Probability tools, tricks, and
miracles

Version: 22 June 2026

Dedicated in gratitude to John Hartigan—my
friend, colleague, and mentor.

©David Pollard (http://www.stat.yale.edu/~pollard/)



Contents

1 What and why

1.1
1.2
1.3

How I chose material for this book
Naming and notation
The Chapters

2 It’s just Calculus and convexity

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

Introduction

Polynomial approximations

Convexity of the log MGF

Conjugate convex functions
Approximation of factorials

Distances between probability measures
Bounding sums by integrals

Problems

Notes

3 The moment generating function method

3.1
*3.2
3.3
*3.4
3.5
3.6
3.7
3.8
3.9
3.10

Tail bounds from the moment generating function
Behavior of the tail bound near the origin
Normal

Global behavior of the normal hazard rate
Poisson

Gamma and chi-squared

Binomial

Sampling and the hypergeometric

Problems

Notes

4 Poisson-Binomial

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10

The extreme Binomial

The PGF of the Poisson-Binomial
Polynomials with real roots

Sampling and the Poisson-Binomial
Mode(s) of the Binomial

Mode(s) of the Poisson-Binomial

Binomial tails versus Poisson-Binomial tails
The median of the Poisson-Binomial
Problems

Notes

o S

10

16
16
16
19
21
23
29
30
30
35

38
38
40
42
47
53
55
58
61
64
69

75
75
7
7
80
83
84
88
93
93
95



5 Orlicz spaces

5.1
5.2
5.3
5.4
5.5
*5.6
5.7
5.8

What is an ORLICZ space?

Facts about ORLICZ functions

ORLICZ functions that grow exponentially fast
Norms of maxima of finitely many variables
Conjugacy and the YOUNG inequality
Comparison of £P and LY

Problems

Notes

6 Multivariate normal

6.1

6.2
6.3

*6.4
6.5
*6.6
6.7
6.8
6.9

Introduction

6.1.1 Subgaussian concentration . . .. ... ...
6.1.2 Comparison inequalities . . . . . . ... ...

The path method
Concentration of LIPSCHITZ functionals

6.3.1 The PISIER-MAUREY method . .. . ... ..
6.3.2 The smart path method . . . . . . ... ...
6.3.3 The stochastic calculus method . . . . . . ..

The gaussian isoperimetric inequality
Tail bound comparisons

An application of the GORDON inequality
A generalized FERNIQUE inequality
Problems

Notes

7 Subgaussian distributions

7.1
7.2
7.3
7.4
7.5
7.6
7.7

Definition of subgaussian

Characterizations of subgaussianity

The HOEFFDING inequality for independent summands
From independence to martingales

A cautionary example

Problems

Notes

8 Between subgaussian and subexponential

8.1
8.2
8.3
*8.4
8.5
8.6

A BENNETT inequality for independent summands
Quadratics in independent subgaussians

A BENNETT inequality for martingales
Concentration of random polynomials

Problems

Notes

99

99
101
105
107
109
113
116
119

157
157
159
161
163
169
170
172

174
174
176
179
182
190
195



9 Measurability woes

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
9.10

The difficulty

Convergence in distribution, traditional style
Stochastic processes as random functions
Essential supremum and infimum

Upper/lower integrals and measurable cover functions
DooB-separability: reduction to countable collections
Convergence in distribution without BOREL measurability
An oscillation condition for convergence in distribution

Problems
Notes

10 Chaining

10.1 Maximal inequalities

10.2  What is chaining?

10.3 Chaining frameworks

10.4 Covering and packing numbers

10.5 A reminder about ORLICZ norms

10.6 Chaining with packing numbers

10.7 Oscillation and continuity of sample paths
*10.8 An example of a classical chaining argument

10.9 Problems

10.10 Notes

11 Majorizing measures and partitions

11.1
11.2
11.3
*11.4
11.5
*11.6
11.7
*11.8
11.9

Overview

Partitions, nested and not nested

Small facts about majorizing measures

Majorizing measures as smoothers

Partitions with weights

From majorizing measures to weighted frameworks
Talagrand and admissible partitions

From majorizing measures to admissible partitions
An illuminating example

11.10 A comparison of chaining methods
11.11 Problems
11.12 Notes

12 Majorizing measures for gaussian processes

12.1
12.2
*12.3
*12.4
12.5
12.6

Introduction

From functional to nested partitions with weights
Uniformly continuous gaussian sample paths
From functional to admissible partitions

Beyond gaussian

Problems

198
198
200
202
205
206
208
210
214
218
220

223
223
224
227
230
232
234
238
240
241
243

248
248
250
252
254
257
259
263
266
270
273
274
277

280
280
282
286
287
293
293



12.7 Notes

13 Symmetrization

13.1 Symmetry?

13.2  Symmetrization for general stochastic processes

13.3 Empirical processes?

13.4 Maximal inequalities for empirical processes: norm-like

13.5 Maximal inequalities for empirical processes: tail-probabilty
13.6  Oscillation control for an empirical process

13.7 Problems

13.8 Notes

14 VC Sets
14.1 An introductory example
14.2 VC-dimension, shatter-dimension
*14.3 Proof of the Shatter Theorem
*14.4 Subsets of a discrete hypercube as graphs
*14.5 Haussler’s improvement of the packing bound
14.6 Problems
14.7 Notes

15 Fat shattering/surrounding
15.1 Signed-sum processes
15.2  Surround dimension
15.3 Fattening up the concept of surround dimension
15.4 Lattice cubes surrounded by well separated vectors
15.5 Packing for subsets of [0, 1]”
15.6  Weak /9 spaces
15.7 Packing for subsets of an £9 ball
*15.8 Chaining bounds via surround dimension
15.9 Problems
15.10 Notes

16 Concentration via Talagrand’s inductive method
16.1 Introduction
16.2 How to apply the convex-hull Theorem
*16.3 Measurability woes
16.4 Proof of the convex hull Theorem
16.5 Problems
16.6 Notes

Index

294

296
296
304
306
308
311
312
318
320

324
324
327
333
336
339
343
345

348
348
349
353
354
358
359
361
363
365
370

375
375
378
382
385
387
389

393



1.1

Chapter 1
What and why

How I chose material for this book

Once upon a time I decided to update the empirical process material in
my books Pollard (1984) and Pollard (1990), with the help of some of the
probability theory contained in uGMTP=Pollard (2001). I was aiming to
create a brief document that would be useful to anyone who wanted to
understand empirical process theory, including the improvements made in
the last thirty or so years.

Remark. Actually much of the material in UGMTP was originally in-
tended to be part of an overly ambitious project called “Asymptopia”,
which covered much of the material that ended up in Pttm, the book
you are now reading.

As the years went by I slowly realized that I had no hope of covering
all the new material. I also realized that many of the ideas that I had
first encountered in an empirical process context were actually useful more
broadly. That made me rethink my goal: T would try for a book that could
be helpful to anyone wanting to understand some of the most important
ideas without needing to study all the intimidatingly large literature—
essentially the position I found myself in nearly fifty years ago.

It seemed to me that such a book should include a lot of motivating
material and heuristics. It should also contain some explanation for how
complicated mathematical ideas can develop from much simpler precur-
sors. Even though some experts might regard those precursors as mere
special cases of powerful modern theories, I think that some knowledge of
the history of an idea can help us to understand current theory. Such un-
derstanding becomes particularly useful when modern theory needs to be
slightly modified to handle problems that don’t quite satisfy the modern
assumptions. Impatient readers can always just skip over those Sections
of the book (or the numerous Remarks and the Notes at the end of each
Chapter) that discuss material sometimes regarded as obsolete.

The first part of the book (Chapters 2 through 5) deals with some ba-
sic inequalities and well-known Calculus and convexity tricks. (I say well-
known even though it sometimes took many years before I learned about
them.) Here I am thinking of a trick as a clever idea for solving a particu-
lar problem, perhaps by repurposing an old idea from some apparently un-
related area. If tricks turn out to be more generally useful they sometimes
become standard tools that anyone interested in an area should know.
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Think of Calculus, for example, which started in the 17th century as an
area of active research by the leading mathematical minds of the day then
eventually became a subject taught even to secondary school students.

Some particularly clever tricks were initially so surprising and unex-
pected that they were regarded as minor miracles. Two examples come
to mind: Charles Stein’s method for normal approximation (touched on
in §3.4); and Fernique’s conjecture (Chapter 11) that existence of a ma-
jorizing measure was both sufficient and necessary for a centered gaussian
process to have bounded sample paths, an idea vigorously developed and
extended by Michel Talagrand. Maybe those miracles will one day be re-
garded as standard probability tools.

I strongly believe in the value of seeing how an idea can develop from
an initial brilliant insight (a ‘miracle’) to a ‘trick’ (a method known to,
and often developed by, a few experts) to a ‘tool’ (a method that is well
understood and can be applied in settings, even those unsuspected by its
inventors). Indeed, one of the great pleasures in my research life has been
the progression from first wondering how anyone could have such a clever
idea to the final realization that everything depended on only a few stun-
ning insights. I decided it was worthwhile to share these pleasures with
my intended audience. That means you will encounter many digressions
exposing a lot of my stumblings and misconceptions along my path to a
better understanding.

Chapters 6 through 8 contain results about a few general families of
distributions: multivariate normal (a source of some amazing results in the
past half century); the subgaussian (whose tails decrease like exp(—cxz?),
for some ¢ > 0, as ¢ — 00); and the subexponential (whose tails start
out like subgaussians but become more like exp(—cz) further out). A sur-
prising amount of modern asymptotic theory relies heavily on facts about
these families.

Chapter 9 describes some classical ways to overcome the sorts of mea-
surabilty difficulties that greatly complicated the early empirical process
literature.

Chapters 10 through 15 focus on results more obviously related to the
empirical process theory of the late twentieth century.

While writing the book my views on what sort of theory is most valu-
able changed a lot. I went from an enthusiastic developer of limit theory
to an equally enthusiastic student of the inequalities that usually underlie
the limit theorems. To me it now seems strange to assume that the limits
described by those theorems automatically provide reasonable approxima-
tions for finite samples, even when the theorems give no information about
the point at which we get suitably close to the limit.

My decision to devote most attention to underlying ideas meant that
I had to omit many beautiful theorems and skip over many applications,
giving instead only a few pointers to relevant literature in the copious
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Chapter Notes. I hope those Notes will help the interested reader to lo-
cate some of the missing ideas. I also hope that they will make obvious
how much is borrowed from other authors. In particular, I have tried to
dig into many of the early sources in order to understand how some fancy
modern ideas evolved from simple beginnings.

Naming and notation

The most obvious surprise for some readers will be my use of the de Finetti
notation, whereby sets are identified with their indicator functions and
integrals are treated as linear functionals, a la Bourbaki. In particular,

the expectation of a random variable becomes PX instead of the tradi-
tional EX. See uGMTP Chapters 1 and 2 for my attempt to explain why
this approach is far superior to using a notation inherited from a time
before probabilities became identified as measures. I like to compare the
older notation to an exercise in long multiplication carried out using Ro-
man numerals.

Concepts named after humans

Many significant results are routinely attributed to the wrong author. For
example, according to Dudley (2003):

(i) (page 381) “Jensen’s inequality” was first proved for R, if X is a
simple function and f has a first derivative everywhere, by Holder (1889)

(ii) (page 182) Cauchy (1821, p. 373) proved inequality 5.1.4 for finite
sums, in other words where p is counting measure on a finite set.
Bunyakovsky (1859) proved it for Riemann integrals. H. A. Schwarz
(1885, p. 351) rediscovered it much later. The inequality was com-
monly known as the “Schwarz inequality” or, more recently, as the
“Cauchy-Schwarz” inequality.

(iii) (page 182) Holder (1889) made clear that he was indebted to a pa-
per of L. J. Rogers (1888)

And from Dudley (2014, p. 445):

(iv) W. H. Young (1912) proved his inequality (...) for smooth func-
tions ®. Birnbaum and Orlicz (1931) apparently began the theory of
“Orlicz spaces,” and Luxemburg (1955) defined the norms ||-||4; see
Luxemburg and Zaanen (1956). Krasnosel’skii and Rutitskii (1961)
wrote a book on the topic.

The list goes on. Why not replace gaussian by demoivrian? (cf. Stigler,
1986, pp.70-77 for the history) Why not refer to Kolmogorov’s extension
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theorem as the Daniell-Kolmogov extension theorem (Daniell, 1919, Kol-
mogorov, 1933)7 Why not the Cauchy-Bunyakovsky-Schwarz inequality?
Why not the “Blackwell-Stein-Sherman-Cartier-Meyer-Strassen” theorem?
(Compare with historical remarks by Strassen, 1965, p423.) Eventually I
resisted the urge to meddle with names and settled for JENSEN, CAUCHY-
SCHWARZ, HOLDER and gaussian.

Remark. If gaussian and euclidean instead of Gaussian and Euclidean
shock you, you will be horrified by the International System of Units,
which works with ampere, hertz, joule, kelvin, newton, and tesla.

Product space constructions

Often we deal with a large collection of random objects, all defined on a
single problem space (€2, F,P). Usually the choice of Q is far less impor-
tant than the joint distributions of the objects, although sometimes it
helps to specify it as a particular product space. Sometimes we are also
interested in the conditional distributions of the objects, which can lead
to subtle measurability difficulties if the objects take values in exotic sets
like RT with T" uncountably infinite. However, for product measures the
conditioning often reduces to a FUBINI exercise. For these reasons I will
sometimes (especially in Chapter 13) replace a generic (2, F, P) by partic-
ular product spaces.

If J is a finite set of size n then it can be identified with another finite
set, [n]] := {k € Z: 1 < k < n}. More explicitly, there exists a bijection
1 between J and [[n]], in which case J = {¢(1),...,9%(n)} or {j1,...,Jn}
if (i) = j;. It seldom matters which bijection we use. However, there
are some situations where the bijections just get in the way. For exam-
ple, Kolmogorov’s extension theorem for RT involves a big collection of
finite dimensional distribution {P; : J a finite, non-empty subset of 7'}.
With bijections, Py becomes P, ;. if |J| = n. But we could also write
it as Py (j,),... 0(j.) With o a permutation map. That leads to a requirement
that the relationship between Pj, ;. and P, ;) . ,(;,) be spelled out, be-
coming a totally superfluous assumption in a theorem. To see the effect,
compare the Kolmogorov (1933, §11.3) (or Billingsley, 1968, §36) statement
of the theorem with Dudley (2003, Thm 12.1.2). For similar reasons I re-
gard R" as shorthand for RI"J.

For an explanation of other strange symbols, consult the table of “Sym-
bols and acronyms” at the start of the Index.

Mea culpa

Finally, let me explain my slightly erratic use of grammatical tense. When
writing material discussing heuristics or proofs I usually slipped into teach-
ing mode: “the next Theorem will show that ...” and “Section 3 explained
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the need for ...”. However, I treated Problems and summaries of Chap-
ters as historical objects: “Problem 5 shows why ...”. References to UGMTP
(my 20001 Probability book) usually appear in present tense. I am sure
you will find many examples where I violated these conventions.

The Chapters

Here is a more detailed description of the next 14 Chapters.

Chapter 2: It’s just calculus and convexity

Introduces some basic mathematical tools. Amongst my favorites are the
painless method for proving facts such as: the function z + (e* —1—1x) /2>
is stricting increasing and convex over the whole real line. This approach
replaces some gruesome brute force arguments that appeared in the litera-
ture. Equally clean is the “exponential tilting” argument for proving that
the logarithm of a moment generating is a convex function, a result that
turns out to be lurking behind many seemingly unrelated results in the
literature.

The conjugate of a convex function is defined in §2.4. This concept
turned out to be more important than I had initially expected.

The gamma function and n! are discussed in §2.5.

