1 on the event
|X|P > 2 and 0 otherwise. Using Fubini’s theorem we derive

| X|P 00
]EX|p:/ |X|pd]P’:// da:d]P’:// (| xpsa)dzdP
Q QJo QJo

—/ /I{|xpzx}dﬂj’d$—/ P(X|P > z)dx
0 Q 0

o

o0
—p/ P(|X [P > tP)tP~ 't —p/ P(|X| > t)tP~dt,
0 0
where we also applied a change of variables. a

The function ¢ — P(|X| > t) is called the tail of X. The Markov inequality is a
simple way of estimating a tail.

Theorem 6.2. (Markov inequality) Let X be a random variable. Then

E|X
P(|X]| >1t) < % forallt > 0.
Proof. Note that P(|X| > t) = Elj x>y and tIjx|>y < |X|. Hence, tP(|X]| >
t) = Etl{x|>1 < E|X]| and the proof is complete. ]

A random vector X = (X1,..., X,,)T € R" is a collection of n random variables
X, on a common probability space. Its expectation is the vector

EX = (EXy,...,EX,)T e R™.

A complex random vector Z = X + 7Y € C" is a special case of a 2n-dimensional
real random vector (X,Y) € R>,

A collection of random vectors Xy, ..., Xy € C™ is called (stochastically) inde-
pendent if for all measurable subsets By, ..., By C C",

P(X, € B, X, € B,,..., Xy € By) =P(X, € B))P(X; € By)---P(Xy € By).

Functions of independent random vectors are again independent. A random vector X’
in C™ will be called an independent copy of X if X and X' are independent and have
the same distribution, that is, P(X € B) = P(X’ € B) for all measurable B C C™.

Jensen’s inequality reads as follows.
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Theorem 6.3. (Jensen’s inequality) Let f : C* — R be a convex function, and let
X € C" be a random vector. Then

F(EX) <Ef(X) . (6.4)
Finally, we state the Borel-Cantelli lemma.

Lemma 6.4. (Borel-Cantelli) Let Ay, Ay, ... € X be events and let

A* =1lim sup A, =N, U _ Ap,.

n—oo
IfY " P(A,) < oo then P(A*) = 0.
Proof. Since A* C |J;"_, Ap, for all n, it holds P(A*) < > P(A,,) — 0as

n — oo whenever ) > | P(4,) < oco. o

6.2 Moments and Tails

It will be very crucial for us that tails of random variables can be estimated by means of
their moments. The next statement is rather simple but very effective, see also [130].

Proposition 6.5. Suppose Z is a random variable satisfying
(E|ZI")'7? < a/Pp! 7 forall p > po
for some constants «, 3,7, pg > 0. Then
P(1Z| > e/ Vau) < Be /7

Sforallu > p(l)/v.

Proof. By Markov’s inequality, Theorem 6.2, we obtain for an arbitrary x > 0

P 17\ P
P(|Z| > e"ou) < ElZP 4 (Om) .

~ (efau)P ~ erau
Choose p = u” and the optimal value k = 1/~ to obtain the claim. O

Also a converse of the above proposition can be shown [55, 80]. Important special
cases are v = 1,2. In particular, if (E|Z|P)!/P < aﬁl/p\/ﬁ for all p > 2 then Z
satisfies the subgaussian tail estimate.

P(|Z| > e'au) < Be /2 forallu > V2. (6.5)

For random variables satisfying a subgaussian tail estimate, the following useful
estimate of the expectation of their maximum can be shown [80].
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Lemma 6.6. Let X, ..., X be random variables satisfying
P(| Xy > u) < 56_“2/2 foru>+2, (=1,...,M,
for some 3 > 1. Then

Ee_rlnaxM|Xg| < Cs\/In(4BM)

Proof. According to Proposition 6.1 we have, for some o > V2,

o0
E max |X/] :/ IP’( max | X,| > u) du
0=1,...M 0 =

=1, M
S/ 1du+/ IP’( max | X| >u> duga—i-/ Z]P’(|Xg| > u)du
0 o 0=1,..M o =

§a+M6/ e 2.

In the second line we have applied the union bound. Using Proposition 10.2 in the

Appendix we obtain
M
E max |X/| §a+—66_a2/2.
o=1,...M e

Now we choose a = /2In(43M) > \/21In(4) > /2. This yields

1
E max |Xy| <+2W(4pM)+ ——
e=1,...M 4,/2In(48M)
1
= \f2—|—>\/1n4 M) < Cg+\/In(48M
( 4v/21n(45M) (45M) < CpvIn(45M)
by our choice of Cg. The proof is completed. O

6.3 Rademacher Sums and Symmetrization

A Rademacher variable is presumably the simplest random variable. It takes the val-
ues +1 or —1, each with probability 1/2. A sequence € of independent Rademacher
variables €;,j = 1,..., M, is called a Rademacher sequence. The technique of sym-
metrization leads to so called Rademacher sums Z;vi | €j; where the x; are scalars,
vectors or matrices. Although quite simple, symmetrization is very powerful because
there are nice estimates for Rademacher sums available — the so called Khintchine
inequalities to be treated later on.
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A random vector X is called symmetric, if X and —X have the same distribution.
In this case X and eX, where ¢ is a Rademacher variable independent of X, have the
same distribution as well.

The following lemma, see also [80, 36], is the key to symmetrization.

Lemma 6.7. (Symmetrization) Assume that § = (@-);‘i | is a sequence of independent

random vectors in C" i = E¢;.
Then for 1 < p < o0
1/p M 1/p
EHZ )] <2 EIYeglr | (6.6)
j=1

where € = (ej)é»v: | is a Rademacher sequence independent of €.
Proof. Let¢ = (&}, ...,&},) denote an independent copy of the sequence of random
vectors (&1, .. .,&p). Since ]E{; = x; an application of Jensen’s inequality (6.4) yields

M M

E:=E|) (& -x) I”—EIZ - Egj) |”<EIIZ ENIP.
j=1 7=1 7=1

Now observe that (£; — &} ) ” | is a vector of independent symmetric random variables;
hence, it has the same distribution as (e;(&; fg)) patp The triangle inequality gives

M M M
EVP < (EBIIY ej(& = E)IMYP < B Y e&lIP) P + (E] Y ei17)'”

j=1 j=1 j=1
M

=2E[ ) €&lP)"P.
j=1

The last equality is due to the fact that £ is an independent copy of &. O

Note that this lemma holds also in infinite-dimensional spaces [80]. Since it is rather
technical to introduce random vectors in infinite dimensions we stated the lemma only
for the finite-dimensional case. Further, also a converse inequality to (6.6) can be
shown [36, 80].

6.4 Scalar Khintchine Inequalities

Khintchine inequalities provide estimates of the moments of Rademacher and related
sums. In this section we present the scalar Khintchine inequalities, while in the next
section we concentrate on the noncommutative (matrix-valued) Khintchine inequali-
ties.
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Theorem 6.8. (Khintchine’s inequality) Let b € CM and € = (ey,...,ep) be a
Rademacher sequence. Then, for all n € N,

M
E[Y ebil™ <
j=1

@)l on
S pIIPI3" (6.7)

Proof. First assume that the b; are real-valued. Expanding the expectation on the left
hand side of (6.7) with the multinomial theorem, which states that

n

M
n! ki ks
X = —_— <. N (68)
jzl ’ k:1+~~~+ZkM=n kil ! : M
k;€{0,1,...n}
yields
M
E:=E]) eb;"
=1
(Zn)! 251 2R 201 2im
= Z | b [TV EE - By
Jit+ivm=n (2]1)‘ U (ZJJV[)-
ji€{0,1,...,n}
(Zn)! 251 2jm
= > m|bl| s bag [P
Jitt+im=n ’ ’
ji€{0,1,...,n}

Hereby we used the independence of the €; and the fact that Ee;? = 0 if k£ is an odd
integer. For integers satisfying j; + - - - + 537 = n it holds

27 Gi e gt = 270 29 gt < (250) - (240)

This implies
(2n)! n! 2 2
E< ot Z 7.!._.jn!|b1\ Lo b [P
Jitetim=n
7i€{0,1,...,n}
n
M
(2n)! )\ @,
o~ DOIUG IS~ T
j=1

The general complex case is derived by splitting into real and imaginary parts as fol-
lows

1/2n

M
E|) " ej(Re(b;) + i Im(b;)) "
=1
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n\ 1/2n
M M
= Ze]Re )|2+\Zejlm(bj)2
j=1 j=1
1/n 1/n 1/2
< E|Ze]Re )" + ]E\ZejIm )*"

)\ /" 12 A1 /20
g((fnrff) <|Re<b>|%+|1m<b>||%>> - (22 b

This concludes the proof. O

Except that we allowed the coefficient vector b to be complex valued, the above
formulation and the proof is due to Khintchine [75]. Using the central limit theorem,
one can show that the constants in (6.7) are optimal. Based on Theorem 6.8 we can
also estimate the general absolute pth moment of a Rademacher sum.

Corollary 6.9. (Khintchine’s inequality) Let b € CM and € = (ey,...,en) be a
Rademacher sequence. Then, for all p > 2,
1/p

M
E| Zejij’ < 23/@P)e=1/2 /5B, (6.9)

Proof. Without loss of generality we assume that ||b||, = 1. Stirling’s formula for the
factorial,
n! = V2rnn"e e, (6.10)

where 12 p < An < 12”, gives
(2n)!  V2m2n(2n/e)*mern
2nnl 2n27n(n/e)netn

An application of Holder’s inequality yields for § € [0, 1] and an arbitrary random
variable Z,

E|Z‘2n+29 “Z'(l 0)2n|Z|9(2n+2)] (E|Z|2n)l 9(E‘Z|2n+2) 6.12)

<V2(2/e)"n™. (6.11)

Combine the two estimates above and the Khintchine inequality (6.7) to get

M M M
E| quj|2n+29 < (E| Zejbj|2n)179(E| Zejbj|2n+2)9
J=1 Jj=1 j=1

< (V2(2/e)"n™) ' (V2(2/e)" (n + 1)
= V2(2/e)" =0 (n 4 1)00HD)
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0(1-0)
_ \/E(Z/e)n—kﬁ(nl—@(n + 1)9)n+6 (nj;l>

<V2(2/e)" " (n + 6)"+? (

n+1 6(1-6)
n

< 23/4(2/e)"*0 (n 4 )"+, (6.13)

In the second line from below the inequality of the geometric and arithmetic mean was
applied. The last step used that (n + 1)/n < 2 and (1 — 0) < 1/4. Replacing n + 0
by p/2 completes the proof. a

- 1/p
The optimal constants C,, = 2%115213”?;; , p > 2, instead of 23/(4p) 1/ 2\/13

for Khintchine’s inequality (6.9) are actually slightly better than the ones computed
above, but deriving these requires much more effort [67, 89].

Combining Corollary 6.9 with Proposition 6.5 yields the following special case of
Hoeffding’s inequality [70], also known as Chernoff’s bound [26].

Corollary 6.10. (Hoeffding’s inequality for Rademacher sums) Letb = (by,...,bys) €
CM gnd e = (e1y.--,s eM) be a Rademacher sequence. Then, for u > \@,

M
P 1> eibjl > |bllu | <2¥*exp(—u?/2). (6.14)
j=1

For completeness we also give the standard version and proof of Hoeffding’s in-
equality for (real) Rademacher sums.

