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Abstract

Concentration-of-measure inequalities are studied in order to gain an
understanding on the fluctuations of complicated random objects.
These inequalities have been considerably developed during the last
four decades, playing a significant role in various fields which include
probability theory, functional analysis, geometry, high-dimensional
statistics, information theory, learning theory, statistical physics, and
theoretical computer science.

This monograph is focused on several key modern mathematical
tools which are used for the derivation of concentration inequalities, on
their links to information theory, and a sample of their applications to
information theory, communications and coding. In addition to serving
as a survey, it also includes new recent results derived by the authors,
and new information-theoretic proofs of published results.

The first part of the monograph introduces classical concentration
inequalities for martingales, including some of their recent refinements
and extensions. The power and versatility of the martingale approach
is mainly exemplified in the context of coding theory, random graphs,
and codes defined on graphs and iterative decoding algorithms.

Its second part introduces the entropy method, an information-
theoretic approach for the derivation of concentration inequalities. The
basic ingredients of the entropy method are discussed in the context of
logarithmic Sobolev inequalities, which underlie the so-called functional
approach to concentration of measure, and then from a complementary
information-theoretic viewpoint which is based on transportation-cost
inequalities and probability in metric spaces. Representative results on
concentration for dependent random variables are briefly summarized,
with emphasis on their connections to the entropy method. We discuss
applications of the entropy method to information theory, including
strong converses, empirical distributions of good channel codes, and an
information-theoretic converse for concentration of measure.
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Introduction

1.1 An overview and a brief history

Concentration-of-measure inequalities provide upper bounds on the
probability that a random variable X deviates from its mean, median
or any other typical value T by a given amount. These inequalities
have been studied for several decades, with several fundamental and
substantial contributions. Very roughly speaking, the concentration of
measure phenomenon was stated by Talagrand in the following simple
way:

“A random variable that depends in a smooth way on many
independent random variables (but not too much on any of
them) is essentially constant” [1].

The exact meaning of such a statement needs to be clarified rigorously,
but it often means that such a random variable X concentrates around
T in a way that the probability of the event {|X — Z| > ¢}, for t > 0,
decays exponentially in ¢. Detailed treatments of the concentration of
measure phenomenon, including historical accounts, can be found, e.g.,
in [2, 3, 4, 5, 6, 7].
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Concentration-of-measure inequalities are studied in order to gain
an understanding on the fluctuations of complicated random objects.
These inequalities have been considerably developed during the last
four decades, playing a significant role in various fields which include
probability theory, functional analysis, geometry, high-dimensional
statistics, information theory, learning theory, statistical physics, and
theoretical computer science. Several techniques have been developed
so far to prove concentration of measure inequalities. These include:

e The martingale approach (see, e.g., [6, 8, 9], [10, Chapter 7],
[11, 12]), and its information-theoretic applications (see, e.g.,
[13] and references therein, [14]). This methodology is covered
in Chapter 2, which is focused on concentration inequalities
for discrete-time martingales with bounded differences, as well
as on some of their applications in information theory, coding
and communications. A recent interesting avenue that follows
from the martingale-based concentration inequalities, presented
in Chapter 2, is their generalization to random matrices (see, e.g.,
[15, 16]).

e The entropy method and logarithmic Sobolev inequalities (see,
e.g., [3, Chapter 5|, [4] and references therein). This methodology
and its remarkable links to information theory are considered in
Chapter 3.

e Transportation-cost inequalities that originated from information
theory (see, e.g., [3, Chapter 6], [17], and references therein). This
methodology, which is closely related to the entropy method and
log-Sobolev inequalities, is considered in Chapter 3.

e Talagrand’s inequalities for product measures (see, e.g., [1], [6,
Chapter 4], [7] and [18, Chapter 6]) and their information-
theoretic links [19]. These inequalities proved to be very useful in
combinatorial applications (such as the study of common and/or
increasing subsequences), in statistical physics, and in functional
analysis. We do not discuss Talagrand’s inequalities in detail.
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e Stein’s method (or the method of exchangeable pairs) has been
recently used to prove concentration inequalities (see, e.g., [20,
21, 22, 23, 24, 25, 26, 27, 28]).

e Concentration inequalities that follow from rigorous methods in
statistical physics (see, e.g., [29, 30, 31, 32, 33, 34, 35, 36]).

e The so-called reverse Lyapunov inequalities were recently used
to derive concentration inequalities for multi-dimensional log-
concave distributions [37] (see also a related work in [38]).
The concentration inequalities in [37] imply an extension of the
Shannon—McMillan—Breiman strong ergodic theorem to the class
of discrete-time processes with log-concave marginals.

The last three items are not addressed in this monograph. We now
give a synopsis of some of the main ideas underlying the martingale
approach (Chapter 2) and the entropy method (Chapter 3).

The Azuma—Hoeffding inequality, which is introduced in Chapter 2,
is a useful tool for establishing concentration results for discrete-time
bounded-difference martingales. This inequality is due to Hoeffding [9],
who proved it for sums of independent and bounded random variables,
and to Azuma [8], who extended it to bounded-difference martingales.
This inequality was introduced into the computer science literature by
Shamir and Spencer [39], proving the concentration of the chromatic
number! for ensembles of random graphs. More specifically, they proved
in [39] a concentration result of the chromatic number for the Erddos—
Rényi ensemble of random graphs, characterized by the property that
any pair of vertices in this graph is, independently to all other pairs of
vertices, connected by an edge in probability p € (0,1). This approach
has been imported into coding theory in [40], [41] and [42], especially
for exploring concentration of measure phenomena pertaining to codes
defined on graphs (e.g., turbo and low-density parity-check codes) and
their iterative message-passing decoding algorithms. The last decade
has seen an ever-expanding use of the Azuma—Hoeffding inequality for

'The chromatic number of a graph is defined as the minimal number of colors
required to color all the vertices of this graph such that no two adjacent vertices
have the same color.
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proving concentration inequalities in coding theory (see, e.g., [13] and
references therein). All these concentration inequalities serve to justify
theoretically the ensemble approach to codes defined on graphs; much
stronger concentration of measure phenomena are, however, observed
in practice.

Let f: R®” — R be a function that has bounded differences, i.e.,
the value of f changes by a bounded amount whenever any of its n
input variables is changed while the others are held fixed. A common
method for proving concentration of such a function of n independent
random variables, around its expected value E[f], revolves around the
so-called McDiarmid’s inequality or “independent bounded-differences
inequality” [6]. This inequality, introduced in Chapter 2, was originally
proved via the martingale approach [6]; although its proof has some
similarity to the proof of the Azuma—Hoeffding inequality, the bounded-
difference assumption on f that is used for the derivation of the former
inequality yields an improvement in the exponent by a factor of 4. Nice
applications of martingale-based concentration inequalities in discrete
mathematics and random graphs, based on the Azuma—Hoeffding and
McDiarmid inequalities, are exemplified in [6], [10], [13] and [18].

Although the martingale approach can be used to assert a large
variety of concentration of measure phenomena, as it was pointed out
in [1, p. 10] “for all its qualities, the martingale method has a great
drawback: it does not seem to yield results of optimal order in several
key situations. In particular, it seems unable to obtain even a weak
version of concentration of measure phenomenon in Gaussian space.”
Chapter 3 of this monograph focuses on a different set of techniques,
fundamentally rooted in information theory, which provide very strong
concentration inequalities. These techniques, commonly referred to as
the entropy method, have originated in the work of Michel Ledoux [43]
by finding a different route to a class of concentration inequalities for
product measures originally derived by Talagrand [7] using an ingenious
inductive technique. Specifically, Ledoux noticed that the well-known
Chernoff bounding technique, which bounds the deviation probability
of the form P(|X — z| > t), for an arbitrary ¢ > 0, in terms of the
moment-generating function (MGF) E[exp(AX)], can be combined with
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the so-called logarithmic Sobolev inequalities, which can be used to
control the MGF in terms of the relative entropy.

One of the best known log-Sobolev inequalities, first referred to as
such by Leonard Gross [44], pertains to the standard n-dimensional
Gaussian measure on the Fuclidean space R™. This inequality gives an
upper bound on the relative entropy D(P||G,) between an arbitrary
probability distribution P on R™ and the standard Gaussian measure
G, expressed in terms of an “energy-like” quantity which is related
to the squared norm of the gradient of the density of P with respect
to G,,. Based on a clever analytic argument which Gross attributed to
an unpublished note by Ira Herbst, he used his Gaussian log-Sobolev
inequality to show that the logarithmic MGF A(\) £ In Elexp(AU)] of
U= f(X"™), where X" ~ G,, and f: R” — R is an arbitrary sufficiently
smooth function with ||[Vf|| < 1, can be bounded as A(\) < A\?/2.
This bound then yields the optimal Gaussian concentration inequality
P(|f(X™) —E[f(X™)]| > t) < 2exp (—t?/2) for X" ~ G,, and t > 0.
It should be pointed out that the Gaussian log-Sobolev inequality has
a curious history, and it seems to have been discovered independently
in various equivalent forms by several people, e.g., by Stam [45] in the
context of information theory, and by Federbush [46] in the context of
mathematical quantum field theory. Through the work of Stam [45],
the Gaussian log-Sobolev inequality has been linked to several other
information-theoretic notions, such as the concavity of entropy power
[47, 48, 49, 50].

In a nutshell, the entropy method takes this successful idea and
applies it beyond the Gaussian case. In abstract terms, the log-Sobolev
inequalities are functional inequalities that relate the relative entropy
between an arbitrary distribution ¢ with respect to the distribution
P of interest to some “energy functional” of the density j—g. If one is
interested in studying the concentration properties of some function
U = f(Z) with Z ~ P, then the core of the entropy method consists in
applying an appropriate log-Sobolev inequality to the tilted probability
distributions PAF) with dlz(;f) x exp(Af) for A € R. Provided the
function f is well-behaved in the sense of having bounded “energy,” one
can use the Herbst argument to pass from the log-Sobolev inequality to
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the bound InE[exp(AU)] < ¢A?/(2C), where ¢ > 0 depends only on the
distribution P, while C' > 0 is determined by the energy content of f.
While there is no general technique to derive log-Sobolev inequalities,
there are nevertheless some underlying principles that can be exploited
for that purpose. We discuss some of these principles in Chapter 3.
More information on log-Sobolev inequalities can be found in several
excellent monographs and lecture notes [3, 5, 51, 52, 53|, as well as in
recent papers [54, 55, 56, 57, 58] and references therein.

Around the same time that Michel Ledoux introduced the entropy
method [43], Katalin Marton showed in a breakthrough paper [59]
that one can bypass functional inequalities and work directly on the
level of probability measures (see also [60], written by Marton in the
occasion of her 2013 Shannon Award lecture). More specifically, she
showed that Gaussian concentration bounds can be deduced from the
so-called transportation-cost inequalities. These inequalities, studied in
Section 3.4, relate information-theoretic measures, such as the relative
entropy, to a class of distances between probability measures on the
metric space where the random variables of interest are defined. These
so-called Wasserstein distances have been a subject of intense research
activity which play a prominent role in probability theory, statistics,
functional analysis, dynamical systems, partial differential equations,
statistical physics, differential geometry, and they have been also used
in information theory (see, e.g., [61, 62, 63, 64, 65]). A great deal of
information on the field of optimal transportation can be found in two
books by Cédric Villani — [66] offers a concise and fairly elementary
introduction, while the more recent book [67] is a lot more detailed
and encyclopedic. Various connections between optimal transportation,
concentration of measure, and information theory are also explored in
[17, 19, 68, 69, 70, 71, 72].

The first explicit invocation of concentration inequalities in an
information-theoretic context appears in the work of Ahlswede et
al. [73, 74]. These authors demonstrated that a delicate probabilistic
inequality, which was referred to as the “blowing up lemma”, and which
we now (thanks to the contributions by Marton [59, 75]) recognize as
a Gaussian concentration bound in the Hamming space, can be used



1.2. A reader’s guide 9

to derive strong converses for a wide variety of information-theoretic
problems, including multi-terminal scenarios. The importance of sharp
concentration inequalities for characterizing fundamental limitations of
coding schemes in information theory is evident from the recent flurry
of activity on finite-blocklength analysis of source and channel codes
(see, e.g., [76, 77, 78, 79, 80, 81, 82, 83]). Thus, it is timely to revisit
the use of concentration-of-measure ideas in information theory from
a modern perspective. We hope that our treatment, which, above all,
aims to distill the core information-theoretic ideas underlying the study
of concentration of measure, will be helpful to graduate students and
researchers in information theory and related fields.

1.2 A reader’s guide

This monograph is focused on the interplay between concentration of
measure inequalities and information theory, and on applications of
concentration phenomena to problems related to information theory,
communications and coding. For this reason, it is primarily aimed at
researchers and graduate students working in information theory and
related fields. The necessary mathematical background is real analysis,
a first graduate course in probability theory and stochastic processes,
and elementary functional analysis. As a refresher textbook for this
mathematical background, the reader is referred, e.g., to [84].
Chapter 2 is focused on the derivation of concentration inequalities
for martingales, and the use of these inequalities in communication
and information-theoretic applications. This chapter has the following
structure: Section 2.1 lists key definitions and basic facts pertaining to
discrete-time sub/super-martingales, Section 2.2 provides the two basic
ingredients for the derivation of concentration inequalities by using
martingales, Section 2.3 introduces the Efron-Stein-Steele inequalities,
and Section 2.4 presents basic inequalities that form the basis of the
considered approach to concentration of measure. The concentration
inequalities in Section 2.4 include the celebrated Azuma—Hoeffding and
McDiarmid inequalities, and Section 2.5 is focused on the derivation
of refined versions of the former inequality. Section 2.6 discusses the
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connections of the concentration inequalities introduced in Section 2.5
to classical limit theorems in probability theory. Section 2.7 forms the
second part of Chapter 2, applying earlier concentration inequalities to
problems in information theory, communications and coding. A brief
summary of Chapter 2 is given in Section 2.8.

Chapter 3 on the entropy method, log-Sobolev and transportation-
cost inequalities is structured as follows: Section 3.1 introduces the
main ingredients of the entropy method, and it sets up the major
themes that recur throughout the chapter. Section 3.2 focuses on the
logarithmic Sobolev inequality for Gaussian measures, as well as on its
numerous links to information-theoretic ideas. The general scheme of
logarithmic Sobolev inequalities is introduced in Section 3.3, and then
applied to a variety of continuous and discrete examples, including an
alternative derivation of McDiarmid’s inequality that does not rely on
martingale methods. Thus, Sections 3.2 and 3.3 present an approach
to deriving concentration bounds based on functional inequalities. In
Section 3.4, concentration is examined through the lens of geometry
in probability spaces equipped with a metric. This viewpoint centers
around intrinsic properties of probability measures, and has received
a great deal of attention since the pioneering work of Marton [59, 75]
on transportation-cost inequalities. Although the focus in Chapter 3 is
mainly on concentration for product measures, Section 3.5 contains a
brief summary of results on concentration for functions of dependent
random variables, and discusses the connection between these results
and the information-theoretic machinery that has been the subject of
the chapter. Applications of concentration of measures to problems in
information theory are surveyed in Section 3.6, and finally Section 3.7
concludes with a brief summary.



2

Concentration Inequalities via the Martingale
Approach

This chapter introduces concentration inequalities for discrete-time
martingales with bounded differences, and it provides several of their
potential applications in information theory, digital communications
and coding. It introduces the basic concentration inequalities of Efron-
Stein-Steele, Azuma—Hoeffding, McDiarmid, and various refinements.
It then moves to applications, which include concentration for random
binary linear block codes, concentration for random regular bipartite
graphs, concentration for low-density parity-check (LDPC) codes, and
concentration for orthogonal-frequency-division-multiplexing (OFDM)
signals.

2.1 Discrete-time martingales

This section provides a brief review of martingales to set definitions
and notation.

Definition 2.1 (Discrete-time martingales). Consider a probability space
(Q, #,P). A sequence {X;, %}, n € N, where the X;’s are random
variables and the .%;’s are c-algebras, is a discrete-time martingale if
the following conditions are satisfied:

11



12 Concentration Inequalities via the Martingale Approach

1. The %;’s form a filtration, ie., %y C % C ... C %, C ZF;
usually, % = {0, Q} and .%, is the full o-algebra .Z.

2. X; € LY(Q, #;,P) for every i € {0,...,n}; this means that each
X, is defined on the same sample space €, it is .%;-measurable,
and E[|X;|] = [ [Xs(w)|P(dw) < oo.

3. For all i € {1,...,n}, the following equality holds almost surely:
Xio1 = E[X;|.%i-1]. (2.1.1)

In general, relations between random variables suchas X =Y, X <Y
or X >Y are assumed to hold almost surely (a.s.).

Here are some useful facts about martingales.

Fact 1. Since {.%;}}", is a filtration, it follows from the tower property
for conditional expectations that

Also E[X;] = E[E[X;|.Z#i_1]] = E[X;_1], so, it follows from (2.1.2) that
the expectations of all X;’s of a martingale sequence are equal to E[X].
Note that, since X; is .#;-measurable, (2.1.2) also holds for i = j.

Fact 2. It is possible to generate martingale sequences by the following
procedure: Given a random variable X € L}(Q,.%,P) and an arbitrary
filtration {.%;}1, let

X; =E[X|%], Vie{0,1,...n}. (2.1.3)
Then, the sequence Xy, X1,..., X, forms a martingale (with respect
to the above filtration) since

1. The random variable X; = E[X|.%] is .#;-measurable, and
E[|X:[] < E[|X]] < o0,

2. By assumption, {.%;}, is a filtration.
3. For every i€ {1,...,n}
E[Xi|Fi1] = E[E[X|.F]|.Fi-1] (2.1.4)
=E[X|Zi—1] (since.Z_1 C %) (2.1.5)
= Xi-1. (2.1.6)
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In the particular case where %y = {0, Q} and .%,, = Z, we see that
Xo, X1,...,X,, is a martingale sequence with

Xo = E[X| %] = E[X], X, =E[X|%,]=X. (2.1.7)

That is, we get a martingale sequence where the first element is the
expected value of X and the last element is X itself (a.s.). This has
the following interpretation: at the beginning, we don’t know anything
about X, so we estimate it by its expected value. At each step, more
and more information about the random variable X is revealed, until
its value is known almost surely.

Example 2.1. Let Uy, ..., U, be independent random variables which
are defined on a common probability space (§2,.%,P), and assume that
E[Uk] = 0 and E[|Ug|] < oo for every k. Let us define

k
Xi,=> Uj, Vke{l,...,n} (2.1.8)
j=1

with Xy = 0. Define the natural filtration where %y = {0}, Q}, and

T =0(X1,..., Xp) (2.1.9)
U,...,Ux), Vke{l,...,n}. (2.1.10)

Note that %, = o(Xi,...,Xk) denotes the minimal o-algebra that
includes all the sets of the form

D(aq,...,a5) ={w € Q: Xi(w) <aq,...,Xpw) <ag} (2.1.11)

where a; € RU {—o00,+00} for j € {1,...,k}. It is easy to verify
that { Xy, #,}7_, is a martingale sequence; this implies that all the
concentration inequalities that apply to discrete-time martingales (like
those introduced in this chapter) can be particularized to concentration
inequalities for sums of independent random variables.

If the equality in (2.1.1) is relaxed, we obtain sub- and super-
martingales. More precisely, to define sub- and super-martingales, we
keep the first two conditions in Definition 2.1, and (2.1.1) is replaced
by one of the following:
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o E[X;|%#;—1] > X,;_1 holds a.s. for sub-martingales.

e E[X;|%—1] < X;_1 holds a.s. for super-martingales.
From the tower property for conditional expectations, it follows that
for sub-martingales, and

EX;|.%] < X;, Vi>j (2.1.13)

for super-martingales. By taking expectations on both sides of (2.1.12)
or (2.1.13), it follows that the expectations of the terms of a sub/super-
martingale form, respectively, a monotonically increasing/decreasing
sequence. Clearly, every random process that is both a sub- and super-
martingale is a martingale, and vice versa. Furthermore, {X;, .%;} is
a sub-martingale if and only if {—X;,.%;} is a super-martingale. The

following properties are direct consequences of Jensen’s inequality for
conditional expectations.

Theorem 2.1.1. The following holds for mappings of martingales or
sub/ super martingales:

o If {X;,. %} is a martingale, h is a convex (concave) function and
E[|h(X;)]] < oo, then {h(X;),.Z;} is a sub- (super-) martingale.

o If {X;, %} is a super-martingale, h is a monotonically increasing
and concave function, and E[|h(X;)|] < oo, then {h(X;), %} is
a super-martingale. Similarly, if {X;,.%;} is a sub-martingale, h
is a monotonically increasing and convex function, and as before
E[|h(X;)|] < oo, then {h(X;),.Z;} is a sub-martingale.

Example 2.2. The following are special cases of Theorem 2.1.1:

o If {X;,.%;} is a martingale, then {|X;|,.%;} is a sub-martingale.

o If {X;,.7;} is a martingale and X; € L%(Q,.%;,P), then {X?, .%;}
is a sub-martingale.

o If {X;,.%,} is a non-negative sub-martingale which satisfies that
X; € L2(Q,%;,P) (ie., for every i, the random variable X; is
defined on the same sample space €2, it is .%;-measurable, and
E[X?] < 00), then {X?Z,.%;} is a sub-martingale.



2.2. The main ingredients of the martingale method 15

2.2 The main ingredients of the martingale method

We now turn to the main topic of the chapter, namely the martingale
approach to proving concentration inequalities, i.e., sharp bounds on
the deviation probabilities P (|U — EU| > r) for all r > 0, where U is
a real-valued random variable with some additional “structure" — for
instance, U may be a function of a large number n of independent
or weakly dependent random variables X7,..., X,. In a nutshell, the
martingale approach has two basic ingredients:

1. The martingale decomposition — we construct a suitable
filtration {.%;}7_, on the probability space (£,.%#,P) that carries
U, where %y = {0,Q} is the trivial o-algebra, and %, = Z.
Then, we decompose the difference U — EU as

U —EU = E[U]|#] - E[U|#] (2.2.1)
= i (E[U].7] — E[U]Fi-1]) - (2.2.2)
i=1

The idea is to choose the o-algebras {.%;} in such a way that the
differences §; = E[U|.%;| — E[U|.%#;_1] are bounded in some sense,

e.g., almost surely.

2. The Chernoff bound — using Markov’s inequality, the problem
of bounding the deviation probability P(|U —EU| > r) is reduced
to the analysis of the logarithmic moment-generating function
A(t) = InElexp(tU)], t € R. Moreover, exploiting the martingale
decomposition (2.2.1), we may write

n
A(t) =tE[U] + InE [H exp(tfi)] , (2.2.3)
i=1

which allows us to focus on the behavior of individual terms
exp(t&;), i = 1,...,n. Now, the logarithmic moment-generating
function plays a key role in the theory of large deviations [85],
which can be thought of as a (mainly) asymptotic analysis of
the concentration of measure phenomenon. Thus, its prominent
appearance here is not entirely unexpected.
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There are more sophisticated variants of the martingale approach, some
of which we will have the occasion to see later on, but the above two
ingredients are a good starting point. In the remainder of this chapter,
we will elaborate on these ideas and examine their basic consequences.

2.3 Bounding the variance: Efron-Stein-Steele Inequalities

The basic idea behind the martingale method is to start with the Doob
martingale decomposition

Z-ElZ)=> &, (2.3.1)
k=1
where
& 2 E[Z|XY) - E[Z| X% (2.3.2)
with
Xk 2 (Xy,...,Xp) (2.3.3)

and to exploit any information about the sensitivity of f to local
changes in its arguments in order to control the sizes of the increments
&. The following inequality was first obtained in a restricted setting
by Efron and Stein [86], and it was then generalized by Steele [87].

Theorem 2.3.1 (Efron—Stein—Steele inequality). If Z = f(X™) where
f is a real-valued function and Xj,...,X,, are independent random
variables, then

Var[Z] < zn: E |Var[Z|X*]] . (2.3.4)
k=1
where for k € {1,...,n}

XFEA2 (X, X1, Xig1s -5 X)), (2.3.5)
is the vector whose entries are X1, ..., X, with X} being excluded.
Proof. From (2.3.1), we have

n 2 n
Var(Z) = E [(Z&) ] =Y El] +2Y Elg&).  (2.3.6)
k=1 k=1

>k
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We exploit the fact that {{,}}_; in (2.3.2) is a martingale difference
sequence with respect to X™, i.e., for all k € {1,...,n}

E[&| X 1] = 0. (2.3.7)
Hence, for all [ and k such that 1 < k <1 < n, (2.3.2) and (2.3.7) yield
E[&é] = E [E[Slfk |Xl*1ﬂ (2.3.8)
= E |&Elg | X'1]] (2:3.9)
=E[¢,-0]=0 (2.3.10)

which, from (2.3.6) and (2.3.8)~(2.3.10), imply that
Var[Z] = zn: E[£2]. (2.3.11)

k=1

The independence of X7, ..., X, implies that (2.3.2) can be rewritten
in the form

& =E |Z - E[Z|X¥]| x*] (2.3.12)
and, from Jensen’s inequality,
& <E[(Z-E[Z|X)* | x*]. (2.3.13)
Using again the independence of X1, ..., X, yields
Blgt] <E |(Z - ElZ/X")’]
= E [Var[2|X*]], (2.3.14)
and substituting (2.3.14) into (2.3.11) yields (2.3.4). O

The Efron—Stein—Steele inequality (2.3.4) is our first example of
tensorization: it upper-bounds the variance of Z = f(Xy,...,X,) by
the sum of the expected values of the conditional variances of Z given all
but one of the variables. In other words, we say that Var[f(X1,..., X,)]
tensorizes. This fact has immediate useful consequences. For example,
we can use any convenient technique for upper-bounding variances to
control each term on the right-hand side of (2.3.11), and thus obtain
many useful variants of the Efron—Stein—Steele inequality:
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1. For every random variable U with a finite second moment,

Var[U] = 2 E[(U — U’)?] (2.3.15)

where U’ is an i.i.d. copy of U (i.e., U and U’ are i.i.d.). Thus, if
we let

Zh = F(X1, o, X1, Xy Xt -+ o5 Xn), (2.3.16)

where X is an i.i.d. copy of X}, then Z and Z;, are i.i.d. given
X*. This implies that

Var[Z|X*] = 1 B[(Z - 2;)?| X*| (2.3.17)

for k € {1,...,n}, yielding the following variant of (2.3.4):

n
Var[Z] < § > E[(Z - Z;)?. (2.3.18)
i=1

Inequality (2.3.18) is sharp: if Z = Y ;_; Xk, then
E[(Z — Z})?] = 2Var[Xy], (2.3.19)

and (2.3.18) holds with equality. This therefore shows that for
independent random variables X1, ..., X, their sum is the least
concentrated among all functions of X™.

. For every random variable U with a finite second moment and

for all ¢ € R,
Var[U] < E[(U — ¢)?. (2.3.20)
Thus, by conditioning on X*, we let Z; = f,(X*) for arbitrary
real-valued functions f (with & € {1,...,n}) of n — 1 variables
to obtain
Var[Z|X*] < E[(Z — Z;,)?|X"]. (2.3.21)

From (2.3.14), this yields another variant of (2.3.4):

Var[Z] < iE[(Z — 7Z1)?]. (2.3.22)
=1
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3. Suppose we know that, by varying just one of the arguments of
f while holding all others fixed, we cannot change the value of
f by more than some bounded amount. More precisely, suppose

that there exist finite constants cy, ..., ¢, > 0, such that
Sup f(T1, ..., Th—1,&, Thity- -, Tn)
x
— irmlff(xl, e Tl 1y Ty Tty e Tp) < Ck (2.3.23)
forall k € {1,...,n} and all x1,..., 21, Zk41,...,Ty. Then, for
all k,
Var[Z| X" < 1} (2.3.24)

and therefore from (2.3.4) and (2.3.14)

Var[Z] <

(=

> c. (2.3.25)
k=1

Example 2.3 (Kernel Density Estimation). As an example of the use
of the Efron—Stein—Steele inequalities, the kernel density estimation
(KDE) is considered. It is a nonparametric procedure for estimating an
unknown probability density function (pdf) ¢ of a real-valued random
variable X, based on observing n i.i.d. samples X7, ..., X,, drawn from
¢ [88, Chap. 9]. A kernel is a function K: R — RT satisfying the
following conditions:

1. It is integrable and normalized:
/ K(u)du = 1. (2.3.26)

2. It is an even function: K (u) = K(—u) for all u € R.
3.

o1 T —Uu
liﬂ)lhK( - )—5(x—u), (2.3.27)

where ¢ denotes the Dirac delta function.
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The KDE is given by
1

f:lKCf

nhy, =

nXi) : (2.3.28)

where h, > 0 is called the smoothing parameter. From the properties
of the kernel K, for each x € R we have

E[¢n(z = / ( ) é(u) du (2.3.29)
M o(x) (2.3.30)

where (2.3.30) follows from (2.3.27). Thus, we expect the KDE ¢,, to
concentrate around the true pdf ¢ whenever h,, | 0. To quantify this,

let us examine the L1 error

Zn=I(X0 Xa) = [ loul@) —owlde. (2331)
A simple calculation shows that
}f('rlv oy Lh—1y Thy Tht1y -+ + 5 ZIIn) - f(xla ey L1, '1:;971‘16—1—17 o 7xn)|
T — )
_nh/ (E2) e () oasm
R () e [T () ] sy
2
= — 2.3.34
2 (2334
forall z1,...,xp—1, Tk, Ty Tht1, - - -, Tn € R where (2.3.32) follows from

the triangle inequality and (2.3.28); (2.3.33) holds due to another use
of the triangle inequality, and (2.3.34) is due to (2.3.26). This implies
that the function f satisfies (2.3.23) with

= =cy =2, 2.3.35
C1 C n (3 )

and, consequently, (2.3.25) and (2.3.35) yield

Var[Z,] < (2.3.36)

S
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2.4 Basic concentration inequalities

2.4.1 The Chernoff bounding technique and the Hoeffding lemma

An ingredient of the martingale method is the well-known Chernoff
bounding technique': Using Markov’s inequality, for every ¢ > 0 and
r € R,

P(U > r) = P(exp(tU) > exp(tr)) (2.4.1)
< exp(—tr) Elexp(tU)]. (2.4.2)

Equivalently, if we define the logarithmic moment generating function
A(t) £ nElexp(tU)], VteER, (2.4.3)

we can write
P(U > r) <exp (A(t) —tr), Vit >0. (2.4.4)

To bound the probability of the lower tail, P(U < —r), we follow the
same steps, but with —U instead of U. Now the success of the whole
enterprize hinges on our ability to obtain tight upper bounds on A(t).
One of the basic tools available for that purpose is the following lemma
due to Hoeffding [9]:

Lemma 2.4.1 (Hoeffding). Let U € R be a random variable, such that
U € [a,b] a.s. for some finite a < b. Then, for every ¢ € R,

E [exp (¢ (U — EU))] < exp (é t2(b— a)Q) : (2.4.5)
Proof. For every p € [0,1] and A € R, let us define the function
Hy(A) 2 In (peXP) 4 (1= p)e7). (2.4.6)

Let £ = U — EU, where £ € [a — EU,b — EU]. Using the convexity of

'The name of H. Chernoff is associated with this technique because of his 1952
paper [89]; however, its roots go back to S.N. Bernstein’s 1927 textbook on the
theory of probability [90].
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the exponential function, we can write
exp(§)
b—-U

= exp (g__; (b —EU) +5— - tla— EU)) (2.4.7)

_ bh—
< (Ua) exp (t(b — EU)) + <U> exp (t(a — EU)). (2.4.8)
b—a b—a
Taking expectations on both sides of (2.4.7) and (2.4.8) yields
Elexp(t¢)]

< (IEbU_—aa> exp (t(b— EU)) + (bb__Eg> exp (t(a —EU)) (2.4.9)
= exp (Hp(N)) (2.4.10)
where (2.4.10) holds in view of (2.4.6) with
p= Elf]__a“ and A =t(b—a). (2.4.11)
In the following, we show that for every A € R
Hy(\) < £X%, Vpe[0,1]. (2.4.12)
From (2.4.6), we have
H,(\) = —Ap + In(pe* + (1 — p)), (2.4.13)
Hy(\) = —p+ mffi_p, (2.4.14)
HI/(\) = p(1 = p)e’ . (2.4.15)
(pe* + (1 -p))
From (2.4.13)-(2.4.15), we have H,(0) = H,(0) = 0, and
H)(A) <3, VAeR, pel0,1] (2.4.16)

where the last inequality holds since ab < 1(a + b)? for all a,b € R.

Using a Taylor’s series expansion, there exists an intermediate value
6 € [0,A] (or 6 € [\, 0] if t < 0) such that

Hy(\) = Hp(0) + H,(0)A + 3 H} (6) X? (2.4.17)

so, consequently, (2.4.12) holds. Substituting (2.4.12) into (2.4.10) and
using the definitions of p and A in (2.4.11), we get (2.4.5). O
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2.4.2 The Azuma-Hoeffding inequality

The Azuma-Hoeffding inequality, stated in Theorem 2.4.2 below, is a
useful concentration inequality for bounded-difference martingales. It
was first proved by Hoeffding [9] for sums of independent and bounded
random variables, followed by a short note on the suitability of this
result in the generalized setting of a sum of bounded random variables
which forms a martingale. This inequality was independently obtained
four years later by Azuma [8] in this generalized setting of bounded-
difference martingales. The proof of the Azuma—Hoeffding inequality
that we present below is a nice concrete illustration of the general
approach outlined in Section 2.2. We will have several occasions to
revisit this proof in order to obtain various refinements of the Azuma—
Hoeffding inequality.

Theorem 2.4.2 (The Azuma-Hoeffding inequality). Let {Xj, Z;}7_,
be a real-valued martingale sequence. Suppose that there exist non-
negative reals di,...,d,, such that | X — Xj_1| < di a.s. for all
k€ {1,...,n}. Then, for every r > 0,

7“2
P(| X, — Xo| > r) < 2exp | == | - 2.4.18

Proof. For an arbitrary r > 0,

P(| X, — Xo| > 1) = P(X, — Xo > 1) + P(Xp — Xo < —7). (2.4.19)

Let & = X — Xp_y for k € {1,...,n} denote the differences of the
martingale sequence. By hypothesis, || < di and E[{; | Fx—1] = 0 a.s.
for every k € {1,...,n}.

We now apply the Chernoff bounding technique:

P(X,, — Xo>7r)

(e )

k=1

<exp(—tr)E [exp (t z”: §k>] , Vt>0. (2.4.20)
k=1
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By the law of iterated expectations, the expectation on the right side
of (2.4.20) is equal to

ol
k=1
=E l}E [exp (t Z fk) ‘ 9}_1H
k=1
n—1
=K lexp (t > §k> Elexp(t&,) | ﬁn_l]] (2.4.21)
k=1
where the last equality holds since Y, £ exp(t 71 &) is Fno1-
measurable. We now apply the Hoeffding lemma with the conditioning

on Z,_1. Indeed, we know that E[¢,|-%#,_1] = 0 and that &, € [—d,, d,]
a.s., so Lemma 2.4.1 gives that

2 d2
Elexp(t&,) | Fn-1] < exp ( 5 ") . (2.4.22)

Continuing recursively in a similar manner, we can bound the quantity

in (2.4.21) by
E[e (ti§>}<ﬁ £ d; e Zn:dZ (2.4.23)
X —_— = - . A
p R)| = 1lexp| — exp | i
k=1 k=1 k=1
Substituting this bound into (2.4.20), we obtain

&
P(X, — Xo >r) <exp <—tr +3 > d%) , Yt>0. (2.4.24)
k=1

Finally, choosing ¢ = r (Xp_; d%)fl to minimize the right side of
(2.4.24) yields

2
Since {Xj, %} is a martingale with bounded differences, so is
{—Xk, Zr} (with the same bounds on its differences). This implies that
the same bound is also valid for the probability P(X,, —Xy < —r). Using
these bounds in (2.4.19) completes the proof of Theorem 2.4.2. O
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Remark 2.1. In [6, Theorem 3.13|, the Azuma—-Hoeffding inequality is
stated as follows: Let {Y}, %, }}_, be a martingale-difference sequence
with Yy = 0 (i.e., Yy is Zg-measurable, E[|Yy|] < co and E[Yy|-Zr—1] =0
a.s. for every k € {1,...,n}). Assume that, for every k, there exist some
numbers ag, b € R such that, a.s., ap < Y < bg. Then, for every r > 0,

n 2
P ( R AR r) < 2exp (— 22_1(2; — ak)2> . (2.4.26)

k=1
Consider a real-valued martingale sequence {Xj,. %}, for which
there exist ag,br € R such that ap < X, — Xp_1 < b a.s. for
all k. Let Y, = X — Xj_1 for every k € {1,...,n}. It is easy
to verify that {Yj, Zi}}_, is a martingale-difference sequence. Since
Yor—1 Y = X,, — Xo, it follows from (2.4.26) that

272
P(|X,—Xo|>7r) <2exp|— , ¥Vr>a0.
(1 = o 2 7) ( ZZ—l(bk—ak)2>
Example 2.4. Let {Y;}{2, be i.i.d. binary random variables which take
Values +d with equal probability, where d > 0 is some constant. Let
= Yk Y for k € {0,1,...,}, and define the natural filtration
9 C % C %, ... where
Fr=0Yo,....Yr), Vke{0,1,...,}
is the o-algebra generated by Yp,...,Y). Note that {Xj, #,}72, is a
martingale sequence, and (a.s.) | Xy — Xp_1| = |Yx| = d, Vk € N. It
therefore follows from the Azuma—Hoeffding inequality that
2

P(|X, — Xo| > ay/n) < 2exp (-20;2) (2.4.27)

for every ae > 0 and n € N. Since the random variables {Y;}° are i.i.d.
with zero mean and variance d?, the Central Limit Theorem (CLT) says
that \}(X —Xp) = ﬁ S 7_1 Y converges in distribution to A(0, d?).
Therefore, for every a > 0,
. a
Jim P(|X,, — Xo| > av/n) = 2@(5) (2.4.28)

where

Q(z) ﬁ\/T/ exp( 2>dt Ve eR (2.4.29)
T
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is the complementary standard Gaussian CDF (also known as the Q-
function), for which we have the following exponential upper and lower
bounds (see, e.g., [91, Section 3.3]):

1'2

1 x 1 x?
(2.4.30)
From (2.4.28) and (2.4.30), it follows that the exponent on the right

side of (2.4.27) is exact.

Example 2.5. Fix some 7 € (0, 1]. Let us generalize Example 2.4 above
by considering the case where the i.i.d. binary random variables {Y;}5°
have the probability law

v 1

L P(Yi= —yd) = ——
T4 ( vd)

P(Y; = +d) = =13

Therefore, each Y; has zero mean and variance 02 = vd?2. Define the
martingale sequence {Xj,.Z;}72, as in Example 2.4. By the CLT,
% (X, — Xo) = ﬁ Sp_1 Vi converges weakly to A(0,vd?), so for
every o > 0

Tim P(|X, — Xo| > av/n) = 2@(;;6[) (2.4.31)

From the bounds on the @-function given in (2.4.30), it follows that
2

the right side of (2.4.31) scales exponentially like e B Hence, the
exponent in this example is improved by a factor of % in comparison
to the Azuma-Hoeffding inequality (which gives the same bound as in
Example 2.4 since | X —Xj_1| < d for every k € N). This indicates that
a refinement of the Azuma—Hoeffding inequality is possible if additional
information on the variance is available. Refinements of this sort were
studied extensively in the probability literature, and they are the focus
of Section 2.5.2.

2.4.3 McDiarmid’s inequality

A prominent application of the martingale approach is the derivation
of a powerful inequality due to McDiarmid (see [92, Theorem 3.1] or
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[93]), also known as the bounded-difference inequality. Let X be a set,
and let f: X" — R be a function that satisfies the bounded difference
assumption

sup ‘f(.’ljl,...,l‘i_l,xi,xi+1...7ﬂ7n)
L1y, E€EX

—f(xl,...,wi_l,x;,xi+1,...,mn)‘ < dz (2432)

for every 1 < i < n, where dy,...,d, are arbitrary nonnegative real
constants. This is equivalent to saying that, for every given ¢, the vari-
ation of the function f with respect to its i-th coordinate is upper
bounded by d;. (We assume that each argument of f takes values in
the same set X' mainly for simplicity of presentation; an extension to
different domains for each variable is easy.)

Theorem 2.4.3 (McDiarmid’s inequality). Let {X}}}_; be independent
(though not necessarily i.i.d.) random variables taking values in a set
X. Consider a random variable U = f(X") where f: X" — R is a
measurable function that satisfies the bounded difference assumption
(2.4.32), and X" £ (X1,...,X,). Then, for every r > 0,

2 2
P(|U—-EU|>r) <2exp <_E"7ad2> . (2.4.33)
k=10

Remark 2.2. One can use the Azuma—Hoeffding inequality for a deriva-
tion of a concentration inequality in the considered setting. However,
the following proof provides an improvement by a factor of 4 in the
exponent of the bound.

Proof. Let Zy = {0, Q} be the trivial o-algebra, and for k € {1,...,n}
let # = o0(X1,...,Xy) be the o-algebra generated by X1, ..., X. For
every k € {1,...,n}, define

& 2 E[f(X")| %] —E[f(X")| Pr-1]. (2.4.34)
Note that %y C %, ... C %, is a filtration, and
LF(X™) | Fo] =E[F(X™M)],
[F(X™) | Zn] = F(X™). (2.4.35)

E &
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From the last three equalities, it follows that
FX™) =E[f(X™)] =) &.
k=1

In the following, we need a lemma:

Lemma 2.4.4. For every k € {1,...,n}, the following properties hold
a.s.:

1. E[¢x| Fr-1] = 0 and & is Fr-measurable, so {&, Fi} is a
martingale-difference.
2. |&k| < di.

3. & € [Ag, Ag + di] where Ay is a non-positive and %j_1-measurable
random variable.

Proof. The random variable &, defined in (2.4.34), is .#;-measurable
since Fi_1 C F, and & is a difference of two functions where one is
Fr-measurable and the other is .%#_1-measurable. Furthermore, since
{Z;} is a filtration, it follows from (2.4.34) and the tower principle for
conditional expectations that E[{ | #;—1] = 0. This proves the first
item. The second item follows from the first and third items since the
latter two items imply that

Ay = E[Ag|Fr—1]
< E[k|Fk1] =0
< E[Ag + d|Fk—-1]
= A +dy, (2.4.36)
where the first and last equalities hold since Ay is .%p_1-measurable.
Hence, 0 € [Ag, Ak + di] which implies that [Ag, Ag + di] C [—dp, di];
consequently, it follows from the third item that || < dj.

To prove the third item, note that & = fr(Xi,...,Xk) holds a.s.
for the .%,-measurable function f;: X* — R which is given by

fk(l'l, e ,J}k)

= E[f('rlv ,.Tk,Xk+1,. 7Xn)] _E[f(xlv . .,l'k_l,Xk,... 7Xn)]
(2.4.37)
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Equality (2.4.37) holds due to the definition of {&;} in (2.4.34) with
T = o(X1,...,Xg) for k € {1,...,n}, and the independence of the
random variables { X} }}7_,. Let us define, for every k € {1,...,n},

A & inf fiu(X1,..., Xp_
k ;Ielek( 1oy Xg—1,2),

Bk‘ = sup fk:(Xla s 7Xk:—1a$)
TeEX
which are .#;_;-measurable?, and by definition &, € [Ay, Bi] holds

almost surely. Furthermore, for every point (z1,...,zx_1) € X*1, we
obtain from (2.4.37) that

Supfk(xl""vxk—lax) — inf fk(x17"'7xk—17x/)
xe){ LUIGX
= sup {fr(21,...,2p-1,2) — fe(z1,...,xp—1,2")}

rx'eX
= sup {E[f(a:l,...,xk,l,:c,XkH,...,Xn)]

z, ' eX

—E[f(:rl,...,xk_l,x’,XkH,...,Xn)]} (2.4.38)

= sup {E[f(a;l,...,xk,l,:c,XkH,...,Xn)

z,x'eX

— f(l‘l, . ,$k_1,1‘,, Xk+17 ey Xn)]}
< dy (2.4.39)

where (2.4.38) follows from (2.4.37), and (2.4.39) follows from the
bounded-difference condition in (2.4.32). Hence, By — Ax < dj a.s.,
which implies that & € [Ag, Ar + di]. Note that the third item of the
lemma gives better control on the range of & than what we had in
the proof of the Azuma-Hoeffding inequality (i.e., item 2 asserts that
&k is contained in the interval [—dj, dx] which is twice longer than the
sub-interval [Ag, Ay + di| in the third item, see (2.4.36)). O

2This is certainly the case if X is countably infinite. For uncountable spaces, one
needs to introduce some regularity conditions to guarantee measurability of infima
and suprema. We choose not to dwell on these technicalities here to keep things
simple; the book by van der Vaart and Wellner [94] contains a thorough treatment
of these issues.
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We now proceed in the same manner as in the proof of the Azuma—
Hoeffding inequality. Specifically, for k € {1,...,n}, & € [Ag, Ax + di]
a.s., where Ay is %j_i-measurable, and E[¢x|-%#;_1] = 0. Thus, we may
apply the Hoeffding lemma (see Lemma 2.4.1) with a conditioning on
Fr_1 to get

2 72

Similarly to the proof of the Azuma—Hoeffding inequality, by repeatedly
using the recursion in (2.4.21), the last inequality implies that

E[exp(tki:lﬁkﬂ < exp (7: éd%) (2.4.41)

and, from (2.4.20),

2
< exp <—tr +3 > dﬁ) , Vt>0. (2.4.42)
The choice t = 4r (31—, dz)_l minimizes the expression in (2.4.42), so

n n 22
P(f(X ) —E[f(X™)] > r) < exp (_M> . (2.4.43)

By replacing f with —f, it follows that this bound is also valid for the
probability P(f(X™) — E[f(X™)] < —r), so

Pr(|f(X™) —E[f(x™)]] = )
=Pr (F(X") —E[f(X")] = r) + P(F(X") — E[f(X")] < —r)

22
s2ew(msw g

which gives the bound in (2.4.33). O
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Example 2.6. Let g: {1,...,n} — {1,...,n} be a random where all n"
such possible functions are equally likely. Let L(g) denote the number
of elements y € {1,...,n} such that g(z) #y forall z € {1,...,n}. By
the linearity of the expectation, we have

1 n
E[L(g)] = n (1 - ) , (2.4.44)
n
and consequently, it is easy to show that for every n € N,
—1
i — <E[L(g)] < % (2.4.45)

In [10, Theorem 7.5.1], the following concentration result for L(g)
around its expected value is introduced. Construct a martingale se-
quence { Xy, F,}i_, (see Fact 2) by

X, =E[L(g9)| Zk], VEked{0,...,n}

with the natural filtration %), = o(g(1),...,g(k)) which denotes the
o-algebra that is generated by revealing the first k values of the random
function g, for k € {1,...,n}, and % is the minimal o-algebra that
includes the empty set and the sample space. By this construction,
Xo = E[L(g)] and X,, = L(g). Since a modification of one value of g
cannot change L(g) by more than 1, it follows that | X — Xp_1| < 1
for every k € {1,...,n}. From the Azuma-Hoeffding inequality and
(2.4.45), it follows that
2

P(‘L(g)—2‘>a\/ﬁ+l><2exp<—0;>, Ya>0. (2.4.46)

The concentration result in (2.4.46), as given in [10, Theorem 7.5.1],
can be improved as follows: let f: {1,...,n}" — {1,...,n} be defined
by L(g) = f(g(1),...,9(n)) so, the function f maps the n-length vec-
tor (g(1),...,9(n)) to the number of elements y € {1,...,n} where
g(x) # y for every x € {1,...,n}. Since by assumption g(1),...,g(n)
are independent random variables, the variation of f with respect to
each of its arguments (while all the other n — 1 arguments of f are kept
fixed) is no more than 1. Consequently, from McDiarmid’s inequality,

P <’L(g) - g‘ > ay/n + 1) < 2exp(—20?), Va >0, (2.4.47)
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which implies that the exponent of the concentration inequality (2.4.46)
is improved by a factor of 4.

Example 2.7. Let B be a normed space, and {v,}}'_; be n vectors in
B. Let {6;}}_, be independent Bernoulli() random variables with

P(Op = 1) = P(Op = —1) = L, and let X = Hzgzl @kka. By setting

Z Ok vy,

k=1

£(01,...,0,) = VO e{-1,+1}, ke {l,...,n}

the variation of f with respect to its k-th argument is upper bounded
by 2|lvi||. Consequently, since {O} are independent, it follows from
McDiarmid’s inequality that

012

23 k=1 lugll?