Chapter 3: The moment generating function method

For every random variable X with MGF Mx()\) := Pe and every posi-
tive ), the pointwise inequality {X > z} < eMX~?) integrates to give the
tail bound

P{X >z} <infysge MMy (X) = exp (infyso log Mx (\) — Az),

a bound that fits neatly with the general idea of a convex conjugate of the
convex function log Mx ().

Tail probability bounds are worked out by this method for several well
known distributions: normal, POISSON, GAMMA, and BINOMIAL. The re-
sulting inequalities represent the prototypes for a host of tail bounds from
the literature derived by first establishing upper bounds for a MGF.

More surprisingly, convexity arguments show that the tail probabili-
ties for POISSON-BINOMIAL and the HYPERGEOMETRIC distributions are
smaller than the MGF bound for BINOMIAL tail probabilities.

Chapter 4: Poisson-Binomial

This Chapter was inspired by a handful of suggestive facts: the median of
BIN(n,p) lies in the range np + 1; tail bounds for independent sampling
from Py,..., P, are often smaller than corresponding bounds for sampling
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from P := (P, +---+ P,)/n and, in particular, P{Y > k} < P{W > k} for
EeNowithp+1<k<nifY ~ PBIN(p1,...,pn) with ). p; = p and
W ~ BIN(n, u/n); the HYPERGEOMETRIC distribution is actually a special
case of the POISSON-BINOMIAL. The method of proof uses an extension of
a trick invented by Chebyshev.

Chapter 5: Orlicz spaces

The ORLICZ norms generalize the familar £P norms. They provide a con-
venient way to control increments of stochastic processes, with the gaus-
sian case the leading example. They offer a particularly simple way to
control maxima of finite sets of random variables, which will be helpful for
the chaining arguments in Chapters 10 through 12. Conjugacy arguments
give an inequality, due to W. H. Young, that generalizes the HOLDER in-
equality.

Chapter 6: Multivariate normal

Many beautiful results arose as generalizations of facts about the MVN.
Using the path method, this Chapter develops some theory, including the
amazing fact that if X ~ N(u,V) then the distribution of f(X), for a
LIPSCHITZ function f, concentrates near Pf(X). The same method leads
to several most useful inequalities (due to Slepian, Gordon, and Fernique)
that reduce comparisons of tail bounds for N(0,V;) and N (0, V2) to sim-
pler comparisons between V; and V5.

Chapter 7: Subgaussian distributions

As shown in Chapter 3, if X ~ N(0,1) then P{X > r} decreases faster
than exp(—r2/2) as 7 — oco. This rate of decrease is shared by a large
family of other distributions. The main results are two such exponen-
tial tail bounds due to Hoeffding, for sums of independent bounded ran-
dom variables and for martingales. The so-called bounded difference
inequalities, which have proved most useful for treating combinatorial
problems, are derived from the martingale HOEFFDING inequality.

Chapter 8: Between subgaussian and subexponential

The BENNETT inequalities (both for independent summands and for mar-
tingales) sharpen subgaussian inequalities by making better use of vari-
ances, or upper bounds on variances. These tail bounds are slightly sharper
than the SUBGAMMA tail bounds from §3.6 and the generalization of the
HANSON-WRIGHT equality in §8.2, which also makes use of a very clever
decoupling trick that really surprised me. The final Section of the Chapter
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tries (with only partial success) to apply the martingale BENNETT inequal-
ity to aid in the proof of the KIM-VU concentration inequality for random
polynomials.

Chapter 9: Measurability woes

Stochastic processes with uncountably infinite index sets create measure-
theoretic difficulties. Several strategies—such as DOOB-separabilty and
the introduction of upper and lower integrals—have been developed to
work around those difficulties. These techniques are illustrated by means
of necessary and sufficient conditions for “convergence in distribution” for
sequences of stochastic processes that don’t have “distributions” in the
traditional sense.

Chapter 10: Chaining

The method known as “chaining” seems to have a reputation as an ab-
struse and complicated idea. This Chapter attempts to persuade you that
it really is quite simple once some of the tricks are explained. Covering-
and packing-numbers make their first appearance. The highpoint of the
Chapter is the proof (in less than a page) of a quite robust sufficient con-
dition for a stochastic process to have uniformly continuous sample paths.

Chapter 11: Chaining via partitions

The Chapter starts by describing majorizing measures (MM’s), whose ex-
istence Xavier Fernique conjectured to be necessary for a gaussian pro-
cess to have bounded sample paths. It then explains some of the history of
MM’s from an initial role as a smoothers of sample paths, through its role
in attaching weights to the edges of the tree in a chaining framework, to
its equivalence with Michel Talagrand’s concept of admissible partitions.
The Chapter ends with a variation on a classical example that nicely il-
lustrates the subtle differences between what can be achieved by cover-
ing/packing methods and what can be achieved by MM /admissible parti-
tion methods.

Chapter 12: Majorizing measures for gaussian processes

Talagrand proved Fernique’s conjecture about gaussian processes and the
existence of majorizing measures. His initial proofs were very deep and
difficult. Then he came up with a simpler approach that showed bounded
gaussian sample paths implied existence of weighted chaining frameworks
that were equivalent to existence of majorizing measures. This Chapter
describes some of my efforts to understand just a tiny fraction of Tala-
grand’s ideas.
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Chapter 13: Symmetrization

The word “symmetrization” usually refers to a method for making some
object more symmetrical. This Chapter tries first to argue that symme-
try is not the real reason for the idea’s usefulness. Then it picks out some
highlights in the development of symmetrization as a general tool. (The
earliest example cited involves R. A. Fisher’s work on experimental design
in the 1930’s.) Then it describes how symmetrization became an impor-
tant tool in empirical process theory before evolving into several methods
that produce maximal inequalities for sums of independent stochastic pro-
cesses.

Chapter 14: VC sets

This Chapter introduces the concept of a vc-class of sets, named in honor
of Vapnik & Cervonenkis. It starts with the concrete example of closed
half-spaces, in R? where elementary methods suffice. Dudley’s bound on
packing numbers for ve-classes is proved. The idea is then generalized to a
concept of shatter-dimension spmv(X) for subsets X of {0,1}". The Shatter
Theorem, which provides a polynomial bound (of degree equal to spmm(X))
on the cardinality of X, is proved by means of a downshifting argument.
The set X is turned into a graph by defining edges as pairs from X whose
HAMMING distance equals 1. With the help of that graph some beautiful
refinements of the packing bound, due to Haussler, are proved—again us-
ing downshifting argument.

Chapter 15: Fat shattering

The Chapter focuses on signed-sum processes indexed by bounded sub-
sets of R™: for each = (z1,...,2,) in X there is a random variable

4z + -+ £ x,, with the £’s chosen independently according to the uni-
form distribution on {—1,+1}. Combinatorial properties for X, analogous
to spiM idea from Chapter 14, are shown to provide useful bounds on cov-
ering /packing numbers. Most of the Chapter focuses on a beatiful idea
(due to Roman Vershynin and friends) that reduces the study of packing
numbers to an exercise in lattice-point counting, which is assisted by com-
binatorial arguments. The probabilistic method plays a leading role.

Chapter 16: Talgrand’s convex-hull inequality

Michel Talgrand has developed a host of very useful concentration in-
equalities. This Chapter focusses on just one of his results, the so-called
convex-hull inequality, with applications to bin packing and concentration
of eigenvalues.
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k%

Originally I had wanted to include three more Chapters: on the en-
tropy method for establishing concentration inequalities; on the bracket-
ing method for establishing maximal inequalities; and on Charles Stein’s
miraculous method for developing normal approximations, even for prob-
lems involving dependent random variables. Unfortunately they are still
in an embarrasingly disorganized state. They might be ready for future
versions of the book.
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2.2

Chapter 2
It’s just Calculus and
convexity

SECTION 2.1 explains why you can safely just skim through this Chapter
on a first pass.

SECTION 2.2 Describes a simple trick using TAYLOR ezpansion to bound
functions of the form 2(f(z) — f(0) — 2 £(0))/x®. Two important special
cases are described.

SECTION 2.3 explains why the logarithm of a moment generating function
(MGF) is always convet.

SECTION 2./ describes briefly a procedure known known in the literature
by several different names, explaining how it relates to a minimiza-
tion method (Chapter 3) for deriving probability tail bounds. The magi-
cal Ypenn makes its first appearance.

SECTION 2.5 wazes historical about the STIRLING formula and binomial
coefficients. It describes a few tricks that pop up often in the literature
on high-dimensional statistics.

SECTION 2.6 is an advertisement for the convexr function VYyen.. It has been
a hobby of mine to find hidden appeals to the helpful properties of that
function buried inside complex arguments.

SECTION 2.7 explains why many important quantities are written as inte-
grals.

Introduction

You could safely skim quickly through this Chapter, just to get an idea

of how much fancy modern theory depends on only a little bit of calcu-

lus with magical inequalities coming via convexity arguments, sometimes

in disguise. Later in the book I'll tell you when something from here is
needed, at which point you might want to read some parts of this Chapter
more carefully. I prefer having the elementary—but very useful—arguments
collected together in one place rather than having them buried inside com-
plicated proofs scattered all over the place.

Polynomial approximations

Where would Mathematics be without approximation of functions by poly-
nomials?

16
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For my purposes, the integral form of the TAYLOR theorem is the most
useful. Suppose g is a real-valued function defined at least on an inter-
val J of the real line that contains both 0 and a point z. If g is twice con-
tinuously differentiable then

o(z) — g(0) = /01 895?” dt — x/olg(m gt forwed
and
Ry(z,9) = g(x) — g(0) — 24(0)
— o [~ s

0
11
= z? / {0<s<t<1}g(ws)dsdt
0o Jo

1
= 12°A(z, g) where A(z, g) := / 2(1 — s)g(xs)ds
0

And so on, if higher-order derivatives exist (see Problem [1]).

Remark. The assumptions on g could be relaxed slightly by using
some fancy facts about absolute continuity.

The behaviors of Ry(x,g) and A(z,g) are controlled by g . For exam-
ple, if § is non-negative then so are A(:) and Ri(+), and if § is continu-
ous then so are A(+) and R;(-). More interestingly, if § is a nondecreasing
function then so is A(+), and if § is a convex function then so is A(-).

We can interpret the factor 2(1 — s) in the definition of A as the den-
sity (with respect to LEBESGUE measure) of a probability measure on the
interval (0, 1), with expected value

/1 s2(1 —s)ds =1/3.
0

If § is convex then the JENSEN inequality gives

Awg) 25 (x [ 260-9)) =i/,

This inequality accounts for a few factors of 1/3 that pop up in well known
inequalities.

My main interest in these calculus tricks originally came from study-
ing two special examples, which will be important throughout this book.
(Hence the funny fonts.) The two functions are

flz)=€e"-1—2 forx € R
h(z) =(1+2)log(l+z) — = for > —1.
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The convention 0log0 = 0 gives h(—1) = 1 and, for reasons that will be
explained in the next Section, it sometimes helps to extend the domain
of h to the whole real line by defining h(x) = +o00 when z < —1,

The first and second derivatives,

i:(x) =e®*—1 AND .f(x) =e"

h(z) =log(1+z) aND h(z) = (1+2)7",
show that both functions are non-negative and convex, with each achiev-
ing its minimum value of 0 at z = 0. From <1> we have representations
1
f(z) = 22* (2) where (z) := / 2(1 — s)e*®ds
0

121 -5)

—2ds { > —1.
(l—l—ass)ds or x >

h(z) = 22%Phon(@)  where Yo () i= /0

The function is continuous, convex, and strictly increasing. The func-
tion ¥y, 1S continuous, convex, and strictly decreasing on [—1, c0).

I T T T T I
0 2 4 6 8 10

W = Pyenn (W)

15 20

0.0 05 1.0

Moreover, by the JENSEN inequality,
renn (@) = N(2/3) = (14 2/3)7".

Compare with the fact that 1)y... (7) actually decreases like 22! log(z) as
x tends to infinity.

As you will see in Chapter 3, the function .., lies hidden inside a
handful of very useful tail bounds. Inequality <7> will also have some
surprising consequences: in Section 2.6, in the context of the PINSKER in-
equality; and in Chapter 8, to explain the relationship between the BEN-
NETT and BERNSTEIN exponential inequalities.

Remarks. The subscript ‘benn’ stands for Bennett, who established
a now famous exponential tail bound (Bennett, 1962, equation 8b),
although he did not write it using the ¥, function. This bound,
and its martingale extension, are described in Chapter 8.

The monotonicity and convexity of are easy to check for z > 0
from the series expansion

() =2 Zk22 2F 2k
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However, even the monotonicity is less obvious when x is negative.
Brute force calculation of the derivative,

(r—2)e"+x+2

d (z)/dz = Py ,

didn’t help me much when I first encountered in the Chow and Te-
icher (1978, Section 11.1) book. A later edition of that book did use
the shorter proof, almost as above. See also the proof by Freedman
(1975, Lemma 3.1).

2.3 Convexity of the log MGF

<8>

For a random variable X, the function Mx(\) = Pexp(AX) for A € R

is called the moment generating function (MGF) for X. It is always fi-
nite at the origin because Mx(0) = P1 = 1.The expectation is well de-
fined and nonnegative for all real A, although it might take the value 4o0.
For example, if X has a CAUCHY distribution then Mx(\) = +oo for all
nonzero A; and if X has a standard exponential distribution then

o0 -1
Mx(A):/ e)\m—mdx:{(l—)\) fOI‘)\<‘1 )
0 00 otherwise

The function Mx inherits convexity from the exponential function.
More precisely, the set

EPI(My) = {(\t) €R*:t > Mx(\)}

is convex and closed as a subset of R2. The function My is a closed, proper
(Mx(\) > —o0), convex function, in the sense described by Rockafellar
(1970, Section 7). Moreover, the restriction ofthe function My to the con-
vex set Dx := {A € R: Mx(\) < oo} is continuous and convex in the
usual sense. If int(Dx), the interior of Dy, is non-empty then My is in-
finitely differentiable with

M)(f)()\) =P (Xke)‘x> for k=1,2,... if A € int(Dx).

See Problem (3] for the (easy) proofs.

Remark. The differentiability can fail at the boundary of D x. For
example, if X has the distribution with density z=2{z > 1} with
respect to Lebesgue measure then Mx () < oo iff A < 0. The left-
hand derivative at A = 0 is infinite: the ratio (Mx(0) — Mx(—=h))/h
tends to +o0o as h decreases to zero.

The function Ly := log Mx inherits from Mx the lower semi-continuity
and infinite differentiability on the interior of Dx. More surprisingly, Lx
is also a proper, closed convex function. The convexity follows from the
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HOLDER inequality: for nonnegative random variables Y7 and Ys: for posi-
tive constants a; with a; + as =1,

P(Y*Y;?) < (PY)™ (PY)™*2.
Taking Y; = exp(\; X) we get

Mx (a1 A1 + agh2) < Mx (A1) Mx(A2)2.
By taking logs we get

Lx (a1 A + agX2) < arLx (A1) + agLx(A2).

Remark. If you worry about things like log(600) = log(6) + log(oc)
you could instead note that the restriction of Lx to Dy is convex in
the usual sense, with Lx (A) = oo outside D x, which is equivalent to
convexity of EPI(Lx) as a subset of R2.

Formula <8> leads to interesting expressions for the first two deriva-
tives of Lx on int(Dx):

() (
. 2
. M M AX AX 2
L(\) = XA (MxN)) - pye €7 (PX6> .
Mx(A)  \ Mx(A) Mx(N) Mx(N)
If we define a probability measure Py by its density, dPy/dP = e* /Mx (),
then

LA)=P,X  AND  L(A) =Py (X —PyX)% = var,(X) > 0,

with strict inequality except in the degenerate case where P concentrates
at a single point. Thus L is strictly convex except in the degenerate case.
In particular, if 0 € int(Dx) then L(0) = PX, so that Taylor expansion
gives

L(X) = APX + $\*vary(X)  with A* lying between 0 and .