Proposition 6.11. (Hoeffding s inequality for Rademacher sums) Letb = (by,...,by) €
RM and e = (€1,--.,€n) be a Rademacher sequence. Then, for u > 0,
M
P> b > |bllau | < exp(—u?/2) (6.15)
j=1

and consequently,

M
P> eibjl > |bllu | <2exp(—u?/2). (6.16)
j=1

Proof. Without loss of generality we may assume ||b||, = 1. By Markov’s inequality
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(Theorem 6.2) and independence we have, for A > 0,

M M M
P Z €jbj >u | =P exp()\z €jb;) > e | < e ME[exp(A Z €jbj)]
j=1 j=1 j=1
M

=M H Elexp(ejAbj)].
j=1

Note that, for s € R,

Blerp(o)] = 3o+ = 1 (S 0] =5 o
€;S = —(€e (& = — R —
PLsI =3 2 ! ! (2k)!
k=0 k=0 k=0
oo 2k
s 2
_ . s*/2
< Z 2k €
k=0
This yields
M M
P Zejbj >u | <e M H /2 = Mt NIbI3/2
j=1 Jj=1
Choosing A = u and recalling that ||b||> = 1 yields (6.15). Finally,
M M M
P> €bil = |Ibllau | =P (> b > [blau | +P | Y e;by < —|[b]2u
j=1 j=1 j=1
<2e7
since —¢; has the same distribution as ¢;. O

As mentioned earlier, a complex random variable which is uniformly distributed
on the torus T = {z € C,|z| = 1} is called a Steinhaus variable. A sequence € =
(€1,...,€en) of independent Steinhaus variables is called a Steinhaus sequence. There
is also a version of Khintchine’s inequality for Steinhaus sequences.

Theorem 6.12. (Khintchine’s inequality for Steinhaus sequences) Let € = (€1, ..., €p)
be a Steinhaus sequence and b = (by, ... byr) € CM. Then

M
E[ Y €™ < nl|b|3" foralln € N.
j=1
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Proof. Expand the moment of the Steinhaus sum using the multinomial theorem (6.8),

M M "M "
E[> eb” =E D> eb; <Z Ckbk>
=1

J=1 k=1
E n! J1 JM _J1 ]M
:E j ]M'b ...bMel...M
Jittim=n
Je=0
|
X § n bkl . bkM kl R4
kil k! ‘M
ki+--ky=n
k¢>0
! | L —
= E n n bﬂlbkl .. b]MbkME[ 1 kl 6]M€kIVI]
il ke kgt P M M I
Jittim=n
ki+-ky=n
Jeske>0

Since the ¢; are independent and uniformly distributed on the torus it holds

E[ jllelfl 6?&4 IJCV][W] = E[ezlikl] o 'E[eg\%ikM] 6]17 o 5J'MJCM'

This yields

M 2
n! ,
E|D e = D <M) D11 [y [P
j=1

ki+--ky=n
k¢>0

n!
LD D s nwr| CUEEE Y e
ki+--ky=n I M=

ke>0

M 2n
2
> 1l ,
j=1
where the multinomial theorem (6.8) was applied once more in the last step. O
The above moment estimate leads to a Hoeffding type inequality for Steinhaus sums.

Corollary 6.13. (Hoeffding’s inequality for Steinhaus sequences) Lete = (€1, ..., €p)
be a Steinhaus sequence, b = (by,...,byr) € CM and 0 < X\ < 1. Then

M
1
P(| Y eb;| > ullbll2) < — Ae*W for all u > 0. (6.17)
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In particular, using the optimal choice A\ = 1 — u™2,
M
P(|> " €jbj| > ul|bll2) < exp(—u? + log(u?) + 1) forallu > 1. (6.18)
j=1

Note that the argument of the exponential in (6.18) is always negative for u > 1.

Proof. Without loss of generality assume ||b|, = 1. Markov’s inequality gives

M M
P> ejbjl > u) =Plexp(A > €;b|*) > exp(Au?))
j=1

j=1
M 0o y\n M 2n
AE[TM bl
< Elexp(A| > ¢bj%)] exp(— M) = exp(—Au?) R
j=1 n=0 )

o
1 2
2 n __ —Au
Sexp(—)\u)Z)\ =T3¢ -
n=0
In the second line the Taylor expansion of the exponential function was used together
with Fubini’s theorem in order to interchange the expectation and the series. In the
third line Theorem 6.12 was applied. O

For more information and extensions of scalar Khintchine inequalities we refer the
interested reader to [94, 93].

6.5 Noncommutative Khintchine Inequalities

The scalar Khintchine inequalities above can be generalized to the case where the co-
efficients are matrices. Combined with symmetrization the resulting noncommutative
Khintchine inequalities are a very powerful tool in the theory of random matrices.
Schatten class norms have to be introduced to formulate them.

For a matrix A we let 0(A) = (01(A),...,0,(A4)) be its sequence of singular
values. Then the Schatten p-norm is defined as

[Alls, :== lo(A)]lp, 1<p<oo. (6.19)

It is actually nontrivial to show the triangle inequality for Schatten p-norms. We refer
the interested reader to [8, 72, 120].
The hermitian matrix AA* can be diagonalized using a unitary matrix U,

AA* = U*D*U
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where D = diag(oi(A),...,on(A)) (possibly filled up with zeros). As the trace is
cyclic, that is Tr(AB) = Tr(BA), and since UU* = 1d, we get forn € N

1A%, = llo(A) |3y = Te(D*") = Te(D**UU*) = Te(U*D*"U)
= Tr((U*D*U)") = Tr((AA*)"). (6.20)

As a special case, the Frobenius norm is the Schatten 2-norm,
operator norm is also a Schatten norm,

[All2-2 = 1(A) = [|o(A)lo = | Al -

[Allr = [|Alls,. The

By the analogous property of the vector p-norm we have || Al|s, < [|Al|s, for ¢ > p.
In particular, the following estimate will be very useful,

[All22 < ||Alls, foralll <p<oo. 6.21)
If A has rank r then it follows from the corresponding property of £,-norms that
1Alls, < r'/7||All22. (6.22)

Let us now state the noncommutative Khintchine inequality for matrix-valued Rade-
macher sums, which was first formulated by F. Lust-Piquard [82] with unspecified
constants. The optimal constants were provided by A. Buchholz in [16, 17], although
it is not obvious at first sight that the results of his paper [16] allow to deduce our next
theorem, see also [130]. The proof follows the ideas of Buchholz [16].

Theorem 6.14. Let € = (€1, ..., €en) be a Rademacher sequence, and let Bj, j =
1,..., M, be complex matrices of the same dimension. Choose n € N. Then

M
B> eBjlIE,
j=1

2n 2n
an)! v 1/2 M 1/2

< max < ||| Y B;B; A B;B; . (6.23)

j=1 j=1

2nn!
Szn SZn

Note that the matrices Bij’f and B;Bj in (6.23) are self-adjoint and positive, so
that the square-roots in (6.23) are well-defined.

In order to prove the noncommutative Khintchine inequalities we need to introduce
the notion of pairings.

Definition 6.15.

(a) A pairing is a partition of the set [2n] into two-element subsets, called blocks. The
set P,,, denotes the set of all pairings of [2n].
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(b) The canonical pairing 1 = {D;, ..., D, } has blocks D; = {25 — 1,2j}.

(¢) Let m = {Dy,..., Dy} be a pairing. Then its cyclic shift T'r is the pairing with
blocks T'Dy, where T{j, k} = {j + 1, k + 1} with addition understood modulo 2n.
(d) The "symmetrized" pairing T contains all blocks {Jj, k} of a pairing 7 satisfying
Jj, k < nand in addition the "reflected" blocks {2n + 1 — j,2n+ 1 — k}. The blocks of
7 with both elements being larger than n are omitted in T and the blocks {4, k} with

j < mnandk > n are replaced by the "symmetric" block {j,2n + 1 — j}.

(e) Similarly, the pairing 7 contains all blocks {4, k} of the pairing 7 satisfying j, k >
n and in addition the "reflected” blocks {2n+ 1 — j,2n+ 1 — k}. The blocks of 7 with
both elements smaller than n + 1 are omitted in 7 and the blocks {j,k} with j < n
and k > n are replaced by the "symmetric" block {2n + 1 — k, k}.

Let B = (By,...,By) be a sequence of matrices of the same dimension and 7 =
{Dy,..., Dy} € Py,. We define the mapping o = o : [2n] — [n] such that a(j) = ¢
iff 7 € D,. Using this notation we introduce

M

T(B) = Y By Bion Braw Brow * Browey Bivuon- (6.24)
ki, kn=1

Note that 7(B) is independent of the chosen numbering of Dy, ..., D,,. The following
lemma will be the key to the proof of the noncommutative Khintchine inequalities.

Lemma 6.16. Let m € Py, and B = (By, ..., Byr) a sequence of complex matrices
of the same dimension. Then there is v > 1/(4n) and non-negative numbers p, =

pp(m), p € Pap, satisfying v + 3 ,cp, Pp = 1, such that

| Trw(B)| (6.25)
o 1/2]2n o 12120 )7
< max (ZBkB,:> , <ZB;Bk> II |TcoB) .
k=1 S k=1 s, | PP
Proof. First observe that
N n M n
o= 3 Tlom, - (o)
Kiyeooskn=1j=1 k=1

Since the matrix inside the bracket is self-adjoint and positive semi-definite we can
take its square root and (6.20) yields

M 1/2 2n
Tr1(B) = (Z BkB,’;> : (6.26)
k=1

Son
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Since the trace is cyclic we similarly obtain

1/2 2n
TrT1(B) = ‘ ZBZBk> . (6.27)
- SZn

The idea of the proof is to successively provide estimates of | Trm(B)| in terms of
traces of operators p(13) which become more and more ’similar’ to 1(5) or T1(5).

Lett € {0,1,...,n} be the maximal number such that, for some p, {p,p+1}, {p+
2,p+3},...,{p+ 2t —2,p+ 2t — 1} are blocks of the partition 7. If £ = n then
m = 1 orm = T'1 and we are done. We postpone the case ¢ = 0 to later and assume
ten—1].

By cyclicity of the trace, it holds Tr(B) = Tr(T™ P~2*17)(B) if n — p is odd and
Trm(B) = Te(T"P~2+17)(B*) if n — p is even, where B* = (B}, ..., B%,). Note
that the blocks {n —2t+1,n—2t+2},{n—2t+3,n—2t+4},...,{n—1,n} (with
addition modulo 2n) are part of the partition 7" "P~2*!7 Assume n even and p odd
for the moment. Denote the blocks of 77 P—2t+1x by Dy,...,D, and let « = o :
[2n] — [n] be the mapping defined by «(j) = ¢ iff j € D,. Divide [n] into three sets
L, R,U. The subset L (resp. R) contains the indices ¢, for which both elements of D,
arein {1,...,n} (resp. {n + 1,...,2n}), while U contains the remaining indices for
which the blocks have elements in both {1,...,n}and {n +1,...,2n}.

The Cauchy Schwarz inequality for the trace (2.6) and for the usual Euclidean inner
product yields

| Ten(B)] = | Te(T" 7P~ 1m)(B))

f— .. DY *
- Z Tr Z Bka(l ka(nﬂ) Bka(Zn)

ki€[M]icU ki€[M]ieLl ki€ M] i€ER

PEEEY *

=< Z Tr Bka(U Bka(n) Z k (1)

ki ieU ki €L JA€EL

*
X Tr Bka(n+l a(m Bka(nH)
\ ki i€eR I,ZER
* *

= Z Tr Bka“) Bku(n) kan) Bku(l)

“ e * “ .. *
Bka(nﬂ) Bka(2n> Z Bka(Zn) Bka(n+1)

kijieU (k‘i,iGL kiji€L
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<—
= | Tr (TP~ 21 0) (B) V2| Tr p(B)| /2 (6.28)

% %
with p = TP~ 2+ € Py, If t > n/2 then T" P2+ 17 equals 1 or T'1 and we

are done. If t < n/2 then T""P~2**l7 contains the blocks {n — 2t + 1,n — 2t +
2}, {n—1Ln}, {n+1,n+2},...,{n+2t—1,n+2t}. Apply the same estimates
<—

with ¢ = 2t as above to T2 (T™~P~2!*17) to obtain

| Ten(B)| < | Te(T (TP 1) (B)| V4| Te p(B) V4] Te p(B)]'/2
S
for suitable 5, p € Pa,. Similarly, as above if ¢ > n/4 then T2 (T" P! equals
1 or T1 and we are done. If t < n/4 then we continue in this way, and after at
most [log,(n)] estimation steps of the form (6.28) inequality (6.25) is obtained with
v > 1/2Mln)1 > 1/(20).

If initially ¢ = O, then we apply the above method to 797 where ¢ was chosen
such that {n,p} for some p > n is a block of T97r. Using the same estimates as
in (6.28) yields | Trw(B)| < | Tr#(B)|"/?| Tr p(B)|'/? for some partition p, where 7
contains the block {n,n + 1}. Then invoke the above method to obtain (6.25) with
7 > 1/(4n).