Remark 2.3. Due to the large applicability of McDiarmid’s inequality,

P(]X—E[X]\Za)ﬁQexp( ), Vo> 0.

there is an interest to improve this inequality for sub-classes of Lipschitz
functions of independent random variables. An improvement of this
inequality for separately Lipschitz functions of independent random
variables has been recently derived in [95] (see also a recent follow-up
paper in [96]).

2.4.4 Hoeffding’s inequality and its improved versions

The following concentration inequality for sums of independent and
bounded random variables, originally due to Hoeffding [9, Theorem 2],
can be viewed as a special case of McDiarmid’s inequality:

Theorem 2.4.5 (Hoeffding's inequality). Let {Ux}}_; be a sequence of
independent and bounded random variables where, for k € {1,...,n},
Uk € [ag,by] holds a.s. for some finite constants ay, by € R (ap < by).
Let pn, 2 7, E[Ug]. Then,

n 27,2
P Uk — >r| <2exp|— , Vr>0.
(kz:l k) = ) - p( > h=1(bk —%)2)
(2.4.48)
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Proof. Apply Theorem 2.4.3 to the function

= Zuk, Vu" € H[ak,bk].
k=1

k=1
An alternative elementary proof combines the Chernoff bound with
Lemma 2.4.1 to get

P (f: Uk — tin > r)
k=1

—P (zn:(UkE[Uk}) > r>

< exp(—t lexp( Zn: Uy, — )] Vt>0

= exp(—tr) ﬁ {exp( (U — [Uk})ﬂ

k=1
n 2 .
< exp(—tr) [ exp (t(bka’f)>
k=1 8
t2 -
= exp( 8 by, — ag) ) (2.4.49)

Optimization of the rlght side of (2.4.49) with respect to t gives
4r
> k=1 (br — ak)?
and its substitution into (2.4.49) yields that, for every r > 0,

n 27,,2
P Up—pn=>r) <exp| —=5 .
(,;_31 R ) ( > =1 (br — ak)2>

The same bound holds for P (>"}_; Ux, — pn, < —7), which leads to the
inequality in (2.4.48). O

t:

Recall that a key step in the proof of McDiarmid’s inequality is
to invoke Hoeffding’s lemma (Lemma 2.4.1). However, a careful look
at the proof of Lemma 2.4.1 reveals a potential source of slack in the
bound
t2(b—a)?

lnE{exp(t(U—E[U])” < S
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— namely, that this bound is the same regardless of the location of
the mean E[U] relative to the endpoints of the interval [a,b]. As it
turns out, one does indeed obtain an improved version of Hoeffding’s
inequality by making use of this information. An improved version of
Hoeffding’s inequality was derived by Kearns and Saul [97], and it
has been recently further improved by Berend and Kontorovich [98].
The following improvement of Hoeffding’s inequality (Lemma 2.4.1) is
obtained in [98]:

Lemma 2.4.6 (Berend and Kontorovich). Let U be a real-valued random
variable, such that U € [a, ] a.s. for finite a < b. Then, for every ¢t > 0,

E [exp (¢ (U — EU))] < exp (cBK(p) t2(b— a)2> (2.4.50)
where
0, ifp=20
1-2p 1
1T o< p<-=
ok (p) = § 41n (L2) HUsPs5 (2.4.51)
P
M’ if 1 <p<1
2 2
with
E[U] —a
S o ey 2.4.52
p=— ( )

Proof. Recall the definition of Hy,(A) in (2.4.6). We deviate from the
proof of Lemma 2.4.1 at the point where the bound H,(\) < %2 in

(2.4.12) is replaced by the improved bound
H,(\) < cp(p) A2, YA>0, pelo1]. (2.4.53)

where cpk (p) is introduced in (2.4.51); for a proof of (2.4.53), the reader
is referred to the proofs of [98, Theorem 3.2] and [98, Lemma 3.3]. O

Remark 2.4. The bound on the right side of (2.4.50) depends on the

location of E[U] in the interval [a,b], and it therefore refines Hoeffd-

ing’s inequality in Lemma 2.4.1. The worst case where p = % (i.e., if

E[U] = % is in the middle of the interval [a,b]) coincides however
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with Hoeffding’s inequality (since, from (2.4.51), cpk(p) = = if p = %)
The bound on H,(A) in (2.4.53) can be weakened to

Hy(\) <cxs(p) M, VAER, pel0,1] (2.4.54)

where the abbreviation 'KS’ on the right side of (2.4.54) stands for the
Kearns-Saul inequality in [97], and it is given by

0, if p=20,1

cks(p) = 4 & ifp=3 (2.4.55)

From (2.4.51) and (2.4.55), we have

cgk(p) = cks(p),  Vp€ [0, %]

0<ecpk(p) <cks(p) <3, Vpe[0,1]
where the equality cpk(p) = cks(p) = % holds if and only if p = % (see
Figure 2.1). Note that

lim cp(p) = lim exs(p) = g
p—3 p—3

which implies the continuity of cgk (+) and cks(-) over the interval [0, 1].

The improved bound in Lemma 2.4.6 (cf. Lemma 2.4.1) leads to
the following improvement of Hoeffding’s inequality (Theorem 2.4.5):

Theorem 2.4.7 (Berend and Kontorovich inequality). Let {Uj}}_; be
a sequence of independent and bounded random variables such that,

for every k € {1,...,n}, Uy € |ag,br] holds a.s. for some constants
ag, by € R. Let p, = 3 ?_; E[U.]. Then,

P U, —pun| =1 <2exp| — - , Vr>0
<k2::1 . ) p( 4Zk=1ck(bk—ak)2>
(2.4.56)
where ¢, £ cpi(pr) (see (2.4.51)) with
E|Ux| —
py, = PAUH — k. (2.4.57)

by, — a,
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0.14 ‘
cH(p) =1/8
0.12f Ko -- ]
* U Cs(P)
0.1r AN 1
~
\
A}
‘\
\
0.06, -
1
\}
1|
0.04 1
—_— Hp()\) < cBK(p) A2 with cBK(p) in Eq. (2.2.42)
0.02} - Hp()\) < cKS(p) A2 with cKs(p) in Eq. (2.2.46) 4
o HN) S 6 (p) M with ¢,(p) = 1/8 in Lemma 2.2.1
0 L L L L

0 0.2 0.4 0.6 0.8 1

Figure 2.1: A comparison between upper bounds on the Hoeffding function Hj(X)
in (2.4.6); these bounds are of the type H,()\) < c(p) A\? for every p € [0,1] and

A > 0 (see Egs. (2.4.12), (2.4.53) and (2.4.54) with c¢(p) = % or ¢(p) in (2.4.51)

and (2.4.55), respectively; these values of ¢(p) correspond to the dotted, solid and
dashed lines, respectively, as a function of p € [0,1].)

Proof. Inequality (2.4.56) follows from a combination of the Chernoff
bound and Lemma 2.4.6 (similarly to the proof of Theorem 2.4.5 that
relies on the Chernoff bound and Lemma 2.4.1). O

A loosening of the bound in Theorem 2.4.56, by a replacement of
cr 2 cp(pr) with ¢, 2 cxs(pr) (see (2.4.51), (2.4.52) and (2.4.55)),
gives the Kearns-Saul inequality in [97]:

Corollary 2.4.8 (Kearns—Saul inequality). Let {Uy}}_; be a sequence
of independent and bounded random variables such that, for every
ke {l,...,n}, Ug € |ag,bg] holds a.s. for some constants ag, b € R.
Let pu, = >}_, E[Ug]. Then, for every r > 0,

P Uy —punl =7 | <2exp| — - 2.4.58
( kz:; F ) P ( 43 k=1 ck (b — ak)Q) ( )
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where ¢, = cks(pr) with ckg(+) and py in (2.4.55) and (2.4.57), respec-
tively. The bound in (2.4.58) improves Hoeffding’s inequality in (2.4.48)
unless py = 3 (ie., if E[Uy] = %) for every k € {1,...,n}; in the

latter case, both bounds coincide.

An information-theoretic proof of the basic inequality that leads
to the Kearns-Saul inequality is given in Section 3.4.3. Another recent
refinement of Hoeffding’s inequality is provided in [99].

2.5 Refined versions of the Azuma—-Hoeffding inequality

The following section considers generalized and refined versions of the
Azuma-Hoeffding inequality (see Sections 2.5.1 and 2.5.2). A derivation
of one-sided inequalities for sub and super martingales is considered as
well (see Section 2.5.3).

2.5.1 A generalization of the Azuma—Hoeffding inequality

The following theorem generalizes the Azuma-Hoeffding inequality for
real-valued martingale sequences {Xj, #,}7_, with bounded differ-
ences in the case where the differences &, £ X), — X;_1 are bounded
between the endpoints of asymmetric intervals around zero. Further-
more, it states that the same bound holds not only for the probability
of the event where | X,, — Xo| > 7, for some r > 0, but also for the proba-
bility of the more likely event where there exists an index k € {1,...,n}
such that | Xy — Xo| > r; the idea that strengthens the bound to hold
for the latter event applies to all the concentration inequalities derived
in this chapter.

Theorem 2.5.1 (A generalization of the Azuma-Hoeffding Inequality).
Let { Xy, Z#,}}_o be a real-valued martingale sequence. Suppose that
ai,bi,...,an,b, are constants such that ap < Xp — Xp_1 < b, holds
a.s. for every k € {1,...,n}. Then, for every r > 0,

7,2

ST ak)2> (2.5.1)

IP’( max \Xk—X()]ZT)SQeXp<
ke{ n}

goony
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where ¢, = ¢(pg) with

a

Pk = — e€[0,1], Vked{l,...,n},

b, — ay,

and c(-) = epk(+) is introduced in (2.4.51) over the interval [0, 1].

Remark 2.5. In the following, it is shown that the Azuma-Hoeffding
inequality (Theorem 2.4.2) is a special case of Theorem 2.5.1. Con-
sider the setting in the Azuma-Hoeffding inequality where the intervals
[ak, bg] in Theorem 2.5.1 are symmetric around zero, i.e., by = —ay = di,
for every k € {1,...,n}, and for some non-negative reals dy,...,d,.
In this special case, it follows from Theorem 2.5.1 that pp = %, and
c(pi) = % for every k. Hence, from (2.5.1), we have

P(|X,, — Xo| > r) < ]P( max | Xy — Xo| > r>
ke{l,...,n}
7,2
<2exp (-t ), Wr>0
—= eXp 2 22:1 di b r i )

which gives the Azuma-Hoeffding inequality in (2.4.18).

Proof. In the following, the proof of the Azuma-Hoeffding inequality is
modified for a derivation of the generalized inequality in (2.5.1). As a
first step, the equality in (2.4.19) is replaced by the equality

IP’( max | X — Xo| >7
ke{l,...,n}

=P Xy —Xo) >r |+P Xo—Xp)>r). (2.5.2
(s = 30 2 )42 (e (00 =02 7). @252
Let & = X — Xi_1 be the differences of the martingale sequence, then
E[¢k|-Zk—1] = 0 and ag < & < bg hold a.s. for every k € {1,...,n}.
Recall that a composition of a convex function with a martingale
gives a sub-martingale with respect to the same filtration (see The-
orem 2.1.1). Since {X; — Xo, Z1}}_; is a martingale and fi(z) =
exp(tz) is a convex function over R for every ¢ € R, it follows
that {exp(t(X) — XO))H%C}Z:;[ is a sub-martingale for every t € R.
From the maximal inequality for sub-martingales (a.k.a. the Doob-
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Kolmogorov inequality), which states that if {Yj, #,}}_, is a sub-
martingale then

E[[Yn]]
A

P(lrg%lykzx) < . YA>0

(see, e.g., [84, Theorem 14.3.1]), it follows that for every t > 0

]P’( max (Xk—Xo)ZT)

ke{l,...n}
= P(ker{rll?fn} exp(t(Xx — Xo)) > exp(tr))
< exp(—tr) E [exp (t(Xy — Xo))]

=exp(—tr)E lexp (t z": fkﬂ : (2.5.3)
k=1

Hence, by applying the maximal inequality for sub-martingales instead
of the Chernoff bound, inequality (2.4.20) is replaced with the stronger
result in (2.5.3). Similarly to the proof of the Azuma-Hoeffding inequal-
ity, by the law of iterated expectations, we have from (2.4.21)

E[exp <t kZ: gkﬂ =K [exp (t:g @;) E[exp(t&y) | ﬁnl]l .

In the following, Lemma 2.4.6 is applied with the conditioning on .%,,_1.
Based on the information that E[§,|-%#,—1] = 0 and &, € [an, by] a.s., it
follows that

E[exp(t&a) | #n1] < exp(cn(by — an)?t?) (2.5.4)

where ¢, = cgk(py) is given in (2.4.51) with (see (2.4.52))

o E[gn‘gn—l] —Qanp . Gnp
n — — .
bn — Qp bn — an
(If b, = —ay, £ d,, for a non-negative real number d,, then p,, = % and

cn = cgk(pn) = %, and inequality (2.5.4) is particularized to (2.4.22);
the latter inequality can be obtained by applying Hoeffding’s lemma,
as in the proof of the Azuma-Hoeffding lemma.) Continuing recursively
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in a similar manner, in parallel to (2.4.23), the quantity in (2.4.21) is
upper-bounded by

o136 <o (3t -

The combination of this bound with (2.5.3) gives that, for every r > 0,

P X. — X)) >
(oo (5= 30 = 7)

n

< exp (—tr + t? Z cx (b — ak)2> , Vt>0. (2.5.5)
k=1

An optimization with respect to the non-negative parameter t gives

,
2> 01 ciu(br — ag)?

and the substitution of this optimized value into (2.5.5) yields that, for

t =

every r > 0,

T2

43 h—q cr(by — ag)?

]P’( max }(Xk — Xo) > T)S exp (— > . (2.5.6)

The same bound as in (2.5.6) holds for ]P’(maxke{l,wn} (Xo—Xk) > r>.

Using these two bounds on the right side of (2.5.2) completes the proof
of Theorem 2.5.1. Ul

2.5.2 On martingales with uniformly bounded differences

Example 2.5 serves to motivate a derivation of an improvement of
the Azuma-Hoeffding inequality with a constraint on the conditional
variance of the martingale sequence. In the following, we assume that
| Xk — Xk—1| < d holds a.s. for every k (note that d does not depend
on k, so it is a global bound on the differences of the martingale). A
new condition is added for the derivation of the next concentration
inequality, where it is assumed that a.s.

var(Xk ‘ Lg‘\k,l) = E[(Xk — Xk,1)2 ‘ ﬁk,ﬂ S ’)/d2
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for some constant v € (0, 1].

One of the weaknesses of the Azuma—Hoeffding and McDiarmid’s
inequalities (see Theorems 2.4.2 and 2.4.3) is their insensitivity to the
variance, leading to suboptimal exponents compared to the central limit
theorem (CLT) and moderate deviation principle (MDP). The following
result in [93] (see also [85, Corollary 2.4.7]) relies on a constraint on
the conditional variance:

Theorem 2.5.2. Let {X}, #1}}_, be a discrete-time real-valued mar-
tingale. Assume that, for some constants d,c > 0, the following two
requirements are satisfied a.s. for every k € {1,...,n}:

| Xk — Xi—1| < d,

var(Xklﬁk,l) = E[(Xk — Xk,1)2 ‘ ﬁk,ﬂ < o?

Then, for every o > 0,

o+
P(lX,, — Xo| > <2 —nH|—||—— 2.5.
( ol 2 an) < exp( " <1+’YH1+’Y)> (2:5.7)
where )
N A Q

and

H@M)ﬁpmcp+%1—mh(1

denotes the binary relative entropy. If § > 1, the probability on the left
side of (2.5.7) is equal to zero.

:2) Vp,ge0,1]  (2.5.9)

Proof. The proof of this bound goes along the same lines as the proof of
the Azuma—Hoeffding inequality, up to (2.4.21). The new ingredient in
this proof is the use of the so-called Bennett’s inequality (see, e.g., [85,
Lemma 2.4.1]), which improves upon Lemma 2.4.1 by incorporating a
bound on the variance: Let X be a real-valued random variable with
7 = E(X) and E[(X —7)?] < o2 for some ¢ > 0. Furthermore, suppose
that X < b a.s. for some b € R. Then, for every A > 0, Bennett’s
inequality states that

M| (b— 5)26_% + g2eMb-T)
E[e/\X] <

< e (2.5.10)
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The proof of (2.5.10) is provided in Appendix 2.A for completeness.

We now apply Bennett’s inequality (2.5.10) to the conditional law of
&, given the o-algebra .Z;_1. Since E[¢;|. 1] = 0, var[&y| Fp_1] < o2
and & < d a.s. for kK € N, we have

o2 exp(td) + d* exp (—%)

E [exp(t&) | Fr—1] < @2+ o2

) a.s.. (2.5.11)

From (2.4.21) and (2.5.11) it follows that, for every t > 0,

n o2 exp(td) + d? exp (—%) n-l
don( )] = (7 A ) )
Repeating this argument recursively, we conclude that, for every ¢ > 0,

n o2 exp(td) + d? exp (—%) !
E[exp(tkz::lﬁk)] < ET+o? .
Using the definition of «y in (2.5.8), we can rewrite this inequality as

E[exp(tiﬁkﬂ < <7€Xp(td)11e;<p(_7td)>n, VE>0. (2.5.12)
k=1

Let 2 2 td (so z > 0). We can now use (2.5.12) with the Chernoff
bounding technique to get that for every o > 0 (from the definition of
0 in (2.5.8), at = dx)

P(X, — Xo > an)
< exp(—ant)E {exp (t 142: sz)}

- <vexp((1 —0)z) +6Xp(—(7+5)x)>n7 v
1+

>0, (25.13)

Consider first the case where 6 = 1 (i.e., & = d). Then (2.5.13) becomes

_ 1 "
P(Xn—ondn)§<7+eXp( o+ m) . Yz>0

1+~
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and the expression on the right side is minimized in the limit as z — oo.
This gives the inequality

,.Y n
P(X,—-—Xo>dn)<|——] . 2.5.14
(¥, = X0z dn) < (1) (25.14)

Otherwise, if § € [0,1), we minimize the base of the exponent on the
right side of (2.5.13) with respect to the free parameter x > 0. Setting
the derivative of this exponent to zero yields that the optimal value of

_ (1 Jlrfy) In (vzltéé)) . (2.5.15)

Substituting (2.5.15) into the right side of (2.5.13) gives that, for every
a >0,
) _I/H 1-6 "
(M’) - 5)—1“]
Y

(a2 2) e

where H(-||-) is introduced in (2.5.9). Finally, if § > 1 (i.e., @ > d), the
exponent is equal to +0o. The application of inequality (2.5.16) to the
martingale {—Xj, #,}72, gives the same upper bound for the other
tail probability P(X,, — Xo < —an). Overall, we get the bound (2.5.7),
which completes the proof of Theorem 2.5.2. O

x is given by

P(X, — Xo > an) <

Remark 2.6. The divergence (a.k.a. Kullback-Leibler distance or rel-
ative entropy) between two probability measures P and @Q is de-
noted, throughout this monograph, by D(P||Q). The notation H(p||q)
is used in (2.5.9) for the divergence in the special case where P and
@ are Bernoulli(p) and Bernoulli(q), respectively. In this case, where
P = Bernoulli(p) and @ = Bernoulli(q), we have D(P||Q) £ H(p||q).

Here is an illustration of how one can use Theorem 2.5.2 for getting
better bounds in comparison to the Azuma—Hoeffding inequality:

Example 2.8. Let d > 0 and € € (0, 1] be some constants. Consider a
discrete-time real-valued martingale { Xy, .%,}72, where a.s. Xo = 0,
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and for every m € N

P(Xm — Xm,1 = d|gm71) =&,
ed
1—c¢

]P’(Xm—Xm_lz— ‘ym_1>:1—g.

This implies that E[X,,, — Xy—1]-Fm-1] = 0 a.s. for every m € N,
and, since X,,—1 is Z,—1-measurable, we have E[X,, | Z,—1] = Xin-1

almost surely. Moreover, since ¢ € (0, %],

d
]Xm—Xm_1|<max{d,1€_ }:d a.s.

so the Azuma—Hoeffding inequality gives

k 2
P(X; > kz) < exp <—222) . Yz>0 (2.5.17)

independently of the value of ¢ (note that Xy = 0 a.s.). However, we
can use Theorem 2.5.2 to get a better bound; since for every m € N
d%e

E[(Xm — m—1)2 ’tO}\m—l] = 1_ E’ a.S.

it follows from (2.5.16) that
z(l—e¢)
P(Xy > kx) <exp| —kH T+5H6 , Vo >0. (2.5.18)

Consider the case where € — 0. Then, for arbitrary x > 0 and k € N,
the Azuma—Hoeffding inequality in (2.5.17) provides an upper bound
that is strictly positive independently of €, whereas the one-sided con-
centration inequality of Theorem 2.5.2 implies a bound in (2.5.18) that
tends to zero.

Corollary 2.5.3. Let { X}, #;}1_, be a discrete-time real-valued mar-
tingale, and assume that | X} — Xj_1| < d holds a.s. for some constant
d > 0 and for every k € {1,...,n}. Then, for every a > 0,

P(| X — Xol = an) < 2exp (~nf(8)) (2.5.19)
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o) { m@)[1-n (552)], 0<s<1 2.5.20)
+o0, 0>1

and ha(z) £ —xlogy(x) — (1 —z)logy(1 —x) for 0 < x < 1 is the binary
entropy function (base 2).

Proof. By substituting v = 1 in Theorem 2.5.2 (since there is no con-
straint on the conditional variance, one can take o2 = d?), the corre-
sponding exponent in (2.5.7) is equal to

H(l"yH;) = £(5), (2.5.21)

since, from (2.5.9), it is easy to verify that H(p|3) = In2 [1 — ho(p)]
for every p € [0, 1]. O

An alternative proof of Corollary 2.5.3, which provides some further
insight, is suggested in the following.

Proof. As a first step, a refined version of Hoeffding’s lemma is provided
(cf. Lemma 2.4.1).

Lemma 2.5.4. Let U € R be a random variable, such that U € [a, D]
a.s. for some finite a < b, and EU = ‘%H’. Then, for every t > 0,

E [exp (t(U — EU))] < cosh (t(b;a)> . (2.5.22)

Proof. This refinement of (2.4.5), if EU = aT*'b, follows from (2.4.10).
0

The proof of Corollary 2.5.3 continues by following the proof of the
Azuma—Hoeffding inequality. Recall that &, = X — X1, forall K € N|
form the differences of the martingale sequence with [£x| < d (in the
case where dj, = d, independently of k) and E[{;|.-Z,_1] = 0. Using a
conditional version of Lemma 2.5.4, the bound in (2.4.22) is improved
to

Elexp(t&,) | #n-1] < cosh(td), Vt>0 (2.5.23)
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and continuing recursively, the quantity in (2.4.21) is upper bounded
by

E{exp (t Z fkﬂ < cosh™(td), Vt=>0.
k=1
Based on Chernoff’s inequality, the following refinement of (2.4.24)
holds
P(X, — Xo > an) < exp(—ant) cosh”(td)
= exp(—n[at —In Cosh(td)]), Vt>0. (2.5.24)

Due to the bounded differences assumption, we have (a.s.)

n
X0 — Xo| <> Xk — Xp—1| < nd
k=1
so, if @ > d, we have P(X,, — Xo > an) = 0. If 0 < a < d, an
optimization of the free parameter ¢ on the right side of (2.5.24) gives
t =1 tanh™! (2). Substituting this optimized value of ¢ into (2.5.24),
combined with the use of the following two identities for hyperbolic

functions:
tanh~!(z) = 1 In (1 +x) Vi) <1
2 1—x)’ ’
1
cosh(z) = ——————=, Vz eR,
1 — tanh?(z)

yield that the exponent on the right side of (2.5.24) is equal to
at — In cosh(td)

« 1+ 4 1 a?
=1 d —In(1-—
2d“<1—3>+2“< d?)
« (6%

= f(9)

where the last equality follows from (2.5.8) and (2.5.20). This gives the
exponential bound in Corollary 2.5.3 for a € [0,d). Finally, the result
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of this corollary for a = d is obtained by letting ¢ tend to infinity in
the exponential bound on the right side of (2.5.24). This gives

Jim (td — Incosh(td)) =In2, Vd>0

and, consequently,
P(X, —Xo>dn) <277

which proves Corollary 2.5.3 for @ = d. Note that the factor 2 in the
bound of (2.5.19) was justified in the proof of Theorem 2.4.2. O

Remark 2.7. Corollary 2.5.3, which is a special case of Theorem 2.5.2
with v = 1, forms a tightening of the Azuma—Hoeffding inequality
for the case where dp = d (independently of k). This follows from
Pinsker’s inequality, which implies that f(9) > % for § > 0. Figure 2.2
plots the two exponents of the Azuma-Hoeffding inequality and its
improvement in Corollary 2.5.3, and they nearly coincide for § < 0.4.
The exponential bound of Theorem 2.5.2 is improved as the value of
v € (0,1) is reduced (see Figure 2.2); this holds since the additional
constraint on the conditional variance in Theorem 2.5.2 has a growing
effect by reducing the value of ~.

Theorem 2.5.2 can also be used to analyze the probabilities of small
deviations, i.e., events of the form {|X,, — Xo| > ay/n} for a > 0 (in
contrast to large-deviation events of the form {|X,, — Xo| > an}):

Proposition 2.1. Let { X}, %} be a discrete-time real-valued martin-
gale that satisfies the conditions of Theorem 2.5.2. Then, for every
a >0,

P(|X,, — Xo| > av/n) < Qexp(—;i) (1+0(m77)).  (2525)

Remark 2.8. From Proposition 2.1, for an arbitrary a > 0, the upper
bound on P(|X,, — Xy| > ay/n) improves the exponent of the Azuma—
Hoeffding inequality by a factor of %
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LOWER BOUNDS ON EXPONENTS

Exponent of Azuma inequality: 312
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Figure 2.2: Plot of the lower bounds on the exponents in the Azuma—Hoeffding
inequality and the improved bounds in Theorem 2.5.2 and Corollary 2.5.3. The
pointed line refers to the exponent in Corollary 2.5.3, and the three solid lines for

v = é, i and % refer to the exponents in Theorem 2.5.2.

Proof. Let { Xy, #1}72 be a discrete-time martingale that satisfies the
conditions in Theorem 2.5.2. From (2.5.7), for every a > 0 and n € N,

P(|X, — Xo| > av/n) < 2exp (— (51 jJH ] +7)) (2.5.26)

where, following (2.5.8),
a0

ﬁu

&‘§‘Q

v — (2.5.27)

L
i
With these definitions, we have
T lms) = | (5w e ()
H = 1+ ——)ln(l1+——
<1+7 T+v) " T4~ |\ T ava) U T A

n i (1 _ jﬁ) In (1 _ %) ] (2.5.28)
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Using the power series expansion

—u)k

(1+u)ln(1+u)—u+§:k(k_1),

k=2

-1<u<l

2

n (2.5.28), it follows that for every n > f‘y—Q

(5 +7H >_52_53<1—7>1+
-

1+7 2 672 /n
&2 1
=—4+0(—].
2 " (ﬁ)
Substituting this into the exponent on the right side of (2.5.26) gives
(2.5.25). O

2.5.3 Inequalities for sub- and super-martingales

Upper bounds on the probability P(X,, —X¢ > r) for r > 0, derived ear-
lier in this section for martingales, can be adapted to super-martingales
(similarly to, e.g., [11, Chapter 2] or [12, Section 2.7]). Alternatively,
by replacing { Xy, % }i_, with {—Xj, #,}}_,, we may obtain upper
bounds on the probability P(X,,— Xy < —r) for sub-martingales. For ex-
ample, the adaptation of Theorem 2.5.2 to sub- and super-martingales
gives the following inequality:

Corollary 2.5.5. Let { X}, %, }72 be a discrete-time real-valued super-
martingale. Assume that, for some constants d, o > 0, the following two
requirements are satisfied a.s.:

Xy — E[Xy | Fr1] < d,
var(X| Fi 1) 2 B[ (X — E[Xy | Fx 1))’ | Fa| < 02

for every k € {1,...,n}. Then, for every a > 0,

5
P(X, — Xo > an) < exp (— <1 izH : +ry)> (2.5.29)

where v and § are defined in (2.5.8), and the binary divergence
H(pl|q) is introduced in (2.5.9). Alternatively, if { X}, #}72, is a sub-
martingale, the same upper bound in (2.5.29) holds for the probability
P(X, — Xo < —an). If 6 > 1, these two probabilities are zero.
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Proof. 1t is similar to the proof of Theorem 2.5.2; the only differ-
ence is that, for a super-martingale, X,, — Xo = >} (X — Xp—1) <
S & a.s., where & = Xp — E[X | F_1] is Fp-measurable. There-
fore, we have P(X,, — Xy > an) < P(X}_1& > an) where, as.,
& < d, Elép| Fr_1] = 0, and var(& | #r_1) < 0% The rest of
the proof coincides with the proof of Theorem 2.5.2 (starting from
(2.4.20)). The other inequality for sub-martingales holds due to the
fact that if { Xy, #;} is a sub-martingale then {—Xy, %} is a super-
martingale. O

The reader is referred to [100] for an extension of Hoeffding’s in-
equality to super-martingales with differences bounded from above (or
sub-martingales with differences bounded from below), and to [101] for
large deviation exponential inequalities for super-martingales.

2.6 Relations to classical results in probability theory

2.6.1 The martingale central limit theorem

A relation between Proposition 2.1 and the martingale central limit
theorem (CLT) is considered in the following.

Let (2,.%#,P) be a probability space. Given a filtration {.%}, we
say that {Yj, #1172, is a martingale-difference sequence if, for every
k,

1. Y}, is Zj-measurable,

2. E[|Yi]] < oo,

3. E[Yi | Zr-1] = 0.

Let
n
S, = Z Y., VneN
k=1
and Sy = 0; then {Sk, #;}72, is a martingale. Assume that the se-

quence of random variables {Y} } is bounded, i.e., there exists a constant
d such that |Y;| < d a.s., and furthermore, assume that the limit

1L
02 é nh—{]goﬁkz_:lE[Yk2|yk_l]
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exists in probability and is positive. The martingale CLT asserts that,

under the above conditions, {%} converges in distribution (or weakly)

to the Gaussian distribution N(0,02); we denote this convergence by
% = N(0,02). (There exist more general versions of this statement
— see, e.g., [102, pp. 475-478]).

Let { Xk, Zi}32, be a real-valued martingale with bounded differ-
ences where there exists a constant d such that a.s.

| Xk — Xp—1] <d, VkeN
Define, for every k € N,
Vi £ Xy — X

and Yy £ 0. Then {Y}, T} is a martingale-difference sequence, and
|Yi| < d a.s. for every & € NU {0}. Assume also that there exists a
constant o > 0, such that, for all k,

E[YIE | ﬁk—l] = E[(Xk - Xk:—l)2 | ﬁk_ﬂ = 02, a.s.

Consequently, from the martingale CLT, it follows that
X, — Xo

Tn — N(0,0?),

so, for every a > 0,
t P(1% - 01> 0v7) =20(2)

where the @-function is defined in (2.4.29). In terms of the notation in

(2.5.8), we have & = %, so that
lim P(|X, — Xo| > av/n) = 2Q<5>. (2.6.1)
n—o00 ﬁ
From the fact that
1 2
Q(x)giexp <—JC2>, Vo >0

it follows that, for every a > 0,

. 52
nh_}rglolP’(\Xn — Xo| > av/n) < exp <_2’y> )
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This inequality coincides with the large-n limit of the inequality in
Proposition 2.1, except for the additional factor of 2 in the pre-exponent
(see the right side of (2.5.25)). Note also that the proof of Proposi-
tion 2.1 is applicable for finite n, and not only in the asymptotic regime
n — oo. Furthermore, from the exponential upper and lower bounds
on the Q-function in (2.4.30) and from (2.6.1), it follows that the ex-
ponent in the concentration inequality (2.5.25) cannot be improved
without imposing additional conditions on the martingale sequence.

2.6.2 The moderate deviations principle

The moderate deviations principle (MDP) on the real line (see, e.g.,
[85, Theorem 3.7.1]) states the following: Let {X;}?_; be a sequence of
real-valued i.i.d. random variables such that Ax()\) £ InE[e*¥] < oo
in some neighborhood of zero, and also assume that E[X;] = 0 and
0? = var(X;) > 0. Let {a,}5°; be a non-negative sequence such that
an, — 0 and na, — oo as n — 00, and let

Zn 2 ,/%" S X, VneN. (2.6.2)
=1

Then, for every measurable set I' C R,
L. 2
~552 wléllfo x < hgr_l}gf anInP(Z, €T)
<limsupa, InP(Z, €T)

n—oo

1.
< ~5,3 inf 22 (2.6.3)

where I'? and T’ denote, respectively, the interior and the closure of T,
Let 1 € (3,1) be an arbitrary fixed number, and let {a,}32; be the
non-negative sequence

anb=n'"? VneN

so that a, — 0 and na, — oo as n — oo. Let « € RT, and ' £
(—o0, —a] U [a, 00). Note that, from (2.6.2),

‘|

n

Sox

i=1

> om") =P(Z, el) (2.6.4)
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so, by the MDP,

n

E X;
n—00 : ¢ 202’
=1

lim n'=27 ln]P’<

2
> om”) =-2  VYa>0. (265)

We show in Appendix 2.B that, in contrast to the Azuma—Hoeffding
inequality, Theorem 2.5.2 provides an upper bound on the left side
of (2.6.4) which coincides with the asymptotic limit in (2.6.5). The
analysis in Appendix 2.B provides another interesting link between
Theorem 2.5.2 and a classical result in probability theory, and thus
emphasizes the significance of the refinements of the Azuma—Hoeffding
inequality.

2.6.3 Functions of discrete-time Markov chains

An interesting relation between discrete-time Markov chains and mar-
tingales is the following (see, e.g., [103, p. 473]): Let {X,}5°, be a
discrete-time Markov chain taking values in a countable state space S
with transition matrix P. Let ¢v: S — R be a harmonic function of the
Markov chain, i.e.,

Zps',sWS) =y(s), VseS (2.6.6)
seS
and assume also that v is a measurable and bounded function. Let
Y, £ ¢(X,) for every n > 0, and let {.%,} be the natural filtration
where .7, = 0(Xy,...,X,). It is a remarkable fact that {Y,,, %,} is a
martingale; this property holds since Y, is .%,-measurable, E[|Y},|] < oo
(due to the requirement that 1 is bounded), and from (2.6.6)

ElY | Zna] = px,1,s () = ¥(Xno1) = Y1, VneN.
SES

(2.6.7)

This relation between Markov chains and martingales enables to ap-
ply the concentration inequalities of this chapter to the composition
of a bounded harmonic function and a Markov chain; note that the
boundedness of 3 implies that the differences of the martingale se-
quence are uniformly bounded (this holds since, for every n, we have
Yo — Y] < 2[[¢]Jec < 00).
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More generally, let 1) be a right eigenvector of the transition matrix
P such that [|9)||c < 00, and let X be its corresponding eigenvalue such
that |A\| > 1. Let S = {s1, s2,...} be the countable state space of the
Markov chain, and let ¥: & — R be a real-valued function such that
Y(s;) is equal to the i-th entry of the vector ¢. Then, the following
equality holds:

S pyst(s) =Au(s), Vs €S

seS

which generalizes (2.6.6) (i.e., if A = 1, the function ¢ is harmonic).
Similarly to (2.6.7), for every n > 1,

E[¢(Xn) | g[n—l] = Aw(Xn—l)-

Defining Y,, = \™"9¥(X,,), for n > 0, implies that E[Y,,|%#,—1] = Yn_1.
Since |A| > 1 and [|¢[|cc < oo then E[|Y,|] < oo. Consequently,
{Y,,Z,} is a martingale sequence, and its differences are uniformly
bounded. The latter property holds since, for every n > 1,

Yy — Yo

<A [(Xn) |+ AT (X))
< | (Xn)| + [(Xn-1)|

< 2|9l < o0

Since {Y,, #,} is demonstrated to be a discrete-time martingale with
uniformly bounded differences, the concentration inequalities of this
chapter are applicable here as well.

Exponential deviation bounds for an important class of Markov
chains, so-called Doeblin chains, were derived by Kontoyiannis [104].
These bounds are essentially identical to the Hoeffding inequality in
the special case of i.i.d. random variables (see [104, Remark 1]).

2.7 Applications in information theory and coding

This section is focused on applications of the concentration inequalities,
derived in this chapter via the martingale approach, in information
theory, communications and coding.
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2.7.1 Minimum distance of binary linear block codes

Consider the ensemble of binary linear block codes of length n and rate
R, where the codes are chosen uniformly at random. The asymptotic
average value of the normalized minimum distance is equal to (see [105,
Section 2.C))

li Pl ©)] hy'(1 - R)

n—oo n
where hy': [0,1] — [0, 1] denotes the inverse of the binary entropy
function to the base 2.

Let H denote an n(1 — R) x n parity-check matrix of a linear block
code C from this ensemble. The minimum distance of the code is equal
to the minimal number of columns in H that are linearly dependent.
Note that the minimum distance is a property of the code, and it does
not depend on the choice of the particular parity-check matrix which
represents the code.

Let us construct a sequence of integer-valued random variables
{Xi}, where X; is defined to be the minimal number of linearly de-
pendent columns of a random parity-check matrix H, chosen uniformly
from the ensemble, given that the first ¢ columns of H are already re-
vealed; this refers to a random process where sequentially, at every time
instant, a new column of the random parity-check matrix H is revealed.

Recalling Fact 2 from Section 2.1, we see that this is a martingale
sequence with the natural filtration {.%;}7_, where .%; is the o-algebra
that is generated by all subsets of n(1 — R) x n binary parity-check
matrices whose first ¢ columns are fixed. This martingale sequence has
bounded differences, and it satisfies | X; — X;_1| <1 fori € {1,...,n};
this can be verified by noticing that the observation of a new column of
the random parity-check matrix H can change the minimal number of
linearly dependent columns by at most 1. Note that the random variable
Xp is the expected minimum Hamming distance of the ensemble, and
X, is the minimum distance of a particular code from the ensemble
(since once all the n columns of H are revealed, the code is known
exactly). Hence, by the Azuma—Hoeffding inequality,

P(|dimin(C) — Eldmin (©)]] > av/n) < 2exp <_O§> , Ya > 0.
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This leads to the following concentration theorem of the minimum
distance around the expected value:

Theorem 2.7.1. Let C be chosen uniformly at random from the ensem-
ble of binary linear block codes of length n and rate R. Then for every
«a > 0, with probability at least 1 —2exp (—O‘;), the minimum distance

of C lies in the interval [nhy (1 — R) — ay/n, nhy (1 — R) + ay/n].

Remark 2.9. Note that some well-known capacity-approaching families
of binary linear block codes have a minimum Hamming distance that
grows sublinearly with the block length n. For example, the class of
parallel concatenated convolutional (turbo) codes was proved to have
minimum distance that grows at most as the logarithm of the inter-
leaver length [106].

2.7.2 Expansion properties of random regular bipartite graphs

The Azuma—Hoeffding inequality is useful for analyzing the expan-
sion properties of random bipartite graphs. The following theorem was
proved by Sipser and Spielman [42, Theorem 25] in the context of bit-
flipping decoding algorithms for expander codes. It is stated, in the
following, in a more precise form that captures the relation between
the deviation from the expected value and the exponential convergence
rate of the resulting probability:

Theorem 2.7.2. Let G be a bipartite graph that is chosen uniformly at
random from the ensemble of bipartite graphs with n vertices on the
left, a left degree [, and a right degree r. Let « € (0,1) and 6 > 0 be
fixed numbers. Then, with probability at least 1 — exp(—dn), all sets
of an vertices on the left side of G are connected to at least

n ll(l—(lr—a)T) — /2l (h(a) + 0)

vertices (neighbors) on the right side of G, where h is the binary entropy
function to base e (i.e., h(z) = —zIn(z)— (1—z) In(1—2z) for z € [0, 1]).

(2.7.1)
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Proof. The proof starts by looking at the expected number of neigh-
bors, and then exposing one neighbor at a time to bound the probability
that the number of neighbors deviates significantly from this mean.

Let V denote a given set of na vertices on the left side of the selected
bipartite graph G. The set V has nal outgoing edges in G. Let X (G) be
a random variable which denotes the number of neighbors of V on the
right side of G, and let E[X (G)] be the expected value of neighbors of
V where all the bipartite graphs are chosen uniformly at random from
the ensemble. This expected number is equal to

nl(l—(1-a)")

E[X(G)] = (2.7.2)

since, for each of the ”71 vertices on the right side of G, the probability
that it has at least one edge in the subset of na chosen vertices on the
left side of Gis 1 — (1 — )".

Let us form a martingale sequence to estimate, via the Azuma-—
Hoeffding inequality, the probability that the actual number of neigh-
bors deviates by a certain amount from the expected value in (2.7.2).

The set of na vertices in V has nal outgoing edges. Let us reveal
the destination of each of these edges one at a time. More precisely,
let S; be the random variable denoting the vertex on the right side of
G which the i-th edge is connected to, where i € {1,...,nal}. Let us
define, for i € {0,...,nal},

X; = E[X(G)|S4, ..., Si1].

Note that this forms a martingale sequence where Xy = E[X (G)] and
Xnat = X(G). For every i € {1,...,nal}, we have |X; — X;_1] < 1
since every time only one connected vertex on the right side of G is
revealed, so the number of neighbors of the chosen set V cannot change
by more than 1 at every single time. Hence, from the one-sided Azuma—
Hoeffding inequality in Section 2.4.2,

2

P(E[X(G)] - X(G) > AVian) < exp <—A2> . YAS0.  (2.7.3)

Since there are (n”a) choices for the set V, the event that there exists
a set of size na with less than E[X(G)] — AVIan neighbors occurs
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n
no

on the inequality (") < e we get the exponential upper bound

exp(nh(a) — )‘72) Finally, choosing A = {/2n(h(a) + ¢) in (2.7.3) gives

the bound in (2.7.1). O

with probability at most () eXp(—)‘;), by the union bound. Based

n

2.7.3 Concentration of the crest factor for OFDM signals

Orthogonal-frequency-division-multiplexing (OFDM) is a widely used
modulation scheme that converts a high-rate data stream into a large
number of closely spaced orthogonal sub-carrier signals. These sub-
carriers are used to transmit data steams over parallel narrow-band
channels. OFDM signals are used in various international standards for
digital television and audio broadcasting, DSL internet access, wireless
networks, and the fourth generation (4G) mobile communications. For
a textbook treatment of OFDM, the reader is referred to, e.g., [107,
Chapter 19].

The primary advantage of OFDM signals over single-carrier modu-
lation schemes is in their immunity to severe channel conditions (e.g.,
attenuation of high frequencies in a long copper wire, narrowband inter-
ference and frequency-selective fading due to multipath propagation)
without using complex equalization filters. This important advantage
arises from the fact that channel equalization is significantly simplified
due to the fact that the OFDM modulation scheme can be viewed as
using many slowly-varying modulated narrowband signals rather than
one rapidly-varying modulated wideband signal. Nevertheless, one of
the significant problems of OFDM signals is that the peak amplitude of
such a signal is typically much larger than its average amplitude. The
high peak-to-average power ratio (PAPR) of OFDM signals makes their
transmission sensitive to non-linear devices in the communication path,
such as digital-to-analog converters, mixers and high-power amplifiers.
As a result of this drawback, linear transmitter circuitry is required for
OFDM signals, which suffers from a poor power efficiency. For a recent
comprehensive tutorial that considers this long-lasting problem of the
high PAPR, and some related issues, the reader is referred to [108].

Given an n-length codeword {X;}?-}, a single OFDM baseband
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symbol is described by

1 j2mit
s(t) = —=>_ X;exp , 0<t<T. (2.7.4)
7 & e ()
Let us assume that Xp,..., X,_1 are complex random variables, and

| X;| = 1 a.s. (for the moment, these random variables may be depen-
dent; however, later in this section, some concentration inequalities are
derived for the case where these random variables are independent).
Since the sub-carriers are orthonormal over [0,77], the signal power
over the interval [0,7] is 1 a.s.:

7{/; Is()[2dt = 1. (2.7.5)

The crest factor (CF) of the signal s, composed of n sub-carriers, is
defined as

CF,(s) & [ax |s(t)]. (2.7.6)

Commonly, the impact of nonlinearities is described by the distribution
of the CF of the transmitted signal [109], but its calculation involves
time-consuming simulations even for a small number of sub-carriers.
From [110, Section 4] and [111], it follows that the CF scales with high
probability like v/Inn for large n. In [109, Theorem 3 and Corollary 5],
a concentration inequality was derived for the CF of OFDM signals. It
states that, for an arbitrary ¢ > 2.5,

clnlnn 1
]P’(‘CFn(S)— Inn| < \/R>:1_O<(1nn)4>'

Remark 2.10. The analysis used to derive this rather strong concentra-

tion inequality (see [109, Appendix C]) requires some assumptions on
the distribution of the X;’s (see the two conditions in [109, Theorem 3]
followed by [109, Corollary 5]). These requirements are not needed in
the following analysis, and the derivation of concentration inequalities
that are introduced in this subsection is much simpler and provides
some insight into the problem, although the resulting concentration
result is weaker than the one in [109, Theorem 3].
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In the following, the concentration of the crest factor of OFDM sig-
nals is studied via the Azuma—Hoeffding inequality, its refinement in
Proposition 2.1, and McDiarmid’s inequality. It is assumed in the fol-
lowing that the symbols { X }?:_& are independent complex-valued ran-
dom variables with magnitude 1, attaining the M points of an M-ary
PSK constellation with equal probability. The material in this section
presents in part the work in [112].

Concentration via the Azuma—Hoeffding inequality: Let us define
the random variables

YVZ‘ = E[CFn(S) ‘ X(), ce ,Xifl], 1= 0, B N (277)

Based on a standard construction of martingales, {Y;, %}, is a mar-
tingale, where .%; is the o-algebra generated by the first ¢ symbols
(Xo,...,X;—1) in (2.7.4). Hence, .y C .7, C ... C %, is a filtration.
This martingale also has bounded differences:
2 .
|E_Yi—1|§%7 16{17-‘-7’”}
since revealing the additional i-th coordinate X; affects the CF, as
defined in (2.7.6), by at most % (see the first part of Appendix 2.C). It

therefore follows from the Azuma—Hoeffding inequality that, for every
a >0,

2
P(/CF,(s) — E[CFy(s)]| > a) < 2exp (—@) , (2.7.8)
which demonstrates concentration around the expected value.

Concentration of the crest factor via Proposition 2.1: We will now
use Proposition 2.1 to derive an improved concentration result. For the
martingale sequence {Y;}I" in (2.7.7), Appendix 2.C gives that a.s.

2
Y, - Y| < =, E[Y;-Yi1)?Fi4] <
| 1!_\/5 [( 1) Fia] <

for every i € {1,...,n}. Note that the conditioning on the o-algebra
;1 is equivalent to conditioning on the symbols Xj, ..., X; o, and

(2.7.9)

AR
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there is no conditioning for 7 = 1. Further, let Z; = /nY; for 0 < i < n.
Proposition 2.1 therefore implies that, for an arbitrary a > 0,

P(ICF, (s) — E[CF, (s)]| > o)
— ()Y, - Yo| > o)
— B(|Z, — Zo| > av/n)

< 2exp <—O:12 (1 + O<\}ﬁ>>> (2.7.10)

(since § = § and v = % in the setting of Proposition 2.1). Note that the
exponent in the last inequality is doubled as compared to the bound
that was obtained in (2.7.8) via the Azuma-Hoeffding inequality, and

the term that scales like O (ﬁ) on the right side of (2.7.10) is expressed

explicitly for finite n (see the proof of Proposition 2.1).