Remark. The method for constructing P is often called exponential
tilting, a technique introduced by Esscher (1932). It plays a large role
in the theory of large deviations, started by Cramér (1938) (who cited
Esscher).

I was quite surprised when I first learned how often <9> lurks behind
useful facts. Problem [7] presents an example, which I learned from one of
my colleagues only last year.
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Remark. Bounds on the vary«(X), for some hard to calculate A* that
depends on )\, lead to bounds on L and tail bounds for X — PX. The
proof of the HOEFFDING inequality in Chapter 7 uses the representa-
tion <10> to control the MGF of a bounded random variable.

2.4 Conjugate convex functions

Many probability bounds involve a minimization problem of the form
for each w € R minimize over A\ € J the function f(\) — Aw,

where J is a nonempty convex subset of the real line, and f : J — R.
Of course a convex J is some sort of interval, such as R itself or (—oo, 3]
or [-7,3), and so on. The role of J can be ignored if we extend f to a
function taking values in R U {oo} by defining f(A\) = +oo for A ¢ J.
While we are at it, we should allow for the possibility that there might be
no minimizing value by defining

<11> g(w) = infyer (f()\) - Aw) for w € R.
Equivalently,
—g(w) = supycr ()\w — f()\)) for w € R.
The function f* = —g is called the convex conjugate of f. It is also

called the FENCHEL-LEGENDRE transformation. The name ‘conjugate’
was applied by Fenchel (1949). See also Kiselman (2019), which includes
a translation of a letter from Fenchel that explains the connection with
earlier work of Legendre and others.

Remark. Note that for any function £: R - RU {o0},
Lw) 4+ f(N) > wA for all w, A € R
if and only if ¢(w) > *(w) for all w.

The calculation of the infimum in <11> is easier when f itself is con-
vex. It is then usually easy to crank out g by brute force calculus by find-
ing where the derivative is positive or negative or zero. In Chapter 3 you
will encounter several such cases where f()\) = logPeX for a random vari-
able X.

It is also convenient that g, as an infimum of linear functions of w, al-
ways turns out to be concave and f* is always convex. The convexity can
also be seen from consideration of the epigraph:

epi(f*) = {(t,w) € R® : t > f*(w)}
= Maer{(t,w) ER? 1t — Xw > —f(N)},
an intersection of closed half-spaces. The epigraph is closed as a (nonempty)

subset of R?, not just convex. That makes f* a closed, proper convex
function in the sense used by Rockafellar (1970, Section 7).
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Remark. For a proper, convex function with J = {\ : f(\) < oo} the
closedness property just involves the values of f at the endpoints of J,
if any. This subtlety need not concern us.

The general theory is interesting because f** = (f*)* happens to be
the largest closed, convex function for which f(w) > f**(w) for all w (see
Rockafellar (1970, pages 103-4). In particular, if f itself is closed and con-
vex then f** = f. Such a property plays a central role role in the study of
convex duality (Rockafellar, 1974).

Remark. Unfortunately these wonderful duality facts about f** don’t
seem to help much for the material in this book. I should perhaps
look more carefully at the pages of Boucheron et al. (2000) pointed at
by index entries of the form “duality ...”.

Example. Consider the convex function f(\) = e* —1 -\, for A € R, from
Section 2.2. It is convex on the real line with derivative 0 at the origin.
For each w € R the concave function Gy, (A) := Aw—Ff(\) = A(w+1)—e+1
has A-derivative G/, (\) = (14 w) — e

If w > —1 the maximum of G,, is achieved when G/ (\) = 0, that is,
at A =log(1+w). For w = —1 we have G_1(\) = 1 — e*, which approaches
its supremum of 1 as A — oo. For w < —1, we have G, (\) T 400 as
A} —oo. In summary,

(1+w)log(l+w)—w if w> —1; achieved at A = log(1 + w)
Fflw)y=«1 if w = —1; approached as A — oo
400 if w < —1; approached as A — oo

That is, ¥ = h, as a map from R to (—o0, +00].
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The general duality theory asserts that
f(A\) = h*(\) = sup,cr wA — h(w) = sup,,>_; wA — h(w).

Let me check.

For A € R the supremum defining h*(\) need only run over w > —1
because A\w — h(w) = —oo for w < —1.

The derivative of the concave function w — Aw—h(w) is A—log(1+w),
which tends to +00 as w — —1 and —oco as w — oo. For the maximiz-
ing w we have A\ = log(1 + w), which gives

h*\) = Aed —1) = de* + (e* —1) =e* —1— A

O That is, h* = f, as asserted by the general theory.

2.5 Approximation of factorials

Abraham de Moivre (1756, page 244), before deriving his famous approxi-
mation to the Binomial distribution, made a comment about a constant B
(which we now know is equal to v/27), which he had approximated by
adding up some terms of a slowly converging infinite series. He went on:

...seeing at the same time that what I had done answered
my purpose tolerably well, I desisted from proceeding farther
till my worthy and learned Friend Mr. James Stirling, who had
applied himself after me to that inquiry, found that the Quan-
tity B did denote the Square-root of the Circumference of a
Circle whose Radius is Unity ...

Yes, it was the Stirling of the formula that is now often cited in the
exquisitely sharp form: for n € N,

<14> n! = Cp"t1/2e=ntm where b, := =:a,,

ntl - 1on

where C' is a universal constant. In fact, a simple CLT argument (see be-
low) shows that C' equals v/27.

Remark. In my opinion, the main value of the inequality b, < 7,
comes from the reassurance it gives that the upper bound is astound-
ingly sharp: the difference a,, — b, between the upper and lower
bounds for logn! is of order O(n=2). If instead we used the bounds
0 < 7, < a, the corresponding difference would be of order O(n™!),
still very respectable.

Proof (of <14>). The formula can be rewritten as
bp <1n=d, —logC < ay or dn —ap <logC < d, — b,

<15> +1/2 1
where d,, := log (n!e”/n" / ) =log(n!) — (n + 5)logn +n.
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This assertion will follow from the inequalities

<16> 4 b b <d d < i
— Unp — 0Un n — Un Gp — Qn =
(n+ 60)(n + 136) i i T an+ 1)

where 0 := 1/12. Indeed, these inequalities show that {d,, — a, : n € N}
is an increasing sequence and {d,, — b, : n € N} is a decreasing sequence
with d,, — a, < d,, — b,,, which ensures existence of a finite constant ¢ for
which d,, — a,, T ¢ and d,, — b, | ¢. Inequality <15> will hold with C' = €.

The proof of <16> is elementary and quite elegant. First write every-
thing in terms of T}, = t;;! = 2n + 1. By direct calculation,

T, +1 1
T, —1

1
dp —dpy1 = (n+1/2)log <n:> —1=1T,log (

1 1+t,
= —log -1
2t, 1—-t,

_ta ta

_§+§+E+'“ by TAYLOR expansion
2t 48 t2 -1 1 -1
Pl Rl T A — (T2 -1
s s (1-t) =3 (1 -1
0
= —————— =Gy — Apt1-
’I’L(’I’L—|—1) n n+1
Similarly,
t2 1 0
dn—dn+1>j: = bn — bn+1,

>
3 312 n’4+n+1/4
the final inequality coming from

(n? + 14n6 4 136%) — (n® + 12n6 + 366%) = 2n0 — 236>
> 0(2—23/12) = 62.
It remains only to show that C' equals v/27. Here we can make use of

a charming connection between C and p,(i) := P{X,, = i} = e "n'/i!
for X,, ~ PO1SSON(n). The maximum of p, (i) is achieved at i = n, with

Vipn(n) = e "2 inl = e /O 1/C as n — oo.

Thus C' = V2r iff \/npy(n) — 1/v/2n. By the central limit theorem we
have Z,, :==n~'/2(X,, — n) ~» v := N(0, 1), which suggests that

1

pa(n) =P{n < X, <n+1} =P{0< Z, <n 2} = ~(0,n"?| » r
™

T

The usual CLT does not quite justify all this handwaving but the basic
idea works if we replace the n=1/2 by a small positive number §. With
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k= kn(6) := [dy/n] we then have

P{0< Z, <6} = Z pn(n+14) =~(0,6]  as n — oo, by CLT,
and ~(0,8]/6 — (2m) /2 as d — 0.

For 1 < i < k we have

pnza(:($i) B (nnfi')! > H;(Hz‘/n)*l > (1+k/n)"F  for k= |6y/n].

Thus

k pn(n+ Z) g2
1> Pl ) S oxp (—klog(1
= Zizl kpn(n) = exp (—klog(1+k/n)) — e as n — 0o,

which rearranges to

2

(8 + 0(1)) Vipn(n) = 7(0,8]+0(1) > (5 + o(1)) v/iipn(n) (" +0(1)

with the o(1) converging to zero as n — co. In the limit we have

¢?*4(0,0]/8 > limsup v/npy () > lim inf v/np,(n) > (0, 8]/

O for each § > 0. It follows that /np,(n) — 1/v/2m, as hoped for.

The factorial function can be extended to a continuous domain by
means of the gamma function defined by

o
<17> I(z):= / e " dr for x > 0.
0

It has the following properties.
(i) logT is convex (by either of the methods from Section 2.3).

(ii

)
) T'(x +1) = 2T'(z) for x > 0 (integration-by-parts).

(iii) I'(n 4+ 1) = n! for n € N (from (ii) and I'(1) = 1).

(iv) infy~o I'(z) =~ 0.89, achieved near 1.46 (according to R).
)

I(z) = V2mexp((x —1/2)logz — x + R(x)) with 0 < R(z) <
(12z)~! for all z > 0. See Problem [6].

(v

Approximation (v) will be most helpful in Chapter 15.
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<18> Example. A lot of asymptotic statistical theory involves the binomial
coefficients:

n n! .
<Z>:7WL—Z)' fOI'ZZO,l,...,TL.

To avoid an overabundance of parentheses, for 0 < i < n define n = i/n =
1—+~ande€y, =1 +ryp—; — 1, Then

(n) n! n" /2 exp(e;n)

= = 14
R o e

1 1
= N exp (—n {n log " + 7 log ﬂ + ez-m) :

The ¢; 5, is usually ignored if both ¢ and n — i are large. The term within
square brackets in the exponent is called the entropy of the BER(7) dis-
tribution, a quantity much loved by information theorists (Cover and Thomas,
2012, Example 2.1.1). When multiplied by n it gives the entropy of the
BIN(n,n) distribution.

For many purposes a somewhat cruder upper bound for (7;) suffices.
For example, if 1 <i<d <n,

n\ nn-1)...(n—i+1) n\i d’ n\d d
<> - il < (a) s (3) v
implying

S (1) <1 () < ()

This inequality plays a central role in the ultra-famous theory initiated by
O Vapnik & Cervonenkis. See §14.2.

<19> Example. If X ~ BIN(n,p) and ¢ = 1 — p then, again writing n = 1 —
for i/n, we have

. . i n
P{X =i} = (?)p’q" b= (Z> exp (nnlogp + nvylogq)
1

= ———exp <—n [17 log P + ~vlog g} + ei’n> .
V2mnny n v

The quantity
Dk r(n |l p) :=nlog(n/p)+~log(v/q), forg=1-pandy=1-n,

is called the KULLBACK-LEIBLER distance (or KL-divergence) between
the BER(n) and BER(p) distributions. Multiplication by n gives the KL-
divergence between the BiN(n,n) and the BIN(n, p) distributions.
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The KL-divergence is also closely related to the function y.,,, defined
(in <6>) by 2t*9yenn(t) = h(t) = (1 + t)log(1 +¢t) — t. If i = np + = then
n = p(l+z/(np)) and v = ¢(1 — x/(ng)) then D(BIN(n,n) || BIN(n,p))
equals

np <1+x> log <1+x> + ngq <1az> log <1 x)
np np nq nq
x —x x —x
=mnpxh () +ng xh (> +np <> +ng <>
np ng np ng

2

T Z, 1, P T —X

= g2( ) Where 9(1:7 n? p) = qwbenn ( ) + p’lil)benn ( ) .
npq np ng

In summary, for 0 <i=mnp+x <n and X ~ BIN(n,p) we have

P{X =i} = xp (—9Q(x)) x A(x,n,p)

1
V21npq ¢

where

Q(x) i—anh<§:p>+nq><h(_x> :M

ng 2npq

9(@,1,p) = qVoenn (;;) + PUrenn <;Z>

log A(z,n,p) := Tnp+z + Tng—z — Tn — %log (1 +z/(np)) (1 —x/(ng))] .

The constraint 0 < ¢ < n is only needed to ensure that there are no divi-
sions by 0 in the definition of A.

If min(np, nq) is large and x/ min(np, ng) is small then A(z,n,p) ~ 1
and g(z,n,p) ~ 1, so that

1 z?
NeZTT <_ 2npq> ’
This result should remind you of the normal approximation to the BIN(n, p),
but not just as an approximation for tail probabilities. A more careful
handling of the errors of approximation would lead to a so-called local
limit theorem for the Binomial distribution (Petrov, 1975, Chapter 7).

If you don’t like great gobs of algebra you could safely skip the rest of
this Example. I am just about to make a small point about a refinement
of the normal approximation to the Binomial, with another advertisement
for the methods from Section 2.2.

The appearance of the convex function .., (from <6>) in the defini-
tion of g(x,n, p) tell us something surprising about departures from nor-
mality. By convexity,

g(xﬂ?’vp) > wbenn <q$ —l—p_x) = z/)benn ((q—p):v> .

np nq npq

P{X =i} =~
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If p > 1/2 then g(z,n,p) > 1 for z > 0. We get something smaller than
the normal exponent —z?/(2npq) in the right tail beyond the mean np.
This effect can be attributed to the skewness, P(X — np)?/var®/?(X) =
npq(q—p)/(npq)®/?, which is negative if p > 1/2. To a first approximation,
the BIN(n,p) is symmetric around its mean np. To a finer approximation,
if p > 1/2 then the probabilities are slightly smaller in the left tail than in
the right tail.

By the principle of no free lunches, if skewness gives us a nicer right
tail then it will probably give us an uglier left tail. That is in fact the case
but it cannot be deduced directly from inequality <21>. Instead we need
to identify some higher order terms in the series expansion of Q(z). From

h(z) = log(1 + z) h(z) = 1/(1 + )
hO)(2) = —1/(1 + o) W (2) = 2/(1 + 2)°
and Problem [1] we get
L2 a2 gt (-
h(x)—2—6+3/0 mds for z > —1

and

Q(z) = ngh(z/np) + nph(—x/nq)

. 22 B 3 ! (1) .
- p<2<np>2 6(np)g+3(np)4/o <1+sx/np>3d>

B (S S /1 =5
T\ 2(ng)? " 6(ng)® " 3(ng)t Jy (1— sa/ng)?
_2® 2(g—p)

2npqg  6n2p2q?

A ; » L
+3/0(1—s) [(np + 52)3 + (nq — s2)%] ds.

The pattern is clearer if we consider terms ¢ = np + x with x = y./npq,
that is, if we scale by the standard error ¢ = ,/npq for X:

y3(q —p)
6./npq
4.2 2

1
+ y;lq/o (1—9)%[(p+ syo/n) "> + (¢ — syo/n) "] ds.

2
)
Qyo) = o T

The y? term contributes the normal approximation; the y? term contributes
a skewness perturbation of order n=1/2; and the y* term scoops up the
leftovers, which are of order n~!. If you like this kind of thing then you

O will love Petrov (1975, Chapter 6).
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Distances between probability measures

Here is another example of .., popping up in unexpected places.