If n is odd and p even, then an obvious modification of the chain of inequalities
(6.28) applies. If n — p is even then B* instead of B appears after the first equality
in (6.28). Noting that Tr 1(B*) = TrT'1(B) and TrT'1(B*) = Tr 1(B) by cyclicity
concludes the proof. O

Corollary 6.17. Under the same assumptions as in Lemma 6.16, for all m € Py,

2n

M 1/2
, (Z BZBk> . (629
k=1

SZn

2n

M 1/2
| Tr7(B)| < max H (Z BkB,’;>
k=1

SZn

Proof. Denote the right hand side of (6.29) by D. The constant v in Lemma 6.16 may
be chosen the same for all partitions 7w € P, for instance v = 7, = 1/(4n). Indeed,
if 7 is initially larger, then by (6.26) and (6.27) simply move some weight from D7 to
| Tr 1(B)[P*(™) or to | Tr T'1(B)|Pr (™), whichever term is larger.

Apply Lemma 6.16 to itself to obtain

| Tra(B)] < D" ] |Trs(B)P=™

KEP,,
< DM H DYPx(T) H | Tr p(BB)|P=(™Po(¥)
K/EPZTL PEPZn

— pntnll-—m) H ‘Trp(B)|Z”EP2n Po(R)pr(m)
pEPZn
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This yields (6.25) with new constants

v=n+nl-m), pP) =Y pyr)pxlr).
KEP,,

Since v; = 1/(4n), in particular, 0 < 7 < 1, the new constant -y, is larger than ~;.
Iterating this process yields increasingly larger constants 7y, defined recursively by

Yer1 = Yo + 7e(1 = 7).

Elementary calculus shows that limy_,, v, = 1. Since the corresponding constants

p(pé) () satisfy ve + 3 cp, p%)(w) = 1 for all ¢ one concludes limg_, o pg)(w) =0

for all p € P,,,. This completes the proof. a

Now we are in the position to complete the proof of the noncommutative Khintchine
inequalities.

Proof of Theorem 6.14. By (6.20)

n

M M M
E:=E|Y aBlE, =ETr | (Y eBe Y €B;
k=1 k=1 j=1
M
= Z E[ekl T 6k2n] Tr(Blezszs T BZZn)-
k17'--7k2n:1

Observe that Efeg, - - - €x,,] = 1 if and only if each j € [2n] can be paired with an
¢ € [2n] such that k; = k; and E[ey, - - - €x,,] = 0 otherwise. Therefore, denoting
B = (By,...,B), Corollary 6.17 yields (recall also the definition in (6.24))

E= Y Tra(B)

TEP,,

M 1/2
< | P,y | max (Z BkB;;>
k=1

2n 2n

M 1/2
k=1

Elementary considerations show that the number |P,,,| of pairings of a set with 2n
(2n)!

|
2nn!”

Szn SQn

elements equals

The noncommutative Khintchine inequalities may be extended to general p > 2,
similarly to Corollary 6.9 in the scalar case, see also [130]. For our purposes the
present version will be sufficient.
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6.6 Rudelson’s Lemma

Rudelson’s lemma [113] is a very useful estimate for the operator norm of a Rademacher
sum of rank one matrices. The statement below is slightly different from the formula-
tion in [113], but allows to draw the same conclusions, and makes constants explicit.
Its proof is a nice application of the noncommutative Khintchine inequality.

Lemma 6.18. Let A € C™*M of rank r with columns ay, . .. ,ayr. Lete = (ey, ..., en)
be a Rademacher sequence. Then, for2 < p < oo,

1/p

M
E| Y caaill, | <2/On e Al max gl (6.30)
J:l EARAS

1 1/(2n)
Proof. Write p = 2n + 20 withn € N and @ € [0, 1). Denote C,, = ((2271”72,) .

Note that (a;a})*(aja}) = (a;a})(a;aj)" = ||aj\|%aja;?. Therefore, the noncommu-

tative Khintchine inequality (6.23) yields
1/(2n) 1/(2n)
E:=|E|D ¢aall3, < | EIID qajallfE,
J J
1/2
< Co|[| D llayli3aja;
! SZn

The operator ), [|a; ||%aja;f has rank at most . The estimate (6.22) of the Schatten
norm by the operator norm together with (2.5) gives therefore

1/2
B < /@ {37 Jla;13aja;
/ 2—2

1/2
< Cor/C )N aga|)2) Jmaxlagll2.
j =Ly

Observing that [| 3= ajat|ly/%, = [ AA* |}, = || Al yields

E < Cprt/®| Ay max |aj]a.
=1, M

With the estimate (6.21) of the operator norm by the Schatten norm together with
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(6.12) we obtain
M

2n+20 2n 9 2 2
B> eazal]32 < (B ejajalld )~ EnZegaJ aj||32)?
j=1 J

)N\ 1 @n+2) \’ 20420
= (2”n! P (n £ 1)! [All2-2 jmax, a2

2n+20
< ey 4 0 <||A|H s asl)
3=l

Hereby, we applied (6.11) and the same chain of inequalities as in (6.13). Substituting
p/2 = n + 0 completes the proof. O

Proposition 6.5 leads to the following statement.

Corollary 6.19. Let A € C"™*M of rank r with columns ay, . ..,ay. Let e € RM be
a Rademacher sequence. Then for all u > \/2

M
.2
P eaailasn > ullAlass jmax lajll2 | <23/4re=w/2. (6.31)
j=1
The formulation of Rudelson’s lemma which is most commonly used follows then

from an application of Lemma 6.6 (where the “maximum” is taken only over one
random variable) after estimating 2%/% < 2.

Corollary 6.20. Let A € C"™*M of rank r with columns ay, . ..,ay. Lete € RM be
a Rademacher sequence. Then

BIS o s < OV Al maxlayl

J=1

with C < V2 + m

~ 1.499 < 1.5.

6.7 Decoupling

Decoupling is a technique that reduces stochastic dependencies in certain sums of
random variables, called chaos variables. A typical example is a sum of the form

Z €j€0X ¢

J#L
where xj, are some vectors and € = (¢;) is a Rademacher series. Such a sum is called
Rademacher chaos of order 2. The following statement, taken from [13], provides a
way of "decoupling" the sum. Many more results concerning decoupling can be found
in the monograph [36].
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Lemma 6.21. Let £ = (&1, ...,&p) be a sequence of independent random variables
with E§; = O forall j = 1,...,M. Let Bjy, j,k = 1,..., M, be a double sequence
of elements in a vector space with norm || - ||, where Bj; = 0 forall j = 1,..., M.
Then for 1 < p < o0

p p

M M
E| > geaBi|| <4E|D B (6.32)

Jk=1 Jk=1
where &' denotes an independent copy of €.

Proof. Introduce a sequence § = (5J)§Vi 1> of independent random variables §; taking

only the values 0 and 1 with probability 1/2. Then for j # k
Ed;(1 —d;) = 1/4.

Since B; ; = 0 this gives

M b M g
E=E|Y &&Bjx| = 4 Ee|| > Esld;(1 — 06 Bk
Gk=1 Jk=1
M p
SAE| D 61— 6% Bk
P

where Jensen’s inequality was applied in the last step. Now let
o(0) ={j=1,...,M :6; =1}.

Then, by Fubini’s theorem,

p

E<4EE|| Y > &&Bjx

j€a () k¢a(d)
For a fixed ¢ the sequences (;) jer(5) and (§k)r¢o(5) are independent, and hence,

P
E<4EEEe || Y > &&Bjx
J€a(8) k¢a(d)
This implies the existence of a dy, and hence a 0 = o(dy) such that

p

E<4EEe > > & Bjn

JE€o kéo
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Since E&; = Ef; = 0, an application of Jensen’s inequality yields

M P
E<#E|Y (Z &€k Bk + Zijﬂék]&,k) +) B &Bjk
JjEo \kéo keo Jj¢o k=1

M M p

<AE|N D &4Bk

j=1 k=1

and the proof is completed. a

We note that the mean-zero assumption [E§; = 0 may be removed by introducing
a larger constant 8 instead of 4, see Theorem 3.1.1 in [36] and its proof. The sum
ijk &;€,.Bj 1 on the right hand side of (6.32) is called a decoupled chaos.

6.8 Noncommutative Khintchine Inequalities for Decoupled
Rademacher Chaos

The previous section showed the usefulness of studying decoupled chaoses. Next
we state the noncommutative Khintchine inequality for decoupled Rademacher chaos
[105], see also [100, p. 111] for a slightly more general inequality (without explicit
constants). A scalar version can be found, for instance, in [86].

Theorem 6.22. Let B, € Cr™t j k =1,..., M, be complex matrices of the same
dimension. Let €, € be independent Rademacher sequences. Then, for n € N,

om 7 1/2n
M 1/n
/ 1/en) ( (2n)!
E| > eeiBix <2 o) (6.33)
‘Lk:l SZn .
M 1/2 M 1/2 N
xmax 4 ||| > BB, A DS BBk N E sy 1 Fllsy, ¢ -
J.k=1 j,k=1
SZn SZn

where F, F are the block matrices F = (Bj)k)%g:l and F = (B;(,k:)%{::l‘

We note that the factor 2!/(27) may be removed with a more technical proof that uses
the same strategy as the proof of the (ordinary) noncommutative Khintchine inequal-
ity (6.25) above. Our proof below rather proceeds by applying (6.25) twice. Taking
scalars instead of matrices Bj ;. results in a scalar Khintchine inequality for decoupled
Rademacher chaos. In the scalar case the first two terms in the maximum in (6.33)
coincide and the third one is always dominated by the first.
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Proof of Theorem 6.22. Denote C,, = % Fubini’s theorem and an application of

the noncommutative Khintchine inequality (6.23) yields

2n

M
E:=E| Y ¢cBjx (6.34)
j7k:] SZn
M /2|2 M 1/2])>"
< C,E, max (zy@@vmé> ,(zqum@ﬁ
k=1 A k=1 S,

where Hy,(¢) == SN

j=1€jBj. We define

By‘,k = (0]...[0|B;j£|0]...|0) € C"*tM
and similarly

Bjix = (0]...|0|B}4[0]...|0)" € C™M,
where in both cases the non-zero block B; j, is the kth one. Then

0 itk 4K,

IRk { BB, ifk=FK, (635)

J
U 0 ifk #K,
ijkBj/7kl = * T /
{ Bj,kBj’,k if k =k

Since the singular values obey oy,(A) = oy, ((AA*)!/2), the Schatten class norm satis-
fies || Alls,, = ||(AA*)'/?||s,, . This allows us to verify that

1/2

M
~ ~
€5 E Bj,k = E €5€5 E Bj,kBj/,k/
k=1 3,3 kK’
SZn SZn

e

i

J

12 12
= Zﬁjﬁj/ ZkaB;/,k? = (Z Hk(f)Hk(E)*>
33’ k s k
2n

SZ'rL

Similarly, we also get

1/2 M Mo
H (Z Hk<e>*Hk<e>> =D& Bix
k =1 k=1

SZn 7= S2n
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Plugging the above expressions into (6.34) we can further estimate
2n

2n

M M
E<C,|E ZEJZBM +EY ¢ B
=1 k= j=1 k=1 S

SZn

Using Khintchine’s inequality (6.23) once more we obtain

M M 2n
=E|> &> B
j:1 k=1 SZn
1/2 2n 1/2 2n
< (), max ZFNIJFIJ* , Zﬁ;ﬁj ,
J J
SZn SZn
where HJ = Zk 1 Bj - Using (6.35) we see that
> HH; =) BjiBj;.
J k.j
Furthermore, noting that
By Bip ... Bium H,
By By ... By H,
F = . . . = . ;
By Bup Bym Hy
we have
ZH* D2 = I(F P23 = 1P
Hence,

M
Ey < Comax { [[(Y BjuBj) ' PIE, I1FIE,
jok=1

As B i differs from B; % only by interchanging B ; with B;  We obtain similarly

) I I,

M M
B, = EIIZ Z ]kHSzn < Cpmax q || Z
7.k=1

j=1 k=1
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Finally,

E< Cn(El + Ez)

2n 2n

1/2 1/2

M / M /

<2-C? max > BBk AL D BB ,
Gok=1 Gok=1
SZn SZ'n,
2n 12n
1P IFIE,
This concludes the proof. O

6.9 Dudley’s Inequality

A stochastic process is a collection Xy, t € T, of complex-valued random variables
indexed by some set T'. We are interested in bounding the moments of its supremum.
In order to avoid measurability issues (in general, the supremum of an uncountable
number of random variables might not be measurable any more) we define, for a subset
T C T, the so called lattice supremum as

E sup | X¢| := sup{Esup | X¢|, F' C T, F finite}. (6.36)
teT teF

Note that for a countable set I, where no measurability problems can arise,
E(sup,cr | X:|) equals the right hand side above. Dudley’s inequality, which was
originally formulated and shown in [45] for the expectation, bounds the moments
[E sup,cr | X¢|? from above by a geometric quantity involving the covering numbers
of T'.