Establishing concentration via McDiarmid’s inequality: We use in
the following McDiarmid’s inequality (see Theorem 2.4.3) in order to
prove a concentration inequality for the crest factor of OFDM signals.
To this end, let us define

A
U= OréltaSXT}s(t;Xm . CHETD, ¢ ,Xn_1)|
A . / )
V:OléltaéXT|s(t,X07.., i717X17"'7X7’l—1)’
where  the two  vectors (Xo,...,X;-1,Xi,...,Xp—1) and
(Xoy.--, X! 1, Xi,..., Xn—1) may only differ in their i-th coordi-
nate. This then implies that

— < ; i iy _
|U V| = OIgtaéXT‘S(t,XO’ 7X2 laXu an 1)

—S(t; Xo, ey Xz{—17 Xi, e ,Xn_1)|

j2m’t)‘

1
= max T ‘(Xi_l - X’L(—l) eXp( T

where the last inequality holds since |X;_1| = |X/_;| = 1. Hence, Mc-
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Diarmid’s inequality in Theorem 2.4.3 implies that, for every a > 0,

O52
P(|CF,(s) — E[CF,(s)]] > o) < 26xp(—7> (2.7.11)

which demonstrates concentration of the CF around its expected value.
The improvement of McDiarmid’s inequality is by a factor of 2 in com-
parison to the refined version of the Azuma-Hoeffding inequality in
Proposition 2.1. As will be seen in Chapter 3, there are some deep
connections between McDiarmid’s inequality and information-theoretic
aspects; McDiarmid’s inequality will be proved in Chapter 3 by the use
of the entropy method and information-theoretic tools, and it will be
proved useful in information-theoretic problems.

To conclude, three concentration inequalities for the crest factor
(CF) of OFDM signals have been derived in this section under the as-
sumption that the symbols are independent. The first two concentration
inequalities rely on the Azuma—Hoeffding inequality and its refinement
in Proposition 2.1, whereas the third bound is based on McDiarmid’s
inequality. Although these concentration results are weaker than some
existing results in the literature (see [109] and [111]), they establish
concentration in a rather simple way and provide some additional in-
sight to the problem. McDiarmid’s inequality improves the exponent
of the Azuma—Hoeffding inequality by a factor of 4, and the exponent
of the refined version of the Azuma—Hoeffding inequality from Propo-
sition 2.1 by a factor of 2. Note, however, that Proposition 2.1 may,
in general, be tighter than McDiarmid’s inequality (this happens to be
the case if v < i in the setting of Proposition 2.1).

2.7.4 Concentration of the cardinality of the fundamental system
of cycles for LDPC code ensembles

Low-density parity-check (LDPC) codes are linear block codes that are
represented by sparse parity-check matrices [113]. A sparse parity-check
matrix allows one to represent the corresponding linear block code by
a sparse bipartite graph, and to use this graphical representation for
implementing low-complexity iterative message-passing decoding. The
low-complexity decoding algorithms used for LDPC codes and some
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of their variants are remarkable in that they achieve rates close to
the Shannon capacity limit for properly designed code ensembles (see,
e.g., [13]). As a result of their remarkable performance under practical
decoding algorithms, these coding techniques have revolutionized the
field of channel coding, and have been incorporated in various digital
communication standards during the last decade.

In the following, we consider ensembles of binary LDPC codes. The
codes are represented by bipartite graphs, where the variable nodes are
located on the left side of the graph and the parity-check nodes are on
the right. The parity-check equations that define the linear code are rep-
resented by edges connecting each check node with the variable nodes
that are involved in the corresponding parity-check equation. The bi-
partite graphs representing these codes are sparse in the sense that the
number of edges in the graph scales linearly with the block length n of
the code. Following standard notation, let A; and p; denote the fraction
of edges attached, respectively, to variable and parity-check nodes of
degree i. The LDPC code ensemble is denoted by LDPC(n, A, p), where
n is the block length of the codes, and the pair A(z) = 3, \;z*~! and
p(x) £ 3, piz'~! represents, respectively, the left and right degree dis-
tributions of the ensemble from the edge perspective. It is well-known
that linear block codes that can be represented by cycle-free bipar-
tite (Tanner) graphs have poor performance even under ML decoding
[114]. The bipartite graphs of capacity-approaching LDPC codes should
therefore have cycles. Thus, we need to examine the cardinality of the
fundamental system of cycles of a bipartite graph. For preliminary ma-
terial, the reader is referred to Sections II-A and II-E of [115]. In [115]
and [116], the following question is addressed:

Consider a sequence of LDPC code ensembles with block
lengths tending to infinity, and let the communication take
place over a memoryless binary-input output-symmetric
channel. Assume that this sequence achieves a rate which
is equal to a fraction 1 — ¢ of the channel capacity with a
block error probability that tends to zero. Then, how small
can the number of loops in their bipartite graphs be as a
function of ¢ (i.e., the fractional gap in rate to capacity)?
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An information-theoretic lower bound on the average cardinality
of the fundamental system of cycles was derived in [115, Corollary 1].
This bound was expressed in terms of the achievable gap to capacity
(even under ML decoding) when the communication takes place over a
memoryless binary-input output-symmetric channel. More explicitly, it
was shown that the number of fundamental cycles should grow at least
like log %, where € denotes the gap in rate to capacity. This lower bound
diverges as the gap to capacity tends to zero, which is consistent with
the findings in [114] on cycle-free codes, and expresses quantitatively
the necessity of cycles in bipartite graphs that represent good LDPC
code ensembles. As a continuation of this work, we will now provide a
large-deviations analysis of the cardinality of the fundamental system
of cycles for LDPC code ensembles.

Let the triplet (n, A, p) represent an LDPC code ensemble, and let
G be a bipartite graph that corresponds to a code from this ensemble.
Then the cardinality of the fundamental system of cycles of G, denoted
by B(G), is equal to

B(G) = [E@G)] = [V(9)] + ¢(9)

where E(G) and V(G) are the edge and the vertex sets of G, and ¢(G)
denotes the number of connected components of G, and |A| denotes
the cardinality of a set A. Let R4 € [0, 1) denote the design rate of the
ensemble. Then, in every bipartite graph G drawn from the ensemble,
there are n variable nodes and m = n(1 — Rq) parity-check nodes, for
a total of |V (G)| = n(2 — Rq) nodes. If we let ag designate the average
right degree (i.e., the average degree of the parity-check nodes), then
the number of edges in G is given by |E(G)| = magr. Therefore, for
a code from the (n, A, p) LDPC code ensemble, the cardinality of the
fundamental system of cycles satisfies the equality

B(G) =n[(1 — Rq)ar — (2 — Ra)] + ¢(G) (2.7.12)
where the design rate and the average right degree can be computed
from the degree distributions A and p as

1
Rdzl_fop(m)dx i 1

Jia@)y dz’ T p(e) da



2.7. Applications in information theory and coding 65

Let

E 2 |E(G)| =n(1 - Ry)ar (2.7.13)
denote the number of edges of an arbitrary bipartite graph G from
the ensemble (for a fixed ensemble, we will use the terms “code" and
“bipartite graph" interchangeably). Let us arbitrarily assign numbers
1,..., E to the F edges of G. Based on Fact 2, let us construct a mar-
tingale sequence Xy, ..., Xg, where X; (fori =0,1,..., F) is a random
variable that denotes the conditional expected number of components
of a bipartite graph G chosen uniformly at random from the ensemble,
given that the first i edges of the graph G have been revealed. Note
that the corresponding filtration .y C %, C ... C %g in this case is
defined so that .%; is the o-algebra generated by all the sets of bipartite
graphs from the considered ensemble whose first ¢ edges are fixed. For
this martingale sequence,

Xo = ELppcmaplB(9)], Xe=p8(9)

and (a.s.) | Xy — Xg_1| < 1for k=1,..., F (since revealing a new edge
of G can change the number of components in the graph by at most 1).
By Corollary 2.5.3, it follows that for every a > 0

P (’C(g) — ELpromap[c(@)]] = aE) < 9ef(@E
= P (18(9) = ELppcuan [B@)]] > aB) < 2e7/0F  (27.14)

where the implication is a consequence of (2.7.12), and the function f
was defined in (2.5.20). Hence, for o > 1, this probability is zero (since
f(a) = +o0 for a > 1). Note that, from (2.7.12), Epppcn,a,p)6(9)]
scales linearly with n. The combination of Egs. (2.5.20), (2.7.13),
(2.7.14) gives the following statement:

Theorem 2.7.3. Let LDPC(n, A, p) be the LDPC code ensemble with
block length n and a pair (), p) of left and right degree distributions
(from the edge perspective). Let G be a bipartite graph chosen uni-
formly at random from this ensemble. Then, for every a > 0, the
cardinality of the fundamental system of cycles of G, denoted by 5(G),
satisfies the following inequality:

P (lﬁ(g) —ELppcmap [8(9)]] > an) < 9.9 [k ()] 7 (2.7.15)
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where hy is the binary entropy function to the base 2, n £ m,
and R4 and apr are, respectively, the design rate and average right

degree of the ensemble. Consequently, if 7 > 1, this probability is zero.

Remark 2.11. We can obtain the following weakened version of (2.7.15)
from the Azuma—Hoeffding inequality: for every a > 0,

ann

P (16(9) ~ Erppoman [B(G)]] = an) < 2e7

where 7 is defined in Theorem 2.7.3 (note that % = % is equal to the
average degree of the variable nodes). The exponential decay of the last

two bounds is similar for values of « close to zero (see the exponents
of the Azuma—Hoeffding inequality and Corollary 2.5.3 in Figure 2.2).

Remark 2.12. For various capacity-achieving sequences of LDPC code
ensembles on the binary erasure channel, the average right degree scales
like log% where ¢ denotes the fractional gap to capacity under belief-
propagation decoding (i.e., Rq = (1—¢)C) [40]. Therefore, for small val-
ues of «, the exponential decay rate in the inequality of Theorem 2.7.3

-2
scales like (log %) . This large-deviations result complements the re-

sult in [115, Corollary 1], which provides a lower bound on the average
cardinality of the fundamental system of cycles that scales like log %

Remark 2.13. Consider small deviations from the expected value that
scale like y/n. Note that Corollary 2.5.3 is a special case of Theo-
rem 2.5.2 when 7 = 1 (i.e., when only an upper bound on the dif-
ferences of the martingale sequence is available, but there is no non-
trivial upper bound on the conditional variance). Hence, it follows from
Proposition 2.1 that, in this case, Corollary 2.5.3 does not provide any
improvement in the exponent of the concentration inequality (in com-
parison to the Azuma—Hoeffding inequality) when small deviations are
considered.

2.7.5 Concentration theorems for LDPC code ensembles over ISI
channels

Concentration analysis of the number of erroneous variable-to-check
messages for random ensembles of LDPC codes was introduced in
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[41] and [117] for memoryless channels. It was shown that the per-
formance of an individual code from the ensemble concentrates around
the expected (average) value over this ensemble when the length of the
block length of the code tends to infinity, and that this average per-
formance converges asymptotically to the performance in the cycle-free
case (when the bipartite graph that represents a linear code contains no
cycles, the messages that are delivered by the message-passing decoder
through the edges of the graph are statistically independent [13]). These
concentration results were later generalized in [118] for intersymbol-
interference (ISI) channels. The proofs of [118, Theorems 1 and 2],
which refer to regular LDPC code ensembles, are revisited in the fol-
lowing in order to derive an explicit expression for the exponential rate
of the concentration inequality. It is then shown that particularizing
the expression for memoryless channels provides a tightened concen-
tration inequality in comparison to [41] and [117]. The presentation in
the following is based on [119].

The ISI channel and its message-passing decoding

We start by briefly describing the ISI channel and the graph used for
its message-passing decoding. For a detailed description, the reader is
referred to [118]. Consider a binary discrete-time ISI channel with a
finite memory length, denoted by I. The channel output Y at time
instant j is given by

I

V;=> hX;i +Nj, VjEL

i=0
where {X;} is a sequence of {—1,+1}-valued binary inputs, {h;}/_,
is the input response of the ISI channel, and {N;} is a sequence of
i.i.d. Gaussian random variables with zero mean and variance o2. It
is assumed that an information block of length & is encoded by using
a regular (n,dy,d.) LDPC code, and the resulting n coded bits are
converted into a channel input sequence before its transmission over the
channel. For decoding, we consider the windowed version of the sum-
product algorithm when applied to ISI channels (for specific details
about this decoding algorithm, the reader is referred to [118] and [120];
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2W+I+1
<+—symbols

Figure 2.3: Message flow neighborhood of depth 1. This figure corresponds to the
parameters (I, W,d, = L,d. = R) = (1,1,2,3).

in general, it is an iterative message-passing decoding algorithm). The
variable-to-check and check-to-variable messages are computed as in
the sum-product algorithm for the memoryless case with the difference
that a message that is received from the channel at a variable node
is not only a function of the channel output that corresponds to the
considered symbol, but it is also a function of the 2W neighboring
channel outputs and 2W neighboring variables nodes (as is illustrated
in Fig. 2.3).

Concentration

We prove that, for a large n, a neighborhood of depth £ of a variable-to-
check node message is tree-like with high probability. Using this result
in conjunction with the Azuma—Hoeffding inequality, we will then show
that, for most graphs and channel realizations, if s is the transmitted
codeword, then the probability of a variable-to-check message being
erroneous after ¢ rounds of message-passing decoding is highly con-
centrated around its expected value. This expected value is shown to
converge to the value of p(¥)(s) that corresponds to the cycle-free case.
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In the following theorems, we consider an ISI channel and windowed
message-passing decoding algorithm, where the code graph is chosen
uniformly at random from the ensemble of graphs with variable and
check node degrees d, and d., respectively. Let N é@ denote the neigh-
borhood of depth ¢ of an edge € = (v,c) between a variable-to-check
node. Let NC(E), \Eé) and Ny) denote, respectively, the total number
of check nodes, variable nodes and code-related edges in this neighbor-
hood. Similarly, let N)(/Z ) denote the number of variable-to-check node
messages in the directed neighborhood of depth £ of a received symbol
of the channel (explicit expressions are given in Appendix 2.D).

Theorem 2.7.4. Let PE(Z) =Pr {./\/ g) not a tree} denote the probabil-

ity that the sub-graph V. g) is not a tree (i.e., it contains cycles). Then,
there exists a positive constant v £ ~(d,d., £) that does not depend
on the block-length n, such that Pf(z) < % More explicitly, one can

choose y(dy, de,f) = (NV(E))2 n (% -NC(K))Z_

Proof. This proof is a straightforward generalization of the proof in [41]
(for binary-input output-symmetric memoryless channels) to binary-
input ISI channels. A detailed proof is available in [119]. O

The following concentration inequalities follow from Theorem 2.7.4
and the Azuma-Hoeffding inequality:

Theorem 2.7.5. Let s be the transmitted codeword, and let Z()(s) be
the number of erroneous variable-to-check messages after ¢ rounds of
the windowed message-passing decoding algorithm. Let p()(s) be the
expected fraction of incorrect messages passed through an edge with
a tree-like directed neighborhood of depth ¢. Then there exist some
positive constants § and v that do not depend on the block-length n,
such that the following statements hold:

Concentration around the expected value. For any € > 0,

P <’ ZW(s) E[ZY(s)]

ndy ndy

> e/2> < 2P, (2.7.16)
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Convergence of the expected value to the cycle-free case. For
any € > 0 and n > 2?7, we have a.s.

|E[Z “(s)]

_
i P (s)

<e/2. (2.7.17)

Concentration around the cycle-free case. For any ¢ > 0 and

2y
7’L>?,

VAU,
P < 270 _ pO(s)| > 5> < 2P, (2.7.18)
ndy
More explicitly, the above statements hold for

d2
8 (4du (N2 + (N)?)

B £ ﬁ(dw deg) -

Y

and
de

2
72 e ) = (N (5N

Proof. See Appendix 2.D. O

The concentration inequalities in Theorem 2.7.5 extend the results
in [41] from the special setting of memoryless binary-input output-
symmetric (MBIOS) channels to ISI channels. One can particularize
the above expression for 8 to MBIOS channels by setting W = 0 and
I = 0. Since the proof of Theorem 2.7.5 uses exact expressions for Ne(e)
and N}(,Z ), one would expect a tighter bound in comparison to the value
of B in [41], which is given by % = 544d*~1d?*. As an example, for
(dy,dc,?) = (3,4,10), one gets an improvement by a factor of about
1 million. However, even with this improvement, the required size of
n according to the analysis in this section can be absurdly large. This
is because the proof is very pessimistic in the sense that it assumes
that any change in an edge or the decoder’s input introduces an error
in every message it affects. This is especially pessimistic if a large ¢ is
considered, because the neighborhood grows with ¢, so each message is a
function of many edges and received output symbols from the channel.

The same concentration phenomena that are established above for
regular LDPC code ensembles can be extended to irregular LDPC code
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ensembles as well. In the special case of MBIOS channels, the following
theorem was proved by Richardson and Urbanke in [13, pp. 487-490],
based on the Azuma—Hoeffding inequality (we use here the same nota-
tion for LDPC code ensembles as in Section 2.7.4):

Theorem 2.7.6. Let C, a code chosen uniformly at random from the
ensemble LDPC(n, A, p), be used for transmission over an MBIOS chan-
nel characterized by its L-density aypros (this denotes the conditional

pdf of the log-likelihood ratio L £ [(Y) = In (%), given that
X =1 is the transmitted symbol). Assume that the decoder performs [
iterations of message-passing decoding, and let P, (C, ampios,!) denote
the resulting bit error probability. Then, for every § > 0, there exists a
positive a where o« = a(\, p, 0,1) is independent of the block length n,

such that the following concentration inequality holds:

P (|Pb(c7aMBIOSa 1) = ELppomap [P (Cs amBios, 1)]| > 5) < exp(—an).

This theorem asserts that the performance of all codes, except for a
fraction which is exponentially small in the block length n, is with high
probability arbitrarily close to the ensemble average. Hence, assuming a
sufficiently large block length, the ensemble average is a good indicator
for the performance of individual codes; it is therefore reasonable to
focus on the design and analysis of capacity-approaching ensembles
(via the density evolution technique [41]). This forms a fundamental
result in the theory of codes on graphs and iterative decoding.

2.7.6 On the concentration of the conditional entropy for LDPC
code ensembles

A large-deviation analysis of the conditional entropy for random en-
sembles of LDPC codes was introduced by Méasson, Montanari and
Urbanke in [121, Theorem 4] and [35, Theorem 1]. The following the-
orem is proved in [121, Appendix I, based on the Azuma—Hoeffding
inequality (although here we rephrase it to consider small deviations of
order 4/n, instead of large deviations of order n):

Theorem 2.7.7. Let C be chosen uniformly at random from the ensem-
ble LDPC(n, A, p). Assume that the transmission of the code C takes
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place over an MBIOS channel. Let H(X][Y) denote the conditional en-
tropy of the transmitted codeword X given the received sequence Y
from the channel. Then, for every & > 0,

P(|H(X|Y) — Erppogp) H(XIY)]| > € v/n) < 2exp(~BE?)

where B £ Q(dmax+11)z(1_ Ra)’ d®* is the maximal check-node degree,

and Ry is the design rate of the ensemble.

In this section, we revisit the proof of Theorem 2.7.7, originally
given in [121, Appendix I}, in order to derive a tightened version of this
bound. To that end, let G be a bipartite graph that represents a code
chosen uniformly at random from the ensemble LDPC(n, A, p). Define
the random variable

7 = Hg(X|Y),

i.e., the conditional entropy when the transmission is over an MBIOS
channel with transition probabilities Pyx(y[x) = [[iZ1 py|x (yilzi),
where (by output symmetry) py|x (y|1) = py|x(—y|0). Fix an arbitrary
order for the m = n(1— Rq) parity-check nodes, where Ry is the design
rate of the LDPC code ensemble. Let {F},c10 1,y form a filtration of
o-algebras #y C #; C ... C %, where % (for t =0,1,...,m) is the
o-algebra generated by all the subsets of m x n parity-check matrices
that are characterized by the pair of degree distributions (A, p), and
whose first ¢ parity-check equations are fixed (for ¢ = 0 nothing is
fixed, and therefore .Zy = {0), 2} where () denotes the empty set, and 2
is the whole sample space of m x n binary parity-check matrices that are
characterized by the pair of degree distributions (A, p)). Accordingly,
based on Fact 2 in Section 2.1, let us define the following martingale
sequence:

Z,=E[Z|F) te{0,1,...,m}.

By construction, Zy = E[Hg(X]|Y)] is the expected value of the con-
ditional entropy with respect to the LDPC code ensemble, and Z,, is
the random variable that is equal a.s. to the conditional entropy of the
particular code from the ensemble. Similarly to [121, Appendix I], we
obtain upper bounds on the differences |Z;11 — Z;| and then rely on
the Azuma—-Hoeffding inequality in Theorem 2.4.2.
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Without loss of generality, we can order the parity-check nodes by
increasing degree, as done in [121, Appendix I]. Let r = (ry,72,...) be
the set of parity-check degrees in ascending order, and I'; be the fraction
of parity-check nodes of degree i. Hence, the first m; = n(1 — Rq)T',,
parity-check nodes are of degree ri, the successive mgo = n(1 — Rq)T',
parity-check nodes are of degree 79, and so on. The (¢ + 1)-th parity-
check will therefore have a well-defined degree, which we denote by r.
From the proof in [121, Appendix IJ,

|Zi11 — Zi| < (r+ 1) Hg(X|Y) (2.7.19)

where Hg(X|Y) is a random variable that is equal to the conditional
entropy of a parity-bit X = Xi, ®...0 X, (e, X is equal to the
modulo-2 sum of some r bits in the codeword X) given the received
sequence Y at the channel output. The proof in [121, Appendix I] was
then completed by upper-bounding the parity-check degree r by the
maximal parity-check degree d*®*, and also by upper-bounding the
conditional entropy of the parity-bit X by 1. This gives

Zigr — Zy) <d™ 41 t=0,1,...,m—1 (2.7.20)

which, together with the Azuma—Hoeffding inequality, completes the
proof of Theorem 2.7.7. Note that the d;’s in Theorem 2.4.2 are equal
to d'®* 41, and n in Theorem 2.4.2 is replaced with the length m =
n(1— Rq) of the martingale sequence {Z;} (that is equal to the number
of the parity-check nodes in the graph).

Based on [116], a refined analysis is provided; it departs from the
analysis in [121, Appendix I] in two respects:

e The first difference is related to the upper bound on the condi-
tional entropy Hg(X|Y) in (2.7.19), where X is the modulo-2 sum
of some r bits of the transmitted codeword X given the channel
output Y. Instead of taking the most trivial upper bound that is
equal to 1, as was done in [121, Appendix I], we derive a simple
upper bound that depends on the parity-check degree r and the
channel capacity C (see Proposition 2.2).

e The second difference is minor, but it proves to be helpful for
tightening the concentration inequality for LDPC code ensembles
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that are not right-regular (i.e., the case where the degrees of the
parity-check nodes are not fixed to a certain value). Instead of
upper-bounding the term 7 + 1 on the right side of (2.7.19) with
d7'®* +1, we propose to leave it as is, since the Azuma-Hoeffding
inequality applies to the case when the bounded differences of
the martingale sequence are not fixed (see Theorem 2.4.2), and
since the number of the parity-check nodes of degree r is equal to
n(1— Rq)T,. The effect of this simple modification will be shown
in Example 2.10.

The following upper bound is related to the first item above:

Proposition 2.2. Let G be a bipartite graph which corresponds to a
binary linear block code used for transmission over an MBIOS channel.
Let X and Y designate the transmitted codeword and received sequence
at the channel output. Let X = X;, @...® X;, be a parity-bit of some
r code bits of X. Then, the conditional entropy of X given Y satisfies

Hg(X|Y) < hy (1 2C£> : (2.7.21)

Furthermore, for a binary symmetric channel (BSC) or a binary erasure
channel (BEC), this bound can be improved to

Hg(X|Y) < hs <1 ml thl(l — CW) (2.7.22)
and
Hg(X|Y)<1-C" (2.7.23)

respectively, where hy Lin (2.7.22) denotes the inverse of the binary
entropy function to base 2.

Note that if the MBIOS channel is perfect (i.e., its capacity is C' = 1
bit per channel use), then (2.7.21) holds with equality (where both sides
of (2.7.21) are zero), whereas the trivial upper bound is 1.

Proof. Since conditioning reduces the entropy, we have

H(X|Y) < HX|Y;,....Y;,).
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Note that Y;,,...,Y;

ir

are the channel outputs that correspond to the
channel inputs X“, ... Xi,, where these r bits are used to calculate
the parity-bit X. Hence, by combining the last inequality with [115,
Eq. (17) and Appendix I], we can show that

Y <1 .
H[Y) <1 2ln22k72k‘—1 (2724)
where (see [115, Eq. (19)])
a2 [Ta e han® (J)a, veeN  (2725)
0

and a(-) denotes the symmetric pdf of the log-likelihood ratio at the
output of the MBIOS channel, given that the channel input is equal to
zero. From [115, Lemmas 4 and 5], it follows that g, > C* for every
k € N. Substituting this inequality in (2.7.24) gives

1 0 Ckr

HIX[Y) < 1- 21n2 k; k(2k —1)
— (1 _2C2> (2.7.26)

where the last equality follows from the power series expansion of the
binary entropy function:

I & (1—2x)%
=1- <z <l. .
ho(z) =1 21112’; 2k 1) 0<z<1 (2.7.27)

This proves the result in (2.7.21).
The tightened bound on the conditional entropy for the BSC is
obtained from (2.7.24) and the equality

*  YkeN

)7,
that holds for the BSC (see [115 Eq. (97)]). This replaces C on the right
side of (2.7.26) with (1 —2hy'(1 — C’))2 thus leading to the tightened
bound in (2.7.22).
The tightened result for the BEC follows from (2.7.24) where, from
(2.7.25),

g=C, YkeN
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(see [115, Appendix II]). Substituting g into the right side of (2.7.24)
gives (2.7.22) (note that > 72, m = 2In2). This completes the
proof of Proposition 2.2. O

From Proposition 2.2 and (2.7.19), we get

1-C3
’Zt—&—l — Zt’ < (7‘ -+ 1) ho 5 , (2728)

where the two improvements for the BSC and BEC are obtained by
replacing the second term, ha(-), on the right side of (2.7.28) by (2.7.22)
and (2.7.23), respectively. This improves upon the earlier bound of
(d3®* +1) in [121, Appendix I]. From (2.7.28) and Theorem 2.4.2, we
obtain the following tightened version of the concentration inequality
in Theorem 2.7.7:

Theorem 2.7.8. Let C be chosen uniformly at random from the ensem-
ble LDPC(n, A, p). Assume that the transmission of the code C takes
place over an MBIOS channel. Let H(X|Y) designate the conditional
entropy of the transmitted codeword X given the received sequence Y
at the channel output. Then, for every & > 0,

P(|H(X|Y) — Erppogp) H(XIY)]| > €v/n) < 2exp(-BE?),

(2.7.29)
where
1
B2 T : : (2.7.30)
g 1-C2\7°
2(1-Rq) Y {(H— 1)°T [h2< 5 )} }
i=1
d3®* is the maximal check-node degree, R4 is the design rate of the

ensemble, and C' is the channel capacity (in bits per channel use).
Furthermore, for a binary symmetric channel (BSC) or a binary erasure
channel (BEC), the parameter B on the right side of (2.7.29) can be
improved (i.e., increased), respectively, to

1
A
Bgsc = s

21 - Ry) Z{Hl {h2<1—[1—2h22—1(1—c)]¢>r}
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and
Bgrc = L 2.7.31
C dcmax ° ( e )

2(1-Ra) Y {G+1)?1 (1-C7)?}

=1

Remark 2.14. From (2.7.30), Theorem 2.7.8 indeed yields a stronger
concentration inequality than the one in Theorem 2.7.7.

Remark 2.15. In the limit where C' — 1 bit per channel use, it follows
from (2.7.30) that, if d < oo, then B — oo. This is in contrast
to the value of B in Theorem 2.7.7, which does not depend on the
channel capacity and is finite. Note that B should indeed be infinity
for a perfect channel, and therefore Theorem 2.7.8 is tight in this case.
This is in contrast to the value of B in Theorem 2.7.7, which vanishes
when d** = co, making it useless in this case (see Example 2.10).

Example 2.9 (Comparison of Theorems 2.7.7 and 2.7.8 for right-regular
LDPC code ensembles). Consider the case where the communication
takes place over a binary-input additive white Gaussian noise channel
(BIAWGNC) or a BEC. Let us consider the (2,20) regular LDPC code
ensemble whose design rate is equal to 0.900 bits per channel use. For a
BEC, the threshold of the channel bit erasure probability under belief-
propagation (BP) decoding is given by
x

inf ————— = 0.0531,

pep = o1 -1 — )t

which corresponds to a channel capacity of C' = 0.9469 bits per channel
use (note that the above calculation of pgp for the BEC follows from
the fixed-point characterization of the threshold in [13, Theorem 3.59]
with the pair of degree distributions A\(z) = 2 and p(x) = 2'?). For
the BIAWGNC, the threshold under BP decoding is equal to ogp =
0.4156590 (this numerical result is based on a computation that follows
from [41, Example 11]). From [13, Example 4.38] that expresses the
capacity of the BIAWGNC in terms of the standard deviation ¢ of the
Gaussian noise, the minimum capacity of a BIAWGNC over which it is
possible to communicate with vanishing bit error probability under BP
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decoding is C' = 0.9685 bits per channel use. Accordingly, let us assume
that, for reliable communications over both channels, the capacity of
the BEC and BIAWGNC is set to 0.98 bits per channel use.

Since the code ensemble is right-regular with d. = 20, the value of B
-2

de
in Theorem 2.7.8 is improved by a factor of |:h2 (1?)] = 5.134.

For the BEC, the result is improved by a factor of (1— C’dC)_2 = 9.051;
this follows from the tightened value of B in (2.7.31), which improves
the concentration inequality in Theorem 2.7.7.

Example 2.10 (Comparison of Theorems 2.7.7 and 2.7.8 for a heavy-tail
Poisson distribution (Tornado codes)). The capacity-achieving sequence
of the so-called Tornado codes for the BEC was introduced in [40,
Section IV], [122] (see also [13, Problem 3.20]).

Suppose that we wish to design Tornado code ensembles that
achieve a fraction 1—¢ of the capacity of a BEC under iterative message-
passing decoding (where € can be set arbitrarily small). Let p denote
the bit erasure probability of the channel. The parity-check degree is
Poisson-distributed, and therefore the maximal degree of the parity-
check nodes is infinity. Hence, B = 0 according to Theorem 2.7.7,
which renders this theorem useless for the considered code ensemble.
On the other hand, from Theorem 2.7.8,

iN1T? (a
> i+ 1)°I [hz <1 _202 )] (S) > i+ 1)°T
() i pili +2)

/Olp(a:)dx o

!/ /

@ <)‘ ©F@) 3) 42 4 1
A2
(e)
< <1+3) e 4 1
PA2
“ofur()
g
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with the following justification:

inequality (a) holds since the binary entropy function to base 2
is bounded between zero and one;

equality (b) holds since

i
Fi = 1 ! )
/ p(x)dx
0
where I'; and p; denote the fraction of parity-check nodes and

the fraction of edges that are connected to parity-check nodes of
degree i respectively (and also since Y, I'; = 1);

equality (c¢) holds since

1

e =
/ p(z)dz

0
where d2'® denotes the average parity-check node degree;
equality (d) holds since X' (0) = Ao;
inequality (e) is due to the stability condition for a BEC with an
erasure probability p, which states that satisfying the inequality

pN'(0)p/(1) < 1 is a necessary condition for reliable communica-
tion under BP decoding (see [13, Theorem 3.65]);

equality (f) follows from the analysis in [115, Appendix VI] (an
upper bound on )\, is derived in [115, Eq. (120)], and the average
parity-check node degree scales like log %)

It therefore follows from the above chain of inequalities and (2.7.30)

that,

for a small gap to capacity, the parameter B in Theorem 2.7.8

scales (at least) like

B:o<log21®>.

Theorem 2.7.8 is therefore useful for the analysis of this LDPC code
ensemble. As is shown above, the parameter B in (2.7.30) tends to zero
rather slowly as we let the fractional gap € tend to zero (which therefore
demonstrates a rather fast concentration in Theorem 2.7.8).
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Example 2.11. Here, we continue with the setting of Example 2.9 on
the (n,dy, d.) regular LDPC code ensemble, where dy = 2 and d. = 20.
With the setting of this example, Theorem 2.7.7 gives

P(|H(X[Y) — ELppcmap [H(X[Y)]| > &vn)
< 2exp(—0.0113€2), V&> 0. (2.7.32)

As was mentioned already in Example 2.9, the exponential inequalities
in Theorem 2.7.8 achieve an improvement in the exponent of Theo-
rem 2.7.7 by factors of 5.134 and 9.051 for the BIAWGNC and BEC,
respectively. One therefore obtains from the concentration inequalities
in Theorem 2.7.8 that, for every & > 0,

P(|H(X[Y) — ELppcnap [H(X[Y)]| > &vn)
{26xp(—0.0580§2), (BIAWGNC)
<

(2.7.33)
2exp(—0.1023¢2),  (BEQ)

2.8 Summary

This chapter introduces several classical concentration inequalities for
discrete-time martingales with bounded differences, and some of their
applications in information theory, communications and coding.

The exposition starts with the martingale decomposition of Doob,
the Chernoff bound, and the Hoeffding Lemma (see Section 2.4); these
form basic ingredients for the derivation of concentration inequali-
ties via the martingale approach. This chapter derives the Azuma—
Hoeffding inequality for discrete-time martingales with bounded dif-
ferences ([8], [9]), and some of its refined versions (see Sections 2.4.2
and 2.5). The martingale approach also serves as a useful tool for es-
tablishing concentration of a function f: R™ — R whose value changes
by a bounded amount whenever any of its n input variables is changed
arbitrarily while the other variables are held fixed. A common method
for proving concentration of such a function of n independent random
variables around its expected value E[f] revolves around McDiarmid’s
inequality or the “independent bounded-differences inequality” [6]. Mc-
Diarmid’s inequality was originally proved via the martingale approach,
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as it is derived in Section 2.4.3. Although the proof of this inequality
has some similarity to the proof of the well-known Azuma-Hoeffding
inequality, the bounded-difference assumption on f yields an improve-
ment by a factor of 4 in the exponent.

The presentation of the concentration inequalities in this chapter
is followed by a short discussion on their relations to some selected
classical results in probability theory (see Section 2.6); these include
the central limit theorem for discrete-time martingales, the moderate
deviations principle, and the suitability of the concentration inequal-
ities derived in this chapter for harmonic and bounded functions of
discrete-time Markov chains.

Section 2.7 is focused on the applications of the concentration in-
equalities in information theory, communication, and coding theory.
These include the establishment of concentration results for the mini-
mum distance of random binary linear codes, expansion properties of
random bipartite graphs, the crest factor (or peak to average power
ratio) of OFDM signals, and concentration results for LDPC code
ensembles. Additional concentration results have been established by
Richardson and Urbanke for LDPC code ensembles under MAP and
iterative message-passing decoding [41]. These martingale inequalities
also prove to be useful for the derivation of achievable rates and random
coding error exponents, under ML decoding, when transmission takes
place over linear or nonlinear additive white Gaussian noise channels
with or without memory ([123]-[124]). Nice and interesting applica-
tions of these concentration inequalities to discrete mathematics and
random graphs were provided, e.g., in [6, Section 3], [10, Chapter 7]
and [18, Chapters 1 and 2].

A recent interesting avenue that follows from the inequalities that
are introduced in this chapter is their generalization to random matri-
ces (see, e.g., [15] and [16]). The interested reader is also referred to
[125] for a derivation of concentration inequalities that refer to martin-
gales whose differences are not necessarily bounded, followed by some
applications to graph theory.
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2.A Proof of Bennett’s inequality

The inequality in (2.5.10) is trivial for A = 0, so we prove it for A > 0.
Let Y £ A(X —7) for A > 0. Then, by assumption, Y < A(b—T) £ by
a.s. and var(Y) < A\202 £ oZ. Tt is therefore required to show that, if
E[Y] =0, Y < by, and var(Y) < 0%, then

E[e¥] < <b%> e_g + <012”> e (2.A.1)

by + 0% by + o3

2
Let Yy be a random variable that takes two possible values —% and
by with probabilities

o2 b3 o2
P <YO = _by> = m, P(Yy =by) = ERnpeR (2.A.2)
Then inequality (2.A.1) is equivalent to

E[e¥] < E[e¥?], (2.A.3)

which is what we will prove. To that end, let ¢ be the unique parabola
such that the function

fly) Zo(y)—e’, VyeR

2
is zero at y = by, and has f(y) = f'(y) = 0 at y = —Z—‘Y’. Since ¢”
is constant, f”(y) = 0 at exactly one value of y, say, yo. Furthermore,
2
since f(—%) = f(by) (both are equal to zero), we must have f'(y) =0

2
for some y; € (—%,by). By the same argument applied to f’ on

2 2
[—%,yl], it follows that 3y € (—Z—;’,yl). The function f is convex
on (—o0,yo| (since, on this interval, [ (y) = ¢"(y) —e¥ > ¢ (y) —e¥0 =

" (yo) — e¥ = f’(yo) = 0), and its minimal value on this interval
2

is attained at y = —Z—Y (since at this point f’ is zero); this minimal
Y

value is zero. Furthermore, f is concave on [yg,00) (since its second
derivative is non-positive on this interval) and it attains its maximal
value on this interval at y = y;. By construction, f(by) = 0; this implies
that f > 0 on the interval (—oo,by], so E[f(Y)] > 0 for an arbitrary
random variable Y such that Y < by a.s., which therefore gives

Ele"] <E[p(Y)],
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with equality if P(Y € {—%,by}) = 1. Since f"(y) > 0 for y < yo, it
must be the case that ¢"(y) —e¥ = f"(y) > 0 for y < yo, so ¢"(0) =
@"(y) > 0 (recall that ¢” is constant since ¢ is a parabola). Hence, for
every random variable Y of zero mean, E[¢(Y")], which only depends
on E[Y?], is a non-decreasing function of E[Y2]. The random variable
Yy that takes values in {—%, by }, and whose distribution is given in
(2.A.2), is of zero mean and variance E[Y] = 0%, so

Elp(Y)] < E[¢(Y0)].

Note also that
E[¢(Yo)] = E[e*?]

since f(y) = 0 (i.e., ¢(y) = €¥) if y = —% or by, and Y; only takes
these two values. Combining the last two inequalities with the last
equality gives inequality (2.A.3), which therefore completes the proof
of Bennett’s inequality in (2.5.10).

2.B On the moderate deviations principle

Here we show that, in contrast to the Azuma—Hoeffding inequality,
Theorem 2.5.2 provides an upper bound on

P <\ ZH:XZ-
=1

which coincides with the exact asymptotic limit in (2.6.5) under an

20mf7>, Ya>0

extra assumption that there exists some constant d > 0 such that
| Xk| < d a.s. for every k € N. Let us define the martingale sequence
{Sk, Fi}1—, where

k

SEY Xi, FrEo(Xi,...,Xk)

i=1
for every k € {1,...,n} with Sy = 0 and %y = {0}, % }. This martingale
sequence has uniformly bounded differences: |Sy,—Sk—1| = |Xi| < d a.s.
for every k € {1,...,n}. Hence, it follows from the Azuma—Hoeffding
inequality that, for every a > 0,

2, 2n—1
P (|Sn] > an”) < 2exp (—0‘2”d2>
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and therefore
: 1-2n n a?
lim n InP(|S,| > an) < o (2.B.1)

This differs from the limit in (2.6.5) where o2 is replaced by d?, so the
Azuma-Hoeffding inequality does not provide the asymptotic limit in
(2.6.5) (unless 02 = d?, i.e., | X}| = d a.s. for every k).

An analysis that follows from Theorem 2.5.2: The following analysis
is a slight modification of the analysis in the proof of Proposition 2.1,
with the required adaptation of the calculations for n € (%, 1). It follows
from Theorem 2.5.2 that, for every a > 0,

n
]P’(\Sn\>an)<2exp< nH(l fyH1 7))

where v is introduced in (2.5.8), H(p||g) is the divergence in (2.5.9)
between the Bernoulli(p) and Bernoulli(q) probability measures, and
Op, in (2.5.27) is replaced with

8, 2 77 = n~ (=) (2.B.2)

due to the definition of ¢ in (2.5.8). Following the same analysis as in
the proof of Proposition 2.1, it follows that for every n € N

2. 9n—1 1_
P(|S,| > an') < 2exp (-5 n {1 + a(l—7) A D

2y 3vd

a2

and therefore (since, from (2.5.8), % =%)

2

im nl2n <Y

nhﬂnolon InP(|S,| > an) < 552"

Hence, this upper bound coincides with the exact asymptotic result in
(2.6.5).

2.C  Proof of (2.7.9) for OFDM signals

Consider an OFDM signal from Section 2.7.3. The sequence in (2.7.7)
is a martingale. From (2.7.6), for every i € {0,...,n},

Y; = E[OrngTp(t; Xo, ... ,Xn_l)]‘ Xo,...,XZ-_l]
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The conditional expectation for the random wvariable Y; 1 refers
to the case where only Xp,...,X;_o are revealed. Let X/ ;
and X; 1 be independent copies, which are also independent of
X0,y X590, X, ..., Xpn—1. Then, for every 1 < i < n,

3@_1::E[&géﬁjs@;xb,”.,)q,l,xgw..wxn_gy‘xh,”.,zg_ﬂ

= E{OrgtagXT|S(t; Xo, PPN z(—laX’i? PN ,Xn,1)| ‘ Xo, ce ,Xi,Q,X,L',l} .

Since |E(Z)| < E(|Z]), then for i € {1,...,n}

Yi = Yi| <Ex; | x,

Lyt

o [lU=VI| X0, Xin]  (2C0)

where
U= Or%ltang|S(t’ XOa 7X’L—17X’Lv 7Xn—1)’
V:(]réltax ’3(t7X0,--~,X£717Xz‘7 .,Xn_l)‘.
From (2.7.4)

— < ; i Py _
|U V| = 0?%XT|S(1€’XO’ >Xz 17X27 7Xn 1)

—S(t;Xo,..., z{_laXi,---anfl)|
B 1 , j 2mit
T osier vn ‘(Xz_l —Xi) eXp( T )
_ [Xiz1 = X4 (2.C.2)
By assumption, | X;_1| = |X/_;| = 1, and therefore a.s.

2
| X1 —Xl{_lf <2=Y;-Y;4| < %

We now obtain an upper bound on the conditional variance
var(Y; | Zi_1) = E[(Yi — Yi—1)?| Zi—1]. Since (E(Z))2 < E(Z?) for a
real-valued random variable Z, from (2.C.1), (2.C.2) and the tower
property for conditional expectations, it follows that

1
B[, — Vi 12| 7] < - By [ X - Xi 4| Fia]
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where %;_1 is the o-algebra generated by Xj,...,X; 5. Due to
the symmetry in the PSK constellation, and the independence of
Xi—lyXLl in X(), ‘e ,Xi_g, we have

1
1
E[(Yi — Yi—1)?| Fiq] < EEUXH — X]11* | Xo, ..., Xi—2)]

E[|Xi-1 — X]_1/]

SIk3e

E[!Xz‘—l — X X = 6%]

in i@+ |2

leﬁ—e M

sin? (%) = %

3 3
== E[-
=

IMT

N
Il
—

The last equality holds since

a3 =13 (- eos(3))
~ S M = 5 ] COS M
M1 M-1
_ - j2lm /M
5 5 Re{ g e }
_M_lR{ 1 — " }_M
RN C L
2.D Proof of Theorem 2.7.5
From the triangle inequality, we have
Z(‘)(s)
—p® 2.D.1
<’ nd, P s)| >e¢ ( )
ZW(s) E[z(s)] E[Z®)(s)]
< -7 _ — - - (Z) .
_IP(‘ . . >e/2|+P nd. p(s)| > /2

If inequality (2.7.17) holds a.s., then P (‘Z:f;s§) —p® (§)‘ > 5/2) = 0;
therefore, using (2.D.1), we deduce that (2.7.18) follows from (2.7.16)
and (2.7.17) for any € > 0 and n > 2?7 We start by proving (2.7.16).
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For an arbitrary sequence s, the random variable Z O] (s) denotes the
number of incorrect variable-to-check node messages among all nd,
variable-to-check node messages passed in the ¢-th iteration for a par-
ticular graph G, and decoder-input Y. Let us form a martingale by first
exposing the nd, edges of the graph one by one, and then exposing the
n received symbols Y; one by one. Let a denote the sequence of the nd,
variable-to-check node edges of the graph, followed by the sequence of
the n received symbols at the channel output. For i = 0,...n(dy+1), let
the random variable Z; £ E[Z(®)(s)|ay, ... ,a;] be defined as the condi-
tional expectation of Z(®) (s) given the first ¢ elements of the sequence
a. Note that it forms a martingale sequence (see Fact 2 in Section 2.1),
where Zy = E[Z"(s)] and Zn(dvﬂ) = Z")(s). Hence, getting an up-
per bound on the sequence of differences ’Zi+1 — Z| enables to apply
the Azuma—-Hoeffding inequality for proving concentration around the
expected value Zo. To this end, let us consider the effect of expos-
ing an edge of the graph. Consider two graphs G and G whose edges
are identical except for an exchange of an endpoint of two edges. A
variable-to-check message is affected by this change if at least one of
these edges is included in its directed neighborhood of depth ¢.
Consider a neighborhood of depth ¢ of a variable-to-check node
message. Since at each level, the graph expands by a factor of

a2 (dy —1+2Wd,)(d. — 1),

there are a total of

-1

N =1+de(dy —1+2Wdy) > o

i=0
edges related to the code structure (variable-to-check node edges or
vice versa) in the neighborhood N, g). By symmetry, the two edges can
affect at most 2N9@ neighbors (alternatively, we could directly sum the
number of variable-to-check node edges in a neighborhood of a variable-
to-check node edge, and in a neighborhood of a check-to-variable node
edge). The change in the number of incorrect variable-to-check node
messages is bounded by the extreme case, where each change in the
neighborhood of a message introduces an error. In a similar manner,
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when we reveal a received output symbol, the variable-to-check node
messages whose directed neighborhood includes that channel input can
be affected. We consider a neighborhood of depth £ of a received output
symbol. By counting, it can be shown that this neighborhood includes

-1

N =W +1)d, Yo

i=0
variable-to-check node edges. Therefore, a change of a received out-
put symbol can affect up to N}(,é ) variable-to-check node messages. We
conclude that ’Zi+1 — Z\ < 2Ne(£) for the first nd, exposures, and
|Z-+1 — Z| < N}(,Z) for the last nm exposures. Applying the Azuma—
Hoeffding inequality, we get

€

2

p<2@@> E[Z)(s)]
(ndye /2)*

sz2exp | - (0,2 0,2
2(ndy (2N)" + n(N))

ndy ndy

and a comparison of this concentration inequality with (2.7.16) gives
that

1 8(4d (N2 (N)2)

5= e . (2.D.2)

Next, proving inequality (2.7.17) relies on concepts from [41] and
[118]. Let E[Zi(e) (s)], for i € {1,...,nd,}, be the expected number of
incorrect messages passed along edge e/ after £ rounds, where the aver-
age is with respect to all realizations of graphs and all output symbols

from the channel. Then, by symmetry in the graph construction and
by linearity of expectation, it follows that

ndy

E[zO(s Z]E @ ()] = ndyE[2 (3)], (2.D.3)

= E[Z{e) (s) ]Ng) is a tree] P + IE[ 9(s) |N not a tree P{(E)
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where Pt(e) and P{(Z) 21— Pt(z)

graph N, g) is or, respectively, is not a tree. From Theorem 2.7.4, we

denote the probabilities that the sub-

have P{(E) < I, where ~ is a positive constant which is independent of

n. Furthermore, E[Zy) (s) | neighborhood is a tree] = p(¥)(s), so

Using (2.D.3), (2.D.4) and the inequality PE(Z) < I gives that

E[Z")(s)]
nd, B

Hence, if n > 2?7, then (2.7.17) holds.






3

The Entropy Method, Logarithmic Sobolev
Inequalities, and Transportation-Cost Inequalities

This chapter introduces the entropy method for deriving concentration
inequalities for functions of a large number of independent random
variables, and it exhibits its fundamental connections to information
theory. The chapter is structured as follows. Sections 3.1-3.3 introduce
the basic ingredients of the entropy method, and the closely related
logarithmic Sobolev inequalities. This underlies the so-called functional
approach for the derivation of concentration inequalities. Section 3.4 is
devoted to a related viewpoint which is based on probability in metric
spaces. This viewpoint centers around the so-called transportation-cost
inequalities, which have been introduced into the study of concentration
by Marton. Section 3.5 briefly summarizes results on concentration
inequalities for functions of dependent random variables, emphasizing
the connections to information-theoretic ideas. Section 3.6 lists several
applications of concentration inequalities and the entropy method to
problems in information theory, including strong converses for several
source and channel coding problems, empirical distributions of good
channel codes with non-vanishing error probability, and an information-
theoretic converse for concentration of measure.