Modern statistical theory makes extensive use of various measures of
‘distance’ between probability measures P and @) defined on the same
sigma-field. To keep the following discussion simple I’ll assume that both
probabilities are defined on the same finite set X with @Q{z} > 0 for each = €
X. Define

o) = D)

- Q{a}

For each real-valued function g on X think of its ) expectation as the lin-
ear functional

Qg =Qg(x) =)  Qfz}g(x).

for x € X.

Remark. The quantity p(x) is sometimes called the likelihood ra-
tio. If you desire greater generality, feel free to extend the arguments
to general sigma-fields with P absolutely continuous with respect
to @ with density (RADON-NIKODYM derivative) p = dP/dQ. You
will also need to worry about integrability. I would even forgive you
for adopting the hideous notation Eqg for Qg, but the even more
hideous E;~qg(z) is beyond the pale, in my humble opinion.

For each convex function f on RT for which f(1) = 0, the f-divergence
is defined as D¢(P || Q) := Qf(p(x)). Three particularly popular special
cases correspond to the functions f(x) = |z — 1] (the L! distance), and
f(x) = xlogz (the KULLBACK-LEIBLER divergence) and f(z) = (x — 1)?
(the x2-divergence):

1P = Qlly = Qlp(z) =1 =Y _|P{e} — Q{z}]
Drr(P | Q) = Qp(x)log(p(x)) = ), P{a}log (P{z}/Q{x})

X — €T 2
De(P Q) :=Q(p(z) ~ 1)) =) ({ }Q{ﬁ{ })

Of these, only the L! distance is a metric.
The relationship between the three divergences becomes clearer when
they are written as integrals involving §(z) = p(z) — 1:

1P —Qll; :== Q]
DKL(P H Q) = Qh(é) = %Q (52wbenn(5))
D2(P|| Q) == Q4

As before, h(z) = (1+x)log(1+ x) — x. The extra —z does not change the
integral because Q0 =Qp—1=1—1.
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The divergences are related by the inequalities
De(PllQ) 2 Dri(P Q) = 5 IP - QIS

I don’t know if anyone has claimed parentage for the first inequality, which
follows from the fact that 1., (d) < 2. The second inequality, which is of-
ten called the pinsker inequality, follows from CAUCHY-SCHWARZ:

1+4/3

2
é@wfzéQ(“”vT+wﬂ

IN

52
l -
oL <1 n 5/3> Q(1+6/3) by CAUCHY-SCHWARZ

< 1Q (6°Yuenn(6)) by <7> and Q5 = 0.

I learned of this neat argument from Kemperman (1969).

Bounding sums by integrals

Many approximation schemes (particularly those that will be discussed in
Chapter 10) bound useful quantities by sums of the form Zf:o 0iG(0i+1),
with G(-) a decreasing function on R*. If the §;’s decrease geometrically,

say 0; = 00/2%, then the sum can be bounded above by an integral,

k 51 61
Z,_O 5;G(0;41) < 4 G(rydr <4 [ G(r)dr.

6k+2 0

If G is integrable the replacement of the lower terminal by 0 costs little.

G(y)
area = 6,G(5,,)/4

2 E—

5., o 5 y

i+2 i+1

In the early empirical process literature, some authors chose the §;’s to
make the G(d;)’s increase geometrically, for similar reasons. (Use horizon-
tal slices.)

In delicate situations, sometimes the {J;} sequence needs to chosen in
a more cunning way. See Section Dudley (1973, p 74), for example.

Problems

Suppose g is a real-valued function, defined at least on an interval .J of the
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real line that contains both 0 and a point z, that is (k + 1)-times continu-
ously differentiable. For x in the interior of J show that

Ri(w,g) = g(w) — [9(0) + 2§(0) + -+ 2*g M) (0)/ (k!
= ght! / --/{0 tppr <t <o < t1 < 1YW (tppr ) dbggs - . . dty

1 _ <)k
:aj’“rl/o (1 le) g(kJrl)(sq:)dS.

2] By splitting into real and imaginary parts, show that

' k k (1—s)F k+1 i
e — (1 + iz + (iz)% /2! + - - - + (iz) /k:‘) =ux +1/ TZ Tleisz gg.
O .

for all real z. Deduce that
|x\k+1
(k+ 1)V

e — (1 + iz 4 (ix)?/20 - + (im)k/k:!)’ <
an inequality that is useful for arguments involving FOURIER transforms.

(3] Suppose Mx (\) = Pe*X for A € Rand Dx = {\ € R: Mx()\) < oc}.
(i) Show that Mx()) is lower semi-continuous at each point of R. Equiva-
lently, EPI(My) is a closed subset of R?. Hint: If \,, — A € R, the FA-
TOU lemma tells you something about liminf, Pe*¥X. Argue similarly if
(tn, \n) € EPI(Mx) and (t,, \n) — (t,A) € R% (As Rockafellar (1970,
page 52) argued, lower semi-continuity of Mx is equivalent to EPI(Mx)
being closed as a subset of R2.)

(ii) Show that the restriction of Mx to Dx is continuous as a function on D x.
Hint: Suppose [\,7] C Dx and A\, = apyA + (1 — ay,)y. Convexity of My
gives

Mx (M) < anMx(N) + (1 — apn)Mx (7). for 0 <t <1.

Take the limsup as a, tends to 0 to deduce that limsup Mx(\,) < Mx(A),
which together with lower semi-continuity proves continuity from the right
at A. Argue similarly if «,, — 1 for continuity from the left at ~.

(iii) Suppose A is an interior point of Dyx. Choose § > 0 so that [A — 20, A +
2] € Dx. For |h| < 4, establish the domination bound

1
|€(>\+h)X _€AX|/W < / Xe)\Xesth8’
0

2
< X (eax Jre—éx) /6,
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which is integrable. Deduce via a dominated convergence argument that
M'(\) = P(XeM).

(iv) Argue similarly to show that My is infinitely differentiable on the interior
of Dy, with M (\) = P (Xke X)),

[4] For k € N prove that e* > k*/k! > 1. Deduce that (k/e)* < k! < k¥ and
k/e < (k)'/% < k. Compare with the sharper bounds given by the STIR-
1/k
LING formula: (k)% = ppk/e, where p, = <\/ 27rke’"’€) is a decreasing
function of k that converges to 1 as k — oo.

k 1 2 3 4 ) 6 7 8 9 10
pr  2.718 1.922 1.646 1.504 1416 1356 1.313 1.279 1.253 1.231

[5] (The BOHR-MOLLERUP theorem, apparently first stated in a 1922 text-
book by H. Bohr and J. Mollerup. The following derivation is based on
the exposition by Artin, 1964.) Suppose f is a strictly positive function
on (0, 00) for which:

(a) f(x+1)==xf(z) for each z > 0.
(b) g :=log f is convex.

(c) f(1)=1.
Prove that f(z) = I'(z) for all z > 0 by arguing as follows.

(i) Note that f(z +n) = f(z)pn(z) and T'(z + n) = ['(x)p,(z) for x > 0 and
n € N, where p,(z) := z(x +1)...(x +n — 1). In particular, f(1+n) =
n! =T'(1+n) for each n € Ny.

(ii) Convexity of g tells us that the slope H(a,b) := (g(b) — g(a)) /(b — a), for
0 < a < b, is an increasing function of each argument. In particular, for an
integer n > 2 and 0 < z < 1 we have

g(n) —g(n—1) = H(n— Ln) < H(n,n+2) = (g(n+) = g(n)) /2
<H(n,n+1)=gn+1)—gn).

Thus

f) N fntn)  f@pa)
>) ST ) -t S

(”1)36:(]0(”_1 n-,

implying
(n—=1)%mn—1pp(z) < f(z) <n"(n—1)!/pp(z) for n > 2.
The first inequality also holds with n replaced by n + 1. Thus

nn! n“(n—1)!  n'n! z4+n

Prt1(x) < f(z) < @) pea(@) n for n > 2.
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(iii) The same inequalities also hold with f(z) replaced by I'(x), because the
analogs of (a), (b), and (c) also hold for I'. Taking the ratios we then get

n/(x+n) < f(z)/T(z) < (z+n)/n,

which in the limit as n — oo gives f(z) = I'(z) for 0 < = < 1. The
factorizations in (i) extend the equality to all z > 0.

[6] The STIRLING formula,
n! =V2rexp((n+1/2)logn —n+r,)) with (12n = 1)~ < r, < (12n)71,
has a continuous analog: for x > 0,
I(z) = V2mrexp ((z — 1/2)logz — = + R(x)) with 0 < R(z) < (122)~ !,

Verify the following assertions to establish this approximation.
(i) Define h(x) := (z — 1/2)logx — = and f(z) := M®+E@) for an R(z) to be
determined. We have f(z + 1) = xf(z) iff

R(x)— R(x+1)=h(z+1) — h(z) — logx
=g(z) = (z +1/2)log (1 +x_1) -1

1
= (2y) 'log (1:‘3) -1 where y :=1/(2z + 1)

=?/3+yt/5+ ... by TAYLOR for log(1 + y)

y2

3(1—y?)
12¢(z + 1))t = (122) 7t — (122 + 12) 71,

<c@WPHyt )=

W =

—~

(ii) Define

1 1
3(2z + 1)? + 5(2z 4+ 1)

R(z) := ZieNog(x—l—i): Tt

a convergent sum of positive convex functions. Thus 0 < R(z) < (12z)7!
and R is convex.

(iii) The function h is convex because h(w) =21+ (222)7! > 0. Thus log f(z) :=
h(z) + R(x) is convex. By the BOHR-MOLLERUP theorem (an idea due to
Artin, 1964), C'f(z) = I'(z) for all x > 0, for some constant C. It remains
only to show that C' = /2w . To that end, note that STIRLING gives

Cfin+1)=T(n+1)=n!=+v2rexp((n—1/2)logn —n+logn +r,)
which rearranges to

log(C/V2m) = h(n)+logn+ry,—h(n+1)—R(n+1) = r,—g(n)— R(n+1).
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That is, the constant log(C/v/27) equals r, — R(n) = o(1) as n — oo. It
follows that C' = /2.

[7] (See Wu and Zhou (2021, §1.1) for an example of how the results from
this Problem can be used.) Suppose X ~ P and Z ~ v := N(0,1) are
independent. Define U = aX + BZ for positive constants o and 3. Define
h(u) =P(X | U = u). Follow these steps to show that

(a) h is an increasing function

(b) If P is symmetric around 0 then A is an odd function.

(i) Explain why the result is trivial if either of o or § is zero. Deduce that,
without loss of generality, we may suppose a = g = 1.

(ii) For suitably integrable f, show that
P(X,X+2)= Px/ fz,u)ym(z, u)p(u) du
R

where m(x,u) = ¢(x — u)/p(u) = exp(zu — 2%/2). Deduce that: the
joint distribution M for (X, U) has density m with respect to P ® ~1; the
marginal distribution (with respect to 1) for U is ¢(u) = P*m(z,u); and
the conditional density (with respect to P) for X given U = w is m(z |

u) = m(z,u)/q(u).

(iii) Assuming the usual conditions for differentiating inside P integrals, de-
duce that u — log q(u) is convex, so that its derivative, ¢’(u)/q(u), is an
increasing function.

(iv) Use the fact that Om(x,u) = zm(x,u) to show that

() = Pram(a,u) fau) = P po) = o' o),

an increasing function.

(v) Note that m(—z, —u) = m(z,u) for all x and u. For symmetric P deduce
that

and
q(—u)h(—u) = q(u) P zm(z, —u) = q(u) P*(—2)m(—z, —u) = —q(u)h(u),

which implies that h is an odd function.
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Notes

See Stigler (1986, pages 70-76) for an illuminating discussion of the inter-
action between de Moivre and Stirling. I learned the STIRLING formula, as
in <14>, from Feller (1968, page 52). He cited Robbins (1955), who com-
mented that the only novelty in his proof was in the derivation of the in-
equality b, < 7,; he acknowledged that the standard parts of his argument
were taken from Darmois (1928, pages 315-317). Robbins also commented
that the “editor has pointed out that the inequalities ... permit the follow-
ing brief proof”, which was a “modification of that attributed to Cesaro
by A. Fisher, Mathematical theory of probabilities, New York, 1936, pp.
93-95.” (The 1955 Mathematical Monthly listed F. A. Ficken as the editor
of the section containing Robbins’s note.) The Cesaro book was published
in 1884. Even though I cannot read Italian, I feel the proof on page 270 is
very similar to the one presented by Feller. As they say, there is nothing
new under the sun.

Feller (1968, footnote to page 53) cited Feller (1967) for the identifi-
cation of the limit of {e%} as v/27. In another footnote Feller (1968, Sec-
tion VII.2) recovered the v/27 from a local limit theorem for the BIN(n,1/2).
The argument in Section 2.5 for determining C' is essentially that of de Moivre
(1756), applied to the POISSON instead of the BINOMIAL. See also Pitman
(1993, Section 2.3) for a beautiful exposition of de Moivre’s method. At
the end of Section 3.6 of the same textbook, Pitman noted that de Moivre’s
method also works with the HYPERGEOMETRIC distribution. It can be also
be applied to other distributions P on the integers for which the ratios
P{i+ 1}/P{i} have a tractable form. Similar ideas also play a role in the
the study of log-concave discrete distributions and even in the approxi-
mations developed by Chen and Stein (Barbour, Holst, and Janson, 1992,
Section 9.2).

Initially I included Section 2.4 mostly because I feared I had missed
some subtle point made by Boucheron, Lugosi, and Massart (2013, Sec-
tions 2.2), who seemed to be suggesting that the FENCHEL-LEGENDRE
transform plays a role far more important than just as a name for a min-
imization procedure. To me it didn’t seem very helpful just to know that
a particular minimization of a convex function was an example of a tech-
nique named after famous mathematicians. Eventually my opinion changed
when it became clearer to me that FENCHEL-LECENDRE conjugates were
lurking in the background for many useful ideas. See, for example, the dis-
cussion of the YOUNG inequality in §5.5. The general theory also extends
easily to functions on R%, where it plays an important role in the study of
large deviations for sums of independent random vectors—see Dembo and
Zeitouni (1998, Chapter 2).

There is currently an archive of Fenchel’s papers at

http://web.math.ku.dk/arkivet/fenchel/wfenpapr.htm
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There is also a most informative note (“Werner Fenchel, a pioneer in con-
vexity theory and a migrant scientist” by Christer Oscar Kiselman) about
Fenchel and duality at

http://www.cb.uu.se/ kiselman/bibliography.html

The note is listed on the web site as having appeared in Normat. Nordisk
matematisk tidskrift 61, No. 2-4, 133-152, but I have only seen the online
version.
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Chapter 3
The moment generating
function method

SECTION 3.1 introduces the MGF (moment generating function) method for
bounding tail probabilities.

*SECTION 3.2 describes the behavior of log(MGF) near the origin.

SECTION 3.3 illustrates the MGF method for the simplest case, the normal
distribution. The mormal is the prototype for the subgaussian family of
distributions, which will be discussed in Chapter 7.

*SECTION 8.4 derives some global properties for the standard normal hazard
function ¢(x)/®(x). The value of the global approach is illustrated by
a brief discussion of Charles Stein’s miraculous method for developing
normal approrimations.

SECTION 3.5 derives tail bounds for the POISSON distribution. The om-
nipresent convez function Pye.,() puts in an appearance. The Poisson
is the prototype for the BENNETT inequalities.

SECTION 3.6 establishes tail bounds for the gamma distribution, the pro-
totype for distributions of type SUBGAMMA. The Examples for SUB-
GAMMA include a BERNSTEIN inequality.

SECTION 3.7 establishes very good bounds for the tails of the BINOMIAL
distribution. These bounds also work for POISSON-BINOMIAL distribu-
tions and other sums of independent, [0, 1]-valued random variables.