We endow 7" with the pseudometric

1/2

d(s,t) = (E[X; — X,|?) (6.37)

Recall that in contrast to a metric a pseudometric does not need to separate points, i.e.,
d(s,t) = 0 does not necessarily imply s = ¢. We assume that the increments of the
process satisfy,

P(|X: — Xo| > ud(t,s)) < 2exp (—u?/2), t,se€T, u>0. (6.38)

We will later apply Dudley’s inequality for the special case of Rademacher processes
of the form

N

M
Xy =Y eu(t), tef, (6.39)
j=1
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where € = (€1,...,€pr) is a Rademacher sequence and the z; : T — C are some
deterministic functions. Observe that

M
d(t,s)? = E[X; — X, =E| > e(a;(t) — z;(s))
j=1

= (@j(t) — ()% = |x(t) — x(s)3,

Jj=

M

where x(¢) denotes the vector with components x;(t),j = 1,..., M. Therefore, we
define the (pseudo-)metric

d(s,t) = (B|X; — X)) = |x(t) — x(5)||2- (6.40)

Hoeffding’s inequality (Proposition 6.11) shows that the Rademacher process (6.39)
satisfies (6.38). Although we will need Dudley’s inequality only for Rademacher pro-
cesses here, we note that the original formulation was for Gaussian processes, see also
[3, 79, 80, 99, 125].

For a subset 7' C T', the covering number N(T',d,¢) is defined as the smallest
integer N such that there exists a subset £ C 7" with cardinality |E| = N satisfying

T c | Balt,e),
teE

where By(t,e) = {s € T',d(t,s) < e}. In words, T can be covered with N balls of
radius ¢ in the metric d. Note that some authors additionally require that £ C T". For
us E/ C 1" will be sufficient. Denote the diameter of 7" in the metric d by

A(T) := sup d(s,t).
s,teT

With these concepts at hand our version of Dudley’s inequality reads as follows.

Theorem 6.23. Let X;,t € T', be a complex-valued process indexed by a pseudometric
space (T, d) with pseudometric defined by (6.37) which satisfies (6.38). Then, for a
subset T C T and any point ty € T it holds

A(T)
Esup | X; — Xy| < O, / /(N (T, d, u))du + DiA(T) (6.41)
0

teT

with constants C} = 16.51 and D = 4.424. Furthermore, for p > 2,

) VIn(N(T,d,w))du + DA(T))

(6.42)

A(T

teT

1/p
<ESUp|XtXt0|p> Sﬁl/p\/ﬁ (C
0

with constants C' = 14.372, D = 5.818 and 3 = 6.028.
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We note that the estimate (6.42) also holds for 1 < p < 2 with possibly slightly
different constants (this can be seen, for instance, via interpolation between p = 1
and p = 2). Further, the theorem and its proof easily extend to Banach space valued
processes satisfying P(|| Xy — Xs|| > ud(t,s)) < 2¢7%"/2. Inequality (6.42) for the
increments of the process can be used in the following way to bound the supremum,

1/p 1/p
<Esup|Xt|p> < inf (]Esup|Xt—Xt0|p> + (B| Xy, |P) /P

teT toeT teT
1 A(T) 1
<B'"/p / log(N (T’ d, u))du+ DA(T) | + inf (E|X;|") .
0 0

The second term is usually easy to estimate. Further, note that for a centered real-
valued process, that is, EX; = 0 for all t € T', we have

Esup X; = Esup(X; — Xy,) < Esup|X; — Xy, |. (6.43)
teT teT teT

For completeness we also state the usual version of Dudley’s inequality.

Corollary 6.24. Let X;,t € T, be a real-valued centered process indexed by a pseu-
dometric space (T, d) such that (6.38) holds. Then

A(T)
E sup X; < 30 / VIn(N(T, d, u))du. (6.44)
0

teT

Proof. As in the proof of Theorem 6.23 below, we may assume without loss of gener-
ality that A(T") = 1. Then it follows that N (7', d,u) > 2 for all u < 1/2. Indeed, if
N(T,d,u) = 1 for some u < 1/2 then, for any € > 0, there would be two points of
distance at least 1 — € that are covered by one ball of radius u, a contradiction to the
triangle inequality. Therefore,

/ o VIn(N(T, d, u))du > . VIn(2)du = \/lerzA(T).
0 0

Therefore, (6.44) follows from (6.41) and (6.43) and the estimate

2D,

< 30.
VIn?2

C+

O

Generalizations of Dudley’s inequality are contained in [80, 125]; in particular, ex-
tensions to generic chaining inequalities, or bounds of suprema of random processes
by means of majorizing measure conditions.
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Proof of Theorem 6.23. Without loss of generality we may assume that the right hand
sides of (6.41) and (6.42) are finite and non-vanishing. Otherwise, the statement be-
comes trivial. In particular, 0 < A(T") < oo and N(T',d,u) < oo for all uw > 0. By
eventually passing to a rescaled process X; = X;/A(T) we may assume A(T) = 1.

Now let b > 1 to be specified later. According to the definition of the covering num-
bers, there exist finite subsets £; C T, j € N\ {0}, of cardinality |E;| = N (T, d,b7)
such that

T C U By(t, bij).
teE;

Foreacht € T'and j € N\ {0} we can therefore define 7;(¢) € Ej such that
d(t, m(t) < b
Further set 7o (t) = to. Then by the triangle inequality
d(mj(t), mj—1(t)) < d(m;(t),t) + d(mj_1(t),t) < (1+Db)-b7 forallj>2
and d(m (¢), mo(t)) < A(T) = 1. Therefore,
d(mj(t), mj—1(t)) < (1 +b)-b7J, forall j > 1. (6.45)

Now we claim the chaining identity

X — Xy = Z(Xﬂj () — Xx, (1)) almostsurely. (6.46)
j=1

Indeed, by (6.38) we have

P(| X, () = X,y 1)) = 07972

pi/2 1 ,
<P (Xﬂj(t) - Xr w2 wﬂ(”j@)a”j—l(ﬂ)) < 2exp <2(1+b)2b7> :

This implies that Z;’il P(1 X, (0= Xo; i) = b=1/2) < . It follows from the Borel
Cantelli lemma (Lemma 6.4) that the event that there exists an increasing sequence
je, £ = 1,2, ... of integers with j, — oo as £ — oo such that |X7Tfe(t) — Xﬂjrl(tﬂ >
b=9/2 has zero probability. In conclusion, [ Xty — X,y < b=3/2 for all j > jo
and some jo holds almost surely. Consequently, the series on the right hand side of
(6.46) converges almost surely. Furthermore,

2
J

E X — Xty = > (Xoyi) = Xy )| = EIXe = Xy
j=1

—d(t, 7y (1) =0 (J— o)
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by definition (6.37) of the metric d and construction of the 7;(¢). The chaining identity
(6.46) follows.

Now let F' be a finite subset of T'. Let a; > 0, j > 0, be numbers to be determined
later. For brevity of notation we write N(T',d,b=7) = N(b=7). Then

oo

P max|Xt—Xt0|>u§ a;
teF —
=

<P ftrgg(zl ‘Xﬂ'j(t) o Xﬁj—l(t)| > Uzlaj
j= =

<

hE

P (ftfgi‘ [ Xay0) = Xy > Wj)
1

<.
Il

o,

<
Il
—_

e
N@®)N@®Y ))%%P<|Xm<t>—XwH<t>| 21%’)

o

NN (b~U)) max P (lXﬂju) —Xnwl 2

ua;d(m;(t), T (U))
(1+0b)-b=J

.

N I

2(17~ .\2
<2Y N NGB ) exp (—“(b]“])) . (6.47)

2(1+ b2

7=1

Hereby we used that the number of possible increments |X7rj (t)— XﬁF1 (t) | is bounded
by the product N (b=7) N (b~ ~1)) of the cardinalities of the sets £; and ;. Further,
we have applied (6.45) and (6.38). Now for a number o > 0 to be determined later,
we choose

a; =V2a Y (1 +b)- b7 \/ln(ij(b*J')N(b*U*l))), j>1.

Continuing the chain of inequalities (6.47) yields, for u > «,

oo

P max|Xt—Xt0\>u§ a;
tel 1
=

_u2/a2

< 2iN(b’j)N(b*(j*1)) <b7N(b*j)N(b*(j*1)))
j=1

<5 e b_juz/a2 < 2b_”2/a2 s b — 2b b_u2/a2
<2 - D b= b—1 ‘
j=1 j=0
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Using N (b~U=1) < N(b~7) we further obtain

0= i a; < V2al(b+1) i bJ \/j In(b) 4 2In(N(b=7))
j=1 j=1

<V2a7'(b+1 ijx/jln )+2a7 b+ 1)) b7\ /In(N (b)), (6.48)
j=1

By comparing sums and integrals, the second sum in (6.48) is upperbounded by
b7y /In(N N(b9) /
2 IYI(NO) = 7 Z Vind
Jj=1
b
Sﬁ \/ Tdu du< \/ Tdu du

where we additionally used that N (T, d, b*j) < N(T, d,u) for all u € [b=U+1 p=7].
Plugging into (6.48) shows that

® < C(b, a)A(T) + %((bl’*f)) M R ONT d a)du (6.49)
alo — 0

with
C(b,a) :=v2a~! Zb I3, (6.50)

while 2%
P(Iglez% | Xt — Xy | > u®) < ﬁbfuz/o‘z, u > a.

Using that any probability is bounded by 1, Proposition 6.1 yields for the moments

o0
Bsup [X; ~ X =p [ Plsup [X; ~ Xy = o) o
tel 0 telr

= p@p/o P(sup | X; — Xy| > u®@)uP ' du

teF
« 2b e 2 2
< p®P (/ wPldu + —— pu/e up_ldu>
0 b—1
p o) o0
= p@P (a + % b”z/azupldu> .

Taking the supremum over all finite subsets ' C T yields

1/p A(T)
<]E sup | Xy — Xt0|p> < Ki(p,b, a)/ VIn(N(T,d,u))du
0

teT
+ KZ(p7 b7 a)A(T)7
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where
2b(b+ 1 P 2b S 1/p
Kl(pv b,Oé) :pl/p(i—i_) Oli + — biuz/azupfldu )
p b—-1/,
and

aoP 2 o0 1/p
K> (p,b, o) = p'/PC (b, @) < + % b“Q/azupldu> :

(Readers who do not care about the values of the constants may be satisfied at this
point.) We choose o = /2 1n(b). Consider first p = 1. Lemma 10.2 in the Appendix

yields
o0 2 2 o0 1
/ b—u/oc dU:/ —u/2d <7
@ 21n(b) b/21n(b)

Hence,

_BO+1), 20+ )
Ri(b) = Ki (1., /2 b=1 ) (b— 17

In order to estimate /&, we note that, for x < 1,

o0

Zx]\[ Za:j]—m—z ) .