91
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3.1 The main ingredients of the entropy method

As a reminder, we are interested in the following question. Let
X1,...,X, be independent random variables, each taking values in a
set X. Given a function f: A" — R, we wish to find tight upper bounds
on the deviation probabilities for the random variable U = f(X"), i.e.,
we are interested to bound from above the probability P(|U —EU| > r)
for r > 0. If U has finite variance, then Chebyshev’s inequality gives

U
P(|U —EU| > 1) < Var(Q ) wrso. (3.1.1)
r
However, in many instances a bound like (3.1.1) is not nearly as tight
as one would like, so ideally we aim for Gaussian-type bounds

P(JU —EU| >r) < Kexp (—/@7"2) , Vr>0 (3.1.2)

for some constants K,x > 0. Whenever such a bound is available, K
is typically a small constant (usually, K = 2), while x depends on the
sensitivity of the function f to variations in its arguments.

In the preceding chapter, we have demonstrated the martingale
method for deriving Gaussian concentration bounds of the form (3.1.2),
such as the inequalities of Azuma and Hoeffding (Theorem 2.4.2) and
McDiarmid (Theorem 2.4.3). In this chapter, our focus is on the so-
called “entropy method”, an information-theoretic technique that has
become increasingly popular starting with the work of Ledoux [43] (see
also [3]). In the following, we will always assume (unless it is specified
otherwise) that the following conditions are satisfied by the function
f: X™ — R and the probability distribution P of X":

o U = f(X™) has zero mean: EU = Ef(X") =0
o U is exponentially integrable:
Elexp(AU)] = E [exp (A f(X™))] < oo, VAieR  (3.1.3)
[another way of writing this is exp(Af) € L*(P) for all A € R].

In a nutshell, the entropy method has three basic ingredients:
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1. The Chernoff bound — using Markov’s inequality, the problem

of bounding the deviation probability P(|U —EU| > r) is reduced
to the analysis of the logarithmic moment-generating function
A: R — R defined by

A(N) =InElexp(AU)], A eR. (3.1.4)

(This is also the starting point of the martingale approach, see
Chapter 2.)

. The Herbst argument — the function A(\) is related through

a simple first-order differential equation to the relative entropy
(information divergence)

(Af)
D(PM|P) =Epnp llndP 1 (3.1.5)
dP
dPX)  gqpAhH)
= p[ 5 | (3.1.6)

where P = Pxn is the probability distribution of X", and PG/
is the tilted probability distribution defined by

AP exp(Af)
dP  Elexp(\f)]

=exp (Af — A(N)). (3.1.7)

If the function f and the probability distribution P are such that

on|py < X
D(PYWI|P) < - (3.1.8)
for some ¢ > 0, then the Gaussian-type bound (3.1.2) holds with
K = 2 and k = 4. The standard way to establish (3.1.8) is

through the so-called logarithmic Sobolev inequalities.

. Tensorization of the entropy — it is in general difficult to

derive a bound like (3.1.8) directly. Instead, one typically takes
a divide-and-conquer approach: relying on the fact that Px» is a
product distribution (by the assumed independence of the X;’s),
the divergence D(PX)||P) is bounded from above by a sum of
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“one-dimensional” (or “local”) conditional divergence! terms

(P

Z P
X;| Xt

%, P)%f)), i=1,...,n (3.1.9)

where, for each i, X* € X"~ ! denotes the (n — 1)-tuple obtained
from X™ by removing the i-th coordinate, i.e.,

Xi=(X1,..., Xii1, Xis1, ..., Xn). (3.1.10)

Despite their formidable appearance, the conditional divergences
in (3.1.9) are easier to handle because, for each given realization
X% = z', the i-th such term involves a single-variable function
fi(-|z%): X — R defined by

fi(x]z) & f(zy,..., 21,2, i1, ..., 2n), x€X, (3.1.11)
(Af)

and the corresponding tilted distribution PX'|X¢ZE'L’ where
dP()\fl . N AE 1 )
xpxie e AACR) s g (319)
dPx, E [eXp ()\fZ(XZ‘CL'Z))}
From (3.1.7) and (3.1.12), it is observed that the conditional
distribution Pé()\{%z:.iz is nothing but the tilted distribution
P)((); f i("ji)). This simple observation translates into the following:
if the function f and the probability distribution P = Pxn are
such that there exist constants cy,...,c, > 0 for which
s A2
D(PYIE | py,) < 012 (3.1.13)

holds for every i € {1,...,n} and ' € X"~ ! then (3.1.8) holds
with ¢ = Yi"; ¢; (to be shown explicitly later), which in turn
gives the following bound for all r > 0:

2

P(|f(X") ~Ef(X")| > 1) < 2exp <_2ZT"16> . (3.1.14)

'Recall the usual definition of the conditional divergence:

D(PV\UHQV\U|PU)é/D(PV\UZu”QV\U:u)dPU(u)’
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Again, one would typically use logarithmic Sobolev inequalities
to verify (3.1.13). Conceptually, the tensorization step is similar
to “single-letter” techniques which are common in information
theory.

In the following, we elaborate on these three ingredients. Logarithimic
Sobolev inequalities and their various applications to concentration of
measure inequalities are described in detail in Sections 3.2 and 3.3.

3.1.1 The Chernoff bounding technique revisited

The Chernoff bound in Section 2.4.1 reduces the problem of bounding
the deviation probability P(U > r) to the analysis of the logarithmic
moment-generating function:

PU >7) <exp (AA) = Ar), VA0, (3.1.15)
The following properties of A(-) will be useful later on:
e A(0)=0
e Because of the exponential integrability of U (see (3.1.3)), A(:) is

infinitely differentiable, and one can interchange derivative and
expectation. In particular,

1y E[Uexp(AU)]

NN = o0 0] (3.1.16)
v EU%exp(\U)]  (E[Uexp(\U)]\?

MO = Heot] ~ (Eesoy) - B

Since we have assumed that EU = 0, we have A’(0) = 0 and
A"(0) = var(U).

e Since A(0) = A'(0) = 0, we get

lim —~% = 0. (3.1.18)



96 The Entropy Method, LSl and TC Inequalities

3.1.2 The Herbst argument

The second ingredient of the entropy method consists in relating the
logarithmic moment-generating function to a certain relative entropy.
The underlying technique is often referred to as the Herbst argument
because its basic idea had been described in an unpublished 1975 letter
from I. Herbst to L. Gross (the first explicit mention of this letter
appears in a paper by Davies and Simon [126]).

Given a function g: X™ — R such that E[exp(¢g(X™))] < oo with
X" ~ P, let us denote by P the g-tilting of P:

dPW  exp(g)
dP  Elexp(g)]’

dpP9
(9) — (9)
D(PY|P) /ann< e )dP

dpr@ dpr@
:/n apP 1“( apP )dP
E[g exp(g)]

= m — InElexp(g)].

In particular, if we let g = tf for ¢ € R, then

D(p(tf)Hp) — W — InElexp(tf)]
=tA'(t) — At)

_ t?% (Aff) , (3.1.19)

Then

where in the second line we have used (3.1.16). Integrating from ¢ = 0
to t = X\ and using (3.1.18), we get

AN = A/OA D(P(:;)”P) dt. (3.1.20)

Combining (3.1.15) and (3.1.20), we have proved the following:
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Proposition 3.1. Let U = f(X") be a zero-mean random variable that
is exponentially integrable. Then, for every r > 0,

A (tf)
P(U > r) <exp ()\/ W dt — Ar) , VA>0. (3.1.21)
0

Consequently, the problem of bounding the deviation probabilities
P(U > r) is reduced to the problem of bounding the relative entropies
D(P)||P). In particular, we have

Corollary 3.1.1. If the function f and the probability distribution P
of X™ are such that

2
D(PU||P) < % Yt >0 (3.1.22)
for some constant ¢ > 0, then
2
P(U >r) < exp 50 ) Vr > 0. (3.1.23)
c

Proof. Using (3.1.22) to upper-bound the integrand on the right side
of (3.1.21), we get

P(U >r) <exp ( - /\T> , V> 0. (3.1.24)

Optimizing over A > 0 to get the tightest bound gives A = %, and its
substitution in (3.1.24) gives the bound in (3.1.23). O

3.1.3 Tensorization of the (relative) entropy

The relative entropy D(P®/)||P) involves two probability measures on
the Cartesian product space X", so bounding this divergence directly
is difficult in general. This is where the third ingredient of the entropy
method, the so-called tensorization step, enters to the picture. The
name “tensorization” reflects the fact that this step involves bounding
D(P®)||P) by a sum of “one-dimensional” relative entropy terms, each
involving a conditional distribution of one of the variables given the
rest. The tensorization step hinges on the following simple bound:
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Proposition 3.2. Let P and () be probability measures on the product
space X™ where P is a product measure. For every i € {1,...,n}, let
X denote the (n — 1)-tuple given in (3.1.10). Then

D(Q|P) < ZZ:D(QXM@ Px,|Q%:)- (3.1.25)

Proof. :
D(Q|IP) = iD(QXi oot | Poget Q) (31.26)
= Zn:D(Qxi (xi | Px, | @xie1) (3.1.27)

.
Il
—

where (3.1.26) is due to the chain rule for the relative entropy; (3.1.27)
holds since X7, Xs, ..., X, are independent random variables under P,
implying that Py, xi-1 = PXJ}?Z’ = Px,). Moreover, for i € {1,...,n},

D(Qx, x| Px|Qx:) — D(Qx, xi-1||Px,|Qxi-1)
4Qy
=Eg |In —————
Q [ dQx, xi1
= D(Qx,x:[Qx;xi-11Q%:) = 0. (3.1.28)
Hence, by combining (3.1.26)—(3.1.28), we get (3.1.25). O

Remark 3.1. The quantity on the right side of (3.1.25) is actually
the so-called erasure divergence D~ (Q||P) between @ and P (see [127,
Definition 4]), which in the case of arbitrary @ and P is defined by

n

D=(Q|IP) = ZD(QXilj(iHPXi|Xi‘Q)?i). (3.1.29)

i=1
Because P is assumed to be a product measure in (3.1.25), we can
replace Py % by Px,. For a general (non-product) measure P, the
erasure divergence D~ (Q||P) may be strictly larger or smaller than
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the ordinary divergence D(Q||P). For example, if n = 2, Px, = Qx,,
PX2 = QXQ, then

d@x1x, _ dQxp1x, _ dQx, x,
dPX1|X2 dPX2|X1 dPX17X2 ’

so, from (3.1.29),

D™ (Qxy,.x: [ Pxy x2)
= D(Qx,x: 1 Pxy1x.1Qx2) + D(Qxyx, | Pxy x| Qx4 )
=2D(Qx,,x, | Px;,x5)-

On the other hand, if X; = X5 under P and @, then D~ (Q||P) = 0,

but D(Q|P) > 0 whenever P # @, so D(Q|P) > D~ (Q|P) in this
case.

Applying Proposition 3.2 with @ = Pf) to bound the divergence in
the integrand in (3.1.21), we obtain from Proposition 3.1 the following:

Proposition 3.3. For every r, A > 0, we have

n \D P( f) P(tf))

P(U > r) <exp )\Z/ X

dt —Ar|. (3.1.30)

The conditional divergences in the integrand in (3.1.30) may look
formldable but the remarkable thing is that, for each i and a given
X? = 7', the corresponding term involves a tilting of the marginal
distrlbutlon Px,. Indeed, let us fix some ¢ € {1,...,n}, and for each
choice of #¥ € AX"~! let the function f;(-|7'): X — R be given in
(3.1.11). Then,

Piws e (A1)
: = — (3.1.31)
dPx,  E[exp (fi(Xil2))]
In other words, P;cf?Xl - s the fi(-|z%)-tilting of Py,. This is the

essence of tensorization: the n-dimensional problem of bounding
D(P®)||P) is effectively decomposed into n one-dimensional problems,
where the i-th problem involves the tilting of the marginal distribution
Py, by functions of the form f;(:|z%): X — R. In particular, we get the
following;:
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Corollary 3.1.2. Let the function f and the probability distribution P
of X" satisfy the condition that there exist constants ci,...,c, > 0
such that, for every ¢ > 0,

iy 42 ,
PPN e < 52 e (1), e 4. 31

Then
2
IP’(f(Xn) —Ef(X") > r) < exp< a5 101) , Vr>0. (3.1.33)

Remark 3.2. Note the obvious similarity between the bound (3.1.33)
and McDiarmid’s inequality (2.4.33). Indeed, as we will show later on
in Section 3.3.4, it is possible to derive McDiarmid’s inequality using
the entropy method.

Proof. For every t >0

D(P|P)
(tf)
= ZD( v Px P (3.1.34)
= (tf) (=i
N Z/Xn 1 X \Xz Xz') dPXi (") (3.1.35)
-y (tf: (1)) tf) i
B 12::1 /Xnﬂ D<PX1' HPXz') dPg; (") (3.1.36)
<3 et (3.1.37)

where (3.1.34) follows from the tensorization of the relative entropy,
(3.1.35) holds since P is a product measure (so Px, = PXiIXi) and by
the definition of the conditional relative entropy, (3.1.36) follows from

(3.1.11) and (3.1.31) which implies that P(tﬁ(l o = P)(ffi('lfi)), and

inequality (3.1.37) holds by the assumption in (3.1.32). Finally, the
inequality in (3.1.33) follows from (3.1.37) and Corollary 3.1.1. O



3.1. The main ingredients of the entropy method 101

3.1.4 Preview: logarithmic Sobolev inequalities

Ultimately, the success of the entropy method hinges on demonstrating
that the bounds in (3.1.32) hold for the function f: X" — R and the
probability distribution P = Px=» of interest. In the next two sections,
we will show how to derive such bounds using the so-called logarithmic
Sobolev inequalities. Here, we give a quick preview of this technique.
Let p be a probability measure on X, and let A be a family of real-
valued functions g: X — R, such that for every a > 0 and g € A, we
also have ag € A. Let E: A — R™ be a non-negative functional that is
homogeneous of degree 2, i.e., for every a > 0 and g € A, we have

E(ag) = a*E(g). (3.1.38)

We are interested in the case when there exists a constant ¢ > 0, such
that the inequality

D(p9||p) < § ¢ E(g) (3.1.39)

holds for every g € A. Now suppose that, for each i € {1,...,n},
inequality (3.1.39) holds with 4 = Px, and some constant ¢; > 0.
Let f: X™ — R be a function such that, for every z¢ € A" ! and
ie{l,...,n},

1. fi(]3) € A
2. B(fi(]z") <1

where f;: X — R is defined in (3.1.11). Then, the bounds in (3.1.32)
hold, since from (3.1.39) and the above properties of the functional E
it follows that for every t > 0 and z* € A"~1

D(P)(;j%i:ii Px,) = D(PLF) Py )
3¢ E(t fi(-|2)

2, Vie{l,...,n}.

IN

<

Consequently, the Gaussian concentration inequality in (3.1.33) follows
from Corollary 3.1.2.
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3.2 The Gaussian logarithmic Sobolev inequality

Before turning to general logarithmic Sobolev inequalities in the next
section, we will illustrate the basic ideas in the particular case when
X1,..., X, are i.i.d. standard Gaussian random variables. The log-
Sobolev inequality (LSI) in this instance comes from a seminal paper
of Gross [44], and it connects two key information-theoretic quantities,
namely the relative entropy and relative Fisher information. There exist
deep links between Gross’s LSI and other fundamental information-
theoretic inequalities, such as Stam’s inequality and the entropy power
inequality. Some of these links are considered in this section.

For every n € N and for every symmetric and positive semidefinite
matrix K € R™", we will denote by G% the Gaussian distribution
with zero mean and covariance matrix K. When K = slI,, for some
s > 0 (where I,, denotes the n x n identity matrix), we will write G%;
it will be written G for n = 1. We will also write G" for G when
n > 2, and G for Gi. We will denote by Vs Ve Vs, Y, and vy the
corresponding probability densities.

We first state Gross’s inequality in its (more or less) original form:

Theorem 3.2.1 (Log-Sobolev inequality for the Gaussian measure). For
Z ~ G™ and for every smooth? function ¢: R” — R, we have

E[0%(2) In ¢%(2)] - E[¢%(2)| nE[6*(2)) < 2E[IV6(2)F] . (3:2.1)
where || - || denotes the usual Euclidean norm on R".

Remark 3.3. As shown by Carlen [128], equality in (3.2.1) holds if and
only if ¢ is of the form ¢(z) = exp (a, 2z) for some a € R", where (-, )
denotes the standard Euclidean inner product.

Remark 3.4. There is no loss of generality by assuming in (3.2.1) that
E[¢?(Z)] = 1. Then (3.2.1) can be rewritten as

E[¢*(Z) In¢*(2)] < 2K [|Vo(2)|?| HE[6%(2)] = 1, Z ~ G". (322)

2Here and elsewhere, we will use the term “smooth” somewhat loosely to mean
“satisfying enough regularity conditions to make sure that all relevant quantities are
well-defined.” In the present context, smooth means that both ¢ and V¢ should be
square-integrable with respect to the standard Gaussian measure G™.
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Moreover, a simple rescaling argument shows that, for Z ~ G} and an
arbitrary smooth function ¢ with E[¢?(Z)] = 1,

E[¢*(2) In¢*(Z)] < 25E [[Vo(Z)|?] . (3.2.3)

We provide an information-theoretic proof of the Gaussian LSI
(Theorem 3.2.1) later in this section; the reader is referred to [129]
as one of the typical proofs using techniques from functional analysis.

From an information-theoretic point of view, the Gaussian LSI
(Theorem 3.2.1) relates two fundamental measures of (dis)similarity
between probability measures: the relative entropy (a.k.a. Kullback-
Leibler divergence, KL distance/divergence, information divergence),
and relative Fisher information (a.k.a. Fisher information distance).
The second information measure is defined as follows. Let P; and Ps
be Borel probability measures on R™ with differentiable densities p;
and po, and suppose that the Radon—Nikodym derivative % = % is
differentiable Ps-a.s. Then, the relative Fisher information between P;

and P; is defined as (see [130, Eq. (6.4.12)])

2
I(Pi]|P) £ /n Vin i;gzi p1(z)dz
= Ep, U‘vm 32 ] (3.2.4)

whenever the integral converges. Under suitable regularity conditions,
I(Py||P;) admits the equivalent form (see [131, Eq. (1.108)])

2
p1(z)
I(P|| P :4/ z2) |V dz
(PullPe) =4 | pa(2) VA0S
2
dpP;
—4Ep, Hv i (3.2.5)

Remark 3.5. A condition under which (3.2.5) holds is as follows. Let
¢: R™ — R™ be the distributional (or weak) gradient of ,/% = 1/f;—;,
such that the equality

/ ﬁf 2)dz = — / G (3.2.6)
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holds for all i € {1,...,n} and all test functions ¢» € C°(R"™) [132,
Sec. 6.6]. (Here, 0,1 denotes the i-th coordinate of V). Then (3.2.5)
holds, provided ¢ € L?(P).

Fix a smooth function ¢: R® — R satisfying the normalization
condition [pn $?>dG"™ = 1; we can assume w.l.o.g. that ¢ > 0. Let Z
be a standard n-dimensional Gaussian random variable, i.e., Py = G",
and let Y € R™ be a random vector with distribution Py satisfying

dPy  dPy
dP; — dGn

Then, on one hand, we have

B2 me2)] 5 |(T@)u (@)

= ¢%. (3.2.7)

= D(Py||Py), (3.2.8)
and on the other hand, from (3.2.5),
dPy
E[IVe(2)] H \ap, H
1 1(Py||Pyz). (3.2.9)

Substituting (3.2.8) and (3.2.9) into (3.2.2), we obtain the inequality
D(Py||Pz) < 5 I(Py||Pz),  Pz=G", (3.2.10)

holding for every Py such that Py < G™ and V\/@ € L*(G").
Conversely, for every Py < G™ satisfying (3.2.10), we can derive (3.2.2)
by letting ¢ = \/@ , provided V¢ exists (e.g., in the distributional
sense). Similarly, for every s > 0, (3.2.3) can be written as

D(Py||Pz) < 3 sI(Py|Py), Py =G2. (3.2.11)
We next apply the Gaussian LSI (see (3.2.1)) to functions of the form
¢ = exp(g/2) for all suitably well-behaved g: R™ — R. Then, we obtain

exp (9(2))

S 2] | < FE V9P e (6(2)]

(3.2.12)

E [exp (9(Z2)) In
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where Z ~ G™. If we let P = G™ and denote by P9 the g-tilting of
P, the left side of (3.2.12) is recognized as E[exp (g(Z))] - D(PY||P).
Similarly, the right side is equal to Elexp (¢(Z))] -Eg)[HVgHQ] with

ng)[-] denoting expectation with respect to P9). We therefore obtain
the so-called modified LSI for the standard Gaussian measure:

DP9 |p) < 1EY [vayﬂ ., P=a" (3.2.13)

which holds for all smooth functions g: R” — R that are exponentially
integrable with respect to G™. Observe that (3.2.13) implies (3.1.39)
with 4 = G", ¢ =1, and E(g) = ||Vgl%.

In the remainder of this section, we provide an information-theoretic
proof of Theorem 3.2.1, and discuss several applications of the modified
LSI (3.2.13) for the derivation of Gaussian concentration inequalities
via the Herbst argument.

3.2.1 An information-theoretic proof of Gross’s LSI

In accordance with our general theme, we will prove Theorem 3.2.1 via
tensorization: we first show that the satisfiability of the theorem for
n = 1 implies that it holds for every n > 2 by scaling up to general n
using suitable (sub)additivity properties, and then establish the n =1
case. Indeed, suppose that (3.2.1) holds in dimension 1. For n > 2,
let X" = (Xq,...,X,) be an n-tuple of i.i.d. AM(0,1) variables and
consider a smooth function ¢: R® — R, such that Ep[¢?(X™)] = 1,
where P = Pxn = G" is the product of n copies of the standard
Gaussian distribution G. If we define a probability measure () = Qxn
with dQ y»/dPxn = ¢, then using Proposition 3.2 we can write
dQ dQ}

Ep [62(X")In 6*(X")] = Ep [dP In %2

= D(Q||P)

<> D(Qx,x:IPx,
=1

Qx:)- (3.2.14)

Following the same steps as the ones that led to (3.1.12), we can define
for each i = 1,...,n and each ' = (z1,...,2i_1,Tis1,...,Tp) € R*1
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the function ¢;(-|z%): R — R via

gf)l(l"i’l) = D1y L1, Ty Ty - - -5 Ty, Vil Rnil, x eR.
Then
Qxxi—si _  d}(|7")
dPx; Ep[¢7 (Xi|z7)]
for all i € {1,...,n} and ' € R"~!. With this, we can write
D(QXJX% PXi Qyz)
Qi
=Eq |1 :
°1" apy,
[dQ | dQx, %
=K 1 !
Plap ™ dpy,

2 1Y
— Ep |¢*(X)In @(XAX')X']

F(XG|XT) ]

=Ep |d2(X;| X1 RS -
R R w Ay alb e

= /Rni1 Ep [@ (Xilz*)1 Ep[o?(X;|z%)]

Since each X; ~ G, we can apply the Gaussian LSI (3.2.1) to the
univariate functions ¢;(-|Z') (note that we currently assume that the
Gaussian LSI holds for n = 1) to get

] dPz:(z").  (3.2.15)

i &2 (X;| %) { , » 2}
Ep |¢7(Xi|z")In —— o~ | <2E (X;) 7 3.2.16
P l¢z( |‘/B ) n EP[¢12(X1|i‘Z)] = P (¢l( |.T )) ( )
for all i = 1,...,n and all ' € R"!, where the prime denotes the

derivative of ¢;(x|z%) with respect to x:

_ dgi(z|z") _ 0¢(x)

/ =1
e s
Since X1,..., X, are i.i.d. under P, we can express (3.2.16) as
7 (Xi|z")

Ep |4;(Xi|Z') In

Ep[¢7 (X;]77)]
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where 9;¢ denotes the i-th coordinate of the gradient V¢. Substituting
this bound into (3.2.15), we have

D(Qu x:l1Pxi|Qx:) < 2Ep [(@i0(X™)7].

Using this to bound each term in the sum on the right side of (3.2.14)
together with the equality 1 (8¢¢(x”))2 = ||Vo(z™)||?, we get

Px,

Ep [¢*(X")In¢*(X")] < 2Ep [||Vo(X™)|], (3.2.17)

which is precisely the Gaussian LSI (3.2.2) in R". Thus, if the Gaussian
LSI holds for n = 1, then it also holds for all n > 2.

In view of the above argument, the Gaussian LSI is next proved for
n = 1. To that end, it is useful to express it in an equivalent form that
relates the Fisher information and the entropy power of a real-valued
random variable with a sufficiently regular density. The Gaussian LSI in
this form was derived by Stam [45], and the equivalence between Stam’s
inequality and (3.2.1) was only noted much later by Carlen [128]. We
first establish this equivalence following Carlen’s argument, and then
give a new information-theoretic proof of Stam’s inequality that, unlike
existing proofs [48, 133], does not directly rely on de Bruijn’s identity
or on the entropy-power inequality.

We first start with some definitions. Let Y be a real-valued random
variable with density py. The differential entropy of Y is given by

h(y) = hpy) 2 - |

o0

Oopy(y) Inpy (y)dy, (3.2.18)

provided the integral exists, and the entropy power of Y is given by

& exp(2(Y))

N(Y) 5o (3.2.19)
Moreover, if the density py is differentiable, the Fisher information is
given by
o /d 2
1) =) = [ (Gme) pdy (3220
=E[p¥(Y)), (3.2.21)

where py (y) = (d/dy) Inpy (y) = z;’jgz; is known as the score function.
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Remark 3.6. An alternative definition of the Fisher information of a
real-valued random variable Y is (see [134, Definition 4.1])

JY) 2 sup { (B (V)" p € C, Bp?(Y)] = 1} (3.2.22)

where the supremum in the right side of (3.2.22) is taken over the set of
all continuously differentiable functions ¢ with compact support such
that E[¢)?(Y))] = 1. Note that this definition does not involve derivatives
of any functions of the density of Y (nor it assumes that such a density
even exists). It can be shown that the quantity defined in (3.2.22) exists
and is finite if and only if Y has an absolutely continuous density py,
in which case J(Y) is equal to (3.2.20) (see [134, Theorem 4.2]).

We will need the following facts:

1. If D(Py||Gs) < oo, then

1 1 1 1 1
D(Py||Gy) = =1 “lns— -+ —FEY?. 2.2
(Py|Gs) ZHN(Y)+2HS 2+2$ (3.2.23)

This is proved by direct calculation: since D(Py|Gs) < oo, we
have Py < G4 and dPy /dGs = py /7s. Consequently,

vl = [ pvm Py

s(Y)
= —h(Y) + 11(2 )+iEY2
- g AT T o
1 11
= —7(2h(Y) In(2me)) + = 5Ins— 5+ 5. EY?
S
1 Lo 1 2,

which is (3.2.23).
2. If J(Y) < 00 and EY? < oo, then for every s > 0
1 ., 2
I(Py||Gs) = J(Y) + 5 EY" — = < oo, (3.2.24)

where I(-]|-) is the relative Fisher information (see (3.2.4)). This
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equality is verified as follows:

o0 2
1316 = [ o) (5 ) = o) dy

=/_O:opy(y) (py(y)+y>2dy

= B[ (V)] + 2 E[Y py(Y)] + - EY?
=J(Y)+ g E[Y py (V)] + ;—QEYQ. (3.2.25)

Since EY? < oo, we have E|Y| < o0, so limy—400 ypy (y) = 0.
Furthermore, integration by parts gives

E[Ypy(Y)] = /_o:o ypy (y) py (y) dy

:/_O:prg,(y) dy
= <ylgrolo ypy (y) — ygmooypy(y)) - /O:OPY(y) dy
- (3.2.26)

(see [135, Lemma Al] for another proof). Substituting (3.2.26)
into (3.2.25), we get (3.2.24).

We are now in a position to prove the following result of Carlen [128]:

Proposition 3.4. The following statements are equivalent to hold for
the class of real-valued random variables Y with a smooth density py,
such that J(Y) < oo and EY? < oc:

1. Gaussian LSI, D(Py||G) <  I(Py|G).
2. Stam’s inequality, N(Y)J(Y) > 1.

Remark 3.7. Carlen’s original derivation in [128] requires py to be
in the Schwartz space S(R) of infinitely differentiable functions, all of
whose derivatives vanish sufficiently rapidly at infinity. In comparison,
the regularity conditions of the above proposition are much weaker,
requiring only that Py has a differentiable and absolutely continuous
density, as well as a finite second moment.
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Proof. We first show the implication 1) = 2). If 1) holds for every
real-valued random variable Y as in Proposition 3.4, it follows that

D(Py||Gs) < EI(PYHGS), Vs> 0. (3.2.27)

Inequality (3.2.27) can be verified from (3.2.7)—(3.2.9), together with
the equivalence of (3.2.2) and (3.2.3). Since J(Y) and EY? are finite
by assumption, the right side of (3.2.27) is finite and equal to (3.2.24).
Therefore, D(Py||Gs) is also finite, and it is equal to (3.2.23). Hence,
we can rewrite (3.2.27) as

lln !

2 " N(Y)

1
Y) 4+ —
JY) + o

EY? 1.

1 1 1 s
—Ins—-+—EY?<?Z
Toms Tyt M Sy
Since EY? < 0o, we can cancel the corresponding term from both sides
and, upon rearranging, obtain

1
IDW <sJ(Y)—1Ins—1.
Importantly, this bound holds for every s > 0. Therefore, using the fact
that
1+1Ina = inf(as —Ins), Va>0

s>0

we obtain Stam’s inequality N (Y)J(Y) > 1.

To establish the converse implication 2) = 1), we simply run the
above proof backwards. Note that it is first required to show that
D(Py||Gs) < oo. Since by assumption J(Y') is finite and 2) holds,
also w5~ is finite; since both E[Y?] and ﬁ are finite, it follows from

(3.2.23) that D(Py||G) is finite. O

We now turn to prove Stam’s inequality. Without loss of generality,
we may assume that EY = 0 and EY? = 1. Our proof will exploit the
formula, due to Verdu [136], that expresses the divergence between two
probability measures in terms of an integral of the excess mean squared
error (MSE) in a certain estimation problem with additive Gaussian
noise. Specifically, consider the problem of estimating a real-valued
random variable Y on the basis of a noisy observation /sY + Z, where
s > 0 is the signal-to-noise ratio (SNR) and the additive standard
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Gaussian noise Z ~ @G is independent of Y. If Y has distribution P,
the minimum MSE (MMSE) at SNR s is defined as

mmse(Y, 5) = ing[(Y —p(V/sY + 2))3, (3.2.28)

where the infimum is taken over all measurable functions (estimators)
¢: R — R. It is well-known that the infimum in (3.2.28) is achieved by
the conditional expectation u +— E[Y|\/sY + Z = u], so

mmse(Y,s) = E [ (Y ~ E[Y|VsY + 2))°].

On the other hand, suppose we assume that Y has distribution () and
therefore use the mismatched estimator u — EqQ[Y|/sY + Z = ul,
where the conditional expectation is computed assuming that Y ~ Q.
Then, the resulting mismatched MSE is given by

mseq(Y, ) = E | (Y — Eg[V|v/sY + 2))°|, (3.2.29)

where the outer expectation on the right side is computed using the
correct distribution P of Y. Then, the following relation holds for the
divergence between P and @ (see [136, Theorem 1]):

D(P|Q) = ;/Ooo [mseq (Y, s) — mmse(Y, s)] ds. (3.2.30)

We will apply the formula (3.2.30) to P = Py and Q = G, where Py
satisfies EY = 0 and EY? = 1. In that case it can be shown that, for
every s > 0,

mseq(Y, s) = mseg(Y, s) = Immse(Y, s), (3.2.31)

where Immse(Y, s) is the linear MMSE, i.e., the MMSE attainable by
an arbitrary affine estimator u — au + b (a,b € R):

Immse(Y, s) = aiglefRE [(Y —a(\/sY +Z) - b)ﬂ . (3.2.32)

The infimum in (3.2.32) is achieved by a* = /135 and b =0, giving

1

Immse(Y, s) = s
s

(3.2.33)
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Moreover, mmse(Y, s) can be bounded from below using the so-called
van Trees inequality [137] (see also Appendix 3.A):

1
> — 2.
mmse(Y, s) > T T 5 (3.2.34)
Then
D(Py||G) = %/ (Immse(Y, s) — mmse(Y, s)) ds (3.2.35)
1
<1
<3 / <1 il T s> ds (3.2.36)
1
T2y oo/ <1+5 Y)+S>d8
. J(Y)(1+A)
1 JE)U+A
2 \m In ( JY)+ A )
=1imJ(Y), (3.2.37)

where (3.2.35) holds by combining (3.2.30) and (3.2.31) with P = Py
and Q = G; (3.2.36) holds by using (3.2.33) and (3.2.34). On the other
hand, using (3.2.23) with s = EY? = 1 yields

1
D(Py|G) =5 1n (3.2.38)

N(Y)
Combining (3.2.37) and (3.2.38), we recover Stam’s inequality
N(Y)J(Y) > 1. Moreover, the van Trees bound (3.2.34) is achieved
with equality if and only if Y is a standard Gaussian random variable.

3.2.2 From Gaussian LS| to Gaussian concentration inequalities

We are now ready to apply the log-Sobolev machinery to establish
Gaussian concentration for random variables of the form U = f(X™"),
where Xi,...,X, are ii.d. standard normal random variables and
f:R™ — R is an arbitrary Lipschitz function. We start by considering
the special case when f is also differentiable.

Proposition 3.5. Let X,..., X, be i.i.d. A/(0,1) random variables.
Then, for every differentiable function f: R™ — R such that
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IV f(X™)] <1 almost surely, we have

P(f(X™) > Ef(X™) +7) <exp (—j) . Vr>0 (3.2.39)

Proof. Let P = G™ denote the distribution of X", and let () be a
probability measure such that P <> @ (i.e., P and @ are mutually
absolutely continuous). Then, every event that has P-probability 1 also
has Q-probability 1 and vice versa. Since f is differentiable, it is finite
everywhere, so PY) and P are mutually absolutely continuous. Hence,
every event that occurs P-a.s. also occurs Ptf)-as. for all ¢ € R. In
particular, |V f(X™)|| <1 P®-as. for all t > 0. Therefore, applying
the modified LSI (3.2.13) to g = tf for some ¢ > 0 gives
t2 t2

D(PU||P) < <2> Ep” [IVFOIP] < 5 (3.2.40)

Finally, in view of the Herbst argument, using Corollary 3.1.1 with
U= f(X")—Ef(X") yields (3.2.39). O

Remark 3.8. Corollary 3.1.1 and inequality (3.2.13) with g = ¢f imply
that, for every smooth function f with [|[Vf(X™)||? < L ass.,

2

P(f(X”) Z[Ef(X”)+r) < exp <_;L> , Vr>0. (3.2.41)

Thus, the constant s in the Gaussian concentration bound (3.1.2) is
controlled by the sensitivity of f to modifications of its coordinates.

Having established a concentration result for a smooth f with a
bounded gradient, we proceed to the more general case where f is
Lipschitz.

Theorem 3.2.2. Let X" be as before, and let f: R® — R be a 1-
Lipschitz function, i.e.,
[f@™) = M < e =y, Va",y" eR™

Then
IP’(f(X") ZEf(X”)—i—r) < exp (—i) , VYr>0. (3.2.42)
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Proof. By Rademacher’s theorem (see, e.g., [138, Section 3.1.2]), the
assumption that f: R® — R is 1-Lipschitz yields its differentiability
almost everywhere in R™ with ||V f|| < 1. Hence, ||V f(X")|| < 1 almost
surely (since X1, ..., X, arei.i.d. standard Gaussian random variables).
Consequently, (3.2.42) follows from Proposition 3.5. O

3.2.3 Hypercontractivity, Gaussian log-Sobolev inequality, and
Rényi divergence

We close our treatment of the Gaussian LSI with a striking result,
proved by Gross [44], that this inequality is equivalent to a very strong
contraction property (dubbed hypercontractivity) of a certain class of
stochastic transformations. The original motivation behind the work
of Gross [44] came from problems in quantum field theory. However,
we will take an information-theoretic point of view and relate it to
data processing inequalities for a certain class of channels with additive
Gaussian noise, as well as to the rate of convergence in the second law
of thermodynamics for Markov processes [139].

Consider a pair (X,Y’) of real-valued random variables that are
related through the stochastic transformation

Y=e'X+V1—-e2Z7 (3.2.43)

for some t > 0, where the additive noise Z ~ G is independent of X.
For reasons that will become clear shortly, we will refer to the channel
that implements the transformation (3.2.43) for a given ¢t > 0 as the
Ornstein—Uhlenbeck channel with noise parameter t and denote it by
OU(t). Similarly, we will refer to the collection of channels {OU(t)}2,,
indexed by all t > 0 as the Ornstein—Uhlenbeck channel family. We
immediately note the following properties:

1. OU(0) is the ideal channel, Y = X.
2. If X ~ G, then Y ~ G as well, for every t > 0.

3. Using the terminology of [13, Chapter 4], the channel family
{OU(t)}52, is ordered by degradation: for every t1,t2 > 0 we have

OU(t1 +t2) = OU(t2) o OU(t1) = OU(t1) o OU(tg), (3.2.44)
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which is shorthand for the following statement: for every input
random variable X, every standard Gaussian random variable
Z independent of X, and every ti,to > 0, we can always find
independent standard Gaussian random variables Z7, Z5 that are
also independent of X, such that

et x 4 (1 o2ttt 7
Let[eX+VIi—e 2z |+ Ve 2,

et e X +V1I—e 2]+ V-2, (3.245)

where < denotes equality of distributions. In other words, we
can always define real-valued random variables X, Y1, Y5, Z1, Zo
on a common probability space (2,.%,P), such that Z;, Zs ~ G,
(X, Z1, Z2) are mutually independent,

Vi Letix /1 - e 2z
Y2 g 6—(t1+t2)X + 1— e—2(t1+t2)Z2

and X — Y; — Y5 is a Markov chain. Even more generally,
given an arbitrary real-valued random variable X, it is possible to
construct a continuous-time Markov process {Y;}72, with Y} 4x
and V; £ et X + 1 — e 2tN(0,1) for all ¢ > 0. One way to do
this is to let {Y;}52, be governed by the It6 stochastic differential
equation (SDE)

dY; = -V, dt + v2dB,, t>0 (3.2.46)

with the initial condition Yy < X, where {Bt}+>0 denotes the
standard one-dimensional Wiener process (Brownian motion).
The solution of the SDE (3.2.46), known as the Langevin equation
[140, p. 75], is given by the so-called Ornstein—Uhlenbeck process

t
Y, = Xe 4+ \/5/ e~ (t=5) 4B;, t>0
0

where, by the It isometry property, the variance of the zero-mean
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additive Gaussian noise is indeed

t 2 t
E [(ﬁ/ o (t=5) ng) ] — 2/ o—2(t=5) 4
0 0

=1—e2 V>0

(see, e.g., [141, p. 358] or [142, p. 127]). This explains our choice
of the name “Ornstein—Uhlenbeck channel" for the random trans-
formation (3.2.43).

In order to state the main result to be proved in this section, we need
the following definition: the Rényi divergence of order a € RT\{0,1}
between two probability measures, P and @), is defined as

D.(P||Q) = - i : In (/ du (ji)a <(£)l_a> : (3.2.47)

where p is an arbitrary o-finite measure that dominates both P and
Q. If P < @, we have the equivalent form

Du(PIQ) = - L o (EQ [(jgﬂ) | (3.2.48)

We recall several key properties of the Rényi divergence (see [143]):

1. The Kullback-Leibler divergence D(P||Q) is the limit of D, (P||Q)
as o tends to 1 from below:

D(P|Q) = lim Da(P|Q)
In addition,

D(P|Q) = sup Da(P|Q) < inf Da(P|Q)

o
and, if D(P||Q) = oo or there exists some 5 > 1 such that
Ds(P||Q) < oo, then also

D(P|Q) = lim Da(P|Q). (3.2.49)

2. By defining D;(P||Q) as D(P||Q), the function a — D, (P||Q) is

nondecreasing.
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3. Forall a > 0, D,(-||-) satisfies the data processing inequality: if we
have two possible distributions P and @) for a random variable U,
then for every channel (stochastic transformation) 7' that takes
U as input we have

Do(P|IQ) < Do(PIlQ),  Va >0 (3.2.50)

where P or Q is the distribution of the output of 7' when the
input has distribution P or @), respectively.

4. The Rényi divergence is non-negative for every order o > 0.

Now consider the following set-up. Let X be a real-valued random
variable with distribution P, such that P <« G. For every t > 0, let P,
denote the output distribution of the OU(¢) channel with input X ~ P.
Then, using the fact that the standard Gaussian distribution G is left
invariant by the Ornstein—Uhlenbeck channel family together with the
data processing inequality (3.2.50), we have

Do(P|G) < Du(P||G),  Vt>0, a> 0. (3.2.51)

This is, of course, nothing but the second law of thermodynamics for
Markov chains (see, e.g., [144, Section 4.4] or [139]) applied to the
continuous-time Markov process governed by the Langevin equation
(3.2.46). We will now show, however, that the Gaussian LSI of Gross
(see Theorem 3.2.1) implies a stronger statement: for every o > 1 and
e € (0,1), there exists a positive constant 7 = 7(«, €), such that

Do(P||G) < eDo(P||G),  Vt>T. (3.2.52)

By increasing the parameter ¢, the output distribution P, resembles
the invariant distribution G more and more, where the measure of
similarity is given by a Rényi divergence. Here is the precise result:

Theorem 3.2.3. The Gaussian LSI of Theorem 3.2.1 is equivalent to
the following statement: for every «, 8 such that 1 < f < a < o0

a(p—1)
Bla—1)

a—1

51

Du(P|G) < ( > Dy(P|G), ¥t > ;m( ) (3.2.53)
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The proof of Theorem 3.2.3 is provided in Appendix 3.B (with a
certain equality, involved in this proof, that is proved separately in
Appendix 3.C).

Remark 3.9. The original hypercontractivity result of Gross is stated
as an inequality relating suitable norms of g, = % and g = %; we refer
the reader to the original paper [44] or to the lecture notes of Guionnet
and Zegarlinski [51] for the traditional treatment of hypercontractivity.

Remark 3.10. To see that Theorem 3.2.3 implies (3.2.52), fix o > 1
and € € (0,1). Let

(o4

>

/825(570‘) =

a—cela—1)

It is easy to see that 1 < § < a and ggijg = ¢. Hence, Theorem 3.2.3

implies that
1 _
Da(P|IP) < eDs(P||G), V> Lin (1 + ‘)‘(55)> 2 r(a,e).

Since the Rényi divergence D, (+]|-) is non-decreasing in the parameter
a, and 1 < 8 < a, it follows that Dg(P||G) < Du(P||G). Therefore,
the last inequality implies that

Dy (P||P) < eDy(P||G), Yt>T(a,e).

As a consequence, we can establish a strong version of the data
processing inequality for the ordinary divergence:

Corollary 3.2.4. In the notation of Theorem 3.2.3, we have for every
t>0

D(P||G) < e *D(P||G). (3.2.54)

Proof. Let o = 1+ ge? and = 1 + ¢ for some € > 0. Then using
Theorem 3.2.3, we have

—2t
Dy (PG) < <e+;> D1 .(P|G), Vt>0. (3.2.55)

Taking the limit of both sides of (3.2.55) as € | 0 and using (3.2.49)
(note that D, (P||G) < oo for o > 1), we get (3.2.54). O
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3.3 Logarithmic Sobolev inequalities: the general scheme

Now that we have seen the basic idea behind log-Sobolev inequalities
in the concrete case of i.i.d. Gaussian random variables, we are ready
to take a more general viewpoint. To that end, we adopt the framework
of Bobkov and Gotze [54] and consider a probability space (Q,.%, u)
together with a pair (A, T") that satisfies the following requirements:

e (LSI-1) A is a family of bounded measurable functions on €2,
such that if f € A, then af +b € A for every a > 0 and b € R.

e (LSI-2) I' is an operator that maps functions in A to nonnegative
measurable functions on €.

e (LSI-3) For every f € A, a >0, and b € R,
T(af +b) = alf. (3.3.1)

We say that p satisfies a logarithmic Sobolev inequality with constant
¢ >0, or LSI(c) for short, if

D) < SEP[0FP]. vieAd (332

Here, as before, u(f) denotes the f-tilting of 4, i.e.,

) exp(f)
du Eu[exp(f)] ’

and Eflf )[] in the right side of (3.3.2) denotes expectation with respect

(3.3.3)

Remark 3.11. We have expressed the LSI using standard information-
theoretic notation. Most of the mathematical literature dealing with the
subject, however, uses a different notation, which we briefly summarize
for the reader’s benefit. Given a probability measure p on €2 and a
nonnegative function g: 2 — R, define the entropy functional

Ent,(g) é/glngdu—/gdu~ha (/gdu>

= E,[glng] ~ Eulg) InE,[g] (3.3.4)
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with the convention that 0In 0 £ 0. Due to the convexity of the function
f(t) =tlnt (t > 0), Jensen’s inequality gives Ent,(g) > 0. The LSI(c)
condition in (3.3.2) can be equivalently written as (see [54, (1.1)])

Ent, (exp(f) < § [ (T exp(f) dn. (3.3.5)

To see the equivalence of (3.3.2) and (3.3.5), note that

Ent, (exp(f)) = /exp(f) In (M) du

duH) du )
=E,[exp(f)] /(uibi,u In <ZM d

= Eylexp(f)] D) (3.3.6)

and
/(Ff)2 exp(f)du = E,[exp(f)] /(Ff)2 du®

= Eufexp(/)] B ()] (3:3.7)

Substituting (3.3.6) and (3.3.7) into (3.3.5), we obtain (3.3.2). We note
that the entropy functional Ent is homogeneous of degree 1: for every
g such that Ent,(g) < oo and a > 0, we have

Ent,(ag) = aE, [g In Ei[!ﬂ] = aEnt,(g). (3.3.8)

Remark 3.12. Strictly speaking, (3.3.2) should be called a modified (or
exponential) logarithmic Sobolev inequality. The ordinary LSI takes the
form (see [54, (1.2)])

Ent,(¢%) < 2c/(Fg)2du (3.3.9)

for all strictly positive g € A. If the pair (A,T") is such that pog € A
for every g € A and for every C'* function ¢): R — R, and I obeys the
chain rule

F(Yog)=[y oglTg VgeA ¢eC™, (3.3.10)
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then (3.3.2) and (3.3.9) are equivalent. In order to show this, recall the
equivalence of (3.3.2) and (3.3.5) (see Remark 3.11); the equivalence
of (3.3.5) and (3.3.9) is proved in the following when the mapping T’
satisfies the chain rule in (3.3.10). Indeed, if (3.3.9) holds then using it
with g = exp(f/2) gives

Ent, (exp(f)) < 20/(F(exp(f/2)))2d,u

= ¢ [En?exp(r) du

which is (3.3.5). The last equality in the above display follows from
(3.3.10) which implies that

[(exp(f/2)) = 5 exp(f/2) - T'f.
Conversely, the combination of (3.3.5) with f = 21n g and (3.3.10) with
Y(t) =tlnt for ¢ > 0 (by continuous extension 1(0) = 0) gives

Ent, (¢°) < § [ (C(21ng))’g* dp

= 26/(Fg)2du,

which is (3.3.9). Again, the last equality is a consequence of (3.3.10),
which gives T'(2Ing) = % for all strictly positive g € A. In fact, the
Gaussian LSI we have looked at in Section 3.2 is an instance of the LSI
in (3.3.2), for which I'f = ||V f|| satisfies the chain rule in (3.3.10).