SECTION 3.8 shows that the tail bounds derived by the MGF method for the
hypergeometric distribution are smaller than the bounds for the corre-
sponding BINOMIAL.

3.1 Tail bounds from the moment generating function

Much modern statistical theory relies on a handful of probabilistic in-
equalities, often in the form of bounds on tail probabilites or concentra-
tion inequalities. This Chapter introduces one of the main methods for
establishing such bounds. By way of illustration, the method is applied to
derive bounds for several well studied cases, which provide the prototypes
for a handful of very useful tail bounds.

The method uses the MGF, My (\) := PerX = elx(N to get upper
bounds for P{X > x}. Remember from §2.3 that Lx is infinitely differen-
tiable and convex on the set {A € R: Mx(\) < oo}.

38
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From the fact that the exp() function is everywhere nonnegative and
exp(A(X —z)) > 1 when X >z and A > 0 we have

> < s )\(Xfx) — 3 -z — : . .
P{X >z} < }\gfo Pe /1\1;%6 Mx (\) = exp ;\g%(LX()\) Ax)
Similarly, exp(A(X —z)) > 1if X <z and A <0, so that

. AMX—2x) _ . -
P{X <z} < )1\1%% Pe exp (i%%(LX(/\) Ax)) .

Remark. This inequality can also be derived from <1> applied to
bound P{—X > —z} by infy>¢ PeA(=X+z) — inf<g eMX =),

The analysis is simplified if PX = 0 and Lx is finite in a neighborhood
of the origin, for then Lx(0) = PX = 0 and the convex function Lx
is minimized at the origin. Equivalently, we can just work with X — PX
instead of X.

A= LX,px()\) — AT

=1

Remark. The picture actually shows the case where X ~ POISSON(1).

The multiplication of My _px by e ** tilts the convex function Lx_py
by —Az, which ensures that Lx_px(A) — Az achieves its global minimium
on the half line [0,00) if z > 0 and on the half line (—o0,0] if z < 0.

For the purposes of <1> and <2> we no longer have to consciously think
about the sign of x; the infimum in both cases reduces to minimization
over the whole real line and everything can be done without regard for the
sign of A In short,

P{X —PX >z} <exp(—A(z)) for x > 0,
P{X —PX <z} <exp(—A(z)) for x <0,

where, for all z € R,

A(z) == —infyer (Lx—px(X) — Az) = supycg (Az — Lx_px ().
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We need only search for the global solution to L x-px(A) = z to deter-
mine A, except in those pesky cases where the infimum of the convex func-
tion A\ = Lx_px(\) — Az is approached as A tends to +oo.

Remark. The nonnegativity of A comes from the zero contribution
at A = 0. The second expression in <5> identifies the convex func-
tion A(x) as the FENCHEL-LEGENDRE conjugate of the convex func-
tion Lx_pyx. Exciting as the recognition of this conjugate in a prob-
ability bound might be, it does not seem to help much in the actual
calculation for a given X. Everything comes down to an exercise in
Calculus and convexity, which could be completed without any knowl-
edge of the material in §2.4.

*3.2 Behavior of the tail bound near the origin

Even though the tail bounds are not particularly useful for small ¢ it is
illuminating to see how the moments of X — PX affect A when its MGF is
finite in a neighborhood of the origin.

The MGF gets its name from the coefficients in its power series expan-
sion

My _px(\) = PeAMXPX) — 1+ZkEN A /Kl where p = P (X — PX)F.

The quantities py is often called the kth central moment to distinguish
it from PX*. Note that 1 = 0 and po = var(X). The quantity ,ug/ug/Q =
P(X — PX)?/var(X)?3/? is called the skewness of the distribution.

The function Lx _px = log Mx_px also has a power series expansion,

Lx_px(\) = Z

The coefficients kj, are called the (central?) cumulants and Lx_pyx, not
surprisingly, is the cumulant generating function. Note that there is
no Ko, because Lx_px(0) =log Mx_px(0) = 0.

The cumulants can be related to the moments by equating coefficients
in power series expansions. Here is how it works for the first three cumu-
lants.

kel
keN /ik)\ /k

1+ uoA2/20 4 33 /31 + O(MY) = exp (ZkeN KA /k!)
=1+ (KA + K2A?/20 + k32?31 + O(XY))
+ (KX + £2X% /20 + k3 A3 /31 + O(Ah)?
+ (Rah + K222/20 + k3A3 /31 + O(AY)® + O(MY)

=1+ k1A + ko A/20 + k3N /31 + (KIN? + k1r2N?) + (K3A%) + O(\Y)
2 3

A A
=1+ A () + 5 (ko + 2k7) + 3y (s + Grara) + O\,

It follows that k1 = 0 and ke = puo and K3 = us.
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Remark. Don’t get too excited and leap to the conclusion that cumu-
lants are the same as moments. If I hadn’t centered the distribution
to zero expected value then x; would not be zero and pj, would be a
nasty-looking polynomial in k1,..., k. By repeated substitutions we
could then write kj, as another nasty-looking polynomial in the non-
central moments PX,...,PX"*. Even with the centering the remaining
cumulants get messier: ky = X2 — (PX?)2 and the expression for k19
is a sum of 12 terms.

Back to tail probabilities. Remember that A(z) is usually obtained by
maximizing Az — Lx_px (A) with respect to A, with the task coming down
to solving

t=L'x_px(\) = maX + k3 A2 /2! + kg A3 /31 + ...

This regularity suggests that the maximizing value \; be expressible as
a power series ZkeN apth /k!. The ay, coefficients can be determined by
another exercise in coefficient matching. First note that

t2
At = a1t+a2 —l—ag —I—O(t4) M = a2t +a1aot>+O0(th), N = a3tP+0(th).

Thus
? t? 2,2 3y, K4, 3.3 4
t=rz|mt+arg +asg +— (ait® + arast’) + g(alt )+ O(t")
t2 ¢ 3 4
= t(1€2a1) + — o1 (/{2&2 + /@3a1) + ? (/{2(13 + 3k3aia9s + /€4a1) + O(t ),
implying
a1 = 1/kKa, ay = —K3 /K3, a3 = something.

It now follows that

M) =t (art +axt?/2) = 22 (a8 + mant®) - 22 (alt) + Ot
t2 t3
= % 2:;2 +0(th near the origin.

The contributions from az and k4 get absorbed into the O(¢*).

Remark. You might be wondering why I bothered expanding A; as a
cubic once I had realized the a3 term would be absorbed into the O(#*).
As a wise friend once advised me, it is always a good idea to expand
an approximating series out to at least one term more than one thinks
is necessary. A classic example of a failure to expand far enough can
be found in the famous paper of Pearson (1900, page 165), which
led to many years of argument between him and R. A. Fisher over
the number of degrees of freedom for a x? goodness of fit test. See
Cochran (1952) for a very clear discussion of Pearson’s error.
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Example. Suppose X ~ BiIN(n,p). Then
PX =np, k2 =P(X —np)’=npg, rz=P(X —np)>=npq(q—p)
so that

2 t(q—p)
2npq  6(npq)?

+ O(th) near the origin.

A(t)

This approximation shows that A(t) > t2/(2npq) if p > 1/2 and 0 < t ~ 0,
in which case

t2
P{X >np+t} <e™® <exp <— > 0<tr0.
2npq

In fact, as will be shown in Section 3.7, the inequality holds for all ¢ > 0
if p > 1/2. The local property implied by negative skewness suggests a
subgaussian upper tail; the convexity of the ... function will transform
the local suggestion into a global inequality.

Normal

The MGF method is cleanest for the normal distribution. As this Section
will show, the method leads to bounds comparable to very sharp inequali-
ties that can be derived using special properties of the normal.

Example. If X ~ N(u,0?) then Mx(\) = exp(Au + 022 /2) is finite for
all real \. For = > 0 inequality <1> gives

P{X > pu+ oz} <infysgexp(—=A(p + oz) + A + X20?/2)
= exp(—x2/2) for all x > 0,

the minimum being achieved by A = x /0. Analogous arguments, with
X — p replaced by p — X, give an analogous bound for the lower tail,

P{X < u— oz} <exp(—z%/2) for all x > 0,

leading to the inequality P{|X — p| > oz} < 2¢7*"/2, which shows that the
distribution of X is concentrated near p.

Of course the algebra in the Example would have been a tad simpler if
I had worked with the standardized variable (X — p)/o. I did things the
messier way in order make the point that if Y is any random variable (not
necessarily normally distributed) for which there exist constants v and 7
(not necessarily the mean and variance) for which

My (\) = PeNY < AN/ for all A >0
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then
P{Y >v+ 7z} < e~ /2 for x > 0.

This inequality <8> is usually called a subgaussian bound for the up-
per tail. However, as explained in Chapter 7, the term ‘subgaussian’ is
also often used in several looser senses.

How good is the upper bound

O(x) :=P{Z >z} < B(z) := e 2 for z > 07

Clearly, not so good for = close to 0, because ®(0) = 1/2 whereas B(0) =
1. As will be shown by Example <18>, it does capture the most impor-
tant tail properties if x is very large, but how useful is it for intermediate
values of x such as those that appear in typical statistical applications?

Example. Anyone who has taken an introductory Statistics course knows
that if 7' ~ N(6,1) under a Py model then, to two decimal places accu-
racy,

Po{T —1.96 < 0 < T+ 1.96} = 20(1.96) ~ 0.95.

That is, the range T' 4 1.96 is a 95% confidence interval for 6. B
Consider the effect of using the upper bound B(z) instead of ®(z)
when constructing the confidence interval. It is certainly true that

Pg{T = c fails to contain 8} < 2B(c) = 2exp(—c?/2),

so that the Py probability that the interval T £ ¢ fails to contain 6 is
smaller than 2B(c); replacement of ® by B leads to a “conservative con-
fidence” assertion. Here are some examples (with values rounded to two
decimal places):

z 1.64 1.96 2.45 2.58 2.72 3.26

() 5%  25% 0.72%  05% 0.33% 0.06 %
exp(—22/2) 25.85% 14.65% 5% 3.62% 25% 0.5 %

As judged by B, the range T" £ 1.96 will contain 6 with probability at
least 70.7%, which is not very comforting given that the nominal value

is 95%. For the 90% interval, the conservative value, 1 — 2 x 25.85% =
48.3%, is even worse. It takes a great stretching of the imagination to de-
scribe either conclusion as ‘not bad’.

There is another way to use the upper bound. Instead of stretching
imagination we could stretch the interval, from 7'+ 1.96 to T' £ ¢ with ¢ =
2.72. For this interval, the B bound assures coverage of at least 95%. Look-
ing on the bright side, I think the increase from 1.96 to 2.72 is not too
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high a price to pay for an appreciable relaxation of the modeling assump-
tions from normal to subgaussian.
The compromise looks even better when the failure probability is smaller.
For example, under the strict N (6, 1) assumption T' + 2.58 is a 99% con-
fidence interval for 8 and T' + 3.26 has, according to B, probability at
O least 99% of containing 6.

Sharper tail bounds are possible if we exploit further properties of the
normal density, ¢(z) := (27)~ /2 exp(—22/2), properties that are not
shared by all subgaussian distributions. In fact there is a literature going
back over two centuries that contains numerous facts about ®, including
several upper and lower bounds. For example,

<11> (z7'—27%) p(2) < B(x) < p(x) for all z > 0,

which can be derived by integrating fxoo through the pointwise bounds (for
r > 0)

— [T = rT)e(r)] = (L= 3rT)e(r) < ()
d

< (1+ 7”72)(;5(7“) = [rilqb(r)] .

Inequality <11> is the first of a sequence of approximations essentially
due to Laplace (see Notes): for k =0,2,4,...,

<12> per1(l/z) < R(z) := ®(x)/p(z) < pi(1/z) for z > 0,
where py, is a polynomial of degree 2k + 1: po(r) := 7, p1(r) := po(r) — 73,
p2(r) = p1(r) + 3r°, p3(r) = pa(r) — 1577, .... See Problem [1] for the

proof.

The function R(z) := ®(x)/é(x) is often called the “Mills ratio”, for
not particularly compelling reasons (see the Notes). I find it more conve-
nient to work with the reciprocal of R,

<13> p(x) == 1/R(z) = (x)/®(x),

which is sometimes called the hazard rate for the N (0, 1) distribution
because, for small positive ¢,

Plx<Z<z+4+6|Z>z}~dp(x) if Z~ N(0,1).

Of course all the inequalities in <12> are rather useless for z near 0;
the lower bounds py(1/x) for odd k are all negative for 0 < x < 1. They
are most useful for values of x much larger than 1, where they can be in-
verted to give upper and lower bounds for p. For example, the case k = 0
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gives 1 — 272 < x/p(z) < 1, which inverts for small values of y = 1/z to
give

<14> x<p(ac)<x(1—y2)_1:x(1+y2+y4+...) =z+z 03

Similarly for k = 2 we have 1 — 32 + 3y* — 15y% < z/p(z) < 1 — 3? + 3y,
which inverts to give

<15> ple)=z+z "t —2273+ 0 as r — 00.

We’ll be needing both <14> and <15> in Section 3.4.
The literature also contains several bounds that do not blow up as =
decreases to 0. For example,

<16> Bx+ Va2 +8)/4 < p(x) < (ac—i— x2—1—4> /2 for all z € R,

the lower bound coming from Birnbaum (1942) and the upper bound from
Sampford (1953). See Problems [4] and [3] for proofs.

Remark. The inequalities <16> are not accurate enough for mod-
erate x to serve as a basis for numerical calculation of normal tail
probabilities. These days, such results are of little interest once one
accords p the status of a useful member of the standard repetoire of
functions for which highly accurate approximations can be obtained
in every decent mathematical or statistical computing package.

For z > 1 inequality <11> can be rewritten as
<17> log ®(z) = —x2/2 — log(x) — ¢o — n(x)

where ¢y := log (v27) and 0 < n(z) < —log(1 — 272), which is < 2272
for z > /2. The bound B(z) has captured the —x?/2, which is much
more important than the other terms when x becomes large, a fact illus-
trated by the next Example.

<18> Example. Suppose Z1,...,Z, are random variables, each distributed N (0, 1)
but, for the moment, not necessarily independent. Define M,, := max;<, Z;.
A union bound gives some control for the tail:

P{M, >z} < ZZ P{Z; > 2} = n®(x) < nexp(—z?%/2) for x > 0.

In particular, P{M,, > \/2log(n) +2r } < e™" for each » > 0. Roughly
speaking, with high probability M,, should be not much bigger than a,, :=
v/2logn’. This bound has the advantage of being unaffected by possible
dependence between the Z;’s. It also has the disadvantage that it is some-
times excessively large. For example, in the extreme case where Z; = 73
for all 7 any bound that involves n would be superfluous.
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Remark. The union bound P (U;4;) < . PA; is quite good if the
events A; are independent and ), PA; is small. See Problem [8]. It
is part of the folklore that if the A;’s are ‘almost’ independent then
the union bound is ‘almost’ quite good, with the meaning of ‘almost’
being problem specific.

If the Z;’s are actually independent the union bound can be refined:

P{M, <z} =]] P{Zi <2} =(1-2())"
= exp (nlog(1l — ®(x))
= exp (—nd(@) —n ) (8(@) /)
nd(xr)?

<19> = exp (—n®(z) — Ry(z)) where 0 < R, (z) < 30— 0@
If we choose x,, so that n®(z,,) is suitably large then P{M,, > z,} is
small.