J=1 J=1

Therefore,
_1b(b+1)
(b—1)%

C(b,a) < /2In(b) (6.51)

and

Ry(b) := K(1,b,1/21n(b)) < ’()ébfl;g 21n(b) + m

The choice b = 3.8 yields K(3.8) < 16.51 = C; and K»(3.8) < 4.424 = D,. This
yields the claim for p = 1.
Now assume p > 2 We use the Gamma function I'(x fooo e~ 1dt and the

inequality I'(z) < ﬁ for x > 1, see [81], to estimate (recall a = +/21n(b))

o0 2 2 o0 2 e 2
/ bW/ yp=l gy = / e U 2y 1y < / e~ 2y 1y
a 2In(b) 0

_ 2p/2—1 /OO e_ttp/z_ldt _ 2p/2—ll—~(p/2) < (2/€)p/2—l<p/2)p/2—1/2
0

— % (p/eyw/2.
N
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This yields, recalling that p > 2 and using that pl/ (2p) < el/ (26),
Ki(p) :== Ki(p,b, V2Inb)

1/p
< 2b(b+ 1) (21nb)p/2+ 2b e (p/e)?"
V2Inb(b—1) p b—142p

2b(b+ 1 2b(b+ 1 Vaeb) "
< (b+ )+pl/(2p) (b+1) e V2 /b
b—1 V2Inb(b—1) \b—1

1 1
_ Vbt (Vi) L 20T 20 4 1) (Ve & 7
- b—1 b—1 V2Inb(b— 1) b—1 P

: o1/ (2e)-1/2 V2eb v
:ﬁb(b“)(b_l*m(b—l)) <”‘1> v

Using (6.51) we estimate similarly

K> (p) := Ka(p, b, V21Inb)

1/p
b(b+1) [ 2Inb)P2 26 e
< pl/p p/2
-7 <b—1>2< PR Wi

1/p
b(b+1)V2Inb | /oy _1pbb+1) [V2eb

< AT VAT p),—1/2

ST oo P T \vor ) VP

b(b+ 1)vVInb  e/9=1/2p(b 4+ 1)\ [ v2eb e
S( G-1F T o1 )(b—l) P

In conclusion, inequality (6.42) holds with
\/E@b 1 el/(Ze)—l/Z
=== C=V2(b+1 + :
=3 N e R AT

b(b+1)vInb N e/ 2e=1/2p(b 4 1)
(b—1)? (b—1)? '

Now we choose b = 2.76 to obtain 5 = 6.028, C' = 14.372 and D = 5.818. This
completes the proof. a

D:

6.10 Deviation Inequalities for Suprema of Empirical Processes

The strong probability estimate of Theorem 4.4 depends on a deviation inequality for
suprema of empirical processes that we present in this section. Let Yq,...,Y s be
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independent random vectors in C™ and let F be a countable collection of functions
from C" into R. We are interested in the random variable

M
Z =sup > f(Yy), (6.52)

fer =

that is, the supremum of an empirical process. The next theorem estimates the proba-
bility that Z deviates much from its mean.

Theorem 6.25. Let F be a countable set of functions f : C* — R. Let Y1,..., Y
be independent copies of a random vector Y on C™ such that Ef(Y) = 0 for all
f € F, and assume f(Y) < 1 almost surely. Let Z be the random variable defined in
(6.52) and EZ its expectation. Let 0> > 0 such that E [f(Y)?] < o? forall f € F.
Setvyy = Mo? +2RZ. Then, forall t > 0,

2
P(Z > EZ +1t) < exp(—vmh(t/vm)) < exp <—W) ; (6.53)

where h(t) = (1 +t)In(1 +¢t) —t.

This theorem, in particular, the left-hand inequality (6.53), is taken from [14]. The
second inequality in (6.53) follows from h(t) > ﬁ forall ¢ > 0. If F consists only
of a single function f, then Theorem 6.25 reduces to the ordinary Bernstein or Bennett
inequality [6, 134]. Hence, (6.53) can be viewed as a far reaching generalization of
these inequalities.

The proof of (6.53), which uses the concept of entropy, is beyond the scope of
these notes. We refer the interested reader to [14]. Deviation inequalities for suprema
of empirical processes were already investigated in the 1980ies by P. Massart and
others, see e.g. [84, 1]. M. Talagrand obtained major breakthroughs in [122, 123],
in particular, he obtained also a concentration inequality of the following type: Let
Y1,..., Y be independent random vectors and |f(Y,)| < 1 almost surely for all
fe€Fandalll=1,..., M. Then

P(|Z —EZ| > t) < 3exp <—élog <1 + ]\jﬂ)) ; (6.54)

where C' > 0 is a universal constant. The constants in the deviation and concentra-
tion inequalities were successfully improved in [85, 107, 108, 14, 77]. Extensions of
deviation and concentration inequalities can be found in [10, 9, 79].

7 Proof of Nonuniform Recovery Result for Bounded
Orthonormal Systems

In this section we prove Theorem 4.2.
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7.1 Nonuniform Recovery with Coefficients of Random Signs

In order to obtain nonuniform recovery results we use the recovery condition for indi-
vidual vectors, Corollary 2.9. In order to simplify arguments we also choose the signs
of the non-zero coefficients of the sparse vector at random. A general recovery result
reads as follows.

Proposition 7.1. Let A = (ay,...,ay) € C™V and let S C [N] of size |S| = s.
Assume Ag is injective and

||ATSagH2 <a<1/V2 foralll ¢ S8, (7.1)

where Al is the Moore-Penrose pseudo-inverse of Ag. Let € = (€j)jes € C* be a
(random) Rademacher or Steinhaus sequence. Then with probability at least

1—23/4(N — s)exp(—a2/2)

every vector x € CN with support S and sgn(xs ) = € is the unique solution to the
£1-minimization problem (2.12).

Proof. In the Rademacher case the union bound and Hoeffding’s inequality, Corollary
6.10, yield

P(max |(Afar, sgn(xs))| > 1) < D P (!<A2ae,sgn(><s)>| > IIATgaeHza‘l)
£¢8 g5
< (N = 5)2/*exp(—a2/2).

In the Steinhaus case we even obtain a better estimate from Corollary 6.13. An appli-
cation of Corollary 2.9 finishes the proof. a

In view of the previous proposition it is enough to show that HAgagHg is small. The
next statement indicates a way how to pursue this task.

Proposition 7.2. Let A € C™*N with coherence i and let S C [N] of size s. Assume
that
[A5As —Id[l22 <0 (7.2)

for some 6 € (0,1). Then

1AL ay|l> < % foralll ¢ S.

Proof. By definition of the operator norm

1Akacll2 = (A5As) " Agalla < 1(A5As) ™ 2-all Asac] 2. (7.3)
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The Neumann series yields

(A5A8) ™ 22 = IIZ (Id — A5As)*[252 <z:IIId A5As5 5,

k=0
o0
<y ob=—

k=0

by the geometric series formula. The second term in (7.3) can be estimated using the

coherence,
|A5acll, = > [{ae,a)> < v/sp.
jeS
Combining the two estimates completes the proof. O

We note that in contrast to the usual definition of coherence, we do not require the
columns of A to be normalized in the previous statement. Condition (7.2) is a different
way of saying that the eigenvalues of A§Ag are contained in [1 — d, 1 + ], or that the
singular values of Ag are contained in [v/1 — 4, /1 + 4.

7.2 Condition Number Estimate for Column Submatrices

Let us return now to the situation of Theorem 4.4. Proposition 7.2 requires to provide
an estimate on the coherence of A and on ||A§Ag — Id|[>—». The latter corresponds
to a probabilistic condition number estimate of a column submatrix of the structured
random matrix A of the form (4.4). The estimate of the coherence will follow as a
corollary. (Note, however, that the coherence alone might be estimated with simpler
tools, see for instance [78].) The main theorem of this section reads as follows.

Theorem 7.3. Let A € C"™*N be the sampling matrix (4.4) associated to an orthonor-
mal system that satisfies the boundedness condition (4.2) for some constant K > 1.
Let S C [N] be of cardinality |S| = s > 2. Assume that the random sampling points

ti,...,tm are chosen independently according to the orthogonalization measure v.
Let 0 € (0,1/2]. Then with probability at least
52
1 —23/4 exp (— In ) , (7.4)
CK?2s

where C =9 + V17 = 13.12, the normalized matrix A= ﬁA satisfies

| A% Ag —1d||r0 < 6.

__ We note that the theorem also holds for 1 /2 < 6 < 1 with a slightly larger constant
C.
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Proof. Denote by X; = (¥;(t¢))jes € C* a column vector of A%. By independence
of the ¢, these are i.i.d. random vectors. Their 2-norm is bounded by

IXella = [> h(te)]> < Kv/s. (7.5)
JES

B (XX{); = B [0r(t0)¥5(00)| = | 5()0u0dv(t) = 8.,k € S,

Furthermore,

or in other words, EX, X} = Id. Using symmetrization, Lemma 6.7, we estimate, for
p=>2,

m

e 1
By :=E|AgAs —1d|5_, = E[|— > (XX} - EX,X])[l5_,
(=1
2\P &
< <m> Bl eXe XI5,
=1
where € = (€1, ..., €,) is a Rademacher sequence, independent of X, . .., X,,. Now,

we are in the position to apply Rudelson’s lemma 6.18. To this end we note that Ag has
rank at most s. Using Fubini’s theorem and applying Rudelson’s lemma conditional
on (Xy,...,X,,) yields

2
E, < ( ) 73/4 pp/Z -p/2R {”AS| P m[ax |X2||p}
m

2
< —= 2/4spr/PeP2, ||| A5 A X5 7.6
< (%) 2w A5 Asll B | max X[ 70

m

In the last step we applied the Cauchy Schwarz inequality. Using the bound (7.5),
which holds for all realizations of X, ..., X,,, inserting the identity Id into the oper-
ator norm and applying the triangle inequality yields

2 \? _ ~ =
E, < <\/ﬁ> 23/4Spp/26 p/28p/2Kp\/E [(HASAS —1d|jp2 + 1)p]

’ A A 2
- <2K\/?> 2Yse 22 (B AgAs — 1|5 ;)" 7 + 1)”/ |
m
Dpm,s = ZK\/?ZM“]”)SI/?@—I/Z\/@
m

ENP < Dy EY + 1.

Denoting

we have deduced
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Squaring this inequality and completing the squares yields

(Eglj/p - D;,m,s/z)z < D2 + D?),m,s/“'v

p,m,s

which gives

BY? < \[D3 s+ D/ + D2 )2 (7.7)
Assuming Dp, , s < 1/2 this yields

1 1
E;/p S 1 + T6Dp7mas + ZD 51,8 = /{Dp,m,s (78)

with Kk = @. Hence,
. e 1/p . e
(Emin{1/2, | A5As ~1d[_,}) " < min{1/2, (| A5As ~ 1d5_,)"/")}
< HDp,]V[,&

It follows from Proposition 6.5 that for v > V2,
P (min{l /2,||A5As —Id|r)} > 26K /Su) < 2345 exp(—u?/2),
m
2
hence, for 26K (/22 < § < 1/2

2
* 3/4 mo
P(|AgAs —1d[|22 > 6) <2 / Sexp <_8/£2K23) . (7.9)
The right hand side in (7.9) is less than ¢ provided

CK?s
52

m > In(2%/4s /) (7.10)
with C = 8x2 = (V17 4+ 1)2/2 = 9 + v/17 ~ 13.12. In order to have a non-trivial
statement we must have ¢ < 1. In fact, for s > 2 condition (7.10) then implies that 6 >
2kK+/2s/m. We conclude that (7.9) holds trivially also for 0 < § < 2kK+/2s/m,
which finishes the proof. O

The above proof followed ideas contained in [115, 136]. Similar techniques were
used in [92]. We remark that in the special case of the trigonometric system (examples
(1) and (4) in Section (4.1)), the constant 13.12 in (7.4) can be essentially improved
to 3e ~ 8.15 (see [65] for the precise statement) by exploiting the algebraic structure
of the Fourier system [102, 65]. Indeed, one may estimate IEI||# cAs — Id||§7;n =

ETr ((%ASAS — Id)”) directly in this case, i.e., without Rudelson’s lemma or the
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Khintchine inequality. This approach, however, is more technical and uses elements
from combinatorics.

Note furthermore that the conclusion of the theorem can be reformulated as follows:
If fore € (0,1),6 € (0, 1/2] condition (7.10) holds, then with probability at least 1 —¢

the normalized matrix A = —— A satisfies
Jm

| A5 Ag — Idr— < 6.