Recalling the discussion of Section 3.1.4, we now show how to pass
from a log-Sobolev inequality to a concentration inequality via the
Herbst argument. Indeed, let 2 = X™ and pu = P, and suppose that P
satisfies LSI(c) with an appropriate pair (A, T"). Suppose, furthermore,
that the function of interest f is an element of A and that ||I'f||o < 00
(otherwise, LSI(c) is vacuously true for every ¢ > 0). Then tf € A for
every t > 0, so applying (3.3.2) to g = tf we get

D(P|P) < 2 ELD [(0tf))’]

_ ot ) [ 2
= 5 BV ()]
_ el

311
< ARLlt (33.11)
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where the second step uses the fact that T'(¢f) = tT'f for every f € A
and t > 0. In other words, P satisfies the bound (3.1.39) for every g € A
with E(g) = ||lg||%. Therefore, using the bound (3.3.11) together with
Corollary 3.1.1 gives

7,2

P(f(X") > Ef(X") +7) <exp <_26]FfH2

), Vr>0. (3.3.12)

3.3.1 Tensorization of the logarithmic Sobolev inequality

In the above demonstration, we have capitalized on an appropriate LSI
in order to derive a concentration inequality. Showing that a LSI holds
can be very difficult for reasons discussed in Section 3.1.3. However,
when the probability measure P is a product measure, i.e., the X'-valued
random variables X1, ..., X,, are independent under P, we can use once
again the “divide-and-conquer” tensorization strategy: we break the
original n-dimensional problem into n one-dimensional subproblems,
demonstrate that each marginal distribution Py, (i = 1,...,n) satisfies
a LSI for a suitable class of real-valued functions on X, and finally
appeal to the tensorization bound for the relative entropy.

Let us provide the abstract scheme first. Suppose that, for each
i € {1,...,n}, we have a pair (A;,I";) defined on X that satisfies the
requirements (LSI-1)-(LSI-3) listed at the beginning of Section 3.3.
Recall that for an arbitrary function f: X" — R, for i € {1,...,n},
and for an arbitrary (n — 1)-tuple & = (21,...,%i_1,Tit1,...,Tn), We
have defined a function f;(:|7%): X — R via f;(x;|7°) £ f(2"). Then,
we have the following:

Theorem 3.3.1. Let X1,..., X, be n independent X-valued random
variables, and let P = Py, ®...® Px,, be their joint distribution. Let A
consist of all functions f: X™ — R such that, for every i € {1,...,n},

fitld) e A,  v@tean ! (3.3.13)
Define the operator I' that maps each f € A to

n

Tf= > Tifi)? (3.3.14)

=1
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which is shorthand for

Tf(a") = \lzn:(nfi(xi\xi)f, Yo" e X (3.3.15)

i=1
Then, the following statements hold:
1. If there exists a constant ¢ > 0 such that, for every i € {1,...,n},

Py, satisfies LSI(c) with respect to (A;,I';), then P satisfies
LSI(c) with respect to (A,T).

2. For every f € A with E[f(X™)] =0, and every r > 0,

2|0 f11%
Proof. We first verify that the pair (A,T"), defined in the statement of
the theorem, satisfies the requirements (LSI-1)—(LSI-3). Thus, consider
some f € A, choose some a¢ > 0 and b € R, and let g = af + b. Then,
gi(-|2%) = afi(-]z") +b € A; for every i € {1,...,n} and an arbitrary z*,
which relies on (3.3.13) and the property (LSI-1) of the pair (A;,T).
Hence, f € A implies that g = af + b € A for every a > 0 and b € R,
o (LSI-1) holds. From the definition of I' in (3.3.14) and (3.3.15), it is
readily seen that (LSI-2) and (LSI-3) hold as well.

Next, for every f € A and t > 0, we have

PaN|P) < ZD( o [P PEl)

J PP allr) argla)
/D PEECE)| Py ) 4P ()

< fz/n-ztf@“m (rufixls))’| ap @)

-3 (w40 [ (raonm)’))

i=1

P(f(X™) > 1) < exp (72> . (3.3.16)

Il
M= 1T

1

-
I

Il
M=

_ EGD [(5)?], (3.3.17)



124 The Entropy Method, LSl and TC Inequalities

where the first step uses Proposition 3.2 with Q = P®/) the second
is by the definition of conditional divergence where Py, = PXH@, the
third is due to (3.1.31), the fourth uses the fact that (a) f;(:|z%) € A;
for all 7% and (b) Py, satisfies LSI(c) with respect to (A;,T;), and the
last step uses the tower property of the conditional expectation, and
(3.3.14). We have thus proved the first part of the theorem, i.e., that P
satisfies LSI(c) with respect to the pair (A, T"). The second part follows
from the same argument that was used to prove (3.3.12). O

3.3.2 Maurer’s thermodynamic method

Theorem 3.3.1 enables to derive concentration inequalities in product
spaces whenever an appropriate LSI can be shown to hold for each
individual variable. Thus, the bulk of the effort is in showing that this
is, indeed, the case for a given probability measure P and a given class of
functions. Ordinarily, this is done on a case-by-case basis. However, as
shown recently by A. Maurer in an insightful paper [145], it is possible
to derive log-Sobolev inequalities in a wide variety of settings by means
of a single unified method. This method has two basic ingredients:

1. A certain “thermodynamic” representation of the divergence
D(p || ), f € A, as an integral of the variances of f with respect
to the tilted measures p*/) for all ¢t € (0, 1).

2. Derivation of upper bounds on these variances in terms of an
appropriately chosen operator I' acting on A, where A and I" are
the objects satisfying the conditions (LSI-1)—(LSI-3).

In this section, we state two lemmas that underlie these two ingredients
and then describe the overall method in broad strokes. Several detailed
demonstrations of the method in action will be given in the sections
that follow.
Once again, consider a probability space (€2,.%, 1) and recall the
definition of the g-tilting of u:
du'? — exp(g)

dp Eulexp(g)]’
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The variance of an arbitrary h: @ — R with respect to 9 is then
given by

2
varl@)[h] £ B9 [n?] — (E@[h])".

The first ingredient of Maurer’s method is encapsulated in the following
(see [145, Theorem 3]):

Lemma 3.3.2. Let f: Q — R be a function such that E,[exp(Af)] < oo
for all A > 0. Then, the following equality holds:

A rPA
D)) = / / varED[f]dsdt, VA >0, (3.3.18)
0 Jt
Proof. We start by noting that (see (3.1.16) and (3.1.17))
Nty=E[f]  and  A"(t) =var{D[f], (3.3.19)

and, in particular, A’(0) = E,[f]. Moreover, from (3.1.19), we get

DM ||p) = A2 dd/\ (A(;)) =M\ — A(N). (3.3.20)

Now, using (3.3.19), we get

AN (N) = /0 TN de
A A
:/0 </0 A (s)ds+A(0)>dt

_ /0,\ </0A varff) [f]ds +[Eu[f]> dt (3.3.21)

:/AA’(t) dt
([
_/ (/ var(s [ f ]ds—i—EH[ﬂ) dt. (3.3.22)

Substituting (3.3.21) and (3.3.22) into (3.3.20), we get (3.3.18). O

and



126 The Entropy Method, LSl and TC Inequalities

Remark 3.13. The thermodynamic interpretation of (3.3.18) stems
from the fact that the tilted measures p(*f) can be viewed as the Gibbs
measures, used in statistical mechanics as a probabilistic description
of physical systems in thermal equilibrium. In this interpretation, the
underlying space () is the state (or configuration) space of a physical
system X, the elements x € () are the states (or configurations) of X,
i is a base (or reference) measure, and f is the energy function. We
can view u as an initial distribution of the system state. According to
the postulates of statistical physics, the thermal equilibrium of ¥ at
absolute temperature 6 corresponds to that distribution v on €2 that
globally minimizes the free energy functional

Uo(v) 2 E, [f] + 0D(v]1). (3.3.23)

It is claimed that Wy(v) is uniquely minimized by v* = (=t where
t = 1/6 is the inverse temperature. To see this, consider an arbitrary
v, where we may assume, without loss of generality, that v < pu. Let
¢ 2 dv/du. Then

dv

du(?—ym - dug%f) - E:,[gét@ ' = ¢ exp(tf) Eulexp(—tf)]
and
Uy(v) = %E,,[tf + In ]
= LB, in( exp(t))]
_ %EV [m d/ﬁfm - A(—t)}
= = [l — A,

where, as before, A(—t) £ In(E,[exp(—tf)]). Therefore, we have
Wo(v) = Uy (v) > —A(—t)/t with equality if and only if v = p(=th),

The reader is referred to a recent monograph by Merhav [146],
which highlights interesting relations between information theory and
statistical physics.
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Now the whole affair hinges on the second step, which involves
bounding the variances varfff ) [f] from above, for ¢ > 0, in terms of
expectations E [(F f) ] for an appropriately chosen I'. The following
is sufficiently general for our needs:

Theorem 3.3.3. Let (A,T") and {(A;,I;)}}~; be constructed as in the
statement of Theorem 3.3.1. Suppose that for each i € {1,...,n}, the
operator I'; maps each g € A; to a constant (which may depend on g),
and there exists a constant ¢ > 0 such that

var® (X)X = 7] < e (Tyg)?, V' e ! (3.3.24)

foralli e {1,...,n}, s >0, and g € A;, where var [ | X? = ] denotes
pl)
XX

the (conditional) variance with respect to P
(A,T') satisfies LSI(c) with respect to Pxn.

P Then, the pair

Proof. Consider an arbitrary function f € A. Then, by construction,
fi: Xi > Risin A; for each i € {1,...,n}. We can write

D(P 5 . I Px,)
D(PED ) py,) (3.3.25)
1,1 . o ,
- / / var OB (30 X)X = 7] ds dt (3.3.26)

< c(Tify) //dsdt (3.3.27)

_ o(Tifi)?

5 (3.3.28)

where (3.3.25) uses the fact that P)(( 7)0 - is equal to the fi(¢|zH)-
tilting of Px,; (3.3.26) uses Lemma 3.3.2; (3.3.27) uses (3.3.24) with
g = fi(|7") € Aj; (3.3.28) holds since ftl dsdt = [ (1 —t)dt = 1.
We have therefore established that, for each i € {1,...,n}, the pair
(A;,T;) satisfies LSI(c). Therefore, the pair (A,T") satisfies LSI(c) by
Theorem 3.3.1. O

The following two lemmas will be useful for establishing bounds like
(3.3.24):



128 The Entropy Method, LSl and TC Inequalities

Lemma 3.3.4. Let U be a random variable such that U € [a, b] a.s. for
some —oo < a < b < +o0o. Then

var[U] < (b —a)*. (3.3.29)

Proof. var[U] is maximized when P(U = a) = P(U = b) = 3, which
attains the bound in the right side of (3.3.29). O

Lemma 3.3.5. [145] Let f be a real-valued function, for which there
exists d € R such that f —E,[f] < d almost surely. Then, for all ¢t > 0,

varfff) [f] < exp(td) var,[f]. (3.3.30)
Proof.
varlh)[f] = varfjﬂ{ fF=E,lf] } (3.3.31)
<ED [(f - E,[f))] (3.3.32)
. 2
_E, [exp(gj[e(}{p(t?ﬁ[ﬂ) ] (3.333)
<E {(f-El)’eplt(F-ElN}  (3334)
< exp(td) B, [(f — B, [f])*], (3.3.35)
where

e (3.3.31) holds since var[f] = var[f + ¢] for ¢ € R;

3.3.32) uses the bound var[U] < E[U?];

( )

( )

e (3.3.33) is by definition of the tilted distribution pt/);

(3.3.34) is verified by applying Jensen’s inequality to the denom-
inator;

(3.3.35) relies on the assumption that f — E,[f] < d, and the
monotonicity of the exponential function (note that ¢t > 0).



3.3. Logarithmic Sobolev inequalities: the general scheme 129

3.3.3 Discrete logarithmic Sobolev inequalities on the Hamming
cube

We now use Maurer’s method to derive log-Sobolev inequalities for
functions of n i.i.d. Bernoulli random variables. Let X be the two-
point set {0,1}, and let ¢; € X™ denote the binary string that has 1 in
the i-th position and zeros elsewhere. For every f: X" — R, define

n

If(a") 2 JZU‘(W ©e) - f@m)’,  Valex",  (33.36)
i=1

where the modulo-2 addition @ is defined componentwise. In other

words, I' f measures the sensitivity of f to local bit flips. We consider

the symmetric, i.e., Bernoulli(%), case first:

Theorem 3.3.6 (Discrete log-Sobolev inequality for the symmetric
Bernoulli measure). Let A be the set of all functions f: X" — R with
X ={0,1}, and let I": A — [0, 00) be as defined in (3.3.36). Moreover,
let X4,...,X, beiid. Bernoulli(%) random variables, and let P denote
their joint distribution. Then, P satisfies LSI(%) with respect to (A, T").
In other words, for every f: X" — R,

p(PY|P) < LB (1)) (3.3.37)

Proof. 1t is easy to verify that (A,I") satisfies the conditions (LSI-1)-
(LSI-3).

Let Ap be the set of all functions ¢g: {0,1} — R, and let I'g be the
operator that maps every g € Aq to

Log = 19(0) —g(1)] = lg(z) —glz® 1), VYae{0,1}. (3.3.38)

For each i € {1,...,n}, let (A;,I';) be a copy of (Ag,I'g). Then, each
I'; maps every function g € A; to the constant |g(0) — g(1)|. Moreover,
for every g € A;, the random variable U; = ¢(X;) is bounded between
9(0) and ¢(1). Hence, by Lemma 3.3.4, we have

Var(sg) [g(XZ)p*(z _ j’] < %(g(o) _ g(l))Z = %(Fig)z (3.3.39)

i
for all g € A;, ¥ € X" 1. In other words, the condition (3.3.24) of
Theorem 3.3.3 holds with ¢ = i. In addition, it is easy to see that
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the operator I' constructed from I'q,..., T, according to (3.3.14) is
precisely the one in (3.3.36). Therefore, by Theorem 3.3.3, the pair
(A,T) satisfies LSI(1) with respect to P, which proves (3.3.37). O

Now let us consider the general case where Xi,..., X, are i.i.d.
Bernoulli(p) random variables with p € (0,1). We will use Maurer’s
method to give an alternative, simpler proof of the following result by
Ledoux [52, Corollary 5.9] (it actually suggests a sharpened version of
the latter result, as it is explained in Remark 3.14):

Theorem 3.3.7. Consider an arbitrary function f: {0,1}" — R with
the property that there exists some ¢ > 0 such that

max [f(2" @ e;) — f(a")] < e (3.3.40)
ie{l,...,n}

for all ™ € {0,1}". Let {X;}}~; be i.i.d. Bernoulli(p) random variables
with p € (0,1), and let P be their joint distribution. Then

where ¢ £ 1 — p.

Proof. Following the usual route, we will establish the n = 1 case first,
and then scale up to an arbitrary n by tensorization. In order to capture
the correct dependence on the Bernoulli parameter p, we will use a
more refined, distribution-dependent variance bound of Lemma 3.3.5,
as opposed to the cruder bound of Lemma 3.3.4 that does not depend on
the underlying distribution. Maurer’s paper [145] has other examples.
For n =1, let

a=[Lf]=1f(0) = f1)], (3.3.42)

where I' is defined as in (3.3.38). Without loss of generality, let f(0) =0
and f(1) = a. Then

E[f] = pa, var[f] = pqa®. (3.3.43)

Using (3.3.43) and Lemma 3.3.5, since f —E[f] < a—pa = qa, it follows
that for every ¢t > 0

vargf) [f] < pga’ exp(tqa).
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Therefore, by Lemma 3.3.2 we have

D(P(f)HP) < pga® /01 /t1 exp(sqa)dsdt
2 ((ga —1)exp(ga) +1
( (qa)? )
(gc — 1) exp(qc) + 1)
(gc)? ’

where the last step follows from the fact that the function

= pga

< pqa® ( (3.3.44)

u— w2 (u— 1) exp(u) + 1]

(defined, for continuity, to be 3 at u = 0) is monotonically increasing in
[0,00), and 0 < ga < gc due to (3.3.40) and (3.3.42). Since a® = (I'f)?,
(3.3.44) gives

) (gc — 1) exp(ge) + 1\ () 2
D(PW]||P) Spq( 002 B [(0F)?],
so we have established (3.3.41) for n = 1.
Now consider an arbitrary n € N. Since the condition in (3.3.40)
can be expressed as |f;(0|z%) — f;(1|z%)] < c for all i € {1,...,n} and
7' € {0,111, we can use (3.3.44) to write

D(PE ) py,)
<pq ((qc — 1)(2)3)2@0) i 1) Eg;(i'lji)) [ (Fifi(Xi‘ji))z}

for every i = 1,...,n and all z* € {0,1}"~!. With this, the same
sequence of steps that led to (3.3.17) in the proof of Theorem 3.3.1 can
be used to complete the proof of (3.3.41) for an arbitrary n. O

In Appendix 3.D, we comment on the relations between the log-
Sobolev inequalities for Bernoulli and Gaussian measures.

Remark 3.14. Note that (3.3.41) improves the bound by Ledoux in
[52, Corollary 5.9], which is equivalent to

DPD|P) < po (CHLERIED &0 (7] oy
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The improvement in (3.3.41) follows from a replacement of ¢ on the
right side of (3.3.45) with gc (recall that ¢ € (0,1)); this can be verified
due the fact that the function

u— u 2 [(u—1)exp(u) + 1], u € (0,00)

is monotonically increasing.

3.3.4 The method of bounded differences revisited

As our second illustration of Maurer’s method, we give an information-
theoretic proof of McDiarmid’s inequality in Theorem 2.4.3. Following
the exposition in [145, Section 4.1], we have the following re-statement
of McDiarmid’s inequality:

Theorem 3.3.8. Let Xi,...,X,, be independent X-valued random
variables. Consider a function f: X" — R with E[f(X")] = 0, and
also suppose that there exist some constants 0 < ¢y, ..., ¢, < +00 such
that, for each i € {1,...,n},

fiz|z") — fily|zY)| < ¢, Vo,ye X, 8 e AL (3.3.46)
Then, for every r > 0,
]P’(f(X") > r) < exp —i : (3.3.47)
A Y16

Proof. Let Ag be the set of bounded measurable functions g: X — R,
and let 'y be the operator that maps every g € Ay to

Tog £ sup g(x) — inf g(x). (3.3.48)
reX TEX

It is easy to verify that properties (LSI-1)—(LSI-3) hold for the pair
(Ap,Tp) since in particular

To(ag+b)=aTlog, Va>0,beR.

For all i € {1,...,n}, let (A;,I;) be a copy of (Agp,I'g). Then, each
I'; maps every function g € A; to the non-negative constant (3.3.48).
Moreover, for every g € A;, the random variable U; = ¢g(X;) is bounded
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between infcx g(z) and sup,cy g(z) = infyex g(x) + I'ig. Therefore,
Lemma 3.3.4 yields

var®g(X)|XP = 7] < L(Tug)?,  Vge A, #ex™, (3.349)

which implies that the condition (3.3.24) of Theorem 3.3.3 holds with
c=1
Let A be the set of all bounded measurable functions f: X™ — R.

Then, for every f € A, i€ {1,...,n} and 2" € X",

sup f(x1,...,Tiy...,xn) — inf f(z1,...,24...,2)
T, €X; T €X;
= sup fi(wi|z") — inf fi(iz")
xr; €X; T, €EX;
=T f;(-|z). (3.3.50)

By constructing I': A — [0,00) from I'y,...,T',, according to (3.3.14)
and (3.3.50), Theorem 3.3.1 can be applied to (A, T"). By Theorem 3.3.3
and (3.3.49), it follows that (A,I") satisfies LSI() for every product
probability measure on X". Hence, (3.3.12) implies that, for every r > 0
and bounded f with E[f(X"™)] =0,

2
]P’(f(X”) > 7“) < exp (—HFQfH2> . (3.3.51)

If f satisfies (3.3.46), then
n

ITFI2 = sup S (Fifi(wild))?

xni—1

8
MM
m

sup F fz l‘z|x ))
GX"

Z sup | fi(ile') — filyle)”

1 xEXT, yeX
<) q. (3.3.52)
i=1
Substituting the bound in the right side of (3.3.52) into the right side
of (3.3.51) gives (3.3.47). O
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Note that Maurer’s method yields the constant in the exponent of
McDiarmid’s inequality; it is instructive to compare it to an earlier
approach in [147] which, by also using the entropy method, gave an
exponent that is smaller by a factor of 8.

3.3.5 Log-Sobolev inequalities for Poisson and compound Poisson
measures

Let Py denote the probability measure of a Poisson random variable
with parameter A\ > 0, i.e., Py(n) £ 6_2!)‘” for n € Ng = {0,1,2,..., }.

Bobkov and Ledoux [55] derived the following LSI: for every function
f: Nop — R,

DPYP|IPy) < ABY) [(Tf) e — e 1], (3.3.53)

where I" is the modulus of the discrete gradient:
Tf(z) 2 |f(z) — flx+1), VazeN. (3.3.54)

(The inequality (3.3.53) can be obtained by combining the LSI in [55,
Corollary 7] with equality (3.3.6).)

Using tensorization of (3.3.53), Kontoyiannis and Madiman [148]
derived an LSI for the compound Poisson distribution. We recall that
a compound Poisson distribution is defined as follows: given A > 0
and a probability measure u, let N ~ P, and let X, Xs,... be i.i.d.
random variables with distribution u, which are independent of N; the
compound Poisson distribution, denoted by CP, ,, is the probability
distribution of the random sum

N
Z=> X (3.3.55)
i=1

with the convention that Z = 0 whenever N = 0.
For the purpose of proving the log-Sobolev inequality for compound
Poisson measures in [148, Theorem 1], we need the following result:

Lemma 3.3.9. If Z ~ CP) ,, then

ZE5 kY, Yi~Pag, VEEN (3.3.56)
k=1

where {Y},}7°, are independent, and 4 means equality in distribution.
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Proof. The characteristic function of Z in (3.3.56) is equal to

0z(v) = Elexp(jr2)] —exp{ (Z,u exp(jrk) —1)}, VveR

which is equal to the characteristic function of Z ~ CP, ,, as defined in
(3.3.55). The lemma follows from the fact that equality in distribution
holds if and only if the characteristic functions coincide. O

Theorem 3.3.10 (Log-Sobolev inequality for compound Poisson measures
[148]). For an arbitrary probability measure g on N = {1,2,...} and
an arbitrary bounded function f: Ny — R, and for every A > 0,

D(CPY)|CPy ) < AZN JER, [(Tefyel — M 1] (3.357)
k=1

where, for every k € N and = € Ny,

Dief(x) £ [f(2) = fla+F)|. (3.3.58)

Proof. For n € N, let P, be the joint distribution of the independent
random variables Y7, ...,Y;, in (3.3.56). Consider an arbitrary bounded
function f: Ng — R, and define the function g by

g(yl,-u,yn)éf(Zkyk), Yyi,... Yn € No.
k=1

Denote by P, the distribution of the sum S, £ S°7_, kY}, then
k=1

exp (f(Sn)) exp (f(Sn))
D(PY||P,) = Ep KEP lexp (£(Sn))] )) n (EP lexp (f(S. ))]
(

(
l( exp (g(Y™)) ) ln( exp (g(Y™)) )1
Ep, [exp (g(Y™))] Ep,[exp (g(Y™))]
PQ)HP)

<> D(PYL, ||y, | PY)), (3.3.59)
k=1
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where the last line uses Proposition 3.2 and the fact that P, is a product
measure. Due to the equality

dP(g)

dPy, Ep, . [exp (9 (Y|9"))]

with Py, = Py,(x), applying the Bobkov—Ledoux inequality (3.3.53) to

Py, and all functions of the form gi(-|y*) gives

D(PY)p. | Py, | PE))

< (k) B [ (Dgi(Ye|YF)) P Oel™) — Paeil™) 1] (3.3.61)

where I' in (3.3.54) is the absolute value of the one-dimensional discrete
gradient. For every y™ € {0,1,2,...}" and k € {1,...,n}, we have

Poi(url7") = ok (wel7*) = anye + 117°)]

= ‘f (kyk + ) jyj)

Je{l,.,n\{k}

—f <k<yk+1)+ > jyj) ’
JeL (k)

Y] g

=Twf (ijyj) =Tk f(Sn).

=1

Using this in (3.3.61) and performing the reverse change of measure
from P, to P,, we can write

D(PE), | Py | PR

< (k) B (D) f(Sn)) el () — el (5 1] (3.3.62)
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Therefore, the combination of (3.3.59) and (3.3.62) gives

D(BP|B) < A Y u(k) EY [(Tef) e — ol 1]

k=1
AN k) EY) [(Def) e — e 1] (3.3.63)
k=1

where the second line follows from the inequality xe®* —e® +1 > 0 that
holds for all z > 0.

Now we will take the limit as n — oo of both sides of (3.3.63).
For the left side, we use the fact that, by (3.3.56), P, converges in

distribution to CP) , as n — oo. Since f is bounded, P,Ef) — CPE\J;)L in
distribution. Therefore, by the bounded convergence theorem, we have

lim D(P{P|F,) = D(CPY) | CPy,.). (3.3.64)

n—00

For the right side of (3.3.63), we have

Zu E(f) [ I'rf) vt —er’“f—i-l}
S ICICUEERE]
E— CPA [ZN (Fk:f F’“f—er’“fﬂLl)]

=3 ul IE(CngA { Tuf) s — nf 4 1} (3.3.65)
k=1

where the first and last steps follow from Fubini’s theorem, and the
second step follows from the bounded convergence theorem. Putting
(3.3.63)—(3.3.65) together, we get the inequality in (3.3.57). O

3.3.6 Bounds on the variance: Efron—Stein—Steele and Poincaré
inequalities

As we have seen, tight bounds on the variance of a function f(X™) of
independent random variables X7,...,X,, are key in obtaining tight
bounds on the deviation probabilities P(f(X™) > Ef(X™) + r) for
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r > 0. It turns out that the reverse is also true: assuming that f has
Gaussian-like concentration behavior,

P(f(X") > Ef(X™) +r) < Kexp (— wr?), Vr>0
it is possible to derive tight bounds on the variance of f(X™).

We start by deriving a version of a well-known inequality due to
Efron and Stein [86], with subsequent refinements by Steele [87]:

Theorem 3.3.11 (Efron—Stein—Steele inequality [86], [87]). Let
X1,...,X, be independent X-valued random variables. Consider a
function f: X™ — R whose scaled versions tf, for all sufficiently small
t > 0, are exponentially integrable. Then

var[f(X™)] < zn:E{var[f(X”)\Xﬂ}. (3.3.66)

Proof. Let P = Px, ® ...® Px, be the joint probability distribution
of X1,...,X,. By Proposition 3.2, for every t > 0, we have

(tf))'

PUO|P) < ZD 00 1P| P

Using Lemma 3.3.2, we can rewrite this inequality as

/t/tvargf)[f} drds

<ZEP<th> U / vargfz“x Df]drds| . (3.3.67)

Dividing both sides by 2, and passing to the limit as ¢ — 0, we get
from L’Hopital’s rule

}gl[l) 2 / / varP fldrds = varp[f] = var[f(X")], (3.3.68)
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and

=1 zn: E {var[f(X™)|X"]} (3.3.69)

where the first equality in (3.3.69) is justified by invoking the dominated
convergence theorem (recall the pointwise convergence of P)(?tzf ) to Ps,,
as t — 0, which holds under the assumption that the scaled functions
tf are exponentially integrable for all sufficiently small £ > 0), and the
second equality holds due to L’Hopital’s rule. Inequality (3.3.66) finally

follows from (3.3.67)(3.3.69). 0

The following result considers the connection between log-Sobolev
inequalities and another class of functional inequalities, the so-called
Poincaré inequalities. Consider, as before, a probability space (§2, Z, u)
and a pair (A,T") satisfying the conditions (LSI-1)—(LSI-3). Then, we
say that p satisfies a Poincaré inequality with constant ¢ > 0 if

var,[f] < cE,, [(rf)ﬂ . VfeA (3.3.70)
Theorem 3.3.12. Suppose that p satisfies LSI(c) with respect to

(A,T). Then p also satisfies a Poincaré inequality with constant c.

Proof. For every f € A and t > 0, we can use Lemma 3.3.2 to express
the corresponding LSI(c) for the function ¢f as

//varTf fldrds < <& E(tf (). (3.3.71)

By dividing both sides of (3.3.71) by t? and passing to the limit as
t — 0, we obtain (see (3.3.68))

Lvar,[f] < 3 eE, [(TF)F].
Multiplying both sides by 2, we see that p indeed satisfies (3.3.70). O
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The following analogue of Theorem 3.3.1 shows that the Poincaré
inequalities tensorize.

Theorem 3.3.13. Let Xi,...,X,, be independent X-valued random
variables, and let P = Px, ® ... ® Py, be their joint distribution. Let
A consist of all functions f: X™ — R, such that for every ¢

fitlz) e A, vateaxn! (3.3.72)

Define the operator I' that maps each f € A toT'f in (3.3.14). Suppose
that, for every i € {1,...,n}, Px, satisfies a Poincaré inequality with
constant ¢ > 0 with respect to (A;,I';) (see (3.3.70)). Consequently, P
satisfies a Poincaré inequality with constant ¢ with respect to (A,T).

Proof. 1t is conceptually similar to the proof of Theorem 3.3.1, which
refers to the tensorization of the logarithmic Sobolev inequality, except
that now we use the Efron—Stein—Steele inequality of Theorem 3.3.11
to tensorize the variance of f. O

3.4 Transportation-cost inequalities

We have been looking so far at concentration of measure through the
lens of functional inequalities, primarily log-Sobolev inequalities. In a
nutshell, if we are interested in the concentration properties of a given
function f(X™) of a random n-tuple X" € X", we seek to control the
divergence D(P()||P), where P is the distribution of X" and P{)
is its f-tilting with dg—g) x exp(f), by some quantity related to the
sensitivity of f to modifications of its arguments (e.g., the squared
norm of the gradient of f, as in the Gaussian LSI of Gross [44]). The
common theme underlying these functional inequalities is that every
such measure of sensitivity is tied to a particular metric structure on the
underlying product space X". To see this, suppose that X™ is equipped
with a metric d(-,-), and consider the following generalized definition
of the modulus of the gradient of an arbitrary function f: X" — R:

‘ f‘( ) y":d(x”,y'gﬁ(] d(l’n, yn)

Vit e X" (3.4.1)
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Let also define the Lipschitz constant of f by

|f(=™) = f(y"™)l
d(z", y™)

I fllLip & sup : (3.4.2)
anFEyY"

and consider the class A of all functions f with || f||ip < co. It is easy
to verify that the pair (A,T") with

Tf(z") 2 |Vf|(a"), Va"e X" (3.4.3)

satisfies the conditions (LSI-1)-(LSI-3) in Section 3.3. Suppose that
a given probability distribution P for a random n-tuple X" € X"
satisfies LSI(¢) with respect to the pair (A,I'). The use of (3.3.12)
and the inequality ||I'f|loc < || f/Lip, which follows from (3.4.1)—(3.4.3),
yields the concentration inequality

7.2
2¢)| £,

Some examples of concentration we have discussed so far in this chapter

]P’(f(X") >Ef(X™) + r) < exp ( ) . Vr>0. (34.4)

can be seen to fit this theme. Consider, for instance, the following case:

Example 3.1 (Euclidean metric). For X = R, equip the product space
X" = R"™ with the ordinary Euclidean metric:

(", y") = [l=" — y"|
n

=D (zi —w)?, Va",y" eR"™ (3.4.5)
i=1

From (3.4.2) and (3.4.5), the Lipschitz constant || f||rip of a function
f: X" — R is given by

[f (") = f(")]

[l =y

[ fllLip = sup ) (3.4.6)
anFyY"

and, for every probability measure P on R" that satisfies LSI(c), the

concentration inequality (3.4.4) holds. We have already seen in (3.2.13)

an instance of this with P = G", which satisfies LSI(1).

The above example suggests that the metric structure plays the
primary role, while the functional concentration inequalities like (3.4.4)
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are simply a consequence. In this section, we describe an alternative
approach to concentration that works directly on the level of probability
measures, rather than functions. The key tool underlying this approach
is the notion of transportation cost, which can be used to define a metric
on probability measures over the space of interest in terms of a given
base metric on this space. This metric on distributions can be related
to the divergence via the so-called transportation-cost inequalities. The
pioneering work by K. Marton in [59] and [75] has shown that one can
use these inequalities to deduce concentration.

3.4.1 Concentration and isoperimetry

We next give rigorous meaning to the notion that the concentration of
measure phenomenon is fundamentally geometric in nature. In order
to talk about concentration, we need the notion of a metric probability
space in the sense of M. Gromov [149]. Specifically, we say that a triple
(X,d, p) is a metric probability space if (X, d) is a Polish space (i.e., a
complete and separable metric space) and p is a probability measure
on the Borel sets of (X, d).

For an arbitrary subset C C X and every r > 0, define the r-blowup
of C by

C,2{zxeXx:dxC <r}, (3.4.7)
where
d(x,C) £ inf d(z,y) (3.4.8)
yeC

is the distance from the point x € X to the subset C. We say that
the probability measure p has normal (or Gaussian) concentration on
(X, d) if there exist positive constants K and x such that

p@) > 1 = ue,)>1—-Ke ™ vr>0. (3.4.9)

Remark 3.15. Of the two constants K and k in (3.4.9), it is x that
is more important. For that reason, sometimes we will say that p has
normal concentration with constant £ > 0 to mean that (3.4.9) holds
with that value of x and some K > 0.
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Remark 3.16. The concentration condition (3.4.9) is often weakened
to the requirement that there exists rg > 0 such that
pC) > 1 = u(c)>1— Ke =0 vr > (3.4.10)

(see, for example, [67, Remark 22.23] or [71, Proposition 3.3]). It is not
hard to pass from (3.4.10) to the stronger statement (3.4.9), possibly
with loosened constants (i.e., larger K and/or smaller ). However,
since we mainly care about sufficiently large values of r, (3.4.10) with
sharper constants is preferable. In the sequel, whenever we talk about
Gaussian concentration with constant £ > 0, we refer to (3.4.10) unless
stated otherwise.

Here are three standard examples (see [3, Section 1.1]):

1. Standard Gaussian distribution: if X = R", d(z,y) = ||z — y||
is the Euclidean metric in (3.4.5), and p = G™ is the standard
n-dimensional Gaussian distribution, then for an arbitrary Borel
set C C R™ with G™(C) > % and for all r > 0

n 1 " t2
>1-Sexp(-5), (3.4.11)
i.e., (3.4.9) holds with K = J and x = 3.
2. Uniform distribution on the unit sphere: if

x=s"={zerR™ |z =1}, (3.4.12)

d(-,-) is the geodesic distance on S", and p = o™ is a uniform
distribution on S, then for every Borel set C C S™ with ¢™(C) > %
and for all r > 0

o"(C) =1 —exp (=3 (n—1)r?). (3.4.13)
In this instance, (3.4.9) holds with K =1 and = % (n — 1).

3. Equiprobable distribution on the Hamming cube: if X = {0,1}",
d(-,-) is the normalized Hamming distance

dz,y) =23 1,2, Va,ye{0,1}7, (3.4.14)
=1
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and pu = B" is the equiprobable distribution on {0,1}" (i.e.,
B = Bernoulli(3)), then for every C C {0,1}" with B"(C) > %
and for all » >0

B"(C,) > 1 — exp(—2nr?), (3.4.15)
yielding (3.4.9) with K =1 and k = 2n.

Remark 3.17. The Gaussian concentration in (3.4.9) is often discussed
in the context of the so-called isoperimetric inequalities, which relate
the measure of a set to the measure of its boundary. To be more specific,
consider a metric probability space (X, d, u), and for an arbitrary Borel
subset C C X define its surface measure as (see [3, Section 2.1])

i (€) 2 timinf A NE) i i MG = 1O (3.4.16)
r—0 r r—0 r
Then, the classical Gaussian isoperimetric inequality can be stated as

follows: If H is a half-space in R", i.e., H = {z € R" : (z,u) < ¢} for

some u € R™ with [Ju|| = 1 and some ¢ € R, and if C C R" is a Borel
set with G™(C) = G™(H), then
(@) (€) > (@) (M), (3.4.17)

with equality in (3.4.17) if and only if C is a half-space. In other words,
the Gaussian isoperimetric inequality (3.4.17) says that, among all
Borel subsets of R™ with a given Gaussian volume, the half-spaces
have the smallest surface measure. An equivalent integrated version of
(3.4.17) says the following (see, e.g., [150]): consider a Borel set C in
R™ and a half-space H = {z € R" : (z,u) < ¢} with ||u]| =1, ¢ >0
and G"(C) = G"(H). Then, for every r > 0,

G™(C,) > G™(H,), (3.4.18)

with equality in (3.4.18) if and only if C is an n-dimensional half-space.
It can be also shown that for all » > 0

) = [ e (-5) e
21—%exp<—%(r+c)2>.

If G(C) > 3, we can choose ¢ = 0 and get (3.4.11).
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Intuitively, (3.4.9) says that if u has Gaussian concentration on
(X, d), then most of the probability mass in X" is concentrated around
any set with probability at least % At first glance, this seems to have
nothing to do with what we have been looking at so far, namely the
concentration of Lipschitz functions around their mean. However, as we
next show, the geometric and functional pictures of the concentration
of measure phenomenon are, in fact, equivalent. To that end, we define
the median of a function f: X — R; we say that a real number my is
a median of f with respect to p (or a p-median of f) if

Py (f(X) = my) > %v Pyu(f(X) <my) > % (3.4.19)

(note that a median of f may not be unique). The precise result is as
follows:

Theorem 3.4.1. If (X, d, 1) is a metric probability space, then p has the
normal concentration property (3.4.9) if and only if for every Lipschitz
function f: X - R

IQ’I“2

Pu(f(X) =ms+7) < Kexp <—||f||2
Lip

), Vr>0  (3.4.20)

where my is a p-median of f.

Proof. Let p satisfy (3.4.9), and fix an arbitrary Lipschitz function f
which can be assumed without loss of generality to satisfy || f||vLip = 1.
Let my be a p-median of f, and define the set

¢ 2{zex: f() <my}. (3.4.21)

By definition (see (3.4.19)), 1(C/) > 1. Consequently, from (3.4.9), for
all >0

u(c]) =, (dx,cf) <)
> 1 — K exp(—kr?). (3.4.22)
For every y € Cf

F(X) =my < f(X) = f(y) (3.4.23)
< d(X,y), (3.4.24)
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where (3.4.23) is due to (3.4.21), and (3.4.24) holds by the assumption
that || f|lLip = 1 (see (3.4.6)). Taking an infimum on the right side of
(3.4.24) over all y € C/ gives

F(X) —my <d(X,C)). (3.4.25)
Combining (3.4.22) and (3.4.25) implies that for all » > 0

Pu(F(X) —my <r) > Pu(d(X,c) < 1)
> 1 — K exp(—rr?),
which is (3.4.20).
Conversely, suppose that (3.4.20) holds for every Lipschitz f.

Choose an arbitrary Borel set C with u(C) > %, and define the function
fe(z) £ d(x,C) for every x € X. Then fc is 1-Lipschitz, since

[fe(@) = fe(y)| = |inf d(z,u) — inf d(y, u)

< sup ’d(l’, u) - d(yv u)‘
uel

<d(z,y),

where the last step is by the triangle inequality. Moreover, zero is a
median of fe since

Pu(fe(X) <0) =Pu(X €C) > 3, Pu(fe(X) >0) > 3,

where the second bound is vacuously true since fe¢ > 0 everywhere.
Consequently, with my = 0, we get that for all » > 0

L= (€)= B (d(X.C) = 7)
= Pu(fC(X) >mys+ T‘)
< Kexp(—/ﬂ"Q),
which gives (3.4.9). O

In fact, for Lipschitz functions, Gaussian concentration around the
mean also implies Gaussian concentration around every median, though
possibly with worse constants [3, Proposition 1.7]:
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Theorem 3.4.2. Let (X, d, ) be a metric probability space, such that
for every 1-Lipschitz function f: X — R we have

Pu(£(X) > B [f(X)] +7) < Koexp (—kor?),  Yr>0 (3.4.26)

with some constants Ky, kg > 0. Then, p has the normal concentration
property (3.4.9) with K = Ky and x = “{. Hence, the concentration
inequality in (3.4.20) around every median my is satisfied with the
same constants of xk and K.

Proof. Let C C X be an arbitrary Borel set with p(C) > 3, and fix

some r > 0. Let the function f¢,: X — [0,7] be defined as
fer(x) =min{d(z,C),r}, zeX. (3.4.27)

It is easy to verify from (3.4.27) and the triangle inequality that

| ferllip <1, (3.4.28)
and
Eulfer(X)]
= /Xmin {d(z,C),r} p(dx) (3.4.29)
_ / min {d(z,C), r} u(de) + / min {d(z,C),r} u(dz)  (3.4.30)
C ce
=0

<rp(C) =(1-ul)r (3.4.31)

where (3.4.29) is due to (3.4.27); (3.4.30) holds since, by (3.4.8),
d(z,C) =0 for all x € C. This consequently implies that

L= p(Cr) = Pu(d(X,C) > 1) (3.4.32)
(3.4.33)
< Pu(fer(X) > Bylfe (X)) +ru(C)) (3.4.34)
(3.4.35)
(3.4.36)
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where (3.4.32) is due to (3.4.7); (3.4.33) is due to (3.4.27); (3.4.34)
holds due to (3.4.29)(3.4.30); (3.4.35) relies on (3.4.26) and since fc
is 1-Lipschitz (see (3.4.28)); finally, (3.4.36) holds since by assumption
1(C) > 3. Consequently, we get (3.4.9) with K = Ko and k = % ko.
Theorem 3.4.1 implies that the concentration inequality in (3.4.20)
holds for every pu-median mjy with the same constants of x and K. [

Remark 3.18. Let (X,d, ) be a metric probability space, and let p
have the Gaussian concentration property (3.4.9). Let f: X — R be an
arbitrary Lipschitz function. The distance between the mean and an
arbitrary pu-median of f can be upper bounded as follows:

[Elf (X)) = mg| < B [1£(X) = my] (3.4.37)
— [TRAs) —mg = nar (a3

o) K/I“Q
S/o 2K exp(—m) dr (3.4.39)

= \/zKHfHLip (3.4.40)

where (3.4.38) holds since E[U] = [(°P(U > r)dr for every non-
negative random variable U with E|U| < oo; (3.4.39) holds by the
assumption (3.4.9), which is equivalent to (3.4.20) for any p-median
of f; consequently, applying the (one-sided) concentration inequality
in (3.4.20) to f and —f (having the same Lipschitz constant) yields
(3.4.39).

3.4.2 Marton’s argument: from transportation to concentration

The concentration of measure phenomenon is fundamentally geometric,
as it is captured by the isoperimetric inequality (3.4.9). Once (3.4.9)
is established on a given metric probability space (X,d, u), Gaussian
concentration is obtained for all Lipschitz functions f: X — R by
Theorem 3.4.1.

There is a powerful information-theoretic technique for deriving
concentration inequalities like (3.4.9). This technique, first introduced
by Marton (see [59] and [75]), hinges on a certain type of inequality that
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relates the divergence between two probability measures to a quantity
called the transportation cost. Let (X, d) be a Polish space. Given p > 1,
let P,(X) denote the space of all Borel probability measures p on X,
such that the moment bound

E,[d°(X,x)] < oo (3.4.41)
holds for some (and hence all) zp € X.

Definition 3.1. Given p > 1, the LP Wasserstein distance (a.k.a. the
Wasserstein distance of order p) between p, v € P,(X) is defined as

1/p
Wy(p,v) = inf </ dP(z,y) W(dm,dy)) , (3.4.42)
mell(pv) \Jxxx

where II(p, v) is the set of all probability measures m on the product
space X x X with marginals p and v.

Remark 3.19. Another equivalent way of writing down the definition
of Wy(p,v) in (3.4.42) is

Wy (p,v) = XJH/ NyEl/p[dp(X, Y)] (3.4.43)

where the infimum in the right side of (3.4.43) is over all pairs (X,Y)
of jointly distributed random variables taking values in X such that
Px = pand Py = v.

The name “transportation cost” is interpreted as follows: let p and
v represent, respectively, the initial and desired distributions of some
matter (say, sand) in space, such that the total mass in both cases is
normalized to one. Thus, both p and v correspond to sand piles of some
given shapes. The objective is to rearrange the initial sand pile with
shape p into one with shape v with minimum cost, where the cost of
transporting a grain of sand from location x to location y is given by
¢(z,y) for a measurable function ¢: X' x X' — R. If we allow randomized
transportation policies, i.e., those that associate with each location z
in the initial sand pile a conditional probability distribution w(dy|z) for
its destination in the final sand pile, then the minimum transportation
cost is given by

C*(u,v) = inf / c(x,y) m(dx, dy). (3.4.44)
mell(p,v) JXXX
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If the cost function is given by ¢ = dP for p > 1 and a metric d defined
on X x X, then it follows from (3.4.43) and (3.4.44) that

C*(u,v) = Wh(u,v). (3.4.45)

The optimal transportation problem (3.4.44) dates back to a 1781 essay
by Gaspard Monge who considered a special case of the problem

Coun) 2 gt { [ cloo@)du@)snop =v}.  (3.440)

The infimum in the right side of (3.4.46) is over all the deterministic
transportation policies, i.e., the measurable mappings ¢: X — & such
that if X ~ p, then Y = ¢(X) ~ v. The problem (3.4.46), known as
the Monge optimal transportation problem, does not necessarily admit
a solution (incidentally, an optimal mapping does exist in the special
case considered by Monge, namely X = R? and c(z,y) = ||z — y||). A
stochastic relaxation of (3.4.46), given by (3.4.44), was considered in
1942 by Leonid Kantorovich (see [151] for a recent reprint). The books
by Villani [66, 67] are recommended for a detailed historical overview
and rigorous treatment of optimal transportation.

Lemma 3.4.3. The following properties are satisfied by the Wasserstein
distances:

1. For each p > 1, W,(-,-) is a metric on Pp(X).

2. If 1 <p < g, then Pp(X) D Py(X), and Wp(p,v) < Wy(p,v) for
every p,v € Py(X).

3. W, metrizes weak convergence plus convergence of p-th order
moments: a sequence {122 in Pp(X) converges to p € P,(X)
in W, i.e., Wp(n, 1) 2729 0, if and only if:

n—oo

(a) {pn} converges to p weakly, i.e., E, [¢] —— E,[p] for
every continuous and bounded function ¢: X — R.

(b) For some (and hence all) zy € X,

/dp(ar,wo),un(da?)n_)—m)/ dP(x,xz0) p(dx).  (3.4.47)
X X
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If the above two statements hold, then we say that {u, } converges
to p weakly in Pp(X).

4. The mapping (u,v) — Wy(p,v) is continuous on P,(X), i.e.,
if pp, — p and v, — v converge weakly in Pp(X), then
Wy (ttn, vn) — Wy(p,v). However, it is lower semicontinuous in
the usual weak topology (without the convergence of p-th order
moments): if u, — p and v, — v converge weakly, then

linrggf Wy (tn, vn) > Wp(p, v). (3.4.48)

5. The infimum in (3.4.42) [and therefore in (3.4.43)] is actually a
minimum; i.e., there exists an optimal coupling ©* € I (u, v), such
that

WP (1) = /X @) (da,dy) (3.4.49)

Equivalently, there exists a pair (X*,Y™*) of jointly distributed
X-valued random variables with Px+ = 1 and Py+ = v such that

W2(u,v) = E[@(X*,Y™)]. (3.4.50)

6. If p=2, X = R with d(z,y) = |z — y|, and p is atomless (i.e.,
p(z) = 0 for all z € R), then the optimal coupling between p and
every v is given by the deterministic mapping

Y =F, ' oF,(X) (3.4.51)

for X ~ p, where F, denotes the cumulative distribution function
(cdf) of p, ie., Fu(z) = Pu(X < z), and F,! is the quantile
function of v, i.e., F,1(a) £ inf {x € R: F,(z) > a}.

Proof. See [67, Chapter 6]. O

Definition 3.2. We say that a probability measure p on (X, d) satisfies
an LP transportation-cost inequality with constant ¢ > 0, or a Tp(c)
inequality for short, if for every probability measure v < p we have

Wy(p,v) < \/2¢D(v||p). (3.4.52)
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Example 3.2 (Total variation distance and Pinsker’s inequality). Here is
a specific example illustrating this abstract machinery, which should
be a familiar territory to information theorists. Let X be a discrete
set, equipped with the Hamming metric d(z,y) = l{zy)- In this case,
the corresponding L' Wasserstein distance between discrete probability
measures i and v on X admits the simple form

Wi(p,v) = . inf PX #Y]. (3.4.53)

~pY v

As we next show, (3.4.53) turns out to be the total variation distance

e =iy £ sup |u(C) — v(C)]. (3.4.54)
ccx
Proposition 3.6.
Wi(p,v) = llp—vlrv (3.4.55)
= % Z |u(z) — v(z)] (3.4.56)
reX

(we are slightly abusing notation, writing u(x) for the p-probability of
the singleton {z}).