To get sharper bounds we need to take care of the log(zy) + ¢¢ contri-
butions. It will turn out that most of the distribution of M,, concentrates
in a very short interval centered at a point smaller than a,,. To that end
consider z,, of the form a,, — w,/a, with |w,| much smaller than a,,. Ap-
proximation <17> then gives

log (n®(zy,)) = logn — (a2 — 2w, + w3 /a2)/2 — log a, — co
—log(1 - wn/ai) —n(zn)
= wy, — log(ay,) — cop — small remainder

where the remainder term is of order O ((1 4 w2)/a2). Thus, for values
wy, =1+ ¢o + log a, with, say, |r| = O(log a,) we have

P{M, < a,— (r+co+logay)/a,} = exp (—Bn(r) — O(Bn(r)Q/n)) .
where

By (r) == n®(z,) = exp (r + O(e2)) where €, := a,, ' log(ay,).
For example, when n is large enough, M,, has probability over 0.95 of ly-

O ing in the range a,, — (co +logay,)/an £ 4/ay,.

Remark. Inequalities <11> and <19> are the basis for the classical
fact that a, (M, —b,), with b, = a,, — (loglogn + log(4n)) /(2a, ), con-
verges in distribution. See Leadbetter, Lindgren, and Rootzén (1983,
Theorem 1.5.3).

In a digression from MGF methods, the next Section derives inequali-
ties that are much more informative, for theoretical purposes, than <11>
and <16>.
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Global behavior of the normal hazard rate

Perhaps surprisingly, it pays to understand how p behaves over the whole
real line, and not just for large x or for x near 0. For example, as a short
discussion (at the end of the Section) of Stein’s method for normal ap-
proximation will show, it is more convenient to deal with a single well-
behaved function than having to argue differently for different ranges of x
values. The proof of the following Theorem, which lists a few basic facts
about p, also introduces some useful general tricks.

Theorem. The function p(z) = ¢(z)/®(x) is infinitely differentiable
with:

(i) The function log p is strictly concave on R and the function p is
strictly {positive & increasing & conver} on R, with p(z) — 0 as
x — —oo and p(x)/x — 1 as x — o0.

(i) The function r(x) := p(x) — x is strictly {positive & decreasing &
convex} on R with r(x) — 400 asx — —oo and zr(z) — 1 as
T — 00.

(iii) p(x) = r(x)p(x) < 1 for all real x with r(0) = p(0) = \/2/m ~ 0.798.

The functions p (solid line), r (dashed line), and +z (dotted line)

o

Proof. The most delicate part of the argument—establishing convexity
of p—will be left to last. The rest is mostly calculus with just a few prob-
ability tricks.

First note that

1plo) = [ ola+tjoa)dr = [ e R = Jrfrye

which is strictly decreasing, strictly positive, and

L(x) :=log(1/p(x)) = 22 /2 + log V27 + log ()
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is strictly convex on R by§2.3. Consequently, £(x) > 0 for all real = so
that

is strictly increasing.

For (i), except convexity of p: It follows that p is strictly {increasing
& positive} with limz_,— o p(x) = 0 and lim,_,_ o p(x) = oo, and log p(z)
is strictly concave. Approximation <14> show that p(z)/z = 1+ O(z72)
as  — 0. .

For (ii): The function r(x) = —XL(x) is strictly decreasing on the
whole real line. Approximation <15> gives 7(z) = = + O(z7?) as
x — 00. Thus r(z) > 0 for all x. And r(z) = p(z) —x — 00 as z — —c0.

For (iii): Equalities <22> and <23> give —p(z)/p(z) = L(:):) =
—r(z), that is, p(x) = p(x)r(z) for all z. Equality <15> gives p(z) =
r+z 4+ 2034+ 0@ ) and r(z) =27 + 20734+ O(z7°) as z — oo,
implying

plx) =pl@)r(z) =1—z2+0(x™? as x — 0.

Of course the limiting behavior does not establish the global property (iii)
of the Theorem. A little probability trick comes to the rescue. Direct cal-
culation shows that ¢(r) = —r¢(r) and ¢(r) = (r? — 1)¢(r). In integrated
form: for all real x,

/ " ro(r) drjB(x) = olx)/B(x) = pla),
/ " 126(r) dr /() = / T3 + 6(r) dr/B(a) = zp(x) + 1.

If P, denotes the probability measure that has density ¢(r){r > z}/®(x)
with respect to LEBESGUE measure on the real line then its expected value
is p(z) and its variance is 1 + xp(z) — p(z)? = 1 — r(x)p(x). As P,
is not degenerate its variance is nonzero, whence the asserted inequality
for r(z)p(x).

Strict convexity of p: It suffices to show that p(z) > 0 for all z.
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In the last line the 27 (z)r(z) is strictly negative because it equals the
derivative of the strictly decreasing function r(x)2. Thus we have the strict
inequality

7!)(33) < [Y(x) — 1] p(z) for all = in R.

To show ¥ (z) > 1 for all x argue by contradiction (my least favorite
method). Suppose there were an z( for which ¢(zg) < 1. By <26>, we
would have 1/.}(.%'0) < 0, implying existence of an x1 slightly larger than xq
at which ¢(z1) < 1. As limzo ¥ (z) = 1, it would follow that the dif-
ferentiable function ¢ must achieve its minimum on [z1,00) at some x3.
Thus @ZJ(;EQ) = 0 but ¥ (x2) < ¥(x1) < 1, contradicting <26>.

I claim that the results listed in Theorem <20> can simplify the dis-
cussion of other theory involving the normal distribution. The following
discussion illustrates my point.

First a little background. Charles Stein (Stein, 1972, 1986) invented
an amazingly powerful method—a jewel of modern probability theory—for
obtaining normal approximations. For a variety of random variables X his
method provides bounds for |Ph(X) — ~h| for a large family of bounded,
measurable functions h on the real line. Typically h will be continuous at
all but a finite number of points.

The method works by defining a linear transformation f(-) := &(-, h)
of h, with k defined by

H(r) == h(r) — yh =" [h(r) — h(s)],
d(z)r(x,h) =~"{r <z}H(r)=—"{r >x}H(r) because vH =0
=~"{r <x}h(r) — ®(x)yh = —"{r > x}h(r) + ®(z)vh.

Clearly f is everywhere continuous. At each x where h is continuous
the function f is differentiable with ¢(x)f(z) + ¢(z) f(z) = ¢(x)H (z). By
virtue of the identity ¢(z) = —x¢(x), this equality simplifies to

f(z) —zf(x) = H(z) := h(z) — vh if h is continuous at z.

If X is a random variable then P ( fx)—x f(X)) — PR(X) — ~h. If

we can show, using various calculus and probability tricks, that the ex-
pression on the left-hand side of this equality is small then we can deduce
Ph(X) =~ «h, that is, we will have a kind of normal approximation for X.
In particular, if the left-hand side is zero for a large enough collection of A
functions then X has a N(0,1) distribution.

Stein’s method depends on a small collection of facts that are summa-
rized in the next Lemma.

Lemma. (based on Stein, 1986, pp 25-28) Suppose f(x) = k(z,h) for a
bounded measurable function h, as in <27>. Then:
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(i) For g defined by g(r) := —h(—r) we have f(x) = k(—x,g). Thus it
suffices to concentrate the analysis on a general k(x,h) for z > 0.

(ii) |f(2)| < || H||oe min (1/p(2),1/p(~2)) < /7/2||H||s for each z € R.

Consequently, f(x) — 0 as |z| — oo.

(i5i) If h is continuous at a particular x then f is differentiable at that x
with |f(@)] < 2] H|loo.

(iv) If h is LIPSCHITZ then so is f and HfHsz < 2||h|Lip- Consequently,

f(z +2) = (@) = 2f(@)] < 22[|Rll1sp/2-

You might find it helpful to keep two particular cases in mind while
reading the proofs of (i) through (iv). For h; equal to the indicator func-
tion of an interval (—oo,zg] we get ¢(x)fi(x) = ®(x A z9) — D(x)P(x0).
The function f; is smooth except for a discontinuity in the first derivative
at xg. It can be used to prove the Berry-Esseen extension of the central
limit theorem. See Ho and Chen (1978, §1) for a proof in the case of iden-
tically distributed summands, which they attributed to Stein himself. See
also Hall and Barbour (1984) for related results with non-identically dis-
tributed summands.

For a smoother approximation to (—oo, zg] we could use ho(z) =
hi(x)+he(x) (which appeared in a proof by Stein (1986, pp. 35-36)) where
he(r) :=={xo <7 <21} (1 + (xg — 7)/€) for 1 := x9 + € with € > 0. The
function ho is piecewise linear and LIPSCHITZ continuous, with 0 < hy <1
and ||he||li, = 1/e. The corresponding k(x, ho) is given by fi(x) + fe(x)
where ¢(x) fo(z) := Ae(x) — ®(x)Ae(21) with

Ae(@) = (T+zo/e) [R(x Az1) — P(z Awo)| + (1/€) [p(a Aw1) — d(x Azo)].
Picture of f; (solid line), f» (dotdash line), for zp =1 and ¢ = 0.5:

ot/

0.1

=
-5.0

I
5.0

Notice that f; is not differentiable at xg, although it does have left- and
right-derivatives at that point. The function fy is actually everywhere dif-
ferentiable and it has a second derivative everywhere except at x¢ and zg+
€.

Proof (of Lemma <29>). Assertion (iv) will require the most work; the
other assertions are more straightforward.
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Proof of (i). For x = —y the replacement of h by the function g(r) :=
—h(—r) and the symmetry of the N(0,1) distribution give

o(=y)k(=y, h) ="y {—r < —y}y’ [A(=71) — h(-3)]
= ="y {r >y}’ lg(r) — 9(s)] = o(y)r(y, 9)-

O Thus x(—y,h) = £(y, 9).

Proof of (ii). Define Cy := || H||oo- Then <27> gives two upper bounds
for | (x)]:

[f(@)] < v"{r > a}H(r)|/¢(z) < Co®(x)/¢(x) = Co/p(x),
[f(@)] <A™{r <z}H(r)|/d(z) < Co®(x)/d(x) = Co/p(—1).

Thus |f(z)] < Comin (1/p(x),1/p(—x)) < Co/p(0), because p is an in-
creasing function and max(z, —z) > 0. If [x| — oo then the smaller
O of 1/p(x) and 1/p(—x) tends to zero.

Proof of (iii). By <28> and (ii),

|f(@)] < |H(@)| + |z f(2)] < Co+ Comin (ja]/p(x), || /p(~x))

O For z > 0 use z < p(x); for x < 0 use —x < p(—x).

Proof of (iv). Write C; for ||hlluy, = ||H||uyp. From <28>, f(z) = G(z) +
H(x) where G(x) := zf(z) and G(x) = (14 2?)f(x) + xH(x). It suffices
to prove |G||i, < C1 by showing |G($)| < (4 for all x. The argument will
reveal a surprising (and most fortunate) cancellation by symmetry of .
The LIPSCHITZ continuity of A implies that it is also absolutely con-
tinuous, in the sense described by UGMTP §3.4, a property that implies
existence of a measurable function v with sup,cg [¥(x)| < C; for which:

e At m-almost all x, the function h is differentiable with h(l‘) =(x) .

e h(b) — h(a) = mt{a <t < b}1(t) for each bounded interval [a, b].

As usual, m denotes LEBESGUE measure on B(R).

The main idea is to write G as an integral involving 1, based on simi-
lar representations for H and f, then use the bound on || together with

facts about p to bound |G(a:)| Start with H:

H(r) =~°(h(r) — h(s))
Yimlp(t) ({s <t <r} —{r <t<s})
=mip(t)y* ({s <tHt <r}—{r <t}{t <s}) by FUBINI
<30> =m'y(t) [{t <r}e(t) — {r <t}@(t)].
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For f, use the second representation in <27>, then <30> and FUBINI:

o(x)f(z) = —y"{z <r}H(r)
=mY(t)y {z <r} [-{t <r}®(t) + {r <t}O(t)] {t < 2} + {z < t}]
<31> = —m'y(t) [{t < 2}@(t)D(2) + {z < t}D(t) ()]

because

D)y {z <r}t <rHt <z} = —{t <z2}P(t)P(x),
{z<rH{r<t}{t<z}=0,
-0ty {z <ri{t <rM{z <t} = —{z <t}(t)d

)®(1),
Oty {x <ri{r <tHz <t} = {z < t}O(t) [®(¢) —

) — ®(x)] -

The terms involving ®(¢)®(t) cancel.
Combine <30> and <31> to get the representation

Glx) = af(z)+ f(z) = (1+2)f(z) + zH(z)
= mlpt)eB){t <z} [-(1+2%)®(z)/d(x) +z] +
<32> +mly(H)®(t){x < t} -1+ 22)®(z)/p(x) — x|

The two functions of x can again be simplified by fortunate cancella-
tions.

1422 —z(z+r(x)  1-—ar(z)

U(x) = (1 +2*)®(x)/¢(x) — x = o(z) — p()

which is strictly positive over the whole real line: trivially for z < 0 be-
cause r(x) > 0 and by Theorem <20>(iii) because 1 — zr(z) > 1 —
p(x)r(z) > 0 for > 0. The other function is just a reflection of ¢:

1+ mr(—:z:)‘

2 = —X
(1+27)®(z)/¢(z) + 2 = {(—x) p(—)

Using the assumption that |¢(t)| < C; we now get a very clean inequality
from <32>:

C(2)]/C1 < £(x) /_ OO B(¢) dt + () / T ey

Elementary calculus gives
/_; O(t) dt = ¢(x) + 2®(x) = @(x) [1 + z/p(—x)] = ¢(z)r(—=z)/p(—x),
/:o O(t) dt = p(a) — 2®(x) = ¢(z) [1 — z/p(x)] = d(a)r(z)/p(x),
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Now for the triumphant conclusion:

[1 = zr(@)] o(x)r(=z) + [L + zr(=z)] ¢(x)r(x)

Glicr= p(a)p(-2)
_ 0@ (o) + 2+ pla) 3]
P()p(=)

= ¢(z) (1/p(x) +1/p(—2)) = ®(z) + (z) = 1.

Yet another fortunate cancelation. .
To bound |f(z + 2) — f(x) — zf(x)| write it as an integral:

1, . r,
0k /0 o+ t2) - flo)di| < |2 /0 1 F s #12] .

Remark. I suspect the fortunate cancellations have something to do
with assertion (i) in Lemma <29>, which comes from the symme-
try of the standard normal distribution. Perhaps the proof could be
simplified by explicit appeals to some sort of invariance property.

3.5 Poisson

The normal distribution represents the prototype for the class of subgaus-
sian distributions. In a similar way the POISSON provides the prototype
for a class of distributions that might be called “subPoisson”. These dis-
tributions behave like subgaussians for moderately large deviations from
the mean but decrease only a little faster than the exponential further out
in the tails. The BENNETT inequalities in Chapter 8 will provide further
examples.

A random variable X has a POIssoN(6) distribution, for some 6 > 0, if

P{X =k} =e%"/k  fork=0,1,....

Both PX and var(X) equal 6 and Mx (\) = exp (fe* — ). Thus
Lx_g(\)=60(e*—1—-X) =06f(\) forall A eR.

and A(z) = @sup (Ax/0 — (X)) = Oh(x/0), where
h(w) := (1 +w)log(l + w) — w = FwW*Pye(w) for w > —1,

as in §2.2. The function ¥ye,,(-) is convex, and decreasing on [—1, c0)
with ¥pe,(0) = 1. For large w it decreases like 2w ™! log(w).



54 Chapter 3: The moment generating function method

1\

W = Ypenn (W)

00 05 10 15 20
|

Thus
22
P{X >0+ zx} <exp <—20¢ben“(m/0)> forz >0
2
P{X <6 —=x} <exp <—;Ugwbenn(—w/9)> for 0 <z <6.