The above proof also indicates how the boundedness condition (4.2) may be weak-
ened. Indeed, the term [E max ¢, ||Xz||§p in (7.6) was estimated by K?Ps” using the
boundedness condition (4.2). Instead, we might actually impose also finite moment
conditions of the form

sup / |0 (t)|Pdr(t) < Kp, 2 <p<oo.
JE[N] /D

A suitable growth condition on the constants kK, should then still allow a probabilistic
estimate of ||Z§AS — 1d||2—2 — possibly with a worse probability decay than in (7.4).
Details remain to be worked out.

Let us now turn to the probabilistic estimate of the coherence of the matrix A in
4.4)

Corollary 7.4. Let A € C"™*N be the sampling matrix (4.4) associated to an orthonor-
mal system that satisfies the boundedness condition (4.2) for some constant K > 1.
Then the coherence of the renormalized matrix A = ﬁA satisfies

m

A2 3/4 N2
NS\/ZOK In(23/4N2 /e)

with probability at least 1 — ¢ — provided the right hand side is at most 1 /2. The
constant is the same as in the previous statement, C = 9 + /17 ~ 13.12.

Proof. Let S = {j,k} be a two element set. Then the matrix ﬁgﬁs — Id contains
(a;,ay) as a matrix entry. Since the absolute value of any entry of a matrix is bounded
by the operator norm of the matrix on ¢,, we have

(&), 8)| < [|A5As — 1d]l22.
By Theorem 7.3 the probability that the operator norm on the right is not bounded by

d € (0,1/2] is at most
2
23/4~Zexp(~m5 )
CK?-2
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Taking the union bound over all N(N — 1)/2 < N?/2 two element sets S C [N]
shows that

52
P(u > 6) < 23/*N?ex (— m )
(n=>96) < LAy

Requiring that the right hand side is at most € leads to the desired conclusion. O

7.3 Finishing the proof

Now we complete the proof of Theorem 4.2. Set o = g for some ¢,6 € (0,1/2]
to be chosen later. Let i be the coherence of A= %A. By Proposition 7.1 and
m

Proposition 7.2 the probability that recovery by ¢;-minimization fails is bounded from
above by

VAN —s)e @ 4P ( max [ ALa, > oz)
Le[N\S

<N —5)e 2 4 P(||ALAg — 1d|n > 8) + P > ). (7.11)

By Theorem 7.3 we have ]P’(HETSZS — Id||r2 > §) < e provided

CK?
m > Tsln(23/4s/5), (7.12)
while Corollary 7.4 asserts that P(u > ¢) < ¢ provided

20K?
m> = In(23/4N?/e). (7.13)

Sett = 5\/% Then (7.13) implies (7.12), and o = f—g. The first term in (7.11) is
then bounded by ¢ if
672 =4m(2%4N/e).

Plugging this into the definition of ¢ and then into (7.13) we find that recovery by
£1-minimization fails with probability at most 3¢ provided

m > CK?sIn(2%*N/e) In(2/4N? Je)

= CK2sIn(23*N/e) (m(N) + 1n(23/4N/5)> .

Replacing ¢ by £/3, this is satisfied if (4.18) holds with C' = 2C. O
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8 Proof of Uniform Recovery Result for Bounded
Orthonormal Systems

In this chapter we first prove the theorem below concerning the restricted isometry
constants J; of A = ﬁA, associated to random sampling in bounded orthogonal
system, see (4.4). Rudelson and Vershynin have shown an analog result for discrete
orthonormal systems in [116]. Later in Section 8.6 we strengthen Theorem 8.1 to
Theorem 8.4, which ultimately shows Theorem 4.4.

Theorem 8.1. Let A € C™*N be the sampling matrix (4.4) associated to an or-
thonormal system that satisfies the boundedness condition (4.2) for some constant
K > 1. Assume that the random sampling points ty, ..., t,, are chosen indepen-
dently at random according to the orthogonalization measure v. Suppose, for some
e€(0,1),0 € (0,1/2], that

% > DK% 2s1n%(100s) In(4N) In(7e ") (8.1)

where the constant D < 243 150, then with probability at least 1 — € the restricted
isometry constant of the renormalized matrix ﬁA satisfies §s < 9.

8.1 Start of Proof

We use the characterization of the restricted isometry constants in Proposition 2.5(b),

b= max [ AxAs —1d]mn.
SCN,|S|<s
Let us introduce the set
Diy={zeCN |z <lLllzlo<s}= |J B
SC[N],|S|=s

where B% = {z € CV,||z||» < 1,suppz C S}. The quantity

IBlls :== sup [(Bz,z)|
zeD;N

defines a norm on self-adjoint matrices B = B* € CV*V (a semi-norm on all of
CN*Ny and o
ds = |A"A —1d||,.
N
Let X[ = (ﬂlj(tg))]_
pling point ¢, ¢ € [m]. Then X is a row of A. Observe that EX,X} = Id by the
orthogonality relation 4.1. We can express the restricted isometry constant of A as

€ C¥ be the random column vector associated to the sam-
1

1 “ * 1 “ * *
0s = ME ZXng —1d|, = EMZ(XtZXé - EX X)) (8.2)
=1 =1



68 Holger Rauhut

Let us first consider the moments of ;. Using symmetrization (Lemma 6.7) we esti-
mate, forp > 1,

/=1 =1

m 1/p m 1/p
(EIIIZ(XcXZF—EXzXZ‘)III’§> <2<]E||ZercX27|||§> .83

where € = (€q,. .., €y) is a Rademacher sequence, which is independent of the ran-
dom sampling points ¢4, £ € [m)].

8.2 The Crucial Lemma

The following lemma, which heavily relies on Dudley’s inequality, is key to the esti-
mate of the moments in (8.3).

Lemma 8.2. Let Xy, ..., Xy, be vectors in CN with ||x||cc < K for £ € [m] and
assume s < m. Then,

m
B> emxexill, < C1K/s1n(100s)/In(4N) In(10m)
(=1

m
1> xexill, 84
/=1

where Cy = 94.81. Furthermore, forp > 2,
m 1/1’
(E”Z €rXeX] |||§>
/=1

< 8'/7Cy\/pK/51n(100s)/In(4N) In(10mm)

m
1> xexill,, (8.5
/=1

where C = 82.56 and 8 = 6.028 is the constant in Dudley’s inequality (6.42).

PROOE. Observe that

m p\ /P

S el xe, w)?

=1

m 1/p
By = (EIIZ@X@XZHI?) = |E sup

(=1 s,N

This is moment of the supremum of a Rademacher process, Xu = >_,_; €| (x¢, u)|?,
which has associated pseudo-metric

dfu,v) = (B~ X)) = 15 (1w = e
/=

1
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see also (6.40). Then, for u,v € Dg N We can estimate

m 1/2
d(u,v) = (Z (1, w)] = [{xe, v)1)? (I{xe, )| + |<XeaV>|)2>

=1

< max [ w) =[x, V)| sup | > (xesw)| + [(xe, v))2

m
wveD; v\ (=

< 2R max |[(xp,u—v)| ,
Le[m)

where

m

m
R= sup |> |(xew)= |1 xexl,.
=1

ueD; v\ =1

We further introduce the auxiliary seminorm

ux = an[ax] |(x¢,u)] ,ueCV . (8.6)

We derived that the rescaled process Xy, /(2R) satisfies

1/2

(EIXu/(2R) - X /@R)P)* < [lu—v]x.

It follows from Dudley’s inequality for Rademacher process, Theorem 6.23 with ¢y =
0, that

y AD2 ) . )
By <28rm (€ [T VDL - )+ DADEY) | - 87

By the Cauchy-Schwarz inequality, for u € Dg, N

[ullx = fmax [(x¢, w)| < [[uly max [xelloo < Kv/s[ullz < K/s . (8.8)
Therefore, the diameter A(Di ) in the || - || x-norm satisfies

ADI ) =MD |- 1) < 2KV (8.9)

Our next task is to estimate the covering numbers N (Dg ~No |l s t). We will do

this in two different ways. One estimate will be good for small values of ¢ and the
other one for large values of ¢. For small values, we introduce the norm

N
lzll ==Y (IRe(z))| + [ Im(z)]) ,z € CV,

J=1
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which is the usual ¢;-norm after identification of C" with R?>"V. Then we have the
embedding

Dg,N cv ZSBﬁ\.]H;w where BﬁYIIT ={z € cv, [zll7 < 1}.

The next lemma provides an estimate of the covering numbers of an arbitrary subset

of BN, ..
II1I7

8.3 Covering Number Estimate

The next lemma provides an estimate of the covering numbers of an arbitrary subset

of BN, ..
I3

Lemma 8.3. Let U be a subset of BYY,. and 0 < t < \/2K. Then

lI-1%
1

VIn(N(U, || - [|x,t)) < 3K+/In(10m) In(4N)t~".

Proof. Fix x € U. The idea is to approximate x by a finite set of very sparse vectors.
In order to find a vector z from this finite set that is close to x we use the so called
empirical method of Maurey. To this end we define a random vector Z that takes
the value sgn(Re(z;))e; with probability |Re(z;)|, the value i sgn(Im(z;))e; with
probability | Im(x;)| for j = 1,..., N, and the zero vector 0 with probability 1—||z||.
Here, e; denotes the jth canonical unit vector, (e;), = 6;. Since ||x||] < 1 thisis a
valid probability distribution. Note that

N N
EZ = Z sgn(Re(z;))|Re(z;)|ej + ¢ Z sgn(Im(z;))|Im(z;)|e; = x.
j=1 J=1
Let Zy,...,Z)s be independent copies of Z, where M is a number to be determined
later. We attempt to approximate x with the M -sparse vector
| M
k=1
We estimate the expected distance of z to x in || - || x by first using symmetrization
(Lemma 6.7),
| M ) M
Ellz —x|x =El5; > (2 —EZy)|x < e > enZillx
k=1 k=1
M
= —[FE max €x{xe, Zy)|,
max > enlxe, Zi)
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where € is a Rademacher sequence, which is independent of (Z,...,Zy;). Now we
fix a realization of (Zi,...,Z)s) and consider only expectation and probability with
respect to € for the moment (that is, conditional on (Zy, ..., Zys)). Since ||x¢||cc < K
and Z, has only a single non-zero component of magnitude 1, we have | (x¢, Zy)| < K.
It follows that

1((xe. Z)L Il < VMK, €€ [m).

Using Hoeffding’s inequality (Proposition 6.11) we obtain

M M
P, <| > enixe, Zi)| > K\/MU) < Pe <| > enlxe, Zy)| > |(<X£azk>)kM—1|2u>
k=1

k=1

< 26‘“2/27 forallu > 0,¢ € [m].

Lemma 6.6 yields

M
E max | Y ex(xs, Zy)| < CKVM+/In(8m) (8.10)

Le[m] P

with C' = v/2 + m ~ 1.499 < 1.5. By Fubini’s theorem we finally obtain

M
2 3K
E|z — < —EzE v 2| < ——=+/In(8m) .
Iz = xllx < 37EzEe max ;em b < gy Vin(sm)
This implies that there exists a vector of the form
| M
Z:M;zk, (8.11)

where each zj, is one of the vectors in {+e;, +-ie; : j € [N]}, such that

|z — x| x < \3/% In(8m). (8.12)
(Note that z has sparsity at most M.) In particular,
lz — x|x <t (8.13)
provided
\?}Ij\% In(8m) < t. (8.14)

Each z;, takes 4N + 1 values, so that z can take at most (4N + 1)M values. (Actually,
it takes strictly less than (4N )M values, since if some e; appears more than once in
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the sum, then it always appears with the same sign.) For each x € U we can therefore
find a vector z of the form (8.11) such that ||x — z|| x < ¢. The choice

M= fff ln(lOm)J

satisfies (8.14). Indeed, then

9K? 9K? 9K21n(10/8)
M > t—zln(mm) —1="1In(8m) + —

2 -1

9K? 91n(10/8) 9K?

since t < V2K and %0/8) > 1. Therefore, (8.14) is satisfied. We deduce that the

covering numbers can be estimated by

VIn(N(U, || - ||lx,t) < /In((4N)M) < \/{95? ln(lOm)J In(4N)

< 3K+/In(10m) In(4N)t !,

This completes the proof of the lemma. O

8.4 Finishing the Proof of the Crucial Lemma

The estimate of the covering number in the lemma of the previous section will be good
for larger values of ¢. For small values of ¢ we use a volumetric argument. To this end,
we observe that

D2y CVaDLy = fx e OV, [l < 1, Jxlo < s} = | 55,
|S|=s

where BY = {x € CV,|x||; < I,suppx C S}. The estimate (8.8) reveals that
lullx < Klu||;, so that

BY ¢ KBY = {x e CV|x||x < K,suppx C S} .
It follows from Proposition 10.1 after identifying C* with R?* that
N(BY |- llx,t) < NBX |- llx,t/K) < (142K /1)

There are

(N) N(N—l)..s.!(N_s+1) Ne SN N <6N>s
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subsets of [N] of cardinality s. Hence, by subadditivity of the covering numbers we
obtain

NDZn I xst) < D7 NBE, |- llx,t/Vs) < (eN/s)*(1+2KVs/1)* .
|S|=s

Together with Lemma 8.3, and noting that Dg N C V2sB M*, we get the two bounds
’ 1

¢1n(N(D§7N, |- llx,4) < 3Kv2sy/In(10m) In(@N)t~!, 0 <t < 2K+/5,

VINND2 -l £) < V2sy/In(e/s) +In(1 + 2K V3/1)

g@( ln(eN/s)—i-\/ln(l—b—ZK\/E/t)), t>0.