Proof. Consider a probability measure 7 € II(u, v). For every z € X,
w(z) = ex m(,y) > m(x, ), and the same holds by replacing p with
v. Consequently,

m(z,z) < min{u(z),v(x)}, (3.4.57)
and

Er[d(X,Y)] = EWH{X;&Y}] (3.4.58)
— P[X #Y] (3.4.59)
=1- Z m(x,x) (3.4.60)

reX
>1- Z min {p(z),v(z)} (3.4.61)

reX
— 1Y (ul@) + (@) — 3 min fpu(z), v(@)} (3462)

reX reX

=3 > lu(z) —v(z)| (3.4.63)

reX
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where (3.4.63) holds due to the equality min{a,b} = 1(a +b—[a — b)
for all a,b € R. From (3.4.43) and (3.4.58)—(3.4.63), we get
W) > 3 3 Jule) - vl (3.4.64)
TEX

Furthermore, (3.4.61) holds with equality for the probability measure
7 X x X — R which is defined as follows:

7 (z,y) = min {u(x), v(2)} Lz—y
(1(x) = v(2)) Lgecy (V(y) — 1Y) 1gyece
u(C) —v(C)

n (3.4.65)

with C C X defined as
CE{zeX:ulx)>v(r))l (3.4.66)
This can be verified by noticing that
(2, ) = min{u(z), v(z)}, VeelX

which, due to (3.4.57), is the necessary and sufficient condition for
(3.4.61) to hold with equality; it is also easy to verify that 7* is indeed
a probability measure with marginals x4 and v. Since 7 = 7* € II(y, v)
achieves (3.4.58)—(3.4.63) with equality then (3.4.64) is satisfied with
equality.

We next prove (3.4.56). For an arbitrary C C X,

1(C) = v(C) = (1 —p(C)) — (1 —v(CY))
=v(C%) — u(C% (3.4.67)
and, from the triangle inequality,
(€)= v(C)] + |u(C) —v(C)|
<D lule) = v(@)| + Y p(x) — v(z)|

zeC xeCe
= Z \p(z) — v(z)|. (3.4.68)
TeX
Combining (3.4.67) and (3.4.68) gives that, for every A C X,
H€) —v(©)] < & X |le) — (@) (3.4.69)

reX
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By taking a supremum on the left side of (3.4.69) over all C C X, we
get from (3.4.54)

I = vl < 3 3 |ute) - v(). (3.4.70)
TEX

Conversely, for the subset C given in (3.4.66), we get from (3.4.67)

H(€) = v(C) = 4 [(u(C) = v(C)) + (v(C*) — u(C®))]
=3 [ZC (1) =) + 3 (v(e) - u(w))]
=1 g \u(x) — v(z)|. h (3.4.71)
Hence, from (3.4.54) and (3.4.71),
lu=viry > 3 futo) = o), (3.472)
yielding (3.4.56) by combining (3.4.70) and (3.4.72). O

Now that we have expressed the total variation distance ||p — v||Tv
as the L' Wasserstein distance induced by the Hamming metric on X,
the well-known Pinsker’s inequality

I — vl < /2 Dwlln) (3.4.73)

can be identified as a Tl(i) inequality that holds for every probability
measure g on X.

Remark 3.20. It should be pointed out that the constant ¢ = i in

Pinsker’s inequality (3.4.73) is not necessarily the best possible for a
given distribution p. Ordentlich and Weinberger [152] have obtained
the following distribution-dependent refinement of Pinsker’s inequality.
Let the function ¢: [0, 3] — RT be defined by

o(p) £ <1 _12p) " (1;}7) - ireln) (3.4.74)

2, ifp=1
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(note that (p) — 2 as p T ; p(p) — 0o as p | 0, and the function ¢
is monotonically decreasing and convex). Let X be a discrete set, and
let P(X) be the set of all probability distributions defined on the set
X. For every P € P(X), let the balance coefficient be defined as

p = max min {P(A),1 - P(A)}, (3.4.75)

which yields 7p € [0, %] Then, for every @ € P(X),

1
P—QTvg\/-DQP 3.4.76
| I e @[P) ( )
(see [152, Theorem 2.1]; related results have been considered in [153]).
The smaller is the value of the balance coefficient in (3.4.75), the more
significant is the refinement of Pinsker’s inequality in (3.4.76). The
bound in (3.4.76) is also optimal for a given P in the sense that

D(Q|IP)

= in — 3.4.77
0o TP - Q2 (3.477)

p(mp)

For instance, if X = {0,1} and P is the distribution of a Bernoulli(p)
random variable, then mp = min{p,1 —p} € [0, 3],

o= [ (5 2

2, ifp:%

and, from (3.4.76), for every Q € P({0,1})

i(lip).D(QllP), ity L

1P = Qllrv < Jl v

V3 D@IIP), ifp =3

Inequality (3.4.78) provides an upper bound on the total variation

(3.4.78)

distance in terms of the divergence. A bound in the reverse direction
cannot hold in general since it is easy to come up with examples where
the total variation distance is arbitrarily close to zero, whereas the
divergence is equal to infinity.
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Marton’s procedure for deriving Gaussian concentration from a
transportation-cost inequality [59, 75] can be distilled as follows:

Proposition 3.7. Suppose p satisfies a Ti(c) inequality. Then, the

Gaussian concentration inequality in (3.4.10) holds with x = &, K =1,

2¢?
and rg = v2c¢ln 2.

Proof. Fix two Borel sets C,D C X with u(C), (D) > 0. Define the
conditional probability measures

N uw(CNE) an a w(DnNE)
=0 4 &) ==y

where £ is an arbitrary Borel subset of X'. Then uc, up < u, and

pe(€)

Wi(ue, pp) < Walp, pe) + Wi(p, pp) (3.4.79)
< \/2¢D(pc|p) + \/2eD (il |p), (3.4.80)

where (3.4.79) is by the triangle inequality, while (3.4.80) is because
satisfies T (c¢). Now, for an arbitrary Borel subset £ C X', we have

pe(®) = [ 296} duta),

so it follows that ddilf = %, and the same holds for up. Therefore,

duc In duc] =In L
dp — dp 1(C)’

and an analogous formula holds for up in place of pc. Substituting this
into (3.4.80) gives

D(pcllp) =E, [ (3.4.81)

1 1

Wi(pe, ip) < 4/2c¢ln — + (/2¢In . (3.4.82)
1(C) (D)

We now obtain a lower bound on Wi (uc, pp). Since the probability

measures uc and pp are, respectively, supported on C and D then

every m € II(uc, up) is supported on C x D. Consequently, for every
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such T,

[ @y dr@y) = [ day) deia,y)
XxX

CxD

> inf d(x,y) dm(x,
> [ inf d(a,y) dn(ay)

_ /C d(z, D) de(z)
> inf d(z, D) pe(C)
_ d(C, D), (3.4.83)

where (3.4.83) holds since uc(C) = 1, and d(C, D) £ inf,ec, yep d(, ).
Since (3.4.83) holds for all 7 € II(uc, up), we can take the infimum
over all such 7 to get

Wi(uc, pp) > d(C, D). (3.4.84)

Combining (3.4.82) with (3.4.84) gives the inequality

1 1
d(C,D) < \/20111#(0) + \/20111 (D)’ (3.4.85)

which holds for all Borel sets C and D having positive p-probabilities.
Let D = (C,)¢, then

w(D) =1—u(C,), (3.4.86)
d(C, D) > r. (3.4.87)

Consequently, combining (3.4.85)—(3.4.87) gives

1 1
r<,4/2cln—+,/2cln ———. 3.4.88
V w(0) \/ TG (3.4.85)
If u(A) > 1/2 and r > v/2¢In 2, then (3.4.88) gives
1 2
w(Cr) > 1—exp (—2C (r - \/M) ) . (3.4.89)

Hence, the Gaussian concentration inequality in (3.4.10) indeed holds

Withf@:%candK:1f0rallr2r0:\/201n2. O
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Remark 3.21. The exponential inequality (3.4.89) has appeared earlier
in the work of McDiarmid [93] and Talagrand [7]. The major innovation
that came from Marton’s work was her use of optimal transportation
ideas to derive a more general symmetric form (3.4.85).

Remark 3.22. The formula (3.4.81), apparently first used explicitly by
Csiszar [154, Eq. (4.13)], is actually quite remarkable: it states that the
probability of an arbitrary event can be expressed as an exponential of
a divergence.

While the method described in the proof of Proposition 3.7 does
not produce optimal concentration estimates (which typically have to
be derived on a case-by-case basis), it hints at the potential power of
the transportation-cost inequalities. To make full use of this power, we
first establish an important result that, for p € [1, 2], the T), inequalities
tensorize (see, for example, [67, Proposition 22.5]):

Proposition 3.8 (Tensorization of transportation-cost inequalities). If u
satisfies T (c) on (X, d) for an arbitrary p € [1, 2], then, for every n € N,
the product measure u®" satisfies T, (cn?P~1) on (X", d,,) with the
metric

n 1/p
dpn(a",y") = (Z dp(%’ﬂi)) ) Va yt e X" (3.4.90)
i=1

Proof. Suppose p satisfies T} (¢). For n € N, fix an arbitrary probability
measure v on (X", dp ). Let X", Y™ € X™ be two independent random
n-tuples, such that

Pxn = PX1 X PX2|X1 R...&® PXn|X"—1 =V (3.4.91)
Pyn =Py, @ Py, ®...® Py, = " (3.4.92)

For each i € {1,...,n}, let the conditional W, distance be defined as
follows:

Wp(PXilxi—l,PYAPXz'fl)

, 1/p
£ ( - W}?(PX”XiA:IFl , Py;) dPxi—1 (wl_1)> . (3.4.93)
Xi-
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We next prove that

Wg(y, ,U,®n) = W;’(Pxn,Pyn)
<> WP(Px, xi-1, Py,|Pxi-1), (3.4.94)
=1

where the LP Wasserstein distance on the left side is computed with
respect to the d,, metric. By Lemma 3.4.3, there exists an optimal
coupling of Px, and Py, i.e., a pair (X{,Y7") of jointly distributed
X-valued random variables such that Px: = Px,, Pyy = Py, and

W2 (Px,, Py,) = Eld (X}, Y7)]. (3.4.95)

For i € {2,...,n} and for every choice of z'~! € X*~! again by
Lemma 3.4.3, there exists an optimal coupling of Py, xi-1_,i-1 and
Py, ie., a pair (X7 (2'1),Y*(2'1)) of jointly distributed X-valued
random variables such that

PX;(:E'L'—I) = PXi‘Xi—lzxi—l, PYZ-*(zi—l) = PY” (3496)
and
WE (P i gie1, Pr,) = B[P (X (2771, Y7 (™)) (3.4.97)

Moreover, since by assumption (X, d) is a Polish space, all couplings
can be constructed in such a way that the mapping

2 P((X (27, ¥ (0" TY) € C)

is measurable for each Borel set C C X x X [67]. In other words, for
each 7, we can define the regular conditional distributions

A —1 —1
PXZ.*YZ.*|X*“*1>:xi*1 = PX;(xi—l)Yi*(xi—l), V'™t e Xt
such that
PX*”Y*” = PXTYf X PXSYZ*‘XT ®...xQ P ’:LYTT|X*(n71>

is a coupling of Px» = v and Py» = u®", and for all 2'~! € X~! and
ie{l,...,n}

WP(Py,|xi-1—pi-1, Py,) = E[dP(X], V)| X*07D = 271 (3.4.98)
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We have
W0, ) < Bl (XY ) (3.4.99)
= ZE [P (X, Y77)] (3.4.100)
= ZE[ Eld" (X} Y*)IX*(H)H (3.4.101)
= iwﬁ(PxAxl-—l,Pmei—l), (3.4.102)
i=1
where

e (3.4.99) is due to the facts that W, (v, u®") is the LP Wasserstein
distance with respect to the d, ,, metric, and (X*",Y*") is a (not
necessarily optimal) coupling of Pyn» = v and Pyn = u®";

e (3.4.100) is by the definition (3.4.90) of dp n;

e (3.4.101) is by the law of iterated expectations; and

e (3.4.102) is by (3.4.93) and (3.4.98).

We have thus proved (3.4.94). By hypothesis, 1 satisfies T)(c) on (X, d).
Therefore, since Py, = u for every i, we can write
W;f(PXi\Xi—l s Pyi ’PXi—l)

= /.. W (Py,xi-1gi-1, Py,) dPxima (@ =1y

< / (2eD(Pryxi e 1) APy @)
Xz—l
, p/2
< (2072 ( / | 1D(PX”XI-_IZIZ-AHP%)dPXi_l(xZ—l)) (3.4.103)
2
= (26);0/2 (D(PXZ.|X¢71||P§/1|PXi71))p/ , (3.4.104)

where (3.4.103) follows from Jensen’s inequality and the concavity of
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the function ¢ — /2 for p € [1,2]. Consequently, it follows that

n - p/2
WP (v, u®") < (2c)P/QZ (D(Py, x| P | Pyic1) (3.4.105)

n p/2
< (2c)P/2n}—P/l? (ZD PXilXi1|PYi|PXi1)>
=1

(3.4.106)
= (2¢)P/*n' P/ (D(Pxn || Pyn))P/? (3.4.107)
= (20)P/2027P/2 (D(v]| &))", (3.4.108)

where (3.4.105) is due to (3.4.99)—(3.4.104); (3.4.106) follows from
Holder’s inequality; (3.4.107) is by the chain rule for the divergence
and since Pyn is a product probability measure; (3.4.108) is by (3.4.91)
and (3.4.92). This finally gives

Wy (v, 1®") < \/2en2/P=1D(w||psm),
i.c., u®" satisfies the Tp(cn?/P~1) inequality. O

Since the metric Wy dominates W; (see Item 2 of Lemma 3.4.3), a
Ty(c) inequality is stronger than a Ti(c) inequality (for an arbitrary
¢ > 0). Moreover, as Proposition 3.8 shows, T9 inequalities tensorize
exactly: if pu satisfies To with a constant ¢ > 0, then u®" also satisfies
Ty for every n with the same constant c. By contrast, if u only satisfies
Ti(c), then the product measure u®" satisfies Tq with the much worse
constant cn. As we shall shortly see, this sharp difference between the
T and Ty inequalities actually has deep consequences. In a nutshell, in
the next two sections, we show that, for p € {1,2}, a given probability
measure p satisfies a T)p(c) inequality on (X,d) if and only if it has
Gaussian concentration with constant x = 2% Suppose now that we
wish to show Gaussian concentration for the product measure u®" on
the product space (X", d; ). Following our tensorization programme,
we could first show that p satisfies a transportation-cost inequality for
some p € [1,2], then apply Proposition 3.8 and consequently also apply
Proposition 3.7. If we go through with this approach, we show that:
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o If u satisfies Ti(c) on (X,d), then u®" satisfies Ti(cn) on
(X™,dy ), which is equivalent to Gaussian concentration with
constant Kk, = ﬁ

phenomenon is weakened by increasing the dimension n.

. Consequently, in this case, the concentration

e If, on the other hand, p satisfies To(c) on (X, d), then u®" satisfies
Ta(c) on (X", ds ), which is equivalent to Gaussian concentration

with the same constant xk = i independently of the dimension n.

These two results give the same constants in concentration inequalities
for sums of independent random variables: to this end, note that by
(3.4.90) and the Cauchy-Schwarz inequality

n

din(a™,y") = d(zi, ;)
i=1

< i (S o)

= Vndaa (2", y"). (3.4.100)

1
2

Let f: X — R be a Lipschitz function on (X,d), and let f,: X" - R
be defined as

SRS

falz™) £ Enjf(:ci), " € X" (3.4.110)
=1

Then, we can conclude that

follLip1 £ sup
H H p,1 wngyn d1,n(x”,y”)

1 iz |f (i) — f(yi)
=n ﬁign > d(wi, i)
1 |f(w) = fv)]
= 0 A 0)
— Lf”mp, (3.4.111)

n
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and, from (3.4.109) and (3.4.111),

Hf?"L||Lip,2é sup |[fn (2 )(

xn ;éyn d2 n

fu(y"™)]

an, ")

") — 55"
SV )

= Vn | fallLips < ”{ﬂgp. (3.4.112)
Let Xi,...,X, be iid. X-valued random variables whose common

marginal is a probability measure p, satisfying either Ty (c) or Ta(c).
In view of (3.4.111), (3.4.112), and Corollary 3.4.5 in the next section,
both T;(c) and Ty(c) yield

1 & nr2
P (n ;f(Xz‘) > E[f(X1)] + 7‘) < exp (—M) . Vr>0.

(3.4.113)

However, in general, the difference between concentration inequalities
that are derived from T; and Ts inequalities becomes quite pronounced.
Note that, in practice, it is often easier to work with T4 inequalities.

The same strategy as above can be used to prove the following
generalization of Proposition 3.8:

Proposition 3.9. Let u1,..., u, be n Borel probability measures on a
Polish space (X, d), such that p; satisfies T),(¢;) for some ¢; > 0, for each
i € {1,...,n}. Let ¢ & maxj<;<y, ¢;. Then, for an arbitrary p € [1,2],
the probability measure y = p; ® ... ® p, satisfies Tp(cnz/p_l) on
(X", dpn) (with the metric d,,,, in (3.4.90)).

3.4.3 Gaussian concentration and T inequalities

As we saw in Proposition 3.7, Marton’s argument can be used to deduce
Gaussian concentration from a transportation-cost inequality. As we
demonstrate here and in the following section, in certain cases these
properties are equivalent. We first consider the case where p satisfies
a T inequality. The first proof of the equivalence between T; and
Gaussian concentration was obtained by Bobkov and Gétze [54], and it
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relies on the following variational representations of the L' Wasserstein
distance and the divergence:

1. Kantorovich—Rubinstein theorem [67, Theorem 5.10]: For
every u,v € P1(X) on a Polish probability space (X, d),

Wi(u,v) =  sup ‘Eu[f] - E,,[f]‘ (3.4.114)
follflluip<t
2. Donsker—Varadhan lemma [85, Lemma 6.2.13]: For every two
Borel probability measures u,v on a Polish probability space
(X,d) such that v < u, the following variational representation
of the divergence holds:
D(v|p) = sup {E,[g] — InE,[exp(g)]} (3.4.115)
gECH(X)

where the supremization in (3.4.115) is over the set Cp(X') of all
continuous and bounded real-valued functions on X. Moreover,

for every measurable function g such that E,[exp(g)] < oo,

E,[g] < D(v||p) + InE,[exp(g)]. (3.4.116)

(In fact, the supremum in (3.4.115) can be extended to bounded
Borel-measurable functions g [155, Lemma 1.4.3].)

The following theorem was introduced by Bobkov and Goétze [54,
Theorem 3.1]:

Theorem 3.4.4. Let o € Pi(X) be a Borel probability measure, and
suppose that there exists g € X' such that E,[d(X, z¢)] < co. Then, p
satisfies T (c) if and only if the inequality

/2
E,, {exp[tf(X)]} < exp <c2> (3.4.117)
holds for all 1-Lipschitz functions f: X — R with E,[f(X)] = 0, and
all t € R.

Proof. The condition E,[d(X, z¢)] < oo, for some xy € X, ensures that
every Lipschitz function f: X — R is u-integrable:

E[IF(ON] < £ (o)l + Eu[If(X) = f(z0)]
< ‘f(xON + Hf”Lip Eu [d(X7m0)] < 0. (3'4'118)
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Without loss of generality, we may consider (3.4.117) only for ¢ > 0
(otherwise, replace f with —f for ¢ < 0).

Suppose first that p satisfies Ti(c), and let v < p. Using the
T (c) property of p together with the Kantorovich-Rubinstein formula
(3.4.114), we can write

/X fdv < Wi(p,v) < \/2eD(v|p)

for every 1-Lipschitz f: X — R with E,[f] = 0. Next, since

inf (a’ + bt) = V2ab (3.4.119)

t>0 \ t 2

for every a,b > 0, we see that every such f satisfies

/ fdv ”“) Vt>0.

Rearranging, we obtain

t2
/ tfdv — % <D@|p), Vt>o0. (3.4.120)
X

Applying this inequality to v = u(9) (the g-tilting of ) where g £ tf,
and using the fact that

D(M(Q)Hu):/ngu(g)—ln/xexp(g) dp
:/ tfdu—ln/ exp(tf) dpu (3.4.121)
X X

we deduce from (3.4.120) and (3.4.121) that

i ([ exples)d) < i

for all t > 0, and f with || f||rip < 1 and E,[f] = 0, which is (3.4.117).

Conversely, suppose that p satisfies (3.4.117) for all 1-Lipschitz
functions f: X — R with E,[f(X)] = 0 and all t € R, and let v
be an arbitrary Borel probability measure such that v < u. Consider
an arbitrary function of the form ¢g £ ¢f with ¢ > 0. By the assumption
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n (3.4.117), E,[exp(g)] < oo; furthermore, g is a Lipschitz function, so
it is also measurable. Hence, (3.4.116) gives

D)= [ tfdv=1n | expltf)dy

ct?
E/thdy—/ tfdu—? (3.4.122)

where (3.4.122) relies on (3.4.117) and the assumption that [, fdu = 0.
Rearranging gives

‘/ fdv—/fdu‘é (t‘“)+62t, vt >0 (3.4.123)

(the absolute value in the left side of (3.4.123) is a consequence of
the fact that the same argument goes through with — f replaced by f).
Minimizing the right side of (3.4.123) over ¢ > 0 and applying (3.4.119),
we get that the inequality

’/ fd”_/ fdﬂ’ 2CD(VH/uc) (3.4.124)

holds for all 1-Lipschitz f with E,[f] = 0. In fact, we may now drop
the condition that E,[f] = 0 by replacing f with f — E,[f]. Thus,
taking the supremum over all 1-Lipschitz functions f on the left side of
(3.4.124) and using the Kantorovich-Rubinstein formula (3.4.114), we
conclude that Wi (p,v) < /2cD(v||pn) for every v < p, i.e., p satisfies
T1(c). This completes the proof of Theorem 3.4.4. O

Theorem 3.4.4 gives us an alternative way of deriving Gaussian
concentration inequalities for Lipschitz functions:

Corollary 3.4.5. Let A be the space of all Lipschitz functions on X,
and let ;€ P1(X) be a Borel probability measure that satisfies T (c).
Then, the following inequality holds for every f € A:

2

P(f(X) > B,[f(X)] +7) < exp <_2c||:‘H2Lp> . Yr>0.

(3.4.125)
Proof. The result follows from the Chernoff bound and (3.4.117). [
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As another illustration of the use of T inequalities, the following
concentration inequality is proved (cf. Kearns—Saul inequality [97], see
Corollary 2.4.8):

Theorem 3.4.6. Let X’ be the Hamming space {0, 1}", equipped with
the metric

A" y") = Ligizyir- (3.4.126)
i=1

Let Xy,..., X, bei.i.d. Bernoulli(p) random variables. Then, for every
Lipschitz function f: {0,1}" — R and r > 0,

1=p) ,2
ln( > ) r
nll flE, (1 = 2p)
Remark 3.23. By letting p — 3, the right side of (3.4.127) tends to
exp (—n”?é) for all r > 0.

Lip

P(f(X”) —E[f(X")] > r) < exp (— ) . (3.4.127)

Proof. Taking into account Remark 3.23, we may assume without loss
of generality that p # % From the distribution-dependent refinement of
Pinsker’s inequality (3.4.78), it follows that the Bernoulli(p) measure
satisfies T (#(M) with respect to the Hamming metric, where ¢(+)
is defined in (3.4.74). By Proposition 3.8, the probability measure of a
sum of n independent Bernoulli(p) random variables satisfies T (#@)
with respect to the metric (3.4.126). The bound (3.4.127) then follows
from Corollary 3.4.5. O

Remark 3.24. If || f||Lip < ¢ for an arbitrary ¢ > 0, then (3.4.127)
implies that for every r > 0
P f(X™) —E[f(X™)] >r] < ! (1%7> 2 3.4.128
FXT) [f(X™)] =7 ]| <exp m'”r - (3.4.128)
This will be the case, for instance, if f(z") = (1/n) >, fi(x;) for
some functions fi,..., fn : {0,1} — R satisfying |fi(0) — fi(1)| < ¢
for all i € {1,...,n}. More generally, every f satisfying (3.3.46) with
¢ = d/n, i € {1,...,n}, for some constants c,...,c, > 0, satisfies
(3.4.128) for all r > 0 with ¢ = max;<j<y, ¢.
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In the following, we provide Marton’s coupling inequality, which
forms a slightly stronger form of the original result of Marton [75] (see
[2, Theorem 8.2] for the following stronger statement):

Theorem 3.4.7 (Marton’s coupling inequality). Let = p; ® ...y, be
a product probability measure of X" € X", and let v (where v < )
be a probability measure of Y € X™. Then,

n

min P*(X; #Y;) < 3 D(v|p) (3.4.129)
mell(p,v) P

where the relative entropy is expressed in nats.
Proof. See [2, p. 241]. O

We provide in the following an alternative proof of McDiarmid’s
inequality (3.3.47), based on the earlier material in this chapter about
transportation-cost inequalities (recall the two previous proofs of this
inequality in Sections 2.4.3 and 3.3.4).

An alternative proof of McDiarmid’s inequality: For every
n € N, constants ¢y, ...,c, > 0, and a measurable space X, let us equip
the product space X" with the weighted Hamming metric

A" y™) 2 il iy, 2 (3.4.130)
=1

Let f: X™ — R be a Lipschitz function (with respect to the metric d),
and suppose that it satisfies the condition of the bounded differences
in (3.3.46). The corresponding Lipschitz constant || f||rip is given by

_ f (") = (")
||f||mp—m§1;1;n d(z )

(3.4.131)

It is easy to verify that the condition ||f||Lip < 1 is equivalent to the
condition in (3.3.46).

Let pi,...,u, be arbitrary n probability measures on X, and let
U= p1 ® ..., be a product probability measure of X™ € X". Let v
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be an arbitrary (not necessarily a product) probability measure on X™,
where v < pu, and let Y be a random vector that is drawn from v.

L] - E.[f)
= [B[F(x™) = £ (3.4.132)
< IE‘ FX™) — f(Y”)‘ (3.4.133)
< iE[ci 1ix,2v:)] (3.4.134)
i=1
<(So) (SEtwm)) e
=1 i=1

2

(i C?>2 (f:PQ(Xi # Yi)) , (3.4.136)
1=1 i=1

where (3.4.132) holds since, by construction, X" ~ p and Y™ ~ v;
(3.4.133) holds since |E[Z]| < E|Z]; (3.4.134) follows from the bounded
differences condition in (3.3.46), combined the triangle inequality;
(3.4.135) holds by using the Cauchy-Schwarz inequality; (3.4.136) holds
because the expectation of the indicator function of an event is equal to
the probability of the event. By minimizing the right side of (3.4.136)
over all the couplings m € II(yu, v), it follows from (3.4.129) that

E,lf] - Elf]| < J 1Y D), (3.4.137)
=1

By supremizing the left side of (3.4.137) over all the Lipschitz functions
f: X" = R such that | f|jLip < 1, it follows from the Kantorovich-
Rubinstein theorem (see (3.4.114)) that

Wi () < J; S Dwlu) (3.4.138)
=1

Hence, from (3.4.138), u satisfies T1(c) (with the weighted Hamming
metric d,, in (3.4.130)) where ¢ = § 37, ¢?. From Corollary 3.4.5, this
provides an alternative proof of McDiarmid’s inequality (3.3.47) which
is different from the martingale approach (see Section 2.4.3).
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3.4.4 Dimension-free Gaussian concentration and T inequalities

Our discussion so far has been mostly confined to a probability measure
w on a Polish space (X, d). Recall, however, that in most applications
our interest is in functions of n independent random variables taking
values in X. Proposition 3.8 demonstrates that the transportation-cost
inequalities tensorize, so in principle this property can be used to derive
concentration inequalities for such functions. However, as suggested by
Proposition 3.8 and the discussion following it, T inequalities are not
very useful in this regard, since the resulting concentration inequalities
deteriorate as n increases. Indeed, if  satisfies T1(c) on (X, d), then the
product measure p®" satisfies T1(cn) on the product space (X", d; ),
which is equivalent to the Gaussian concentration property

2

P(f(X") > Ef(X") +7) < K exp (;m> . r>0  (3.4.139)

for every f: X™ — R with Lipschitz constant 1 with respect to di .
Since the exponent is inversely proportional to the dimension n, we need
to have r grow at least as \/n in order to guarantee a given value for the
deviation probability. In particular, the higher the dimension n is, the
more we will need to “inflate” a given set C C A" to capture most of the
probability mass. For these reasons, we seek a direct characterization
of a much stronger concentration property, the so-called dimension-free
Gaussian concentration.

Once again, let (X, d, 1) be a metric probability space. We say that
w has dimension-free Gaussian concentration if there exist constants
K,k > 0, such that for every k € N and r > 0,

ccxt e >t —  pBFC) > 1-Ke ™ (3.4.140)

where the isoperimetric enlargement C, of a Borel set C C X'* is defined
in (3.4.7) with respect to the metric ds j defined according to (3.4.90),
ie.,

k
C 2 {yk € X%: 32F € C such that Y d?(zi, ) < r2} . (3.4.141)
i=1
Remark 3.25. As before, we are mainly interested in the constant
in the exponent. Thus, it is said that u has dimension-free Gaussian
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concentration with constant £ > 0 if (3.4.140) holds with that x and
some K > 0.

Remark 3.26. In the same spirit as Remark 3.16, it may be desirable
to relax (3.4.140) to the following: there exists some 79 > 0 such that,
for every k € N and r > rg,

ccxk, pfhe)y>1 = u®A,) >1 - Ke 00" (3.4.142)

(see, for example, [67, Remark 22.23] or [71, Proposition 3.3]). The same
considerations about (possibly) sharper constants that were stated in
Remark 3.16 also apply here.

In this section, we show that dimension-free Gaussian concentration
and Ty inequalities are equivalent. Before we get to that, here is an
example of a Ty inequality:

Theorem 3.4.8 (Talagrand [156]). Let X = R™ and d(z,y) = ||z — y||.
Then, p = G™ satisfies a T2(1) inequality.

Proof. The proof starts with the one-dimensional case where n = 1: let
1= G, let v € P(R) have density f with respect to p: f = %, and let

pr— @7
® denote the standard Gaussian cdf, i.e.,
O(z) = /_ V(y)dy
T 2
v /_OO exp (—%) dy, VzeR. (3.4.143)

If X ~ G, then (by Item 6 of Lemma 3.4.3) the optimal coupling of
1 = G and v, i.e., the one that achieves the infimum in

Walvo) = Wa(v, @) = it (EI(X - V)" (344

is given by Y = h(X) with h = F;;! o ®. Consequently,
W3 (v, G) = E[(X — h(X))*

_ / (@ — h(z))* 7(z) da. (3.4.145)

—0o0
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Since dv = fdu with u = G, and F,(h(z)) = ®(x) for every z € R, we
have

h(z))

= F(
h(z)
= /_ fdu

h(z)
= /_ F)(y) dy. (3.4.146)
Differentiating both sides of (3.4.146) with respect to x gives
y(z) = h'(z) f(h(z))y(h(x)), VzeR. (3.4.147)
Since h = F;1 o ®, h is a monotonically increasing function, and
wEIElOO h(z) = —o0, mlgngo h(z) = oo.

Consequently, we get

D|G) = D)
:/Rdy lnj:
In (£(x)) dv(x)
£(&) In (F(@)) duz)
£(a) In (F(@)) 7 (x) do
F(h(a)) 10 (F (h(2))) 5 (h(z)) W' (z) da

) v(z) dz, (3.4.148)

23

L.
/.
/.
|
[

where we have used (3.4.147) to get the last equality. From (3.4.147)

I (x)
(10 = (170 )

_ W) = W (), (3.4.149)
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which yields

D(vl|p)

=1 /_ @ -] A de - /_ i()q(@)de (34150

= %/_O:O (z — h())* y(z) dz + /_O:o z(h(z) — x)y(x)dz (3.4.151)
- [ mH @)

~3 [T @ h@) @ et [T @) - D) da

- /_ O; In 1 (2) v(z) dz (3.4.152)
> ;/_O:O (x — h(z))*y(z) dz (3.4.153)
= W3 (v, p) (3.4.154)

where (3.4.150) follows from the substitution of (3.4.149) into (3.4.148);
(3.4.151) is due to the identity 1(a? — %) = 3(a — b)? + b(b — a) for
all a,b € R; (3.4.152) relies on integration by parts; (3.4.153) holds
due to the inequality Int < ¢t — 1 for ¢ > 0, and because h: R — R
is monotonically increasing and differentiable; (3.4.154) holds due to
(3.4.145). This shows that u = G satisfies T2(1), which completes the
proof for the special case where n = 1.

This theorem is generalized for an arbitrary n € N by tensorization
via Proposition 3.8 (with p = 2). O

We get in the following to the main result of this section, namely
that dimension-free Gaussian concentration and Ty inequalities are
equivalent:

Theorem 3.4.9. Let (X, d, 1) be a metric probability space. Then, the
following statements are equivalent:

1. p satisfies Ta(c).

2. u has dimension-free Gaussian concentration with k = i
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Remark 3.27. As we next show, the implication 1) = 2) follows easily
from Propositions 3.7 and 3.8). The reverse implication 2) = 1) is a
nontrivial result, which was proved by Gozlan [71], using an elegant
probabilistic approach relying on the theory of large deviations.

Proof. We first prove that 1) = 2). Assume that u satisfies Ta(c)
on (X,d). Let k € N be fixed, and consider the metric probability
space (X*, dy 1, n®F) where the metric da is defined in (3.4.90) with
p = 2. By the tensorization property of transportation-cost inequalities
(Proposition 3.8), the product measure u®* satisfies To(c) on (X*, da ).
Since the Wasserstein distance of order 2 dominates its order—1 distance
(by item 2 of Lemma 3.4.3), u®* also satisfies Tyi(c) on (X* doy).
Hence, by Proposition 3.7, u®* satisfies the Gaussian concentration
property (3.4.10) with the constants k = o, K = 1,79 = v2cIn2.
Since this holds for every k& € N, by definition u has dimension-free
Gaussian concentration with constant x = i

We next prove the converse implication 2) = 1). Suppose that p
has dimension-free Gaussian concentration with constant x > 0, where
for simplicity we assume that ro = 0 (the argument for the general case
of rg > 0 is slightly more involved, and does not contribute much in the
way of insight). Let k& € N be fixed, and consider the metric probability

space (X*, dg’k,,u@)k). Given 2* € X*, let P be the empirical measure

Poi =

=

k
> bz, (3.4.155)
=1

where 0, denotes a unit mass concentrated at x € X. Now consider
a probability measure v on & with v < P&, and define a function
fog: X kR by

For(@®) 2 Wy (P, v), Vab e x*. (3.4.156)

We claim that f, is Lipschitz with respect to the metric ds ;. To verify
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this property, note that

[ foa (@) = fu(y™)]
= WPy, v) = Wa(Pyi,v)| (3.4.157)
< Wa(Pyi, Pyi) (3.4.158)

= inf (/X d*(z,vy) dﬂ(x,y)) v (3.4.159)

TFGH(Px]wak)
Lk 1/2
< <kzd2($i,yi)> (3.4.160)
i=1
1
I xk’ k 7 3.4.161
TR 2.6(2", ") ( )
where

e (3.4.157) is by the definition in (3.4.156);
e (3.4.158) is by the triangle inequality for the Wasserstein distance;
(

e (3.4.159) is by definition of W5 (note that the empirical measure
P+ is defined on X);

e (3.4.160) uses the fact that the measure that places mass 1 on
P,x) (since

each (z;,y;) fori € {1,...,k}, is an element of IT(P ., P,
due to the definition of an empirical distribution in (3.4.155), the
marginals of the above measure are indeed P« and P, x); and

e (3.4.161) uses the definition (3.4.90) of dy j.

Hence, from (3.4.157)—(3.4.161), f, is Lipschitz with respect to the
metric dg , and its Lipschitz constant satisfies

1
1 fokllLip,2 < N (3.4.162)
Let X1,..., Xj be ii.d. random variables with X; ~ p, and let my be
an arbitrary p®*-median of fv k- Then, by the assumed dimension-free
Gaussian concentration property of u, Theorem 3.4.1 implies that for
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every r >0 and k € N

2
P(fo(X*) > my +r) <exp (—%) (3.4.163)
||fV,k’HLip,2
< exp(—kkr?), (3.4.164)

where (3.4.164) follows from (3.4.162).

We prove that every sequence {my,}?2; of u®*-medians of the for's
converges to zero. Since by construction X1, Xo, ... arei.i.d. draws from
1, the sequence of empirical distributions {Pyx}72, converges almost
surely to p (it is Varadarajan’s theorem [157, Theorem 11.4.1]). Hence,
since W5 metrizes the topology of weak convergence together with the
convergence of second order moments (by Item 3 of Lemma 3.4.3),

limg 0o Wo(Pxk, 1) = 0 almost surely. Convergence almost surely
yields convergence in probability, which implies that
lim P(Wa(Pxr,p) >t) =0, vt > 0. (3.4.165)
k—o0

In view of (3.4.165), it follows that every sequence {my} of medians
of the f,1’s converges to zero, as claimed. By combining (3.4.156),
(3.4.163) and (3.4.164), it follows that for all » > 0

1
lim sup P (Wa(Pye, ) > 1) < —rr?. (3.4.166)

k—o0
On the other hand, the mapping v — Wa(v, u) is lower semicontinuous
in the topology of weak convergence of probability measures (see Item 4
of Lemma 3.4.3). Consequently, the set {p: Wa(Pxk, ) > r} is open
in the weak topology, which implies by Sanov’s theorem (see,e.g., [85,
Theorem 6.2.10]) that for all » > 0

1
liminf—lnIP’<W2(PXk,p) > 7") > —inf{D(yH,u): Wa(p,v) > r}.
k—oo k
(3.4.167)
Combining (3.4.166) and (3.4.167), we get that

inf{D(VH,u): Wa(p,v) > r} > kr?, (3.4.168)

which implies that D(v||u) > x W2 (u,v). Upon rearranging terms, we

get Wa(p,v) < (/2 D(v||p), which is a Ta(c) inequality with ¢ = 5-.

O
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3.4.5 A grand unification: the HWI inequality

At this point, we have seen two perspectives on the concentration
of measure phenomenon: functional (through log-Sobolev inequalities)
and probabilistic (through transportation-cost inequalities). We next
show that these two perspectives are, in a very deep sense, equivalent,
at least in the Euclidean setting of R™. This equivalence is captured
by a striking inequality, due to Otto and Villani [158], relating three
measures of similarity between probability measures: the divergence,
quadratic Wasserstein distance, and Fisher information distance. In
the literature on optimal transport, the divergence (relative entropy)
between probability measures P and @ is often denoted by H(P||Q)
or H(P,Q), due to its close links to the Boltzmann H-functional of
statistical physics. For this reason, the inequality we alluded to above
is dubbed the HWI inequality, with H standing for the divergence, W
for the Wasserstein distance, and I for the Fisher information distance
(see (3.2.4) and (3.2.5)).

We first state the strong version of the HWI inequality which
is specialized to the Gaussian distribution, and give a self-contained
information-theoretic proof following [159]:

Theorem 3.4.10 (Gaussian HWI inequality). Let G denote the standard
Gaussian probability distribution on R. Then, the inequality

D(P||G) < Wa(P,G)\I(P||G) — S W3(P,G), (3.4.169)

where W5 is the quadratic Wasserstein distance with respect to the
absolute-value metric d(x, y) = |z —y|, holds for every Borel probability
distribution P on R, for which the right side of (3.4.169) is finite.

Proof. We first show the following:

Lemma 3.4.11. Let X and Y be a pair of real-valued random variables,
and let N ~ G be independent of (X,Y’). Then, for every t > 0,

1
D(Py, inllPyyvin) < % W3 (Px, Py). (3.4.170)

Proof. From the chain rule for divergence (see [144, Theorem 2.5.3]),
we have

D(PX,Y,X+\EN”PX,Y,Y+\/EN) > D(PXJM/ENHPY+\/ZN> (3-4-171)
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and

D(PX7Y7X+\/£NHPX,Y,Y+\/7§N)
=D(Py, inixy | Pyrvinixy Pxy)

— E[DW(X, 1) | N(Y. )| X, Y] (3.4.172)
- Qlt (X — Y. (3.4.173)

Note that (3.4.172) holds since N ~ G is independent of (X,Y’), and
(3.4.173) is a special case of the identity

D(N(mlva%) ”N(m%ag))

1 2 _ 2 2
= [m (‘%) gl ma)” oty (3.4.174)

2 oy o5 o5

It therefore follows from (3.4.171) and (3.4.173) that

1
D(Pyyyin 1Py yin) < 57 BI(X = Y)7). (3.4.175)

The left side of (3.4.175) only depends on the marginal distributions
of X and Y (due to the independence of (X,Y) and N ~ G). Hence,
by taking the infimum of the right side of (3.4.175) with respect to all
wu € II(Px, Py), we get (3.4.170) (see (3.4.43)). O

We now proceed with the proof of Theorem 3.4.10. Let X and Y
have distributions P and @) = G, respectively. For simplicity, we focus
on the case where X has zero mean and unit variance; the general case
can be handled similarly. Let

F(t) £ D(Pxy yin Py ivin), VE>0, (3.4.176)

where N ~ G is independent of the pair (X,Y’). Then, we have

F(0) = D(P||G), (3.4.177)
and from (3.4.170)
1 1
F(t) < 5 W3 (Px, Pr) = o W3 (P.G), Vt>0. (3.4.178)
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Moreover, the function F(t) is differentiable, and it follows from a result
by Verdu [136, Eq. (32)] that

F'(t) = mmse(X, 1) — mseQ(X,t_l)}

1
a7 |
1
=52 {mmse(X,t_l) — Immse(X,t_l)], Vi>0  (3.4.179)

where mmse(X,-), mseg(X,-) and Immse(X,-) have been defined in
(3.2.28), (3.2.29) and (3.2.32), respectively. The second equality in
(3.4.179) holds due to (3.2.31) with @ = G (recall that in the Gaussian
setting, the optimal estimator for minimizing the mean square error is
linear). For every ¢t > 0,

(PIIG)
(3.4.180)
/ s)ds + F(t) (3.4.181)
= %/ 8—12 Immse(X, s !) — mmse(X, sil)> ds+ F(t) (3.4.182)
1

< %/ ( GiD S0 )> ds+ & W2(P,G)  (3.4.183)

_ )+ 1 W (P,G)
= <1n —— 2 - ) (3.4.184)
= (ln P‘ij DFL Wg(tp’ G>> (3.4.185)
<i (“tiHlG W2 (tp G)> (3.4.186)

where

(3.4.180) is

(3.4.181) uses the identity fj F'(s)ds = F(t) — F(0);
(3.4.182) uses (3.4.179);
( )
( );

(3.4.177);

3.4.183) uses (3.2.33), the Van Trees inequality (3.2.34), and
3.4.178);
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e (3.4.184) is an exercise in calculus;

o (3.4.185) uses the formula (3.2.24) (so I(P||G) = J(X) — 1 since
X ~ P has zero mean and unit variance; one needs to substitute
s=11in (3.2.24) to get G5 = G), and the fact that ¢t > 0;

o (3.4.186) uses the inequality Inz < x — 1 for x > 0; and
Optimizing ¢ to minimize the bound in (3.4.186) yields
; Wy (P,G)
P TPG) — Wa(P,G)’

Note that, due to the celebrated Talagrand quadratic transportation-

(3.4.187)

cost inequality [156]
I(P||G) > WE(P,G), (3.4.188)

which is obtained by combining the Gaussian-LSI in Proposition 3.4
with (3.4.150)—(3.4.154), it follows that the optimized value of ¢ in
(3.4.187) is indeed positive whenever I(P||G) > 0 (i.e., if P is not the
standard Gaussian measure). Consequently, the substitution of ¢ = top
n (3.4.187) into (3.4.186) gives (3.4.169). O

A stronger version of the Gaussian HWI in Theorem 3.4.10 can
be obtained by optimizing the parameter ¢ > 0 in the right side of
(3.4.185), yielding

tI(P|G)+1)+1 W (PG
Linf (In Ir)e) +1) L WERG)) (3.4.189)
t>0 t+1 t
Note that, in the proof of Theorem 3.4.10, the Gaussian HWT (3.4.169)
is derived by optimizing ¢ > 0 in the right side of (3.4.186) which is
looser than (3.4.185). The minimization in the right side of (3.4.189)
yields the following closed-form result:

o If

D(P||G) <

I(P]G)
1+ I(P||G)
(note that the right side of (3.4.190) is due to (3.4.188)), then
t — oo is optimal, yielding (cf. Proposition 3.4)

D(P||G) < Llog(1 + I(P|G)). (3.4.191)

<W2Z(P,G) < I(P|G) (3.4.190)
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e Otherwise, if

I(P||G)
W2(P,G) < ————~_ 3.4.192
then the optimized ¢t € (0,00) in the right side of (3.4.185) is
given by
Vb2 —dac —b
topt = -2 (3.4.193)
2a
with
a=I(P|G) - Wi(P,G) (I(P||G) + 1) >0, (3.4.194)
b=—(I(P|G) +2) Wi(P,G), (3.4.195)
c=-Wi(P,GQG). (3.4.196)

Consequently, if the condition (3.4.192) holds, then a tightened
version of the Gaussian HWT (3.4.169) is obtained by substituting
(3.4.193) into the right side of (3.4.185).

Remark 3.28. Note that the HWI inequality (3.4.169) together with
the Ts inequality for the Gaussian distribution imply a weaker version
of the LST (3.2.10) (i.e., with a larger constant). Indeed, using the T
inequality of Theorem 3.4.8 on the right side of (3.4.169), we get

D(P|G) < Wa(P,G)\/I(P|G) (3.4.197)

<\/2D(P|G)\/I(P|G), (3.4.198)

which gives D(P||G) < 2I(P||G). It is not surprising that we end up
with a suboptimal constant here as compared to (3.2.10): the series of
bounds leading up to (3.4.186) contributes a lot more slack than the
single use of the van Trees inequality (3.2.34) in our proof of Stam’s

inequality (which, due to Proposition 3.4, is equivalent to the Gaussian
LSI of Gross).

We are now ready to state the HWI inequality in its general form:

Theorem 3.4.12 (Otto-Villani, Theorem 3 in [158]). Let P be a Borel
probability measure on R" that is absolutely continuous with respect
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to the Lebesgue measure, and let the corresponding pdf p be such that
1

V21In (> = KI, (3.4.199)
p

for some K € R (where V2 denotes the Hessian matrix, and the matrix
inequality A = B means that A— B is non-negative semidefinite). Then,
every probability measure ) < P satisfies

D(Q|P) < Wa(Q, PWI(Q|P) — 5 W(Q, P). (3.4.200)

We omit the proof of Theorem 3.4.12, which relies on some deep
structural properties of optimal transportation mappings achieving the
infimum in the definition of the quadratic Wasserstein distance with
respect to the Euclidean norm in R™. (An alternative simpler proof was
given later by Cordero—Erausquin [160].) We can, however, highlight a
couple of key consequences (see [158]):

1. Let P, in addition to satisfying the conditions of Theorem 3.4.12,
satisfy a Ta(c) inequality. Using this T inequality and (3.4.200)
yields

D(Q||P) < \/2cD(QIIP)\/I(Q|IP) - £ W3(Q.P). (3.4.201)

If the pdf p of P is log-concave, so that (3.4.199) holds with
K =0, then (3.4.201) implies the inequality

D(Q|P) < 2¢I(Q||P) (3.4.202)

where Q < P. This is an Euclidean LSI that is similar to the one
satisfied by P = G™ (see Remark 3.28). Note, however, that the
coefficient in the right side of (3.4.202) (i.e., the constant in front
of the Fisher information distance) is suboptimal; this can be
verified by letting P = G™, which satisfies T(1). Going through
the above steps, as we know from (3.2.10), the optimal constant
should be 1, so the one in (3.4.202) is off by a factor of 4. On
the other hand, it is quite remarkable that, up to constants, the
Euclidean log-Sobolev and Ty inequalities are equivalent.
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2. If the pdf p of P is strongly log-concave, i.e., if (3.4.199) holds with
some K > 0, then P satisfies the Euclidean LSI with constant %
Indeed, we have from (3.4.200)

D(Q|IP) < VKW2(Q, P)\/ % I(Q|IP) — 5 W3 (Q, P) (3.4.203)
< 7 1(Q||P), (3.4.204)

where (3.4.203) is (3.4.201), and (3.4.204) relies on the simple
inequality ab < # for all a,b € R. This shows that P satisfies
the Euclidean LSI (%) inequality. In particular, the standard n-
dimensional Gaussian distribution P = G" satisfies (3.4.199) with
K =1, so we even get the right constant in (3.4.204). In fact,
the statement that (3.4.199) with K > 0 yields the Euclidean
LSI (%) was first proved in 1985 by Bakry and Emery [161] using
very different means.