The first inequality shows that the upper tail decreases like a subgaus-
sian in the range 0 < x < 6, because Ve, (z/6) ~ 1 for x/6 near 0,
but that the tail decay becomes more like exp (—z log(z/6)) further out
into the tail. The inequality for the lower tail is more interesting, because
Ypenn(w) > 1 for —1 < w < 0. The lower tails drop off even faster than one
might expect from the N(6,0) approximation to the POISSON(#). This can
be interpreted as a skewness effect: P(X — )3 is the coefficient of A3/3! in
the power series expansion of

PrX =0 — exp (0(6)\ -1- A))

A2 A3 02 /A2 )3 2
:1+0<2!+3!+”'>+2!(2!+3!+”'> +...,

which is positive. The distribution of X — # puts more mass to the right of
the origin than the N(0,0). That fact slows down the decay in the upper
tails but improves the rate of decay in the lower tail.

The exp(—6h(z/0)) tail bound compares favorably with the probability
calculated by means of the STIRLING formula (§2.5) for k € N:

1
kl=V2rk (k/e)*e”® Tk where <7k < Tor

12k + 1
If Kk =60+ z then
log (Jﬂ P{Y = k}) = 0+ klog(6) — klog(k) + k —
= —0h(z/0) — ry.

The MGF method has captured the most important term, —6h(x/0), in the
exponent.



3.6

<33>

<34>

<35>

<86>

O

§3.6 Gamma and chi-squared 55

Gamma and chi-squared

Suppose X has a GAMMA () distribution, the probability measure on R
that has density fo(r) = r® le™"/T'(a) with respect to LEBESGUE mea-
sure. The positive constant « is often called the shape parameter. The ex-
pected value and variance of X both equal o and

0 pa—1,—r(1-A)
Myx(N) = /0 S =N oAz 1)

Thus Lx_o(A) = —aX —alog(l — \) for A < 1, so that
P{X>a+uz} < exp(—A(x))) forz >0
P{IX<a-z}< exp(—A(—t)) fora>xz>0

where, for a + z > 0,

A(z) =supyo Ma+z) + alog(l —A) =2 — alog(l +z/a).

For x > 0 we have

Ax) =~

2?/(2a) if 2 is near 0
x if x is large
and for 0 < z < « it gives a subgaussian lower tail: A(x) > 22/(20).
Boucheron, Lugosi, and Massart (2013, page 28) pointed out that the
tail could also be controlled by first replacing the logMGF of X — « by a
larger function: if 0 < A < 1 then

. A X A2
a ' Lx_a(A) = —log(1 =) = A= Zi>2 B = Zz‘>2 2 21— )

This little trick has a desirable consequence: the resulting tail bounds
work for a collection of distributions that contains the centered GAMMA ()
as a special case. BL&M referred to this collection as having a “subgamma
right tail”. As I’ll only discuss this tail I'll drop the “right” qualifier.

Definition. For constants o > 0 interpret W € SUBGAMMA () to mean

2
Pe’\WSexp <O£A /)\2> for0< A< 1.



<37>

<38>

<39>

<40>

56 Chapter 3: The moment generating function method

Remark. If W € suBGAMMA («) then My () < 1++0(A?) as A\, 0,
which implies PW < 0.

Problem [11] shows that f(A) := 2A?/(1 — A) is convex for 0 < A < 1,
with FENCHEL-LEGENDRE conjugate

F(y) = supgerer My — F(N) = 1+y — (1 + 2y)*/?

y? y?

= >
I+y+ (14242 = 242y

for y > 0.

If W € sUBGAMMA(a) we have P{IWW > 2} < e~ for z > 0, where
A(z) = suppcr<y (Az — af (A)) = asupgcr<y (Az/a — f(A))
=af'(z/a)=a+z— Va2 + 20z
=22/ (CE +a+ (o + 2ma)1/2)
> 22 /(20 + 22).

The next Example shows how inequality <38> leads to the traditional
form of the BERNSTEIN inequality.

Example. Suppose S = Wi + --- + W,,, a sum of independent random
variables with

PW; =0, PW}?=o}

3 (2%

PIW;i|* < klo?/2 for k > 3, for each i.
for finite a?’s. Then, for each i and A > 0,

Pt <14 AP + > NPIWIF /R <1+ Lo7 N Zm A2
E>2 -

< exp (%03)3/(1 - \) for 0 <A< 1.

That is, W; € SUBGAMMA(c?) and S € SUBGAMMA(V?) for V := Y. 02 =
var(.S). Inequality <38> then gives

P{S >z} < exp (—2?/(2V + 27)) for x > 0.
The assumptions on the W;’s are often relaxed slightly by the intro-

duction of a scaling parameter: P\W1|k < %k‘!PWfB’“*2 for k£ > 3. Equiv-
alently, P|W;/B|* < 1kIP|W;/B|? for k > 3. Inequality <40>, with V still

equal to var(.9), then becomes P{S/B > z} < e,xp<—952/(2\7/B2 + 23:)) or

P{S >z} < exp(—zQ/(QV + 2Bz)> for z > 0.

after the substitution z = zB.
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Remark. As BL&M noted, even if the moment assumption is weak-
ened to >, P(X;")* < 1kIVBK =2 we still get log Pexp(AS — APS) <
1VA?/(1 — BA) for 0 < BX < 1, a refinement that they attributed to
Emmanuel Rio. Even though I didn’t know any specific cases where
the use of X, instead of |X;| is the key to a significant improvement,
I gladly added Rio’s trick to my toolbox. It seemed natural that up-
per bounds involving ), X; should only involve upper bounds for the
X;’s. See Problem [12]

A more delicate substitution produces another neat tail bound.

Example. If W € suBGAMMA(«) then logP{WW > z} < —A(x) for
x > 0. Massart (2006, §2.2.3) realized that <37> could be rearranged into

a neater form by solving the quadratic equation (a + 2 — 2)? = a + 2azx to
show that A(z) = z for x := z + v2az, so that

P{W>z2z+V2az}<e” for z > 0.
In particular, if X ~ GAMMA(«a) then

P{VX > a+ vz} =P{X > a+2Vaz + 2}
=P{X—-a>z+V2az } <e* for z > 0.
Substituting r for v/z we get P{v/X > y/a +r} < e, an example of a
“subgaussian-like bound” for an upper tail beyond a point strictly larger
than the mean: the JENSEN inequality gives PV X < \/a.

Even more specifically, if X ~ 2 then X/2 ~ GAMMA(k/2) so that
inequality <43> implies

P{vX Z\/E—i—r}ge*ﬂm for r > 0,

giving the convenient bound P{vX > 2vk } < e /2,
As an application, suppose Z1, ..., Z, are independent N (0, I;) ran-
dom vectors. Then (P|Z;|2)* < P|Z;|3 = d and Y-, |Zil5 ~ x3,4- From the

2
inequality (nil >i<n |Z,;]2) < Y i<n | Zil3/n it follows that

Pin™'Y  _ |Zilz>2Vd} <e 2,

a neat little bound that is useful in high-dimensional statistical theory.

O See Wu and Zhou (2021, Section 9), for example.
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Remark. Bennett (1962, p39) obtained a bound similar to <37> un-
der assumptions like those in Example <39>.

The final Example illustrates an advantage of working with SUBGAMMA
even for random variables with GAMMA distributions.

Example. Consider the weighted sum W := Z;?:l bj(Z]2 —1) where b; >0
forall j and Z = (Zy,...,2Z) ~ N(0,I;). Laurent and Massart (2000,
Lemma 1) showed that

P{W > 2|bloor + 2|blov/T'} < e " for r >0,

where [b]o, = max; |bj| and [blz := (3_; b§)1/2.
Direct integration shows that Pexp()\Z?) = (1—2))"Y2for A < 1/2.

Thus, as in <35>,

log P exp(Abj(Z7 — 1)) = —Abj — 3log(1 — 2b;A) < §b7A*(1 — 2b;))
provided 2b;A < 1. Consequently, for 0 < Ab|» < 1,

logPeM < 2% IN /(1= 2[blocA) = F[DEN?/(1 = 2[bloc ),

J

implying W/(2|b|so) € SUBGAMMA () for o = $(|b|2/|b|oc)?. Thus inequal-
ity <45> follows from <42>.

Binomial

The BINOMIAL distribution behaves a little like the POISSON. It is also a
prototype for other inequalities involving sums of bounded random vari-
ables.

Remember that X has a BIN(n,p) distribution if

P{X =k} = <Z>pkq"_k for k=0,1,...,n.

Here and subsequently I write ¢ for 1 — p. The distribution has expected
value np, variance npq, and Mx(\) = (¢ + pe*)™. The difference n — X has
a BIN(n, ¢) distribution. Thus

P{X <np—=z} =P{n—X >nqg+x}.

That is, the lower tail for the BIN(n, p) corresponds exactly to the upper
tail for the BIN(n, q).
Here is the main result:

Theorem. If X ~ BIN(n,p) then

2

P{X >np+a} =exp (—xgp(ac)> for 0 <z <ng
npq

X —X
Where gp(l‘) = qd}benn () +p/¢)benn <> .
np ng
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Remark. From <46>, the companion inequality for the lower tail is

372

P{X <np—2x} <exp (— gq(x)) for 0 < x < np.

2npq

It is merely a matter of swapping the roles of p and g¢.

Proof. The quantities A := 1+ z/(np) and B := 1 —z/(nq) play a central

role in the argument, which is little more than a routine Calculus exercise

(backed up by convexity simplifications and the equality 1 = pA + ¢B).
From <3>, logP{X > np+ 2} < —A(zx) = —nsup, £L(\) where

L(N) :=pAX —log(q+pe*)  for AeR,

a concave function with derivative L()\) = pA —pe*/(q + pe).

If x = ngthen A = 1/p and L()\) > 0 for all A\. The supremum
equals log(1/p) and exp(—A(ng)) = p™ = P{X =n}.

If 0 < 2 < ng the supremum is achieved when A(g + pe?) = e, that is,
e = A/B. Thus

A(z)/n = pAlog(A/B) —log(qB + pA) + log B
=pAlog A+ qBlog B
= ph(z/np) + p(x/np) + gh(—=z/nq) + ¢(—z/nq) = gp(x),

[0 the desired equality.

Remark. The g,(z) is the same function as the g(z,n,p) in §2.5,
which derived sharp approximations for P{X = k} by means of the
STIRLING approximation: for k = np + =z,

exp [~2?g,(t)/(2npq) + O (k™' + (n — k))]
\/27Tn(p—|—a:/n)(q—x/n)' '

As happened with the N(0,1), the MGF method captures the main
term in the exponent but misses the square root term in the denomi-
nator.

As also explained in that Section, the convexity of ©pen, gives

T X r\q — .
gp(m) Z wbcnn (q - p) - wbcnn <(qp)> 2 1 lfp Z 1/2
np nq npq

P{X =k} =

Thus, if p > 1/2, the upper tail is less than exp (fx2/(2npq)), a clean
subgaussian bound with scale parameter /npq’. If p < 1/2 the upper
tail is still subgaussian (because ¥penn (—2/(ng)) > 1) but with a
larger scale parameter /ng.

Now let me move a little beyond the BINOMIAL to show that there are
several other distributions, with the same expected value as the BiN(n, p),
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that share the tail bounds for the BINOMIAL. In this Chapter these bounds
are derived by means of pointwise inequalities for MGFs. As such they
leave open the question of whether analogous inequalities would also hold
for the exact tail probabilities, not just their MGF-derived upper bounds.
Chapter 4 will return to this question

Example. Suppose S ~ PBIN(p1,...,py), that is, S is a sum of inde-
pendent random variables Y1 + - -+ +Y,,, with ¥; ~ BER(p;) for possibly
different p;’s. Define p =n"'>".p;. Then

Ms(A) = Hign (Qi +pi6)\> P <Zz§n log(a: +p,~e)‘)> '

Concavity of the log() function shows that
1 LA 1 e _ 9
n ), Joa(gi+pie’) < log (n D (i +pie )) = log (q + e ) :
Thus Mg(6) < My (0) where W ~ BIN(n,p) and ¢ = 1 — p. It follows that

2

2npq

P{S>np+z} <exp < gl—,(q:)> for 0 <z < ng,

with a similar bound for the lower tail.

The convexity idea from the previous Example can be pushed even
further.

Example. Suppose T' = Y7 + --- + Y,, a sum of independent random
variables Y; with 0 < Y; < 1 and PY; = p; for each i, and np = E?:l Di.
By convexity of the exponential function,

M < (1-Y) + Ve for each real \.

The inequality holds for all possible realizations of Y;. Equality is achieved
at Y; € {0,1}. In particular, equality holds when Y; ~ BER(p;), as in the
previous Example. Take expectations.

PeMNi < (1 —p;) +pie* = qi + pie®  for each real \.

By independence,
M) =TT P < T (ai+mie?) = Ms(3) < Mw (),

with S ~ PBIN(p1,...,pn) and W ~ BIN(n,p), as in the previous Exam-
ple. Thus

2
P{T'>np+xz} <exp (—Qflpqu(fv)> for 0 <z < ng,

O a result due to Hoeffding (1963, Theorem 1).
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Sampling and the hypergeometric

Both Example <48> and Example <50> involved sums of independent
random variables. The MGF approach can also work when there is de-
pendence between the summands, although the argument becomes a little
more delicate.

Example. Suppose U = {uq,...,un} is a finite set, an urn if you like

to think that way. In that interpretation the w;’s are the balls. Suppose
exactly R of the balls are colored red and the other B = N — R are colored
black. If n balls are sampled without replacement then each subset of U
with size n has probability 1/ (]Z ) of being selected and the number of red
balls T}, in the sample has a hypergeometric distribution, HYPER(n, R, B),
meaning that

Pt == ()02 C)

for each nonnegative integer k such that k < Rand n — k < B.
If the sampling is carried out with replacement then the number of red
balls in the sample, S, has a BIN(n, p) distribution, where p = R/N.
Elementary calculations (Pitman, 1993, §3.6) show that

PT, =PS, =np
var(Ty,) = np(l —p)(N —n)/(N — 1) < var(S,) = np(1 — p).

If n is much smaller than N then there is actually not much difference be-
tween HYPER(n, R, B) and BIN(n,p): if a ball is selected then returned to
the urn, it is unlikely to be selected again if n/N is very small. If n/N

is not so small then, judging by the variances, HYPER(n, R, B) is more
concentrated around np than BIN(n,p). A beautiful result by Hoeffding
(1963, §6) adds some precision to this intuition. He showed that for each
convex function f on the real line,

Pf(Tn) < Pf(Sn).

In particular, the choice f(z) = e shows that Mz, (\) < Mg, ()\) for all
real A\. Any tail bound for the hypergeometric obtained via the MGF argu-
ment must therefore be smaller than the corresponding MGF tail bound for
the BINOMIAL.

To be more precise, Hoeffding’s result didn’t involve red balls and
black balls. It worked for every function g : U — R. (The special case
where g(u;) = 1 for a red ball an g(u;) = 0 for a black ball get us back
to the hypergeometric.) That is, we can take Xi,..., X, to be a sample
from U without replacement and Y7,...,Y, to be a sample with replace-
ment. If we define T, := >, ¢9(X;) and S,, := > ., g(Y;) then inequal-
ity <52> will still hold for every convex f. -
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I had some trouble digesting Hoeffding’s proof. Even after working
through the details I could not have explained to anyone why the method
worked. Subsequently I stumbled on a proof by Le Cam (1986a, p534),
which involved a much more intuitive explanation, reducing everything to
the JENSEN inequality. Unfortunately I again had some trouble convinc-
ing myself that all the “obvious facts” were actually true, so I wrote out
the following rather more pedantic account based on Le Cam’s idea. For
technical details see Problem [13].

Here is the key idea. Suppose Y = (Y1,Y>,...) is obtained by sampling
repeatedly with replacement from U. With probability one each member
of U appears infinitely often in the Y sequence. If we discard all except
the first appearance of each u in U from the Y sequence then we are left
with a random permutation, (X1,...,Xy) of U; and Xj,..., X, forms a
sample of size n taken without replacement from U.