Next we combine these inequalities to estimate the “Dudley integral”. We obtain, for
k > 0, noting also that A(D;N) <2K./sby (8.9),

A2 )
Ii= / N D2 -t
0

< \/273/rC In(eN/s) + \/ln (1+42K+/st=)dt
0

2K /5
+3Kv2s/In(10m) ln(4N)/ tdt
< kV2sy/In(eN/s) + 2V2Ks /K/(ZK\/E) In(1 +u=1)du
0
+ 3K V2s/In(10m) In(4N) In(2K /5/k)
< KV2s ( In(eN/s) + \/ln(e(l + 2K\/§/I€))>

+3KV2s/In(10m) In(4N) In(2K /s /). (8.15)

In the last step we have applied Lemma 10.3. The choice x = K/5 yields

1< K (VRENT 4 fin (e (15 1005)))

+3Kv25+/In(10m) In(4N) In (\/ 1005)

< CoK+/54/In(10m) In(4N) In (100s) .
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where Cy = Q + lnl( 100) + % ~ 2.87. Hereby, we applied the inequality

In(e(1 +204/5)) < 4/In(100s)/2 + In(11e/10)
1

= /2 1n(100)

1
= /21n(100)

Plugging the above estimate and (8.9) into (8.7) yields

In(100s)+/In(11e/10)

In(100s)+/In(10m) In(4N).

E, <28"/7\/s (COCK In(10m) In(4N) In (100s) + 2DK> R
< BY7Cy+/54/In(10m) In(4N) In (100s) R,
where, for p > 2, (and N, m > 2),

C =0, =20,C + 4D ~ 82.56.
CoC+/In(20) In(8) In(100)

For the case p = 1 we can use the slight better constants C'; and D; in Dudley’s
inequality (6.41) to obtain

L 4D
C=C) =200y + ! ~ 94 81.

C1C+/1n(20) In(8) In(100)

The proof of Lemma 8.2 is completed.

8.5 Completing the Proof of Theorem 8.1

We proceed similarly as in Section 7.2. Denote, for p > 2,

1 m 1/p
B, := (E0)'/7 = (Emmerxz —Idlli’> .
(=1

Then (8.3) together with Lemma (8.2) yields
2l)Nmsp P 1 = 2
SRmer ) gl = ST XX
(e ) w1 oxexi

m p/2
2DNmsp P 1
———== ) E||— X X5 —1 1 1
(Pmez) (nmz X; d||s+> AT

=1

E,

IN

IN

where
DNm.sp = BPCo\/pK+/51n(100s)1/In(4N) In(10m)
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Using the triangle inequality we conclude that

Ep < 2DNm 4 Nm,s,p

JVE, ¥ 1.

Proceeding in the same way as in Section 7.2, see (7.8), and setting k = @ yields

2D N m.s
(Emin{l/z’ds}p)l/p < “REINm.s,p

Jm
= 5‘/p2502\/;3\/§¢§1n(1005) In(4N)In(10m), p>2.
(8.17)

Proposition (6.5) shows that for all u > 2,

P <min{1 /2,8,} > 26" /2Cy [ In(100s)/In(4N) In(10m) u) <7ev)?,
m

where we used that 5 < 7. Expressed differently, 6s < 6 < 1/2 with probability at
least 1 — ¢ provided

m > D6 2s1n?(100s) In(4N) In(10m) In(7e ")
with D = 2(2ke!/2C5)? ~ 243 150.

8.6 Strengthening the Probability Estimate

In this section we slightly improve on Theorem 8.1. The next theorem immediately
implies Theorem 4.4 by noting Theorems 2.6 and 2.7. Its proof uses the deviation
inequality of Section 6.10.

Theorem 8.4. Let A be the random sampling matrix (4.4) associated to random sam-
pling in a bounded orthonormal system obeying (4.2) with some constant K > 1. Let
e€(0,1),6 € (0,1/2]. If

> 06 2K?s1In* (100s) In(4N), (8.18)

m
In(10m)
m > Dé 2K%sIn(e™!),

then with probability at least 1 — € the restricted isometry constant 05 of ﬁA satisfies
0s < 6. The constants satisfy C < 50963 and D < 456.

Proof. Set E = EJ,. Using Lemma 8.2 for p = 1 and proceeding similarly as in the
preceding section we obtain

2DNms! /= T
E < \Jj—] E+1 GNms E4+1
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with
GNms = C'y ]~ 1n(100s)1/In(10m) In(4N)
m
and C’ = 2C). It follows from (7.7) that, if

GNms <00, witho :=0.84 (8.19)

for § < 1/2, then
E <Eds < 83/9.

It remains to show that J; does not deviate much from its expectation with high prob-
ability. To this end we use the deviation inequality of Theorem 6.25. By definition of
the norm |||, we can write

més = [ (XeX; ~1d), = sup | Y (XF(XP)" —1ds) o
= sup Re <<Z(X€XZ —1d)z, w))
(Z’w)eQi,N =1

= sup iRe <<zm:(XgX§ — Id)z,w>> ,

(2w)EQT N (=1 =1

where Xf denotes the vector X restricted to the entries in S, and

Ayv= U @sw

SC[NT,|S|<s

where Qs n = {(z,w) : z,w € CV |z|, = |w|2 = 1,suppz,suppw C S}.
Further, let Qi*N denote a dense countable subset of Qi ~- Introducing f, w(X) =
Re(((XX* —1d)z, w)) we therefore have

m
m~'6, = sup Z faw(Xe).
(ZW)eQYy =1

Since EXX* = Id it follows that f; w(X) = 0. Let us check the boundedness of f; w
for (z,w) € Qg n with |S]| < s,

| faw (X)| < ((XX* —1d)z, w)| < [|l2]|w]|2]|X®(X¥)* — 1ds]|2-2

< IX5(X5)" 111 = r;gg}% [ () 0k (E) = Ok

§3K2
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by the boundedness condition (4.2). Hereby, we used that the operator norm on #; is
bounded by the one on ¢; for self-adjoint matrices, see (2.3) as well as the explicit
expression (2.1) for || - ||1_. For the variance term o> we estimate

E|faw(Xo)* < E{((XX* — Id)z, w)|* = Ew* (XX — Id)z((XX* — Id)z)*w
< [Iw[3E/|(XX — 1d)z((XX" — 1d)2)*||2-2 = E[(XX* — Id)z||3
= E[IX|31(X,2)]’] - 2E[(X,2)[* + 1.
Hereby we used that |[uu*||,—,» = ||u||3. Observe that || X ||, < v/sK by the Cauchy
Schwarz inequality and the boundedness condition (4.2). Furthermore,
E[(X,2)]P = Y zzEn(t)e;(6)] = |zl = 1
j.keS
by orthogonality (4.1). Hence,
E|faw(Xo)|* < E[IXIB1(X.2) "] - 2E[(X,2)[* + 1 < (sK? — 2)E[(X, )| + 1
=sK?*— 1< sK>2
Now we are prepared to apply Theorem 6.25. Under condition (8.19) it gives
P(0s > 9) < P(ds > Eds +6/9)

= P> (XeX; — 1), > B> (XX — 1d)|, + 6m/9)
=1 =1
(9m/9)?
P (‘ 2msK? + 4(86/9)m + 2<6m/9>/3>

mé? 1 < < mo? 1 >
= €eX — €X —
P\TsK 0143, + 2y | =P\ "sk? 16219 32+ 6

. mo?

=exp| ——= ).

P\ 4565K2

In the third line, it was used a second time that E||>"}" | (X,X; — Id||, = mEd, <

m88/9. Also, note that §/(sK?) < 1. It follows that §; < § with probability at least
1 — € provided

<

m > 45602 K?sIn(e ™).

Taking also (8.19) into account, we proved that j; < § with probability at least | — ¢
provided that m satisfies the two conditions

m
In(10m)

m > 45602 K2sIn(e ).
with C' = 072(C")? = 4072C? < 50963. O

> 06 2K?%s1n* (100s) In(4N),
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8.7 Notes

The estimates of the restricted isometry constants are somewhat related to the Ai-
set problem [11, 12], where one aims at selecting a subset of characters (or bounded
orthonormal functions), such that all their linear combinations have comparable L
and L-norms, up to a logarithmic factor, see [124, 66]. The paper [66] considers
also the more involved problem of providing a Kashin splitting of a set of bounded
orthonormal functions. It is interesting to note that the analysis in [66] also uses the
norm || - || x introduced in (8.6).

9 Proof of Recovery Theorem for Partial Circulant Matrices

The proof of Theorem 5.1 is based on Proposition 7.2, which requires to estimate the
coherence of A = \/%d)@(b) and to provide a probabilistic estimate of ||A§Ags —

Id||2—2, where S = supp(x). We start with the coherence estimate.

9.1 Coherence

The proof of the following coherence bound uses similar ideas as the one of Theorem
5.1in [96].

Proposition 9.1. Let 1 be the coherence of the partial random circulant matrix A =

ﬁtb@(e) € R™*N ywhere € is a Rademacher sequence and ® C [N| has cardinality

m. For convenience assume that m is divisible by three. Then with probability at least
1 — € the coherence satisfies

61log(3N2/e)
m

. 9.1

Proof. The inner product between two different columns ay, ag, £ # k, of A can be
written X
(ac, ap) = — j;aeegﬁk],
where here and in the following ¢ — j and k — j is understood modulo V. The random
variables €; = €y_je,_;, j € O, are again Rademacher variables by independence of
the €; and since ¢ # k. We would like to apply Hoeffding’s inequality, but unfortu-
nately the €;, j € ©, are not independent in general. Nevertheless, we claim that we
can always partition the €;, j € © into three sets ®;, ®,, @3 of cardinality m /3, such
that for each ®; the corresponding family {é;, j € ®;} forms a sequence of indepen-
dent Rademacher variables. To this end consider the sets G; = {¢{ — j, k — j}, j € O,
and let
H={j€®©:3j € Osuchthat G;NGj # 0}.
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The random variables €;, j € H, are not independent. In order to construct the desired
splitting into three sets, consider the graph with vertices j € ®. The graph contains an
edge between j and j if and only if G;; N G # (). Since any r € © can be contained
in at most two sets G; (once as £ — j and once as k— 7), this graph has degree at most 2.
The independence problems are caused by the connected components of the graph. In
order to start with the construction of the three sets ®, ®,, ®3 we choose a connected
component of the graph, and then one of its endpoints (that is, a vertex that is only
connected to one other vertex). If the connected component is a cycle then we choose
an arbitrary vertex as starting point. We then move along the connected component,
and add the starting vertex j to ®, the second vertex to ®,, the third to @3, the fourth
to O etc. If the connected component is actually a cycle, and if the last vertex was
to be added to @, then we add it to ®; instead. It is easily seen that after dealing
with the first connected component of the graph by this process, the random variables
{&;,7 € ©;}, are independent for each i = 1,2,3. All random variables &; with j
not being a member of the first connected component are independent of the already
treated ones. So we may repeat this process with the next connected component in the
same way, starting now with a ©; ' }. After
going through all connected components in this way, we add each element of ® \ H
arbitrarily to one of the ®;, such that at the end |®;| = m/3 fori = 1,2,3. By
construction, the random variables €;, j € ®;, are independent for each 7 = 1,2, 3. By
the triangle inequality, the union bound, and Hoeffding’s inequality (6.16) we obtain

3
Pll{aca > u) < 3P [ 113 &) > u/3

i=1 j€O;
3 3 777,2
=S r (1 a1 Vel <2 ew (- )
i=1 j€0; i -1
2
< Gexp (—“6m> . 9.2)

Taking the union bound over all N(N — 1)/2 possible pairs {¢,k} C [N] we get the
coherence bound ,
P(p > u) <3N(N — e ™0,

This implies that the coherence satisfies ;1 < u with probability at least 1 — ¢ provided
6 2
m > Eln(SN /€).