Introduced independently by Ali-Silvey [162] and Csiszér [163, 164],
a useful generalization of the relative entropy, which retains some of its
major properties (and, in particular, the data processing inequality
[165]), is the class of f-divergences. In [166], Sason and Verdd study
several approaches to derive f-divergence inequalities. By combining f-
divergence inequalities and the WHI inequality in Theorem 3.4.12, this
enables to derive upper bounds on various f-divergences as a function of
the relative Fisher information and the quadratic Wasserstein distance.

3.5 Extension to non-product distributions

Our focus in this chapter is mostly on functions of independent random
variables. However, there is extensive literature on the concentration
of measure inequalities for weakly dependent random variables. In this
section, we describe (without proof) some results along this direction
that explicitly use information-theoretic methods. The examples we
give are by no means exhaustive, and are only intended to show that,
even in the case of dependent random variables, the underlying ideas
are essentially the same as in the independent case.

The basic scenario is as before: X1,...,X,, are random variables
with a given joint distribution P (which is now not necessarily of a
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product form, i.e., P = Px» may not be equal to Px, ®...® Px,, ), and
we are interested in the concentration properties of a function f(X™).

3.5.1 Samson’s approach for dependent random variables

n [167], Samson developed an approach for deriving transportation-
cost inequalities for dependent random variables that revolves around
a certain L? measure of dependence. Given the distribution P = Pxn
of (X1,...,X,), consider an upper triangular matrix A € R™*" such
that A; ; =0 for i > j, A;; =1 for all ¢, and for ¢ < j

A; ; = sup sup \/HPXnX gy X1 — PXn|X =l Xi—1=gi~1

xle

TV
(3.5.1)

Note that in the special case where P is a product measure, the matrix
A is equal to the n x n identity matrix. Let ||A|| denote the operator
norm of A, i.e.,

[[Av]]
NE (35.2)
veR?\{0} [|v]]
= sup |Av]. (3.5.3)
vER™: ||o]|=1

Following Marton [168], Samson [167] considered a Wasserstein-type
distance on the space of probability measures on X". For every pair
of probability measures @ and R on X", let II(Q, R) denote the set
of all probability measures on X" x X™ with marginals ) and R; the
following non-negative quantity is defined in [167]:

db(Q,R) 2 inf  sup / Zaz Vimyy d(@™y™),  (3.5.4)

Tell(Q,R) «

where sup, refers to the supremum over all vector-valued functions
a: X" — R™ where a = (o, ..., ap) is a vector of positive functions,
and

Er [la(v™)|] / Za v < 1. (3.5.5)
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Remark 3.29. Note that da(Q, Q) = 0; however, in general, we have
da(Q,R) # da(R,Q) due to the difference in the two conditions
Eg [|la(Y™)|?] <1 and Eg [[|a(Y™)||?] < 1 involved in the definition
of d2(Q, R) and da2(R, Q), respectively. Therefore, ds is not a distance.

The main result of [167] is the following Pinsker-type inequalities
(see [167, Theorem 1]).

Theorem 3.5.1. Let P and @ be probability measures on R™ such that
@ < P. Then, the following inequalities hold:

d2(Q, P) < [[All\/2D(Q| P), (3.5.6)
da(P, Q) < [|Ally/2D(Q]|P). (3.5.7)

In the following, we examine some implications of Theorem 3.5.1.

and

1. Let X = [0, 1], and let P be a probability measure defined on the
unit cube X™ = [0, 1]™. Theorem 3.5.1 implies that P satisfies the
following Euclidean LSI (see [167, Corollary 1]): for an arbitrary
smooth convex function f: [0,1]" — R,

(P P) <2 AIPED [V F(X™)’] (35.8)

(note that the equivalence of (3.5.8) and [167, Eq. (2.13)] follows
from (3.3.6) and (3.3.7)). The same method as the one we used
to prove Proposition 3.5 and Theorem 3.2.2 can be applied to
obtain, from (3.5.8), the following concentration inequality for
every convex function f: [0,1]" — R with || f]jrip < 1:

2
P(f(X”) >Ef(X™) + r) < exp <_8”AH2> , (3.5.9)

which holds for all » > 0. An adaptation of the approach by
Bobkov and Gétze [54] (recall that this approach is used to prove
Theorem 3.4.4 and Corollary 3.4.5) gives, however, the following
improved concentration inequality which holds for every smooth
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convex function f: [0,1]" — R with ||V f]] <1 P-a.s. and for all
r >0 (see [167, Corollary 3]):

7“2
P(f(X") > Ef(X")+7) < exp <_2HAH2> . (3.5.10)

The same inequality in (3.5.10) also holds for an arbitrary smooth
concave function f: [0,1]" — R such that Ep[[|Vf|?] < 1.

The operator norm ||All in (3.5.6)—(3.5.10) is weakly dependent
on n whenever the dependence between the X;’s is sufficiently
weak. For instance, if X1, ..., X, are independent then A = I, 5,
and [|A|| =1 for all n. In this case, (3.5.6) becomes

d>(Q, P) < \/2D(Q| P), (3.5.11)

enabling to recover the concentration inequalities for Lipschitz
functions. For examples with dependent random variables, let
Xi,..., X, be a Markov chain; by definition, for each ¢, X7, ; is
conditionally independent of X! given X;. In that case, from
(3.5.1), the upper triangular part of A gets the simplified form

Vi<j. (3.5.12)

A= HP. o — Pyoix—
i,j ::lf’ X;|Xi=z; X1 X=a! v’
Ty

The norm ||A|| is bounded in n under suitable assumptions on the

Markov chain {X}}}_,. For instance, suppose that the Markov

chain is homogeneous (i.e., Px,|x,_, 1s independent of i), and

T4,

with p < 1. Then, it can be shown that (see [167, Eq. (2.5)])

n—1 \/5
INESY <1 + W) < V2 (3514

kz::l 1=vp

More generally, a non-necessarily homogeneous Markov chain
{X}} is said to be contracting if for every i (see [167, (2.7)])

5 = sup HPXi+1|Xi:xi - PX¢+1|Xi=x§HTV <L (3.5.15)

mi,zi

In this case, [|A]| < = with § £ max d; [167, pp. 422-424].
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3.5.2 Marton’s transportation-cost inequalities for L? Wasserstein
distance

Another approach to obtain concentration of measure inequalities for
dependent random variables, due to Marton ([169], [170]), relies on
another measure of dependence that pertains to the sensitivity of the
conditional distributions of X; given X’ to the particular realization
7' of X' These results are set in the Euclidean space R", and center
around a transportation-cost inequality for the L? Wasserstein distance

Wa(PQ) £ | i VEXT YT, (3.5.16)

where || - || denotes the Euclidean norm.

We next state a special case of Marton’s results (a more general
development considers conditional distributions of (X;: i € S) given
(X;: j € 8¢ for a suitable system of sets S C {1,...,n}). Let P be a
probability measure on R™ which is absolutely continuous with respect
to the Lebesgue measure. For all " € R" and i € {1,...,n}, denote by
z' the vector in R?~! obtained by deleting the i-th coordinate of 2™

Ei: (xl,...,xi_l,xi+1,...,xn). (3517)
Following Marton [169], the probability measure P is (1—4)-contractive,
with 6 € (0, 1), if for every y", 2" € R"

> WQQ(PXi‘)—(i:gi, Py xicz) < (1=0)|ly" — 22 (3.5.18)
=1

Remark 3.30. The contractivity condition (3.5.18) is closely related to
the so-called Dobrushin—Shlosman’s strong mizing condition [171] from
statistical physics.

Theorem 3.5.2 (Marton [169, 170]). Let P be a probability measure
which is absolutely continuous with respect to the Lebesgue measure
on R”, and let it be (1 — d)-contractive with 6 € (0,1). Suppose also
that, for all 7 € {1,...,n}, the following properties hold:

L. The function z" — py. % (x;|7%) is continuous, where pX_|§i(-|a§i)
denotes the univariate probability density function of PX")?i::fi'
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2. For every 7' € R* 1, X, | Rii—1 satisfies T2(c) with respect to
the L? Wasserstein distance (3.5.16).

Then, for every probability measure ) on R™, we have

Wa(Q, P) < <5g + 1) J2eD(Q|P), (3.5.19)

where K > 0 is an absolute constant. In other words, every P satisfying
the conditions of the theorem admits a Ta(¢’) inequality with

K 2
d = ( + 1) c. 3.5.20
7 ( )

The contractivity criterion (3.5.18) is not easy to verify in general.
Let us mention a sufficient condition [169]. Let p denote the probability
density of P, and suppose that it takes the form

p(z") = %exp(—\ll(x”)) (3.5.21)

for some C? function ¥: R” — R, where Z is the normalization factor.
For every z",y" € R™, let the matrix B(z™,y") € R™*" be defined as

V2U(z; ©F), i#]

3.5.22
0, 1= ( )

where V%’ ;I denotes the (i, j) entry of the Hessian matrix of a function
F € C?(R"), and z; ® %* denotes the n-tuple obtained by replacing the
deleted i-th coordinate in 7* with x;:

i O G = (Yl ooy Yiols Tir Yit 1y - - - > Yn)- (3.5.23)

For example, if ¥ is a sum of one-variable and two-variable terms

n

U(a™) = Vi(w) + > bijaiz; (3.5.24)

i=1 i<j
for smooth functions V;: R — R and constants b; ; € R, which is often
the case in statistical physics, then the matrix B is independent of =™
and 3", and it has off-diagonal entries b; ; if 7 < j or b;; if ¢« > j. In
view of [169, Theorem 2], the conditions of Theorem 3.5.2 are satisfied
provided the following holds:
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1. Foreachi € {1,...,n} and #* € R""!, the conditional probability
distributions PXJ)?%‘:a‘:i satisfy the Euclidean LSI

c
DQIIPy, i) < & IQI1Py i), (3.5.25)
where I(-||-) is the Fisher information distance (3.2.4).

2. The operator norms of B(z",y") are uniformly bounded as

1-0
sup ||B(z", y™)|* < 5 (3.5.26)

We refer the reader to a follow-up work by Marton [172], which further
elaborates on the theme of studying the concentration properties of
dependent random variables by focusing on the conditional probability
distributions PXi\)?i for i € {1,...,n}. This paper describes sufficient
conditions on the joint distribution P of X1, ..., X, such that, for every
other distribution @,

D(Q|IP) < K(P) D™ (Q|P), (3.5.27)

where D7 (+||-) is the erasure divergence (defined in (3.1.29)), and the
P-dependent constant K (P) > 0 is controlled by suitable contractivity
properties of P. At this point, the utility of a tensorization inequality
like (3.5.27) should be clear: each term in the erasure divergence

n

D=(QIIP) = D(Qx,xillPx, x| Q%) (3.5.28)
i=1

can be handled by appealing to appropriate log-Sobolev or
transportation-cost inequalities for probability measures on X’ (indeed,
one can treat PXi\)?i:azi for each fixed Z* as a probability measure on
X, in just the same way as with Py, before), and then these one-
dimensional bounds can be assembled to derive a concentration result
for the original n-dimensional distribution.
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3.6 Applications in information theory and related topics

3.6.1 The blowing-up lemma

An explicit invocation of the concentration of measure phenomenon in
an information-theoretic context appeared for the first time in the work
by Ahlswede et al. [73, 74]. These papers show that the following result,
known to-date as the blowing-up lemma (see, e.g., [173, Lemma 5.4]),
provides a versatile tool for proving strong converses in a variety of
scenarios, including some multiterminal problems. Informally, it says
that if we enlarge any set of not too small probability with a thin layer
then the enlarged set shall have probability almost one.

In the sequel, let ) be a finite set, n € N, and r > 0. Given a set
B C Y™ and r > 0, the set B, denotes the r-blowup of B, i.e.,

B, £ {y" € V" : dn(y", B) <1} (3.6.1)
where
dn(y", B) = min d,(y",9") (3.6.2)
gneB

with the Hamming metric
n
dn(y", ") = Z Lyiztays vy gt e V" (3.6.3)
i=1

Lemma 3.6.1 (the blowing-up lemma). For every positive sequence
&, — 0, there exist positive sequences d,, — 0 and 7, — 0 such that the
following property holds: for every discrete memoryless channel (DMC)
with finite input alphabet X, finite output alphabet ), and transition
probabilities T'(y|z) with (z,y) € X x Y, and for every z" € X", and
Bcy",

T"(Bla") > exp(—n&n) = T"(Bps,|2") =1 —1n.  (3.6.4)

The proof in [73] of the blowing-up lemma is rather technical and it
makes use of a delicate isoperimetric inequality for discrete probability
measures on a Hamming space, due to Margulis [174]. Later, the same
result was obtained by Marton [75] using purely information-theoretic
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methods. We use here a sharper non-asymptotic version of the blowing-
up lemma (see also Marton’s follow-up paper in [59], extending the
result for some non-product measures):

Lemma 3.6.2. Let X1,..., X, be independent random variables taking
values in a finite set X'. Then, for every B C X™ with Pxn(B) > 0,

2 1
Pxn(B,) > 1—exp [—n<r — 5111 Py (B) >

for all r > 1/%lann¥(B).

Proof. Let P, denote the product measure Px» = Px, ®...® Py, . By
Pinsker’s inequality, every p € P(X) satisfies T1(}) on (X,d) where
d = d; is the Hamming metric (see Example 3.2). By Proposition 3.9,
P, satisfies T1(%) on (X", d,) with the Hamming metric d,, in (3.6.3),
i.e., for all p, € P(X™),

Wi (in, Po) < ,/g D(in|| Py). (3.6.6)

The statement of the lemma follows from the proof of Proposition 3.7.
More precisely, applying (3.4.88) to the probability measure Pxn» with

2

3

, (3.6.5)

—n 3
c =7 gives

n 1 n 1
<i/=In—-F+ —In—— .6.
7“_\/2 nPXn(B)+\/2 nl—PXn(Br)’ Vr >0, (3.6.7)

and (3.6.5) follows by rearranging terms. O

We next prove Lemma 3.6.1.

Proof. Given a positive sequence {,}>2; which converges to zero, let
{6n}22, converge to zero such that

&n
8y > \/Z (3.6.8)

2
N = exp [ —2n <5n - ) 7200, (3.6.9)
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These requirements can be satisfied, e.g., by setting

1
57,,%,/%”“/0‘;”, VneN, (3.6.10)

where « > 0 is a fixed constant which can be made arbitrarily small,
and from (3.6.9) and (3.6.10)

1
Let T™(-|x™) = Pxn, then (3.6.5) and (3.6.10) yield (3.6.4). O

Remark 3.31. The sequences {0, } and {7, } in the blowing-up property
(3.6.4), as specified in (3.6.10) and (3.6.11), only depend on {&,} in the
left side of (3.6.4).

3.6.2 Strong converse for the degraded broadcast channel

We are now ready to demonstrate how the blowing-up lemma can be
used to obtain strong converses. Following [173], we use the notation
T:U — V for a DMC with finite input alphabet I/, finite output al-
phabet V, and transition probabilities T'(v|u) for (u,v) € U x V.

Consider the problem of characterizing the capacity region of a 2-
user discrete memoryless degraded broadcast channel (DM-DBC) with
independent messages, defined as follows:

Definition 3.3 (DM-DBC). Let X', ) and Z be finite sets. A DM-DBC
is specified by a pair of DMCs T7: X — Y and T>: X — Z where there
exists a DMC T3: Y — Z such that

Ty(zlz) = > Ti(yle) Ts(zly),  V(z,2) € X x Z. (3.6.12)
yeY

(More precisely, this is a stochastically degraded broadcast channel —
see, e.g., [144, Section 15.6] and [175, Section 5.4]; a physically degraded
broadcast channel has the probability law

P(y, z|x) = Th(y|z) T3(zly), VY(z,y,2) € X XY X Z (3.6.13)

so, to every DM-DBC, there is a corresponding physically degraded
broadcast channel with the same conditional marginal distributions.
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Definition 3.4 (Codes). Given n, My, My € N, an (n, My, Ms)-code C
for the broadcast channel consists of the following objects:

1. An encoding map frn:{1,..., M1} x {1,..., My} — X"
2. A collection Dy of M; disjoint decoding sets for receiver 1
Dy, cY", ie{l,...,Mq}
and a collection Dy of My disjoint decoding sets for receiver 2
Dy Cc 2™ je{l,...,M}.

Given e1,e9 € (0,1), we say that the code C = (f,,D1,Ds) is an
(n, My, My, e1,e2)-code if

v ¢ . f .9 < .0.
énigg\(J] ]3]125(\4 Tl ( K n(Za])) €1, (3 6 14&)
mn C . y Y < . 0.

In other words, the maximal probability of error criterion is used in
Definition 3.4. Note that, for general multiuser channels, the capacity
region with respect to the maximal probability of error may be strictly
smaller than the capacity region with respect to the average probability
of error [176]; nevertheless, these two capacity regions are identical for
discrete memoryless broadcast channels [177].

Definition 3.5 (Achievable rates). A pair of rates (R, R2) (in nats per
channel use) is said to be (g1, e2)-achievable if for every J > 0, there
exists an (n, My, Ms,e1,e2)-code (for a sufficiently large block length
n) such that
LIn My, > R, — 6, ke {1,2}. (3.6.15)
Likewise, (R1, R2) is said to be achievable if it is (£1,2)-achievable for
all 0 < e1,e2 < 1 (according to the criterion of the maximal probability
of error in Definition 3.4, this is equivalent to the requirement that
(R1, R2) is (e1,e2)-achievable for arbitrarily small values of £1,e9 > 0).
Let R(e1,e2) denote the set of all (1, e2)-achievable rates, and let R
denote the set of all achievable rates. Clearly,
R= (] Rle1e) (3.6.16)
(e1,62)€(0,1)2

is the capacity region.
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The capacity region of a discrete memoryless broadcast channel
only depends on its conditional marginal distributions (see, e.g., [175,
Lemma 5.1]). This observation implies that the capacity region of a
DM-DBC is identical to the capacity region of a discrete memoryless
physically degraded broadcast channel when both channels have the
same conditional marginal distributions. Consequently, for a DM-DBC,
it can be assumed w.l.o.g. that X — Y] — Y5 is a Markov chain (see,
e.g., [175, Section 5.4]).

The capacity region of the DM-DBC is fully characterized, and its
achievability was demonstrated by Cover [178] and Bergmans [179] via
the use of superposition coding. Weak converses were proved by Wyner
[180], Gallager [181], and Ahlswede and Korner [182], and a strong
converse was proved by Ahlswede, Gécs and Korner [73].

In the absence of a common message, the capacity region of the
DM-DBC is provided as follows (see, e.g., [175, Theorem 5.2]).

Theorem 3.6.3. A rate pair (R, R2) is achievable for the DM-DBC
(T1,Ty), characterized by (3.6.12) with Py|x = T1 and Py x = T, if
and only if

R < I(X;Y|U), Ry <I(U;Z) (3.6.17)

for an auxiliary random variable U taking its values in U such that
U— X =Y — Zis a Markov chain, and |[U/| < min {|X],|)|, |Z]} + 1.

The strong converse for the DM-DBC, due to Ahlswede, Gacs and
Korner [73], states that allowing for nonvanishing probabilities of error
does not enlarge the achievable region:

Theorem 3.6.4 (Strong converse for the DM-DBC).
R(El,&'g) =R, V(€1,€2) S (0, 1)2. (3.6.18)

Before proceeding with the formal proof of this theorem, we briefly
describe the way in which the blowing-up lemma enters the picture.
The main idea is that, given an arbitrary code, one can “blow up” the
decoding sets in such a way that the probability of decoding error can
be as small as desired (for large enough n). Of course, the blown-up
decoding sets are no longer disjoint, so the resulting object is no longer
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a code according to Definition 3.4. Note, however, that these blown-up
sets transform the original code into a list code with a subexponential
list size, and one can use a generalization of Fano’s inequality for list
decoding (see Appendix 3.E) to get nontrivial converse bounds.

Proof (Theorem 3.6.4). Given 1,8, € (0,1), let C = (fn,D1,D3) be
an arbitrary (n, My, My, &1,&2)-code for the DM-DBC (77, T>) with

D= (Bl B= (B

By hypothesis, the decoding sets in D; and D, satisfy

. . n = . . . > _ ~
 Join | Join 17 (Dl,z | fn(z,])) >1—¢, (3.6.19a)
. . mn ~ ) . . > _ ~ . . .
Ly, 20, T (D | 1l09) 21 -2 (3:6:190)

For an arbitrary a > 0, let {d,,} be the following positive sequence:

1 1 alnn
=1 — Ny . 6.2
> \/Qn n(l—max{£1,€2}>+ n vneN (36:20)

Note that, as n — oo,

n?s, —0, VB<3, (3.6.21)
V1 é, — oo. (3.6.22)

For each i € {1,..., M1} and j € {1,..., Ms}, define the “blown-up”
decoding sets

Dy 2 [f)”}n(s . Dy 2 Dyl (3.6.23)

n ndn

We rely in the following on Lemma 3.6.1 with (3.6.10) and (3.6.11).
Note that the correspondence between (3.6.10) and (3.6.20) is

1 1
n:*I ~ = 5 .6.24
b= n<1—max{51,52}> WneN (3.6.24)

which follows by comparing the condition in the left side of (3.6.4)
and (3.6.19), yielding the equation exp(—n¢,,) = 1 —max{&1,&2}. From
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(3.6.19), the blown-up decoding sets in (3.6.23) with the sequence {9, }
defined in (3.6.20) imply that, for every n € N,

min  min 77 (Dl,i fn(z',j)) >1—n2 (3.6.25a)

1<i<My 1<j<M>

. . n ' C ) > 1 20
 Jnin - Join T (_DQ’]’fn(Z,j)) >1—n""% (3.6.25b)

Let D; = {Dl,i}Mll, and Dy = {ngj};.w:?l. We have thus constructed

a triple (fn,Dl,Yng) satisfying (3.6.25). Note, however, that this new
object is not a code because the blown-up sets D; are not disjoint, and
the same holds for the blown-up sets Ds. On the other hand, each given
n-tuple y" € Y™ belongs to a subexponential number of the Dy ;’s, and
the same applies to D5 ;’s. More precisely, let us define the sets

Ni(y™) & {i:y" € D1}, Vy" e, (3.6.26a)

No(z") £{j: 2" € Dy}, Vz2"eZ™ (3.6.26b)
A simple combinatorial argument (to be explained) shows that there
exists a positive sequence {1, }°>; such that 1, — 0 as n — oo, and

NM(y")| < exp(nmn),  Vy" e ", (3.6.27a)
IN2(2"™)| < exp(nn,), V" e 2" (3.6.27b)

In order to get an explicit expression for {n,}, for every y™ € V" and
r >0, let B.(y") C Y™ denote the ball of d,,-radius r centered at y™:

Bi(y") £ {g" € V" du(§",y") <1} ={y"}, (3.6.28)
where d,, is the Hamming metric (3.6.3), and {y"}, denotes the 7-
blowup of the singleton set {y"}. Since §,, — 0 as n — oo, there exists

no € N such that d,, + % < % for every n > ng. Consequently, it follows
that for every n > ng and y™ € Y,

IN1(y"™)| < |Bps, (4™)] (3.6.29)
[n6n]

= (’Z) Mk (3.6.30)
=0

< ([nda] +1) (M’;ﬂ) || fmoe] (3.6.31)

< (ndy, + 2) exp (n h<5n + i)) |y|rontt, (3.6.32)
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where (3.6.29) and (3.6.30) hold, respectively, due to (3.6.26) and
(3.6.28); (3.6.31) holds since, for n > ng, we have [nd,| < [ 5], and the
binomial coefficients {(})} are monotonically increasing in k if k < [ 4 ];
(3.6.32) holds since (}) < exp (nh (%)) if £ < |4 where h denotes
the binary entropy function; similarly,

N3 (=™)] < (ndn +2) exp (nh ((sn + i)) 2Pl (3.6.33)

for all n > ng and 2" € Z™. From (3.6.27), (3.6.32) and (3.6.33), the
sequence {7, } can be defined such that for all n > ny

n, = 200 £2) <5n n 1) n (5n + 1) a, (3.6.34)
mn n n

with a £ log (max{|))|, |Z|}); hence, by letting n — oo, 7, — 0.
We are now ready to apply a generalization of Fano’s inequality for
list decoding [182]. To this end, for every j € {1,..., My}, let

T(G) 2 {fali,f): 1< i< My, (3.6.35)

let U be an equiprobable random variable on {1,..., Ms}, and let
X™ € X™ be an equiprobable random variable on 7 (U). Finally, let
Y™ € Y" and Z" € Z" be generated from X" via the DMCs T7' and

o', respectively. Now, consider the error event of the second receiver
(which corresponds to the degraded channel T3'); the error event of a
list decoder for the second receiver refers to the case where U & N5 (Z™).
Let (, be the error probability of the list decoder for the blown-up sets
Ds. Consequently, we get

wInMy = L H(U) (3.6.36)
=, U(U; 2" + H(U|Z™) (3.6.37)
< L[ 27 + h(G) + Gl M| + (1= G (3.6.38)
= 5 LU Z") + o(1), (3.6.39)

where (3.6.38) follows from a modification of Fano’s inequality for list
decoding (see Appendix 3.E) together with (3.6.27); (3.6.39) uses the
fact that 1, — 0 and, by (3.6.25), ¢, < n~2% for some a > 0, so also



198 The Entropy Method, LSl and TC Inequalities

Cn — 0 as n — oo. Using a similar argument, we can also prove that
Ly < LI(X™Y™MU) + o(1). (3.6.40)

By the weak converse for the DM-DBC [182], the rate pair (Ri, R2)
with By = L I(X™Y"|U) and R, = 1 1(U;Z") is included in the
achievable region R. Since every element of R(e1,£2) can be expressed
as a limit of rates (% In My, % In M2> in the region R, and since the
achievable region R is closed, we conclude that R(e1,e2) C R for all
e1,e2 € (0,1), and the reverse inclusion is trivial by (3.6.16). O]

3.6.3 Lossless source coding with side information

Our second example of the use of the blowing-up lemma to prove a
strong converse is a bit more sophisticated, and concerns the problem
of lossless source coding with side information. Let X and ) be finite
sets, and {(X;,Y;)}2, be a sequence of i.i.d. samples drawn from a
given joint distribution Pxy € P(X x )). The X-valued and the Y-
valued parts of this sequence are observed by two independent encoders.
An (n, My, Ms)-code is a triple C = ( 79), fr(f),gn), where

FW x5 {1, My} (3.6.41)
and

F2ym = {1, M} (3.6.42)

n

are the encoding maps and
gn - {1,...,M1}><{1,...,M2}—>3)” (3643)
is the decoding map. The decoder observes

J = fWxmy, J@ = @& ym), (3.6.44)

n n n n

and it wishes to reconstruct Y” with a small probability of error. The
reconstruction is given by

~

Y™ = g,(J,

i

1)’ J 2))
=g (FV(X™), £ (™)), (3.6.45)

n
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We say that C = ( 7(11)’ fﬁ?),gn> is an (n, My, Ms, €)-code if

P(Y"£Y") =P (gu(FV(X™), FP(Y™) £Y") <o (3.6.46)

We say that a rate pair (R1, Ro) is e-achievable if, for any 6 > 0 and
sufficiently large n € N, there exists an (n, M7, Ms, )-code C with

1
“InM, <Ry +6, k=12 (3.6.47)
n

A rate pair (Ry, Ra) is achievable if it is e-achievable for all £ € (0, 1].
Again, let R(e) (resp., R) denote the set of all e-achievable (resp.,
achievable) rate pairs. Clearly,

R= (] R). (3.6.48)
€€(0,1]
The following characterization of the achievable region was obtained

by Ahlswede and Kérner [182]:

Theorem 3.6.5. A rate pair (R;, Rg) is achievable if and only if there
exist random variables U e U, X €e X, Y € Y suchthat U - X — Y
is a Markov chain, (X,Y") has the given joint distribution Pxy, and

R > I(X:U), (3.6.49)
R > H(Y|U). (3.6.50)
Moreover, the domain ¢ of U can be chosen so that || < |X| + 2.

Our goal is to prove the corresponding strong converse, originally
established by Ahlswede, Gacs and J. Korner [73], which states that
allowing for a nonvanishing error probability, as in (3.6.46), does not
asymptotically enlarge the achievable region:

Theorem 3.6.6 (Strong converse theorem for lossless source coding with
side information).

R(e) =R, Ve e (0,1). (3.6.51)

In preparation for the proof of Theorem 3.6.6, we need to introduce
some additional terminology and definitions.
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Definition 3.6. [173, Chapter 6] Given two finite sets i and V, a DMC
S:U — V, and a parameter n € (0, 1], we say that a set B C V is a
n-image of u € U under S if S(B|u) > n.

For any B C V, let D, (B;S) C U denote the set of all u € U such
that B is a n-image of u under S:

Dy(B; ) 2 {wetd: S(Blu) >n}. (3.6.52)
Definition 3.7. Let P be a probability measure on X, and n € N. A
sequence =" € X™ is a (P, 0)-typical sequence if, for every a € X,
1
—N - P
- Nala") - P(0)

<6 (3.6.53)

where N(a|z™) denotes the number of appearances of a in z™. The
(P, 9)-typical set is the set of all these typical sequences.

Let Pxy € P(X x Y), and let T: X — Y be a DMC with the
conditional probability distribution Py|x. For Qy € P(¥) which is
strictly positive, and parameters ¢ > 0 and € € (0, 1], let

Tn(c,eQy) (3.6.54)
A : 1 n . 1 7 .mn
£ min {n In Q3 (B) : —In P} (D1<(B,T™) N Tiks) = —c}

where Pyx is the marginal distribution of X, and T& 5] C X™ denotes
the (Px,d,)-typical set with an arbitrary sequence {0, } that satisfies

Op — 0, +/né, — oo. (3.6.55)
Theorem 3.6.7. For any ¢ > 0 and any ¢ € (0, 1],
Jim (e, :Qy) = T(c Qy), (3.6.56)
where

DeQy) 2 — max {DPyullQvlPy):U— X =Y, I(X;U) < cf.
U< [ X +2
(3.6.57)

Moreover, the function ¢ — I'(c; Qy) is continuous.
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Proof. The proof consists of two major steps. The first is to show
that (3.6.56) holds for a suitable sequence €, — 0, and that the limit
I'(¢; Qy) is equal to (3.6.57). We omit the details of this step and refer
the reader to the original paper by Ahlswede, Gdcs and Korner [73].
The second step, which relies on the blowing-up lemma, is to show that
for all £ € (0,1]

Tim. [fn(c,a; Qy) — Tnlc, en: Qy)] = 0. (3.6.58)
To that end, let £ be fixed and let {J,,} be chosen to satisfy (3.6.55).
For a fixed n, let B C Y™ be a set such that 7" (B|z") > 1 — ¢ for some
™ € X". Then, we get
2
T"(Bps, |z") > 1 —exp [ (f(S —y/3n 115> 1 (3.6.59)
21—¢, (3.6.60)

where (3.6.59) holds by Lemma 3.6.2 with r = nd,; the sequence {e,}
in (3.6.60) converges to zero in view of (3.6.55) where /nd, — .
Consequently, it follows from (3.6.52) that for all sufficiently large n

Die, (B, T") N Tk 5, 2 D1—=(B; T") N Tix 5,1 (3.6.61)

On the other hand, since Qy is strictly positive,

Q¥ (Bns,) = Y, Qv (3.6.62)

Yy EBns,
< > QY (Bus, (")) (3.6.63)
yneB

< sup DLW 5> guery o0y
yneyn ( ) yneB

— sup M-Q?/(B). (3.6.65)
yneyn ( )

Using (3.6.65) together with the fact that (see [73, Lemma 5])

1 n
lim —ln sup M —0 (3.6.66)
S T )
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yields
1 (B,
lim sup — IDM =0. (3.6.67)
noopcynn Qy(B)

From (3.6.61) and (3.6.67), we get (3.6.58). The bound on || in (3.6.57)
follows from Carathéodory’s theorem [73]. O

We are now ready to prove Theorem 3.6.6.

Proof. Let C = (fél),f,(f),gn) be an arbitrary (n, My, Ms, ¢)-code. For
a given index j € {1,..., M1}, we define the set

V) E{y ey iyt =0 (5. P GM) (3.6.68)
which consists of all the sequences y™ € Y™ that are correctly decoded

for any ™ € X™ such that j}gl)(m”) = j. Using this notation, we can
write

E[1"("(FD () x")] 21— (3.6.69)
If we define the set
A, & {x" e X" (Y (fV(@")]a") > 1 - \/E}, (3.6.70)

then, using the so-called “reverse Markov inequality”™ and (3.6.69), we
see that

PR(A,) =1 — PR(A°) (3.6.71)

=1-P} (T” (y"(f,gD(X”)) \X”) <1- ﬁ) (3.6.72)

<1
1—E[Tr (s (xm)| xn

>1 - | 1(_ e X)) (3.6.73)
1—-(1-¢)

R R (3.6.74)

3The reverse Markov inequality states that if Y is a random variable such that
Y < b a.s. for some constant b, then for all a < b

P(Y <a) < b;iE[;’].
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Consequently, for all sufficiently large n, we have

Py (An N Tiks,) > 1 - 2V5. (3.6.75)

This implies, in turn, that there exists some j* € fy(Ll)(X ), such that

% 1-2
P (D1ye "GN N ) 2 S 320 (3.6.76)

On the other hand,
My = |f2O™)| = 9G] (3.6.77)

We are now in a position to apply Theorem 3.6.7. If we choose Qy
to be the equiprobable distribution on Y, then it follows from (3.6.76)
and (3.6.77) that

3 In Mz > I V" (57))| (3.6.78)
= ; IOy (V" (7)) + n Y| (3.6.79)
> T, (—3 (1 - 2v2) + LI My, V& Qv) +1n[Y]. (3.6.80)

Using Theorem 3.6.7, we conclude that the bound

Ima,>r (—%111(1 —2y/e) + 2 In My; Qy) +In Y[ +o(1)
(3.6.81)

R(e), then there
1

holds for any (n,Mi, Ms,e)-code. If (Ry, Ry) €
(S 1P ga) is an

exists a sequence {C,}>2,, where each C, =
(n, My 5, M p, €)-code, and

lim L1n My, = Ry, k=1,2. (3.6.82)

n—oo

Using this in (3.6.81), together with the continuity of the mapping
c— T'(e;Qy), we get

Ry >T(Ri;Qy)+1In|Y|,  Y(Bi, Ra) € R(e). (3.6.83)

By the definition of I' in (3.6.57), there exists a triple U - X — Y
such that I(X;U) < R; and

['(Ri;Qv) = =D(PypllQv|Fy) = —In Y[+ HY|U),  (3.6.84)
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where the last equality is due to the fact that U — X — Y is a Markov
chain, and Qy is an equiprobable distribution on ). Therefore, (3.6.83)
and (3.6.84) imply that

Ry > H(Y|U). (3.6.85)

Consequently, the triple (U, X,Y) € R by Theorem 3.6.5, and hence
R(e) € R for all € > 0. Since R C R(e) by definition, the proof of
Theorem 3.6.6 is completed. O

3.6.4 The empirical distribution of good channel codes with non-
vanishing error probability

A more recent application of concentration of measure inequalities to
information theory has to do with the characterization of the stochastic
behavior of output sequences of good channel codes. Conceptually, the
random coding argument, originally used by Shannon and many times
since, to show the existence of good channel codes suggests that the
input (respectively, output) sequence of such a code should resemble
a typical realization of a sequence of i.i.d. random variables sampled
from a capacity-achieving input (respectively, output) distribution. For
capacity-achieving sequences of codes with asymptotically vanishing
probability of error, this intuition has been rigorously analyzed by
Shamai and Verdd who proved the following remarkable statement
[183, Theorem 2|: given a DMC T': X — Y, every capacity-achieving
sequence of channel codes with asymptotically vanishing (maximal or
average) probability of error has the property that

1
lim — D(Pyn||Pin) =0, (3.6.86)

n—00 n,

where, for each n, Py» denotes the output distribution on " induced
by the code (assuming that the messages are equiprobable), while Py,
denotes the product of n copies of the single-letter capacity-achieving
output distribution. In fact, the convergence in (3.6.86) holds not just
for DMCs, but for arbitrary channels satisfying the condition

1
C=lim — sup I(X™Y"). (3.6.87)
n—oo n, PxneP(XM)
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(These ideas go back to the work of Han and Verdd on approximation
theory of output statistics, see [184, Theorem 15]). In a recent paper
[63], Polyanskiy and Verdu extended the results of [183] for codes with
nonvanishing probability of error, provided one uses the maximal prob-
ability of error criterion and deterministic encoders.

In this section, we present some of the results from [63, 185] in the
context of the material covered earlier in this chapter. To keep things
simple, we focus on channels with finite input and output alphabets.
Thus, let X and ) be finite sets, and consider a DMC T: X — ). The
capacity C' is calculated by solving the optimization problem

C= max I(X;Y), (3.6.88)
PxeP(X)
where X and Y are related via 7. Let Py € P(X) be a capacity-
achieving input distribution (there may be several). It can be shown
[186, 187] that the corresponding output distribution Py € P()) is
unique, and for every n € N, the product distribution Py, = (Py)®"
has the key property

where Pynjxn_gn is shorthand for the product distribution 77 (-|z").
From (3.6.89), we see that the capacity-achieving output distribution
Py, dominates every output distribution Py» induced by an arbitrary
input distribution Px» € P(X™):

This has two important consequences:

1. The information density is well-defined for every z" € X™ and
yt e ym
dPYn'Xn::Bn

i (y™). (3.6.90)

xnyn (@™ y") £ 1n

2. For an input distribution Pxn, the respective output distribution
Pyn satisfies

D(Pyn||Pin) < nC — I(X™Y™). (3.6.91)
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Indeed, by the chain rule for divergence, it follows that for every
input distribution Pxn» € P(X™)

I(X™;Y™) = D(Pyn|xn | Pyn|Pxn)
= D(Pyn|xn | Pyn|Pxn) = D(Pyn | Py)
< nC — D(Pyn||Pin). (3.6.92)

Inequality (3.6.91) follows upon rearranging terms in (3.6.92).

Now let us bring codes into the picture. Given n, M € N, an (n, M)-
code for T is a pair C = (fy,gn) consisting of an encoding map
fo: A{l,...,M} — X™ and a decoding map g,: Y" — {1,..., M}. Given
0 < e <1, we say that C is an (n, M, e)-code if

lg%%P(gn(Y") #i| X" = fo(i) <e. (3.6.93)
Remark 3.32. Polyanskiy and Verdu use a more precise nomenclature
in [63] and say that every such C = (fp,gn) satisfying (3.6.93) is an
(n, M, €)max,det-code to indicate explicitly that the encoding map f,
is deterministic, and that the maximal probability of error criterion is
used. Here, we only consider codes of this type, so we adhere to our
simplified terminology.

Consider an arbitrary (n, M)-code C = (fy, gn) for T, and let J be
a random variable having an equiprobable distribution on {1,...,M}.
Hence, we can think of every i € {1..., M} as one of M equiprobable
messages to be transmitted over T'. Let P(C,B denote the distribution of

X" = fn(J), and let P;,C;) denote the corresponding output distribution.
The central result of [63] is that the output distribution P of every

(n, M, g)-code satisfies
D(Pﬁ)HP;n) <nC —InM + o(n); (3.6.94)

moreover, the o(n) term was refined in [63, Theorem 5] to O(y/n) for
every DMC, except those that have zeroes in their transition matrix.
In the following, we present a sharpened bound with a modified proof,
in which we determine an explicit form of the term that scales like

O(y/n).
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Just as in [63], the proof of (3.6.94) with the O(y/n) term uses the
following strong converse for channel codes due to Augustin [188] (see
also [63, Theorem 1] and [189, Section 2]):

Theorem 3.6.8 (Augustin). Let S: U — V be a DMC with finite in-
put and output alphabets, and let Py ;; be the transition probability
induced by S. For every M € Nand 0 <e <1, let f: {1,..., M} - U
and g: V — {1,..., M} be mappings, such that

Jax P(g(V)#i|U = f(i)) <e. (3.6.95)

Let Qv € P(V) be an auxiliary output distribution, and fix an arbitrary
mapping v: U — R. Then, the following result holds:

exp(E[y(U)])
dPy -
inf Py (In 5= (V) < 9(w)) -

M < : (3.6.96)

provided that the denominator in the right side of (3.6.96) is strictly
positive. The expectation in the numerator is taken with respect to the
distribution of U = f(J) where J is equiprobable on {1,..., M }.

We first establish the bound (3.6.94) for the case when the DMC T
is such that

C1 £ max D(Py|x—y|Py|x=s) < 00 (3.6.97)
z,x'eX

Note that C7 < oo if and only if the transition matrix of T does not
have any zeroes. Consequently,

PY|X(y‘5C)

In ——~
PY|X(Z//|9C)

(3.6.98)

c(T) £ 2max max
reX y,y'cy

We can now establish the following sharpened version of the bound in
[63, Theorem 5]:

Theorem 3.6.9. Let T: X — Y be a DMC with C > 0 satisfying
(3.6.97). Then, every (n, M, ¢e)-code C for T with 0 < € < 1/2 satisfies

1
1—2¢

D(P||Pga) < nC —n M + ln% +¢(T) g In (3.6.99)
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Remark 3.33. As it is shown in [63], the restriction to codes with
deterministic encoders and to the maximal probability of error criterion
is necessary both for Theorems 3.6.9 and 3.6.10.

Proof Fix an input sequence z™ € X", and consider the function
hyn: Y™ — R defined for the DMC as follows

dPY”|X”:x” PYn|Xn:a:n (y")

hen (y") 2 In T (y") =1In - (3.6.100)
ar) P (ym)
for every y™ € Y™, which yields
n n n C
Elhan (Y™)| X" = 2] = D(Pynjxn—pn || PS). (3.6.101)

Moreover, for every i € {1,...,n}, v,/ € Y, and 7 € Y"1, we have
(see the notation used in (3.1.11))

hi,x“ (y|yl) - hi,x" (yl‘gz)

< |ln PY”\X”:J” (yi_la Y, yzn-f—l) —In PY”|X”::1:” (yi_la y/7 y?ﬂ)‘

C i— C i—
PR st A )

Py iy . (Wl
< o Diximes®) | IDL
Py, x,=,(Y') (' [7)
Y|Y
P T
< 2max max 1n%3f|/) (3.6.102)
reX yy'€y PY|X(y |z’)
=cC < o0 .0.
T 3.6.103

where (3.6.102) is justified in Appendix 3.F, and (3.6.103) is due to
(3.6.98). Hence, for every z™ € X", the function hzn: Y" — R satisfies
the bounded differences condition (3.3.46) with ¢; = ... = ¢, = ¢(T).
In view of (3.6.101) and (3.6.103), Theorem 3.3.8 (a restatement of
McDiarmid’s inequality) implies that for all » > 0 and z™ € X™

dPYn ‘Xn:xn
ar¥)

2
< exp <_nc22r(T)> . (3.6.104)
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(In fact, the above derivation goes through for every possible output
distribution Pyn, not necessarily one induced by a code). This is where
we depart from the original proof by Polyanskiy and Verdd [63]: we
use McDiarmid’s inequality to control the deviation probability for
the “conditional” information density h,»(Y™) directly, whereas they
bounded the variance of h,»(Y™) using a Poincaré inequality, and then
bounded the deviation probability using Chebyshev’s inequality. As it
is shown in the sequel, the concentration inequality (3.6.104) allows us
to explicitly identify the dependence of the constant multiplying /n in
(3.6.99) on the channel T and on the maximal error probability .

We are now in a position to apply Augustin’s strong converse. To
that end, let 4 = X™, V = Y", and consider the DMC T": U — V
together with an (n, M, e)-code C = (fn, gn). Furthermore, let

Cn = Cule) £ ¢(T) \/E (3.6.105)

n C
V(@) £ D(Pynjxnegn | PS) + G- (3.6.106)
Using (3.6.96) with the auxiliary distribution Qy = Pﬁ(ﬁb), we get
exp (E[y(X™)])

M < (3.6.107)
. dPYn'Xn:xn n n
inf  Pynjxn_gn | In — 0 (Y™) <~y(z") | —¢
TheEX™ den
where, from (3.6.106),
n C C
E[y(X™)] = D(Pynix» | PE) | PE)) + o (3.6.108)

The concentration inequality in (3.6.104) with (3.6.105) and (3.6.106)
give that, for every z™ € A",

dPynixnegn , 2G5
PYn|Xn:zn (11’1 W (Y ) Z ’Y(JZ )) S exp <_ nCQ(T)>
Yn

=1-2, (3.6.109)

which implies that

dP n n—pn
inf Pynjxnogn (I —— =2 (v <y (@) | > 26 (3.6.110)
neXxn dP}(/C;L
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Hence, from (3.6.107), (3.6.108) and (3.6.110), it follows that
1
M << exp (D(Pynixn || PED) + Go) (3.6.111)

so, taking logarithms on both sides of (3.6.111) and rearranging terms
gives

D(Pynjxn || PSS | PED) > In M +Ine — ¢,

1
=InM +1Ine — ¢(T) gln - (3.6.112)

— 2
where (3.6.112) is due to (3.6.105). We are now ready to derive (3.6.99):

D (P )
— D(Pynxn || Py |P\E) = D(Pyn o[PS PE)) (3.6.113)

1 n 1
< —InM +1n - T =1
<nC —1In +n6+c() 2n1_2€

(3.6.114)

where (3.6.113) uses the chain rule for divergence, while (3.6.114) relies
on (3.6.89) and (3.6.112). O

For an arbitrary DMC T with nonzero capacity and zeroes in its
transition matrix, we have the following result which forms a sharpened
version of the bound in [63, Theorem 6]:

Theorem 3.6.10. Let T: X — Y be a DMC with capacity C > 0, and
let € € (0,1). Every (n, M, e)-code C for T satisfies

D(PE)|[Pya) < nC =M + 0 (Vi (Inn)*/?) (3.6.115)
and, more precisely, for every such code

p(PY)

Ppa) <nC —In M

+\/%(1nn)3/2<1+ NS )(Hlnm)

Inn 1—¢ Inn

+3Inn +1In(2|X]|V)?). (3.6.116)
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Proof. Given an (n, M, e)-code C = (fy,gn), let c1,...,cpr € X™ be its
codewords, and let D1,..., Dy C V" be the respective decoding sets:

Di=g, ()= {y" €V go(y) =i}, ie{l,...,M}. (3.6.117)

Define
1 nlnn n 1
dn = On(e) = - {\/ 5 —1—\/2 lnl—aw (3.6.118)

(note that nd, is an integer) then, by Lemma 3.6.2, the “blown-up”
decoding sets D; £ [25@} satisfy

non
2
Pynixn_e (D) <exp |—2n |8, — i111 L
[ Xn=ei \7i) = 2n 1—c¢
1 .
<-, Vie{l,..., M} (3.6.119)
n

where the last inequality holds since, from (3.6.118),

Inn 1 1
Op > 4] — —1 . .6.12
"—\/2nJr om T 1—¢ (3.6.120)
We now complete the proof by a random coding argument. For
M
N& | |, (3.6.121)
L(J&)Wl”énw
let Uy,...,Uyn be ii.d. random variables which are equiprobable on

{1,..., M}. For each realization V = U", let Pxn () € P(X™) denote
the induced distribution of X™(V) = f,(cs) where J is equiprobable
on the set {U1,...,Un}, and let Pyn(y) denote the output distribution

1 N
Pyn) = 5 2 Projxn=cy, - (3.6.122)
=1

It can be easily verified that

C
E | Pyay)| = BS, (3.6.123)
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which is the output distribution of the code C, where the expectation in
the left side of (3.6.123) is with respect to the distribution of V = U¥.
Now, for V = UY and for every y™ € V", let Ny (y") denote the list
of all those indices in {Uy,...,Un} such that y™ is included in the

blown-up decoding sets Dy, , ..., Dyy:
Nolym 2 {je{t,....N}:y" €Dy, }. (3.6.124)
Consider the list decoder Y™ — Ny (Y™), and let
(V)2 P(JENy(Y™|V) (3.6.125)

denote the conditional decoding error probability. Eq. (3.6.121) yields

1nN21nM—lnn—ln< 7; ) — ndp In | Y|
Nnop
>InM —Inn —nd, (Inn +In|Y|) (3.6.126)

where the last inequality uses the simple inequality (Z) <nFfork<n
with k £ né, (we note that the gain in using instead the inequality
(s,) < exp(nh(d,)) is asymptotically marginal for large n). Moreover,
since each y™ € Y™ belongs to at most (.5 )|V |"%n blown-up decoding
sets then

n

In |Ny (y™")] <In <n5n

<ndp (Inn+In|Y]), Vy"e)m" (3.6.127)

) + ndy, In Y|

Now, for each realization of V', we have
D(Pyn(y)||Pyn)
= D(Pynw)xn () [ Pyn|Pxngry) = IX" (V) Y(V)) - ( )
<nC — I(X"(V);Y™(V)) (3.6.129)
<nC—I(J;Y"(V)) ( )
=nC—H(J)+ H(JY™(V)) ( )
<nC —InN + (1—¢(V)) max In [Ny (y™)]

+ne(V)In|X|+1n2 (3.6.132)

with the following reasoning:
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(3.6.128) is by the chain rule for divergence;

(3.6.129) is by (3.6.89);

(3.6.130) is by the data processing inequality, and the fact that
J = X"(V) = Y"™(V) is a Markov chain;

(3.6.131) holds since I(J;Y™(V)) = H(J) — H(J|Y™(V));
(3.6.132) holds due to the generalization of Fano’s inequality for
list decoding (see Appendix 3.E), and since (i) N < |X|", (ii) J
is equiprobable on {Uy,...,Un}, so H(J|Uy,...,Ux) =In N and
H(J)>InN.

Note that the quantities which are indexed by V in (3.6.128)-(3.6.132)
are random variables since they depend on the realization V = UV.
Assembling (3.6.126), (3.6.127) and (3.6.132) yields

D(Pynyy||Pyn) <nC —InM +Inn + 2nd, (Inn + In|Y)
4 ne(V)In | X] + In 2. (3.6.133)

In view of (3.6.122) and the equiprobable distribution of the messages,
we get

E [Pyn)| = P2, (3.6.134)
and, from Jensen’s inequality and the convexity of the relative entropy,

E [D(Pyn | Pin)| = DR Pia). (3.6.135)

By taking expectations on both sides of (3.6.133), we get from (3.6.135)
D(P}(,C;L)HP;,I) <nC —InM +Inn + 2nd, (Inn + In|Y|)

+nE[e(V)] In]X] +1n2, (3.6.136)
and, in view of (3.6.119) and (3.6.125), we get
1
< n|xn— )< —. .0.
Ele(V)] < max Pynjxn=c, (D)) < (3.6.137)

q. (3.6.116) is finally derived by assembling (3.6.136), (3.6.137), and
the following simple bound on d,, (obtained from (3.6.118)):

S

1
—. .6.1
n (3.6.138)

O
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We are now ready to examine some consequences of Theorems 3.6.9
and 3.6.10. To start with, consider a sequence {C,, }>2; where each code
Cn, = (fn,gn) is an (n, My, e)-code for a DMC T: X — Y with C > 0
and ¢ € (0,1). We say that {C,}°%; is capacity-achieving if

Jim 1M, =cC. (3.6.139)
From Theorem 3.6.10, it follows that every such sequence satisfies
1 Cn)|px \ —
lim - D(Py,[|Pya) = 0. (3.6.140)

Moreover, as it is shown in [63], if the restriction to either deterministic
encoding maps or to the maximal probability of error criterion is lifted,
then the convergence in (3.6.140) may no longer hold. This is in sharp
contrast to [183, Theorem 2], which states that (3.6.140) holds for every
capacity-achieving sequence of codes with vanishing probability of error
(maximal or average).

Another remarkable fact that follows from Theorems 3.6.9
and 3.6.10 is that a broad class of functions evaluated at the output
of a good channel code concentrate sharply around their expectations
with respect to the capacity-achieving output distribution. Specifically,
we have the following version of [63, Proposition 11] (again, we have
streamlined the statement and the proof a bit to relate them to earlier
material in this chapter):

Theorem 3.6.11. Let T: X — Y be a DMC with C > 0 and C; < oo
(see (3.6.97)). Let d: Y™ x Y™ — Ry be a metric, and suppose that
there exists a constant ¢ > 0, such that the conditional probability
distributions Pyn|xn_n, " € X", as well as Py, satisfy T1(c) on the
metric space (Y™, d). For ¢ € (0, 3), let

1 1

L2 ¢(T)y]=1
a =I5

with ¢(T") defined in (3.6.98). Then, for every (n, M,e)-code C for T'
and every Lipschitz function f: Y™ — R with respect to the metric d

PE(1£(r™) = BLF ()| = 7)

(3.6.141)

2

< T
- 8cll £,

O NEES

- exp (nC—lnM—Fa\/ﬁ— ) , VYr>0 (3.6.142)
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where E[f(Y*")] designates the expected value of f(Y™) with respect
to the capacity-achieving output distribution Py, and || f||Lip is the
Lipschitz constant of f as defined in (3.4.2).

Remark 3.34. Our sharpening of the corresponding result from [63,
Proposition 11] consists mainly in identifying an explicit form for the
constant in front of y/n in the bound (3.6.142); this provides a closed-
form expression for the concentration of measure inequality.

Proof. For an arbitrary Lipschitz function f: " — R, define
0 2 B[F(Y™), (3.6.143)
o(z") 2 E[f(Y")|X" = 2"] (3.6.144)

for 2" € A™. Since (by assumption) each Pyn|xn_,n satisfies T1(c), by
Corollary 3.4.5,

ot
2¢ || fIIEp

for every 2™ € X™ and r > 0. Now, given C, consider a subcode C’ with
the codewords 2™ € X™ satisfying ¢(z") > p} +r (r > 0). The number
of codewords M’ of C’ satisfies

P(IF(Y") = ¢(a™)] > r| X" =2") < 2exp ( ) (3.6.145)

M’ = MPE) (¢(X™) > puj +7) . (3.6.146)

Let Q = P}(/(i’) be the output distribution induced by C’. Then

py < % WZGC ¢(z") (3.6.147)
=Eqo[f(Y")] (3.6.148)
<E[F(Y™)] + | flLipy/2¢D(Qyn | Py0) (3.6.149)

1
< py+ ||f||Lip\/2c (nC —In M’ +ayn+1In 6), (3.6.150)

where

e (3.6.147) is by definition of C’;
e (3.6.148) is by definition of ¢ in (3.6.144);
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e (3.6.149) follows from the assumption that Py, satisfies T;(c)
and from the Kantorovich-Rubinstein formula (3.4.114); and

e (3.6.150) holds for the constant a = a(7,¢) > 0 in (3.6.141) due
to Theorem 3.6.9 (see (3.6.99)) and since C’ is an (n, M’, e)-code
for T. The constant xi} in (3.6.150) is defined in (3.6.143).

From (3.6.146)—(3.6.150), we get

r < Hf]Lip\/2c (nC—lnM —lnP)(fn ((b(X") el —|—r) +ayv/n+1n i)

so, it follows that

2
(©) n * - Lo
P (¢(X ) > o —l—r) < exp (n(] In M + a/n + In s 2C||f|%ip> .

Following the same line of reasoning with — f instead of f, we conclude
that

P (Jo(x™) = | = 7)
2

1
< 2exp (nC’ —InM+ayn+In=-— ’"2> : (3.6.151)
e 2| flILy

Finally, for every r > 0,
c n *
PE(1F0r) — | = 1)

< PEL (110 = 6(X™)] = 7/2)

+ PE(Jo(x™) = | = r/2) (3.6.152)
7?2 >
<2exp | ———5—
< 8cll flIEs,
1 r?
+2exp ([nC —InM+ayn+In- — ——— (3.6.153)
e 8cllfllEp

2

1
< 4exp (nC’ ~InM +ayn+In- — 7"2> , (3.6.154)
e 8| flliip
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where (3.6.152) is due to the triangle inequality; (3.6.153) is by
(3.6.145) and (3.6.151); (3.6.154) follows from the inequality
1
nC —InM + ay/n +1In= > D(P||Ps.) > 0 (3.6.155)
€

which holds by Theorem 3.6.9 with the constant a in (3.6.141). This
proves the concentration inequality (3.6.142). O

As an illustration, let us consider Y" with the Hamming metric

n
dn(y",0") =Y Liyituy- (3.6.156)
i=1
Then, every function f: Y™ — R of the form
1 n
fy") = > filw),  Vyreyr (3.6.157)
i=1
where f1,..., fn: Y — R are Lipschitz functions on ), satisfies
IFlp< 0 L max |
Lip > n = 112%){71 i||Lip-

Every probability distribution P defined on ) and equipped with the
Hamming metric satisfies T4 (%) (this is simply Pinsker’s inequality); by
Proposition 3.9, every product probability distribution on Y satisfies
Tl(%) with respect to the metric (3.6.156). Consequently, for every
(n, M, e)-code for T" and every Lipschitz function f: Y™ — R of the
form (3.6.157), Theorem 3.6.11 yields the concentration inequality

< o (00— 4 avi - (3.6.158)
<_exp|n n a 572 .6.

for every r > 0. Concentration inequalities like (3.6.142), or its more
specialized version (3.6.158), can be very useful for assessing various
performance characteristics of good channel codes without having to
explicitly construct such codes: all one needs to do is to find the
capacity-achieving output distribution Py and evaluate E[f(Y*")] for a
Lipschitz function f of interest. Then, Theorem 3.6.11 guarantees that
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F(Y™) concentrates tightly around E[f(Y*")], which is relatively easy
to compute since Py, is a product distribution.

The bounds presented in Theorems 3.6.9 and 3.6.10 quantify the
trade-offs between the minimal blocklength required for achieving a
certain gap (in rate) to capacity with a fixed block error probability,
and normalized divergence between the output distribution induced by
the code and the (unique) capacity-achieving output distribution of the
channel. Moreover, these bounds sharpen the asymptotic O(-) terms in
the results of [63] for all finite blocklengths n.

3.6.5 Information-theoretic converse for concentration of measure

If we were to summarize the main concept behind the concentration
of measure phenomenon, it would be as follows: if a subset of a metric
probability space does not have a too small probability mass, then its
isoperimetric enlargements (or blowups) will eventually take up most of
the probability mass. On the other hand, it makes sense to ask whether
a converse of this statement is true, i.e.,

Given a set whose blowups eventually take up most of the
probability mass, how small can this set be?

This question was answered precisely by Kontoyiannis [190] using
information-theoretic techniques.

The following setting is considered in [190]: let X be a finite set,
together with a nonnegative distortion function d: X x X — RT
(which is not necessarily a metric) and a strictly positive mass function
M: X — (0,00) (which is not necessarily normalized to one). Let us
extend the single-letter distortion d to d,,: X™ x X" — R™ with n € N,
and

do(2" y™) £ d(xi,y),  Vayte X" (3.6.159)
=1

For every set C C X", let

M™C) & > M™(z") (3.6.160)
zmeC
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where
M™a™) & [ M(z:), Va™eam (3.6.161)
=1

We also define the (closed) r-blowup of an arbitrary set A C X™:

A 2 {a" € X7 dy (2", A) <1}, (3.6.162)
where
dp(z", A) = min dy(z",y"). (3.6.163)
yneA

Fix a probability distribution P € P(X) where we assume without loss
of generality that P is strictly positive on X. We are interested in the
following question:

Given a sequence of sets {A(n)}neN such that AW C xn
for every n, and

Pen (Al)) 2225 1, (3.6.164)
for some 6 > 0, how small can their masses M" (A(”)) be?

In order to state and prove the main result of [190] that answers
this question, we need a few preliminary definitions. For every n € N,
every pair (P,,@,) of probability measures on X", and every ¢ > 0,
we define the set

L, (P, Qn,d) 2 {mn: Pxnyn = T, Pxn = Py, Pyn = Qn,
Er, [do(X™, Y™)] < né}, (3.6.165)

which is the set of all couplings 7, € P(X" x X") of P, and @,
such that the per-letter expected distortion between X" and Y™ with
(X™Y™) ~ 7y, is at most 6. With this, we define

I,(P,,Qn,0) & inf D(7,|| P ® Qn), 3.6.166
(Pn; @ns 0) O (|| P ® Qn) ( )
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and consider the sequence of functions { R, (+)}nen defined as follows:

Rp(6) = Rp(6; Py, M™) (3.6.167)
2 inf  JL(P.,Qn Eg, [In M™(Y" 6.1
o.d8 L {Tn(Pa Qu.6) + Bq, I M (™)} (36.168)
= inf {I(X™Y") +Eln M"(Y")]:
Pxnyn
Pxn = Py, LE[d,(X",Y")] <6} (3.6.169)

for 6 > 0. In the special case where each P, is the product measure
P®" the rate function R(-) is defined by (see [190, Eq. (10)])

R(8) = R(S; P, M) (3.6.170)
Iijnf {I(X;Y)+ElnM(Y)]:

(1> 1l

Px = P, E[d(X,Y)] < 6}. (3.6.171)

The rate function is monotonically non-increasing and convex in § > 0,
and it satisfies (see [190, Lemmas 1 and 2])

R(0) = lim_ L1 R.(0) (3.6.172)
= iI;f'l%Rn(é). (3.6.173)

We next state the main result of [190]:

Theorem 3.6.12 (Kontoyiannis). Consider an arbitrary set A C X",
and denote § £ L E[d, (X", A()]. Then

Lin M™(A™) > R(s; P, M). (3.6.174)
Furthermore, the following achievability result holds: for every § > 0
and € > 0, there is a sequence of sets {A(")} o such that A C x"
for every n, and

LinMm(A™) < R() +e,  L1d (X", A™) <5 as.  (3.6.175)

Proof. We prove in the sequel the converse result in (3.6.174). Given
A C X7 et o, X" — A™ be the function that maps each z € X"
to the closest element y™ € A ie.,

A (2", pn(z™) = dp(z™, A™),  Va" e X" (3.6.176)



3.6. Applications in information theory and related topics 221

(we assume some fixed rule for resolving ties). If X™ ~ P®" then
let @, € P(X"™) denote the distribution of Y" = ¢,(X"), and let
T € P(X™ x X™) be the following joint distribution of X™ and Y™

TI'n(:L‘n,yn) = P®n(xn) ].{yn:Lpn(mn)}, V' yt e X" (36177)

Since I1,,(P®" and @Q,, are the marginal distributions of m,, and

Er, [do(X™,Y"™)] = Eg, [do(X™, 0n(X™))] (3.6.178)
=B, [dn(X", A™)] (3.6.179)
. (3.6.180)
then m, € IL,(P®", Q,,?). Furthermore, we have
In M (A™) = > M"(y") (3.6.181)
yneAln)
—ln Y Quly)- M (yn) (3.6.182)
y”6A<") Q’l’l(y )
> 3 Q") M (yn) (3.6.183)
A Qn(y™)
Wn(l'nvyn)
= Z (2™, y") In STy —
iEnGX”,y"E.A(") P ('I )Qn(y )
+ Y. Quy")InM"(y") (3.6.184)
ync A
= I(X™Y™) 4+ Eq, [In M™(Y™)] (3.6.185)
> Ry (6), (3.6.186)

where (3.6.181) is by (3.6.160); (3.6.182) is trivial; (3.6.183) is by
Jensen’s inequality; (3.6.184) relies on (3.6.177); (3.6.185) uses the fact
that the marginal distributions of 7, are P®" and Q,, and (3.6.186)
relies on (3.6.167)—(3.6.169) and (3.6.180). Finally, using (3.6.167),
(3.6.172) and (3.6.181)—(3.6.186), we get (3.6.174).

The reader is referred to [190, Theorem 2] for a proof of the direct
part (achievability result) in (3.6.175). O

We are now ready to use Theorem 3.6.12 to answer the question
posed at the beginning of this section. Specifically, we consider the case
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when M = P. Defining the concentration exponent
Re(r; P) 2 R(r; P, P), (3.6.187)
we get the following result:

Corollary 3.6.13 (Converse concentration of measure). If A C X™ is
an arbitrary set, then

PE (AM) > exp (n Re(5; P)), (3.6.188)
where
5= %}E [dn (X7, AT ] (3.6.189)
Moreover, if the sequence of sets {.A(”) o 1 is such that, for some 6 > 0,
pen (Afﬁg)) — 1 as n — oo, then
liminf = In P (A > Re(6: P). (3.6.190)
n—o0o n

Remark 3.35. A moment of reflection shows that the concentration
exponent R.(d; P) is nonpositive. Indeed, from definitions,

R.(5; P)

= R(0; P, P)

= inf {I(X;Y) + E[ln P(Y)]: Px = P, E[d(X,Y)] < 6}

— inf {H(Y) = H(Y|X) +E[n P(Y)]: Px = P, E[d(X,Y)] < 6}
= jnf { = D(Py||P)— H(Y|X): Px = P, E[d(X,Y)] < 6}

= —sup {D(PyHP) +H(Y|X): Px = P, E[d(X,Y)] <6},

(3.6.191)

which proves the claim, since both the divergence and the (conditional)
entropy are nonnegative.

Remark 3.36. Using the achievability result (3.6.175), which appears
in [190, Theorem 2|, one can also prove that there exists a sequence of

sets {A™}22, such that

n=1»

lim P (AV)) =1, lim % In PO (AM) < Re(5; P). (3.6.192)

n—oo
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As an illustration, consider the case where X = {0,1} and d is
the Hamming distortion d(z,y) = 1y, Let ) = 1—p and
P(1) = p with p € [0,3], so P satisfies Ty

P
) with respect to
the Hamming metric d, and with ¢(p) defined i 4.7

(p
(3.4.74). By Proposi-
n ) on the product

2¢(p
space (X", d,). Consequently, it follows from (3.4.89) that for every
A C xm

n n 1 1 :
Pem(A)) > 1 - exp (—nso(p) (5 - \/W(p) In 5an (A(n))> )

N
/_\51\3

tion 3.8, the product measure P®" satisfies T1

(3.6.193)
provided that
1 1
o> 1 . 3.6.194
_Vw(p) o (3.6.194)
Thus, if a sequence of sets A™ C X", n e N, satisfies
o] n( Aln
liminf - In P (A™) > —p(p)s?, (3.6.195)
then
PEn(A)) 222 1, (3.6.196)

The converse result, Corollary 3.6.13, says that if a sequence of sets
A C X7 satisfies (3.6.196), then (3.6.190) holds. Let us compare the
concentration exponent R.(d; P), where P is the Bernoulli(p) measure,
with the exponent —@(p)d? on the right side of (3.6.195):

Theorem 3.6.14. If P is the Bernoulli(p) measure with p € [0, 1], then
the concentration exponent R.(d; P) satisfies

R(5:P) < o0~ (1-p)h (7). Voel0.1-p

I—p
(3.6.197)

and

R.(6; P) = Inp, Vée[l—np1] (3.6.198)
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where
h(z) = —zlnz — (1 —z)In(l —z), Vzel0,1]
is the binary entropy function to base e (with the convention that

0log0 = 0).

Proof. From (3.6.191) with the Hamming metric d(z,y) = Lzzyy for
z,y € {0,1}, we have

Re(6; P) = = sup {D(PYHP) +HY|X): Px=P,P(X #Y) < 5}.

(3.6.199)

For a given 6 € [0,1 — p|, let us choose Py so that ||Py — P|ty = 0.
Then, from (3.4.77),

D(Py||P) _  D(Py|P)

— 3.6.200
¥ B - PEy (3.6.200)
D@
> inf o) (3.6.201)
80— PiEy
= p(p). (3.6.202)

By the coupling representation of the total variation distance, we can
choose a joint distribution Pgy with marginals Py = P and Py = Py,
such that P(X # Y) = ||Py — P|lrv = 6. Moreover, using (3.4.65), it
can be verified that

Py %o = Bernoulli <1fp> , (3.6.203)
Py () = 61(9) = Lg=yy, (3.6.204)

which yields
H(V|X) = (1- p)HF|X =0) = (1 - p)h (ﬁp) . (3.6.205)

From (3.6.199), (3.6.202) and (3.6.205), we obtain
R.(0; P) < —=D(Pz||P) — H(Y|X) (3.6.206)

< —p(p)0? — (1 -p)h (ﬁp) . (3.6.207)
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To prove (3.6.198), it suffices to consider the case where 6 = 1 — p. If
we let Y be independent of X ~ P, then I(X;Y) = 0, so we have to
minimize Eqg[ln P(Y')] over all distributions @ of Y. But then

min Eg[ln P(Y)] = min InP(y) = min{Inp, In(1 —p)} = Inp,
Q ye{0,1}

. . 1
where the last equality holds since p < 3.

3.7 Summary

This chapter covers the essentials of the entropy method, an
information-theoretic technique to derive concentration inequalities for
functions of independent random variables. As its name suggests, the
entropy method revolves around the relative entropy (or information
divergence), which in turn can be related to the logarithmic moment-
generating function and its derivatives.

A key ingredient of the entropy method is temsorization, or the
use of a certain subadditivity property of the relative entropy in order
to break the original multi-dimensional problem up into more simple
one-dimensional problems. Tensorization is used in conjunction with
various inequalities relating the relative entropy to suitable energy-type
functionals defined on the space of functions for which one wishes to
establish concentration. These inequalities fall into two broad classes:
functional inequalities (typified by the logarithmic Sobolev inequalities)
and transportation-cost inequalities (such as Pinsker’s inequality). We
examined the several deep and remarkable information-theoretic ideas
that bridge these two classes of inequalities, and also exemplified their
applications to problems in coding and information theory.

At this stage, the relationship between information theory and the
study of measure concentration is heavily skewed towards the use of the
former as a tool for the latter. Moreover, applications of concentration
of measure inequalities to problems in information theory, coding and
communications are exemplified in Chapters 2 and 3. We hope that
the monograph may offer some inspiration for information and coding
theorists to deepen the ties between their discipline and the fascinating
realm of high-dimensional probability and concentration of measure.
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3.A Van Trees inequality

Consider the problem of estimating a random variable Y ~ Py based on
a noisy observation U = /sY + Z, where s > 0 is the SNR parameter,
while the additive noise Z ~ G is independent of Y. We assume that Py
has a differentiable, absolutely continuous density py with J(Y') < co.
Our goal is to prove the van Trees inequality (3.2.34) and to show that
equality in (3.2.34) holds if and only if Y is Gaussian. To this end, we
prove the following statement. Let ¢(U) be an arbitrary estimator of
Y where ¢(+) is a Borel-measurable real-valued function. Then,

1
s+ J(Y)
with equality if and only if Y has a standard normal distribution and

©(U) is the MMSE estimator of Y given U.
The strategy of the proof is simple. Define two random variables

E [(Y - ¢(U))2] > (3.A.1)

AUY) 2 oU) -, (3.A.2)

YY) 2 L oo U)oy o)

y=Y

= Lo [y - ey )

dy
y=Y
=Vs(U = /sY) +py(Y)
=\/sZ + py (Y) (3.A.3)

L

where py ()
below that

diy Inpy (y) for y € R is the score function. We show

E[A(U,Y)Y(U,Y)] = 1. (3.A.4)
Then, in view of (3.A.4), by applying the Cauchy—Schwarz inequality,

1 =FE}AU,Y)Y(U,Y)]

< E[A%(U,Y)] - E[T?(U,Y)]
[(p(U) = Y)’]-E[(VSZ + py (V)]
(p(U

=F -Y
=E[(e(U) = Y)*]- (s + J(Y)). (3.A.5)
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Upon rearranging, we obtain (3.A.1). We next prove (3.A.4). The fact
that J(Y) < oo implies that the density py is bounded (see [135,
Lemma A.1]). Using this and the rapid decay of the Gaussian density
~ at infinity, we have

/O:o i, [poiy (uly)py ()] dy

o0

=v(u — Vsy)py (y)

— 00

=0, (3.A.6)
and integration by parts gives

/_O:O y;y [pupy (uly)py (v)] dy

o0

— = Vapy )|~ [ poy ey )y

— 00

= —/_O:OpUW(UIy)py(y)dy

= —pu(u). (3.A.7)
Using (3.A.6) and (3.A.7), we get
E[A(U,Y)Y(U,Y)]

) tn [puy (uly)py ()] poy (uly)py () du dy

o0

[ =g
[.] O; di (o (uly)py (9)] dudy
/

st (/OO ddy [pupy (uly)py ()] dy) du

[e.e]

=0

[ vy o ey 0] dy )

=—pu(uv)

= /Oo pu(u)du =1,

—0o0
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which establishes the equality in (3.A.4). It remains to establish the
necessary and sufficient condition for equality in (3.A.1). The Cauchy—
Schwarz inequality for the product of A(U,Y) and Y(U,Y) holds if
and only if A(U,Y) = cY(U,Y) holds almost surely for some constant
¢ € R. In view of (3.A.2) and (3.A.3), the latter equality is equivalent
to

p(U) =Y +cv/s(U = V/sY) + cpy (Y)
=cy/sU + (1 — es)Y + cpy (V)

for some ¢ € R. In fact, ¢ must be nonzero, as otherwise we will have
¢(U) =Y, which is not a valid estimator. But then it must be the case
that (1 — ¢s)Y + cpy (Y) is independent of Y, i.e., there exists some
other constant ¢ € R, such that

/

g AR

[

Py (y)

~—

In other words, the score py (y) must be an affine function of y, which
is the case if and only if Y is a Gaussian random variable.

3.B The proof of Theorem 3.2.3

As a reminder, the LP” norm of a real-valued random variable U is
defined by ||U||, £ (E[|U|P])"/P for p > 1. It will be convenient to work
with the following equivalent form of the Rényi divergence in (3.2.48):
For every two random variables U and V such that Py < Py, we have

H dPU

P P
Do (Py || Pv) dPV

a>1. (3.B.1)

«

Let g denote the Radon—Nikodym derivative dP/dG. It is easy to show
that P, < G for all t, so the Radon-Nikodym derivative ¢g; £ dP, /dG
exists. Moreover, go = ¢ (recall that Py = P since, by the definition
of the random transformation in (3.2.43), OU(0) is a perfect channel
with Y = X at ¢ = 0). Also, let the function «a: [0,00) — [5,00) be
defined as a(t) = 1+ (8 — 1)e* for some 8 > 1. Let Z ~ G. Using
(3.B.1), it can be shown that the desired bound (3.2.53) is equivalent
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to the statement that the function F': [0,00) — R, given by

F(t) &£ n H(E(Z)

= 1 gu(2) 0 (3.B.2)
a(t)
is monotonically decreasing. From now on, we adhere to the following
notational convention: we use either dot or d/dt to denote derivatives
with respect to the “time” ¢, and the prime to denote derivatives with
respect to the “space” variable z. We start by computing the derivative
of F' with respect to t, which gives

P = 3 { s B [02)"]}

) S [(0(2)]

a(t) | {(gt(Z))a(t)}

(3.B.3)

E [(:(2))""] +

To handle the derivative with respect to ¢ in the second term in the right
side of (3.B.3), we need to delve a bit into the theory of the so-called
Ornstein—Uhlenbeck semigroup, which is an alternative representation
of the Ornstein—Uhlenbeck channel (3.2.43).

For every t > 0, define a linear operator K; acting on an arbitrary
sufficiently regular (e.g., L'(G)) function h as

Kih(z) 2E [h (e + V1= e2Z)] (3.B.4)

with Z ~ G. The family of linear operators {K;}$°, has the following
properties:

1. Ky is the identity operator, Koh = h for every h.

2. Consider the OU(¢) channel, for every t > 0, given by the random
transformation (3.2.43). For every measurable function F' such
that E|F(Y)| < oo with Y in (3.2.43), we can write

K,F(z) =E[F(Y)|X = =], VreR (3.B.5)
and

E[F(Y)] = E[K,F(X)]. (3.B.6)
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Note that (3.B.5) holds since by assumption X and Z in (3.2.43)
are independent random variables, and (3.B.6) holds by taking
expectation on both sides of (3.B.5).

. A particularly useful special case of the above is as follows. Let

X have distribution P with P < G, and let P; denote the output
distribution of the OU(¢) channel. Then, as we have noted before,
P, < G; the corresponding density g, = dP;/dG satisfies for all
t>0

gi(z) = Kig(). (3.B.7)

To prove (3.B.7), we can either use (3.B.5) and the fact that
gt(z) = E[g(Y)|X = z], or proceed directly from (3.2.43) to get

gt(z) = \/12? /Rg (eft:r + mz) exp (—%) dz
_E [g (e*tx + mz)} (3.B.8)

with Z ~ G.

. The family of operators { K;}7°,, forms a semigroup, i.e., for every

t1,ts > 0 we have

Kt1+t2 = Kt1 o Kt2 = Kt2 o Kt17 (3B9)
which is shorthand for saying that, for every sufficiently regular
function h,

Ky 1,h = K, (K h) = Ky (K, h). (3.B.10)

Eq. (3.B.9) follows from (3.B.5) and (3.B.6), and due to the fact
that the channel family {OU(t)}{2, is ordered by degradation as
in (3.2.45). For this reason, the family of linear operators { K;}72,
is referred to as the Ornstein—Uhlenbeck semigroup. Note that if

{Y;}22, is the Ornstein-Uhlenbeck process, then every function
F € L}(G) satisfies

K F(x) =E[F(Y:)|Yo = =, Vo eR.
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Two deeper results concerning the Ornstein—Uhlenbeck semigroup,
which will be needed, are as follows: let the second-order differential
operator L be defined as
Lh(x) & ' (z) — zh/(z) (3.B.11)
for all C? functions h: R — R. Then,
1. The Ornstein—Uhlenbeck flow {hi}$2,, where hy = Kih with a C?

initial condition hy = h, satisfies the partial differential equation
(PDE)

hi = Lhy. (3.B.12)
2. For Z ~ G and all C? functions ¢g,h: R — R, we have the
integration-by-parts formula
Elg(2)Lh(2)] = E[M(Z)Lg(2)] = ~E[g'(2)M'(Z)].  (3.B.13)
We provide the proofs of (3.B.12) and (3.B.13) in Appendix 3.C.
We are now ready to tackle the second term in (3.B.3). Noting that

the family of densities {g;}72, forms an Ornstein-Uhlenbeck flow with
initial condition gy = g, we have

CE [((2)™"]
=[5 {2}
= (0 & [0(2) " g 2)] + O E | (0(2)" " S 2)]
= (0) E[(0:(2)" ngu(2)
- at)E {(gt(Z-))a(t)_lﬁg (2)] (3.B.14)
= a(t) E[(9(2))"" ngu(2)]
~aE |((2(2)™"") 5i(2)] (3:B.15
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where we use (3.B.12) to get (3.B.14), and (3.B.13) to get (3.B.15).
(Referring back to (3.B.8), we see that the functions g, for all t > 0,
are C* due to the smoothing property of the Gaussian kernel, so all
interchanges of expectations and derivatives in the above display are
justified.) If we define the function ¢:(z) = (gt(z))a(t)/Q, then we can
rewrite (3.B.16) as

d a(t)

@Bl ] = E[6(2)mei (2)]

- =R [(¢1(2)7]. (3.B.17)

Using the definition of ¢; and substituting (3.B.17) into the right side
of (3.B.3), we get

(1) E[¢7 (2)] F(t) = &(t) (El67(2)me?(2)] - Elg}(2)|nE[¢7(2)])
—~ 4(a(t) - VE [(¢)(2))7]. (3.B.18)

If we now apply the Gaussian LSI (3.2.1) to ¢, then (3.B.18) yields
(1) B[o}(2)] () < 2(a(t) - 2(a(t) = D)E [(6/(2))°] . (3.B.19)

Since a(t) = 1+ (8 — 1)e? then &(t) — 2(a(t) — 1) = 0 for all ¢,
which implies that the right side of (3.B.19) is equal to zero. Moreover,
because a(t) > 0 and ¢?(Z) > 0 a.s. (note that ¢? > 0 if and only
if g¢ > 0, but the latter follows from (3.B.8) where g is a probability
density function), we conclude that F'(t) < 0. Hence, F' is monotonically
decreasing on [0,00), and from (3.B.2)

F(t) = “(35 L Do (PG, >0, (3.B.20)

F(0) = 5;1 Ds(P|C). (3.B.21)
Consequently, for every § > 1 and t > 0,

Doy (P|G) < <Z((2((£:3) Ds(P||G) (3B.22)
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where a(t) = 1+ (3 — 1)e? for all t > 0. Since the Rényi divergence is
monotonically increasing in its order (see, e.g., [143, Theorem 3]), the
left side of (3.B.22) is greater than or equal to D,(P||G) as soon as
a < a(t). By the same token, because the function u € (1,00) — -5
is strictly decreasing, the right side of (3.B.22) can be upper-bounded

by (ggﬁj;)Dﬁ(PHG) for all @ < «a(t). Putting all these facts together,
we conclude that the Gaussian LSI (3.2.1) implies (3.2.53).

We now show that (3.2.53) yields the LSI of Theorem 3.2.1. To that
end, we recall that (3.2.53) is equivalent to the right side of (3.B.18)
being less than or equal to zero for all ¢ > 0 and all 3 > 1. Let us

choose t = 0 and = 2, for which
a(0) =a(0) =2,  do=g.
Using this in (3.B.18) for ¢t = 0, we get

2(E [9(2)Ing*(2)] — Elg*(2)] nE[g*(2)]) — 4E [(¢'(2))*] <0

which is precisely the LSI (3.2.1) with E[g(Z)] = E¢ [%] = 1; recall,
however, that the LSI (3.2.1) is invariant to a scaling of the real-valued

function. This completes the proof of Theorem 3.2.3 (up to the proofs
of (3.B.12) and (3.B.13), which are relegated to Appendix 3.C).

3.C Details on the Ornstein—Uhlenbeck semigroup

This appendix proves the formulas (3.B.12) and (3.B.13), pertaining to
the Ornstein—Uhlenbeck semigroup. We start with (3.B.12). Recalling
that

hi(@) = Kih(z) = E[h (e 7'z + V1= e2Z)], (3.C.1)
we have
he(x) = %}E [h (e_ta: +v1-— e*QtZ)}

=—¢2E [h’ (e_tac +v1 - e—2tZ)}
—9t

+ ﬁ B[z (e VI—eBZ)]. (3.C2)
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For an arbitrary sufficiently smooth function A and every m, o € R,
E[ZKh (m + 0Z)] = oE[h (m + 0 Z)], (3.C.3)

which is proved straightforwardly using integration by parts, provided
x2
that lim; 100 €~ 2 B/(m + ox) = 0. Using (3.C.3) yields

E|ZK (e'z+ VI-eZ)]

= V1= 2B |1 (e ta+ V1 e2Z)]. (3.C.4)
Consequently, combining (3.C.2) and (3.C.4) yields

h(x) = —e~ta Kb/ (x) + e 2K b (x). (3.C.5)
On the other hand, from (3.B.11) and (3.C.1),
Lhi(z) = b (z) — zhi(x)
= e 2K [h" (e_t:c + \/1—76_%2)}
—ze 'R [h’ (e*tx + mZﬂ

= e K0 () — et Kb (2). (3.C.6)

Comparing (3.C.5) and (3.C.6), we get (3.B.12).

Proving the integration-by-parts formula (3.B.13) is more subtle,
and it relies on the fact that the Ornstein—-Uhlenbeck process {Y;}52
with Yy ~ G is stationary and reversible in the sense that, for every
¢t >0,

d
(Y, Vi) £ (Vi V2). (3.C.7)
To see this, let
1 (y —e ')’
Ole) 2 —— L (-l ="2" 508
POl) £ e ( = (3.C3)
be the transition density of the OU(t) channel. It is easy to show that

PO yle)y(@) =pPD(@ly)v(y), Va,yeR (3.C.9)
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(recall that v denotes the standard Gaussian pdf). For Z ~ G and
every two smooth functions g, h, this implies that

Elg(Z)Kih(Z)] = E[g(Yo) Kih(Y0)] (3.C.10)
= E[g(Yo)E[A(Y2)[Y0]] (3.C.11)
= E[g(Y0)h(Y?)] (3.C.12)
= E[g(Y;)h(Y0)] (3.C.13)
= E[K:g(Y0)h(Y0)] (3.C.14)
= E[Kig(Z)h(Z)], (3.C.15)

where (3.C.10) and (3.C.15) are due to the assumption that Yy ~ G
and Z ~ G; (3.C.11) and (3.C.14) rely on (3.B.5); (3.C.12) relies on
the tower principle for the conditional expectation; (3.C.13) holds due
to the reversibility property of the Ornstein—Uhlenbeck process with
Yo ~ G (see (3.C.7)). Taking the derivative with respect to ¢ of the
left side in (3.C.10) and the right side in (3.C.15), we conclude from
(3.B.12) that

Elg(Z)Lh(Z)] = E[Lg(Z)h(Z)]. (3.C.16)

In particular, since £1 = 0 (where on the left side 1 denotes the constant
function = — 1), we have

E[Lg(Z)] = E[1Lg(Z)] = E[g(Z)£1] = 0 (3.C.17)

for all smooth g.
We are now ready to prove (3.B.13). To that end, let us first define
the operator I' on pairs of functions g, h by

I'(g,h) = 1[L(gh) — gLh — hLg]. (3.C.18)
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Now, for the specific definition of £ in (3.B.11), we have
D(g, h)(z) = 3[(gh)"(x) — 2(gh)'(x) — g(x) (W (z) — =}/(x))
— h(z)(g"(2) — 24/ (x))]
= 3]9"@h(@) + 29 (@) (z) + g(2)1" (x)
— 2/ (¥)h(z) — zg()l'(z) - g(x)1" (x)
+ 2g(@)l (2) - " (@)h(z) + 2¢ (2)h(=))]
=¢'(z)h'(z), (3.C.19)

or, more succinctly, I'(g, h) = ¢g’h/. Therefore,

Elg(Z)Lh(Z)] = 3{Elg(2)Lh(Z)] + B[W(Z)Lg(Z)]}  (3.C.20)
= 1E[L(gh)(2)] - E[[(g, h)(2)] (3.C.21)
= —El¢(2)(2)), (3.C.22)

where (3.C.20) uses (3.C.16); (3.C.21) uses the definition (3.C.18) of T,
and (3.C.22) uses (3.C.19) together with (3.C.17). This proves (3.B.13).

Remark 3.37. If we consider the Hilbert space L?(G) of all functions
g: R — R such that E[g?(Z)] < oo with Z ~ G, then (3.C.16) expresses
the fact that £ is a self-adjoint linear operator on this space. Moreover,
(3.C.17) shows that the constant functions are in the kernel of £ (the
closed linear subspace of L?(G) consisting of all g with £g = 0).

Remark 3.38. The operator in the left side of (3.C.18) was introduced
into the study of Markov processes by Paul Meyer under the name
“carré du champ” (French for “square of the field”). In general, £ in
the right side of (3.C.18) can be an arbitrary linear operator that serves
as an infinitesimal generator of a Markov semigroup. Intuitively, I' in
the left side of (3.C.18) measures how far a given L is from being a
derivation, where we say that an operator £ acting on a function space
is a derivation (or that it satisfies the Leibniz rule) if, for every g, h in
its domain,

L(gh) = gLh+ hLg. (3.C.23)
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An example of a derivation is the first-order linear differential opera-
tor Lg = ¢/, for which the Leibniz rule is simply the product rule of
differential calculus.

3.D LSI for Bernoulli and Gaussian measures
The following LSI was derived by Gross [44]:

Entp[¢?] < (9(0)_29(1))2. (3.D.1)

We will now show that (3.3.37) can be derived from (3.D.1). Let us
define f by ef = ¢?, where we may assume without loss of generality
that 0 < g(0) < g(1). Note that

(9(0) — g(1))* = (exp (£(0)/2) — exp (£(1)/2))?
Lexp (£(0)) + exp (£(1))] (£(0) — f(1))?
= 1Ep [exp(f)(Tf)?] (3.D.2)

with T'f = |f(0) — f(1)], where (3.D.2) follows from the inequality

(1—2)? < 3(1+2?)(Inz)? for all z > 0, which is applied to z £ %.

IN

Consequently, we have

Entplexp(f)]

DPPIP) =5 )] (&0
= Erienn ] D)
SM (3.D.5)
SEhen 0
=1 [(rf)?] (3.D.7)

where (3.D.3) follows from (3.3.6); (3.D.4) holds due to the equality
e/ = ¢2; (3.D.5) holds due to (3.D.1); (3.D.6) follows from (3.D.2), and
(3.D.7) holds by the definition of the expectation with respect to the
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tilted probability measure Pf). Therefore, we conclude that (3.D.1)
implies (3.3.37).

Gross used (3.D.1) and the central limit theorem (CLT) to establish
his Gaussian LSI (see Theorem 3.2.1). We can follow the same steps
and arrive at (3.2.13) from (3.3.37). To that end, let g: R — R be a
sufficiently smooth function (to guarantee, at least, that both gexp(g)
and the derivative of g are continuous and bounded), and define the
function f: {0,1}" — R by

. —n/2
n/4
If Xy,...,X, are i.i.d. Bernoulli(1/2) random variables, then, by the
CLT, the sequence of probability measures { Pz, }°°; with
Xi+...+X,—n/2
n/4
converges weakly to the standard Gaussian distribution G as n — oo:

Pz = G. By the assumed smoothness properties of g we therefore
have (see (3.3.4) and (3.3.6))

E [exp (f(X™)] - D(P{||Pxn)

=E [f(X")exp (f(X"))] — Elexp (f(X™))] InE[exp (f(X"))]

=E [9(Zy) exp (9(Zn))] — Elexp (9(Z5))] InE[exp (9(Zn))]

RSN (9(Z)exp (9(Z))] — Elexp (9(2))] InElexp (9(Z))]

= E [exp (9(2))] D(PY|| Pz) (3.D.10)

Zy & (3.D.9)

where Z ~ (G is a standard Gaussian random variable. Moreover, using
the definition (3.3.36) of I" and the smoothness of g, it follows that for
every i € {1,...,n} and 2™ € {0,1}"
|F(" & er) — fa")”
2
<x1+...+xn—n/2 (—l)zi>_g<x1+...—|—xn—n/2>

n/4 * n/4 n/4

A4 (mttm—n2\\ (1
n(g( n/4 )) + <n), (3.D.11)

<
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which implies that

TP =3 (@ @) — Fa™)?
i=1
:4<g <x1+ \/%”/2» +o(1).  (3.D.12)
Consequently,

Efexp (f(X™)]-EV) [(TF(X™)]
= E [exp (f(X")) (DF(X™))’]
= 4E [exp (9(Zn) ((9'(Z0)* +0(1))]
12 4R [exp (9(2)) (6(2))°)]
= 4E [exp (9(2))] - EE) [(4'(2))°] (3.D.13)

Taking the limit of both sides of (3.3.37) as n — oo and then using
(3.D.10) and (3.D.13), we obtain

D(PY||P2) < 3EE) [(9(2))7], (3.D.14)

which is (3.2.13). The same technique applies to an asymmetric
Bernoulli measure: given a sufficiently smooth function g: R — R,
define f: {0,1}" — R by

f(:c”)ég<x1+"'+w"_"p>, (3.D.15)

v pq

and then apply (3.3.41) to it.

3.E Generalization of Fano’s inequality for list decoding

The following generalization of Fano’s inequality for list decoding has
been used in the proof of Theorem 3.6.4: Let X and Y be finite sets, and
let (X,Y) € X x )Y be a pair of jointly distributed random variables.
Consider an arbitrary mapping £: Y — 2% which maps every y €
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to a set L(y) C X, such that [L(Y)| < N a.s.. Let P, =P (X ¢ L(Y))
designate the list decoding error. Then

H(X|Y)<h(P)+ (1 —P.)InN + P,In |X]| (3.E.1)

(see, e.g., [182] or [191, Lemma 1]). For proving (3.E.1), define the
indicator random variable E £ lixgr(y)y- Then we can expand the
conditional entropy H(E, X|Y) in two ways as

H(E,X|Y)=H(E]Y)+ H(X|E,Y) (3.E.2a)
= H(X|Y) + H(E|X,Y). (3.E.2b)
Since X and Y uniquely determine E (for a given mapping L), the

quantity on the right side of (3.E.2b) is equal to H(X]|Y). On the
other hand, we can upper-bound the right side of (3.E.2a) as

H(E|Y) + H(X|E,Y) < H(E) + H(X|E,Y) (3.E.3)
<h(P)+(1—P)InN+ P.In|X|, (3.E4)

where we have bounded the conditional entropy H(X|E,Y) in (3.E.3)
as follows:

H(X|E,Y)
=Y P(E=0,Y =y HX|E=0,Y =y)
yey
+> P(E=1Y =y)HX|E=1Y =y) (3.E.5)
yey
<Y {PE=0Y =y HX|E=0,Y =y)} + P.ln|X| (3.E6)
yey
=(1-P) > {P(Y =y[E=0)H(X|E=0,Y =y)}
yey
+ Peln|X| (3.E.7)
<(1—P)E[In|L(Y)||E =0] 4+ P.In|X]| (3.E.8)
<(1-P)InN + P, In|X]|, (3.E.9)

where (3.E.6) and (3.E.8) rely on the standard log-cardinality bound
on the entropy; (3.E.8) uses the fact that, given E=0and Y =y, X



3.F. Details for the derivation of (3.6.102) 241

is supported on the set £(y). Since
H(X|Y) = H(E|Y) + H(X|E,Y) < H(E) + H(X|E,Y), (3.E.10)
we get (3.E.1).

Remark 3.39. If instead of assuming that £(Y) is bounded a.s. we
assume that it is bounded in expectation, i.e., if E[ln|L(Y)|] < oo,
then we can obtain a weaker inequality

H(X|Y) < E[In|£(Y)] + h(P.) + Peln | X]. (3.E.11)

To get this, we follow the same steps as before, except (3.E.9) in the
above series of bounds on H(X|E,Y) is replaced by

(1-P)E[n|L(Y)||E = 0]
<(1-P)E[In|L(Y)||E=0]+FPE[In|L(Y)||E=1] (3.E.12)
=E[In|L(Y)]] (3.E.13)

(we assume, of course, that L£(y) is a nonempty set for all y € V).

3.F Details for the derivation of (3.6.102)

Let X™ ~ Pxn» and Y™ € Y" be the input and output sequences of
a DMC with transition matrix T: X — ), where the DMC is used
without feedback. In other words, (X™,Y") € A" x V" with X" ~ Pxn
and

n
Pynixn(y"2™) = [ Pyix (vilz),
i=1

Vy" e Y, Va" € X" s.t. Pxn(z") > 0.
Since the channel is memoryless and there is no feedback, the i-th

output symbol ¥; € ) depends only on the i-th input symbol X; € X
and not on the rest of the input symbols X . Hence, Y — X; — Y; is

a Markov chain for every i € {1,...,n}, so we can write
Py g @ld') = 3 Pripx, (yl2) Py o ([77) (3.F.1)
reX
= 2 Prix(yl2) Py g (al7') (3.F.2)

reX
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for all y € Y and 7' € Y"1 such that Poi (7') > 0. Therefore, for every
v,y € Y, we have

v,v \Y 1Y vex Ly X WI2) 7 (Z1Y
—in Prixylz)
Yacx Prix(y'2) Py i (z[7") %

. (3.F.4)

=1n

ZmeX PY|X(y,‘$)PXi|?i (x|yz)

where in the last line we have used the fact that Py x(-[-) > 0. This
shows that we can express the left side of (3.F.3) as the logarithm of

expectation of %% with respect to the (conditional) probability
measure
Qalgsy) — XY 0l Vecx. (3F5)
x|y, y') = : — reX. F.
DX PY|X(y/|x)PXi‘7i (z|y")
Therefore,
P, o (y[7") P x
Py y[y) — eex Pyix(y'fa)
Interchanging the roles of y and 3/, we get
P, (7 Py x(y'
YilY < maxIn M (3.F.7)

Pmyi (ylg') — =ex  Pyix(ylz)’

Combining (3.F.6) and (3.F.7) with the definition in (3.6.98), it follows
that for all y,9// € Y

P, i (yl7') P

n Lﬂ < max max |In M =3¢(T).  (3F8)
PYi\?i (v'[7") z€X yy' €Y PY\X(?J |2)

Similarly, we have
PO (yl7)
- P
% < max max |In M = %c(T% (3.F.9)
pl L‘(y/@z) eeX yyey | Pyix(y|z)
VY

since both left sides of (3.F.8) and (3.F.9) refer to the same conditional
probability distribution Py|x. Combining (3.F.8) and (3.F.9) yields
(3.6.102).
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