Yet another reformulation is the statement of the proposition. a

Note that (9.1) is a slight improvement with respect to Proposition III.2 in [105]. It
implies a non-optimal estimate for the restricted isometry constants of A.
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Corollary 9.2. The restricted isometry constant of the renormalized partial random
circulant matrix A € R™*N (with m divisible by three) satisfies 65 < & with proba-
bility exceeding 1 — ¢ provided

m > 66 2s*In(3N?/¢).

Proof. Combine Proposition 9.1 with Proposition 2.10(c). O

9.2 Conditioning of Submatrices

Our key estimate, which will be presented next, is mainly based on the noncommuta-
tive Khintchine inequality for Rademacher chaos, Theorem 6.22.

Theorem 9.3. Let ®,S C [N] with |®| = m and |S| = s € N. Lete € RY be

a Rademacher sequence. Denote A = ﬁqﬁ(e) and assume, for ¢ € (0,1/2], €
(0, 1),

m > 165" 2sIn?(2°/%5 Je), (9.3)
Then with probability at least 1 — € it holds | AgAg — Id||,—» < 4.
Proof. Letus denote Hg = A5 Ag —Idg. We introduce the elementary shift operators
on RY,
(Tjx)e=2¢—j moan, Jj=1,...,N.

Further, denote by Rg : CV — C® the operator that restricts a vector to the indices in
®. Then we can write

N
7=1

We introduce R} : C% — CN to be the extension operator that fills up a vector in C°
with zeros outside S. Observe that

N N

* 1 * * *
5As = — > ¢RsTi Ry >  erRoTi R
j=1 k=1
1 & 1 al
=— Z ¢jexRsTj PoT RS + —Rs ZTJ-*P@Tj R,
j,k=1 7=1
#k

where Py = RgRe denotes the projection operator which cancels all components of
a vector outside @. It is straightforward to check that

N
> T PoT; = mldy, 9.5)
j=1
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where Idyy is the identity on CV. Since Rs R = 1ds we obtain

1 1
5= Z ¢jerRs Ty PoTyRs = — Z cjerBjk
J7#k J7#k
with B; j, = RST;k PoT}. Rg. Our goal is to apply the noncommutative Khintchine in-

equality for decoupled Rademacher chaos, Theorem 6.22. To this end we first observe
that by (9.5)

N
> B;yBji=RsTiPo | Y _T;PsT; | PoT;Rs = sRsTj; PeT/ R}
- =

Using (9.5) once more this yields

N N
Z BjBjk = shs <Z TI:PG)TI@) R = smRsRg = smldg.
Jk=1 k=1

Since the entries of all matrices B; j, are non-negative we get

I BixBiw) 28, =Tr [ Y B
ik ik

n

Z B;,kBj,k =Tr(smldg)" = sy

Furthermore, since B}, = By ; we have } ., BX; Bjy = >, BjpBj ;. Let F
denote the block matrix F' = (B} 1), where B, = B; if j # k and B i = 0.
Expressing the product (F* F')™ as multiple sums over the block-components Bj,  and
applying the trace yields

1F1IS,, = Te [(F*F)"]

N
=Tr Z BJlJleJh Byzk‘zBsz "'Bjn,knBJn,kn
J1:J25-Jn=1
ki ka,....kn=1
N N
*
<Tr E : E : Jl,kQ : E Bjn,k"Bjnakl
kiyekn=1 | j1=1 Jn=1
N

=s"Tr > [RsT; PoTh,R5RsTy, PoTy, Ry - - RsTyi, PoTy, R ,
ki,....kn=1
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where we applied also (9.5) once more. In the inequality step we used again that the
entries of all matrices are non-negative. Using the cyclicity of the trace and applying
(9.5) another time, together with the fact that T, =T, y» gives

N N N
IFI&, <s"Tr | > TiPsTiPo Y Ti,PsTiPo--+ Y T, PsT} Po
k=1 ko=1 kn=1

= " Tr[Po] = ms™".

Next, let F' denote the block matrix F' = (B]* 1.)j k- Similarly as above we get

N
_ 3 * >3 %
||F||Szn Tr Z levkl B]h BJZv Bj27k3 T BJW,,knBjn,kl
J1:J2se-sdn=1
k1Ko kn=1
N
< Tr > RyTj PoTy, PsT}, PoT}, Ps - - - PST}, PoTy, PsTy, PoT), R
j17j21"'7jﬂ,:1
ki ka,....kn=1

Using that T}) P = Pe_T}, and T;T;; = T, T; we further obtain

N
2
IFIg, <Te| > ReTwT} Po—r PsPo,T; T}, Ps
J1525- 2 Jn=1

kl’k%-"vkn:l
N
=Tr | > |(®— k)N SN (O ky)|T} PsTy,
k=1
N
D 1O = kn) NS N (O — k)| Tf, PsTh,
kn=1

In the last step we have used that Po—x, PsPo—k, = Plo—k)nsn@—k,) together with
(9.5), and in addition the cyclicity of the trace. Clearly,

[(@—Kk)NSN(O®—k)| <[(®—FKk)NS|<|S|=s,
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and furthermore, |(® — k1) N S| is non-zero if and only if k; € ® — S. This implies
that

N N
D> 1@ ki) N SN (O — ko) |Tj PsTi, < Y |(® — ki) N S|Ps_p, < *Psys-e,
ki=1 k=1
where the inequalities are understood entrywise. Combining the previous estimates
yields

IF|[F < s Tt[Psis_e] = s*"|S + S — O] < s™s*m

Since by assumption (9.3) s < m it follows that

max ¢ |3 BiyBiw) Pl 10 BB IE I F I IIFIIE,
J#k J#k
< mnanrZ.

Using ||Hs|l2—2 = ||Hslls. < ||Hslls, and applying the decoupling Lemma 6.21
and the Khintchine inequality in Theorem 6.22 we obtain for an integer n

E|Hs|3", = E| A5As — 1ds|[3",, < E[A5As —1ds||3;,

n (2n)! 2 gnt2
ex Bkl < anH > Bkl <24 (znny "
J#k J#k

Here €’ denotes a Rademacher sequence, inpendent of €. Let p = 2n + 260 = (1 —
0)2n + 0(2n + 2) with 0 € [0, 1]. Applying Holder’s inequality, see also (6.12), and
the series of inequalities in (6.13) yields

E|Hs[5%5" < (B[ Hsl3")" (Bl Hs 375)°

2
c o [(@ONTT @t D)) s
= 2np)! 27+ (n + 1)! mn+o

Sn+6’+2

<2. 23/242n+29 (z/e)2n+29<n + 9)2n+29 —
m

In other words, for p > 2,
E| Hg 1/p < 4o s 75/221/p
( | ||2—>2) > a€ m( 57)/Pp.

An application of Proposition 6.5 yields

P <||HS||2_)2 >4, /Su> < 25252 9.6)
m

for all w > 2. Note that s > 1 implies 25/2g2¢~u > 1/2 for w < 2. Therefore,
setting the right hand side equal ¢ < 1/2 yields u > 2. In particular, ||Hg|| < § with
probability at least 1 — € provided (9.3) holds true. a
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9.3 Completing the Proof

Let us now complete the proof of Theorem 5.1. Set

_Va
R

9.7)

for some t,6 € (0, 1) to be chosen later such that o < 1/+/2. According to Proposi-

tions 7.1 and 7.2, the probability that recovery fails is bounded from above by

VAN = s)e 2 L P(|A5As — 1oy > 6) + P > t). (9.8)
By Theorem 9.3 we have P(||A5As —1d|[>—2 > 6) < &/3 provided
m > 166" 2sIn?(3 - 2°/25%/¢), (9.9)
and Proposition 9.1 yields P(u > t) < ¢/3 if
m > 6t~ 21In(9N?/e). (9.10)
The first term of (9.8) equals /3 for
1 - 1
o= —.
V2In(B/A3(N —5)/e) V2
Solving for ¢ in (9.7) gives
L 1-6
V25In(23/4 . 3(N — s)/e)’
and plugging into (9.10) yields the condition
m > mln@N /) In(2°/* - 3(N — s)/e). (9.11)
Choose 6 = 8/15. Then (5.1) implies both (9.9) and (9.11). O
10 Appendix
Here we show some lemmas that are needed in some of the proofs.
10.1 Covering Numbers for the Unit Ball
Proposition 10.1. Let || - || be some semi-norm on R™ and let U be a subset of the unit
ball B = {x € R", ||x|| < 1}. Then the covering numbers satisfy, for t > 0,
2 n
vol o< (1+3) 101
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Proof. If || - || fails to be a norm, we consider the quotient space X = R"™ /N where
N = {x € R",||x|| = 0} is the kernel of || - ||. Then || - || is a norm on X, and the
latter is isomorphic to R” %, where d is the dimension of A/. Hence, we may assume
without loss of generality that || - || is actually a norm.

Let {xj,...,xn} C U be a maximal ¢ packing of U, that is, a maximal set satisfy-
ing d(x;,x;) > tforalli # j. Then the balls B(x,,t/2) = {x € R", |x—x¢|| < t/2}
do not intersect and they are contained in the scaled unit ball (1+¢/2) B. By comparing
volumes (that is, Lebesgue measures) of the involved balls we get

N
vol (U B(xz,t/2)> = Nvol ((t/2)B) < vol (1 +t/2)B)..
/=1

(Note that vol (B) < oo since || - || is a norm.) On R" the volume satisfies vol (¢B) =
t" vol (B), hence, N(t/2)" vol (B) < (1 +t/2)"vol(B) or N < (1 42/t)". To
conclude the proof, observe that the balls B(xy,t), { = 1,..., N form a covering of
U. Indeed, if there were an x € U that is not covered, then d(xy,x) > ¢, so that x
could be added to the packing. But this is a contradiction to the maximality of the
packing. a

10.2 Integral Estimates

This section contains estimates for two integrals.

Lemma 10.2. For u > 0 it holds

> /204 < mi T l 2
/u e dt_mm{\/;,u exp(—u/2).

Proof. A change of variables yields

X _ep * _ww? YN )
/ e dt = / e 2 dt=e" / e e dt.
U 0 0

On the one hand, using that e 7% < 1 for t,u > 0, we get

o0 2 2 o0 2 s 2
/ e V24t <e™ /2/ e 2t = \/;e_" =
u 0

On the other hand, using that et < 1 fort > 0 yields

u

* _ep —u?/2 * 1 _ 2/2
/ eV 2qt < e / e tMdt = —e7V /7, (10.2)
u 0

This shows the desired estimate. O
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Lemma 10.3. For o« > 0 it holds

/0 A/ In(1 + ¢t~ Ndt < ay/In(e(1 + a71)). (10.3)

Proof. First apply the Cauchy-Schwarz inequality to obtain

[t < ¢ [ v [+

A change of variables and integration by parts yields

(% o0
/ ln(l—i-t_l)dt:/ w2 In(1 4 u)du
0 «

—1

= —u 'n(1 —|—u)|Oo + /OO u™! ! du < aln(l +a7 1) + /OO idu
N a~! a1 I+u o1 U2
=aln(l+a ") +a.

Combining the above estimates concludes the proof. O
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