The sequence (Y7,Ys,...) will contain repeats, which can be repre-
sented as a sequence C(Y) = (C1(Y),C2(Y),...) of symbols from a set of
‘codewords’ B = {[j] : 1 < j < N}, by the following procedure. Think
of B as ordered: [1] < [2] < - -+ < [N] The code C(Y) always starts with [1].
If Yo = Y7 then Co(Y) = [1], otherwise C2(Y) =[2]. And so on. In general,
if a Y; repeats an earlier Y; then C;(Y') = €;(Y); if ¥ is different from all
previous Y;’s then it receives the smallest unused code symbol. For exam-
ple, here is how it works for a typical Y:

Y: wr uz wg wur w2 wuz u3z uiss
X: wur uz ug Uz U185

CY): [ [ Bl [0 [ [ [

You should ignore the gaps in the X-vector; I inserted them just to align
each X; with its first appearance in the Y sequence. The corresponding
positions in C(Y') contain a repetition of an earlier code symbol. For ex-
ample, the second uy in the Y sequence has a gap in X and is coded as
because Y7 = ury.

Together, X and C(Y") allow us to reconstruct Y: for i = 1,..., N re-
place each [i] in C(Y') by X;, the ith element of X (ignoring the .. characters).
More concisely, Y; = Xe(y;), provided we ignore the little box around the
code symbol.

I claim that X and C(Y') are independent.

Remark. Initially I thought the independence was obvious: knowledge
of the pattern tells us nothing about the order in which the elements
of U are first observed. For example, if C(Y) = ([1],[2],[3],[1],-..)
then we know that Y7, Y5, Y3 are different elements of U and Y, = Y}
but we have no information about which three elements of U were in-
volved. Then I began to worry that this assertion was a bit too hand-
waving. It took me a while to come up with the more rigorous argu-
ment given in Problem [13].
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Now back to <52>. Remember that S,, = g(Y1) + ...¢(Y,) and T}, =
g9(X1) +...9(X,). The sum S,, can be re-expressed using the counts

Ny, (j) = number of times [j] appears amongst C(Y7),...,C(Y,).
For example, if n = 6 and Y = (u7, us, ug, uy, ug, us, ... ) then

(X1,..., X4) = (ur,ug,ug,ug) AND C(Y) = ([1],[2},[3],[1}[4],[2] . ..) ,
so that Ng(1) = Ng(2) = 2 and Ng(j) = 1 for j = 3,4, which gives

g(Y1) + -+ 9(Y6) = 29(X1) +29(X2) + 9(X3) + g(X4).

Notice that we only need the counts up to j = 6, at most, because (Y1,...,Ys)
can involve at most 6 different elements X1,..., Xg of U. In general,

S =g() -+ g(Va) =Y Nali)a(X;)

and

or(s) =P (S, %)

Unfortunately, the final expression is not symmetric in Xi,..., Xy;

it is hard to see how it is related to Pf(T},). My method for determining
patterns broke the symmetry but it can be restored using a sneaky trick.
As the N, (j)’s depend only on C(Y') they are independent of X. We could
replace (X1,...,X,) by any other random sequence ()?1, . ,)~(n) that is
independent of C(Y') and has the same distribution as (Xi,...,X,). For
example, for any fixed permutation o of [[n]] := {j € N: j < n} we could
use (XJ(1)7 ey Xo(n)):

Pf (Sn) =Pf (2:21 Nn(j)XU(j)) for each permutations o of [[n]].

We can even average out over the uniform distribution Q on the set of all
permutations of [[n]] then use the JENSEN inequality to take the Q integral
inside the convex function:

PF(S2) = QPF (D Nali) X)) 2 PF (7D Nuli)Xo)

From the facts that 3°7_; Nu(j) = n and

n

Q79(Xo(5) = n~t Z g(X)) =n"1T), for1<j<n

i=1

O it now follows that Pf(S,) > Pf(T},), as asserted.
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Problems

For Problems [1] through [5], the function ¢(x) denotes the N(0,1) density
and ®(x) := [ 7 ¢(t)dt; the functions R(-) and p(-) and r(-) are defined
on R by 1/p(x) = R(z) = ®(x)/p(x) and r(z) := p(x) — .

Inequality <11> is just the initial part of a sequence of upper and lower

bounds for R(x), which are apparently due to Laplace (see Notes). Each
bound is of the form p(1/x) with p a polynomial.

(i) Show that p(1/z) > R(x) for all x > 0 if

<54>

<55>

— S G1/06(1) > 6t)  Torall >0

and p(1/xz) < R for all z > 0 if

~ S G(1/06() < ot)  Torall >0

Hint: f;o

(ii) Show that<54> holds if and only if p(s) + s>p(s) > s for all s > 0. Char-

acterize <55> by the reverse inequality.

(iii) Define a sequence of monomials by Ag(s) = s and Ag(s) = —S3Ak,1(s)

for k > 1. Define a; :=1 x 3 x --- x (2k — 1). Show that

Ap(s) = (=1)Faps® ! = —(2k — 1)s®Ap_1(s) for k=1,2,....

(iv) Define pi(s) = Zf:o A;(s). Show that pi(s) + s3pr(s) = s — Agr1(s).
(v) Conclude that pg(1/x) > R(x) > pr41(1/x) for each even k.

2]

3]

Show that ®(z) < %e*xzﬂ for x > 0. Hint: From Theorem <20>(i) we
have R(0) > R(x).

(Birnbaum, 1942). Use the CAUCHY-SCHWARZ inequality and some results
from Theorem <20> to show that

[e’e) 2
P(z)? = (/ t/o(t) /(1) dt) < (z¢(2) + @(z)) ().

Deduce that p(x)? < xp(x) + 1, so that |p(x) — /2| < /1 + x2/4, which
implies p(z) < (a: +Va? + 4) /2.

(Sampford, 1953) Define ¢ (x) := 2r(x)? + xr(z), as in the proof of The-
orem <20>, which showed that ¢ (x) > 1 for all x € R. Argue that r(x)
cannot belong to the closed interval I, := {t € R : 22+ 2t —1 < 0},

which has endpoints (—:): + Va4 8) /4. Deduce that r(z) > (—x +
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22 +8)/4 = 2/(x + V22 +8) and p(z) > (3z + Va2 + 8)/4. Note:
r(z) > 0.

[5] Suppose Z1, ..., Zy, are random variables, each distributed N(0,1) but, for
the moment, not necessarily independent. Define M,, = max;<,, Z;.

(i) Even without independence the MGF approach also gives an upper bound a,
for the expected value of M,,, via Jensen’s inequality: for each \ > 0,

exp (APM,) < Pe*n = Pmax; /% < Z P = et /2,
(2

Deduce that PM,, < infyso (logn 4+ A?/2) /X = a, = \/2log(n). The case
where Z; = Z; for all ¢ shows that the bound is not sharp in general.

(ii) If the Z;’s are independent, show that PM,, > a, — clog(ay)/a, for some
constant ¢, if n is large enough. First show that

My = maxicn 27 = (3 _ 1Zil) {My < 0}
so that PM,, > P max;<, Z;r —nP|Z1]/2"!. Then argue that
oo
O(n/2" Y+ PM, > Pmax;<, Z;" = / P{M, > t}dt > z,P{M, > z,}.
0

Look at Example <18> for a way to choose x,,.

[6] Suppose Z1, ..., Z, are independent random variables, each distributed N(0,1).
(i) Show that P{max;<y |Z;| < 2,,} = (1 — 2®(zy))".

(ii) Mimic the argument from Example <18> to deduce that max;<, |Z;| con-
centrates near a,.

[7] Suppose X has a standard exponential distribution.
(i) Show that P{X >z} =€ for all z > 0 and PX = 1.

(ii) Show that the method from Section 3.1 gives P{X > z} < (ex)e™* for
x> 1.

(iii) What bound does the method give for 0 < x < 17

Remark. Maybe we need a little bit more than tails decaying like e™”

for the MGFmethod to deliver interesting bounds.

8] Suppose Aj, ..., A, are independent events with ), PA; = € , for a small e.
Show that

PU; A;=1—exp {ZZ log(1 — PAZ')} >1—e“=c—0(?).
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[9] Use notation from Lemma <29>. Suppose W has distribution P. Suppose

we can construct a new random variable W such that the joint distribu-
tion of (W, W) is the same as the joint distribution of (W, W) (an “ex-
changeable pair”). Write A for W — W and define

pi(w) =P(A|W =w) AND po(w):=P (A% |W = w) .

Assume that [|h||L;, is finite.
(i) For real x and z := y — = define an antisymmetric function

F(z,y) = (y = 2) [f(@) + fW)] = = 2 (@) + 2 (@)] + Rz, 2),
where R(z,z) := f(x +2) — f(z) — zf(:v) Show that
0= PE(W, V) = P (2u(w) f(w) + pa(w) f(w)) + PR(W, A).

(ii) Suppose p1(w) = —Aw + Ry (w) and pa(w) = 2\ + Ra(w) for some positive
constant A, with Ry and Rp small. Deduce from (i) that

2APH(W)| < 2/|AllipP| AP + /7 /2| H || oP|R1(W)| + 2| H || oo P| Ro (W)].
Compare with Stein (1986, pp. 33-35).

[10] Let {&ni @ @ € [[n]], n € N} be a triangular array of random variables, in-
dependent within each row. It is a classical result (see Petrov, 1975, §IV.4
and Le Cam, 1986) that if max; P{|, ;| > €} — 0 for each ¢ > 0 then
> i éni ~ N(0,1) iff for each € > 0 we have: P{max; |,;| > ¢} — 0 and
Soivar (§ni{lénil < €}) — 1and Y, var (§,:{|&n.il < €}) — 1. Thus, for
the purpose of developing normal approximations for sums of independent
random variables it suffices to consider the case where &1,...,&, are inde-
pendent random variables with: [£;| < € for a fixed € > 0; P§; = 0; and
> ;var(&) = 1. This Problem will show how the bounds from Problem [9]
can handle such a situation.

Let &1,...,n,m1,...,7n,J be independent random variables, with »;
having the same distribution as §; and J being uniformly distributed on [[n]].
Define W := . & and W = Yo{J # it + {J = i}n;, so that A =
W =W =5 {J =it(ni — &)

(i) Show that p1(w) = —w/n and pa(w) = 2n~! + Ro(w) where Ro(w) =
n~tP, > (512 — 012), where 01-2 = P§Z-2 and P, is shorthand for the condi-
tional distribution of W given W = w.

(ii) Show that

2
(PR W) <P (D &8 —0?) <> Pei<
nPIAP < i — & < de.

(iii) Deduce that [PH(W)| < Cmax(||h||uip, || H||co)€ for some universal con-
stant C.
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Remark. The previous Problem is just a sanity check for Problem [9].
The real strength of Stein’s approach is its ability to handle problems
caused by dependence, which defy classical methods.

[11] Suppose f(\) := $A2/(1 — A) for 0 < A < 1. Show that f is convex with
conjugate f*(y) =14y — (1 + 2y)/2 for y > 0 by the following steps.
(i) Show that f(1 —s) = 1/(2s) = 1+ s/2 for 0 < s < 1. Deduce that f is
convex.
(ii) Show that f*(y) = 1 +y — infocs<i (ys + 1/(2s) + 5/2), with the infimum
achieved at s = (1 4 2y)~1/2.

(iif) Define w := (1 + 2y)'/2. Show that
w?—14+uw?+1

y/w+w/2+1/2w) = o w.
(iv) Show that
2 2
() Y > _Y for y > 0.

T 1yt (t2y) 2T 242y

[12] (compare with Boucheron et al., 2013, p37) Suppose S = X;+---+X,, is a
sum of independent random variables for which 7'1-2 = PXl-2 < oo for each ¢
and there exists a finite V with Y, 72 <V and

<56> S OP(XHF<KV/2  for k>3,

Show that S — PS € SUBGAMMA
(i) Recall that f(z) :=e* -1 -2 =
that e* < 14z +2%/2+> -5
care of f(z) for x < 0.
(ii) Deduce that, for 0 < A < 1,

—

V) by the following steps.

22 (z) with (z) <1 for < 0. Deduce
)k /k! for all real . Hint: The 2%/2 takes

+NJ\»—A

AX; S 1,242 k +\E /71
P <1+ APX; + JoM? + Zk23)\ P(X,;M)F /KL
(iii) Sum over 7 then invoke <56> to deduce that
A(S—PS) 2 k _ 2701
log Pe < VA2 + Zkzg AV /2 = (V/2)A2/(1 - \)

if 0 < A < 1. That is, S — PS € SUBGAMMA(V).

(iv) Suppose <56> is modified to include a positive scaling factor B, that is,
S P(X;")* < k!'VB*2/2 for k > 3. Deduce that

log PMS=PS) < 1y)2/(1 — AB)
for 0 < AB < 1. Hint: Consider S/B.

[13] Here is a rigorous way to establish independence of X and C(Y) in Exam-
ple <51>. Notation (derived from Section 3.8):
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(a) Regard Y as the identity map (that is, Y (y) = y) on UN equipped
with its product sigma-field and product measure P = N, where v
denotes the uniform distribution on U.

(b) B={[i:i=1,...,N}, the code symbols. Regard C as a measurable
map from UN into the product space BN (equipped with its product
sigma-field).

(¢) W = the set of all permutations of U. (Thus |W| = NL) If x =
(z1,...,2zn) € W and [i] € B, interpret ) to mean x;.

(d) Treat X = X (y) as the map from UN into the set W that is defined
by discarding repetitions of each y; after its first appearance in y.

(e) For y = (y1,y2,...) € UN and B = (b, by,...) € BN define €(y) [ n =
(C1(y),...,Cn(y)) and B n = (b1,...,by).

The argument:
(i) Show that the distribution of X is uniform on W. Deduce that

1 1 1 1

PX; =2, Xn = an} = ~ -
K= Xy =an) = g XTI N v,

for each z € W and 1 < j < N. (Exchangeability helps.)

(ii) Show that the distribution of C(Y') concentrates on the set P of all feasi-
ble B’s in BN, that is, those B that start with [1] and for all 4, j with 1 <
j < i < N the codeword [;] first appears in B before [4].

(iii) Suppose B € P and B [| n uses only the k code symbols [1],...,[k]. Show
that
N(N—-1)...(N=k+1) (N)g

P{C(Y) [ n=B[n} = = =

Hint: Each repeat of a codeword corresponds to an event that has prob-
ability 1/N and the first appearance of codeword [;] indicates a selection
from a set N — j 4+ 1 elements from U.
(iv) Suppose z = (z1,...,zy) € Wand B € P, with B || n using only the k
code symbols [1], .. .,[k]. Justify the following assertions.
Define

A={y:Cy)n=B[n, Xi=zifori=1,...,k}.

The assumption about B means that yi,...,y, select only k distinct ele-
ments of U, namely Uy := {z; : i =1,...,k}, with first selections occurring
in the order (z1,...,x). Thus

PA=Ply:yi=uap, fori=1,...,n } = (1/N)".
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Conditional on the occurrence of A, the remaining observations ¥,11, Ynt2, - - -
are left to select each element of Uy := {z; : n+ 1 < i < N}. If we also
require X; = x; for K+ 1 < i < N then we have specified the order of first
selections of the elements of Us, namely (zg41,...,2x5). Thus

1 1 1 1

Nk 'N-k—1" 717 (N—r)

P{X;=z;fork+1<i<N |A} =

Combining these two results we get

. 1 NWN-1)...(N—k+1) 1
=N X i = N© N1

=P{C(Y)[n=B[n}xP{X ==z}

It follows that C(Y) and X are independent.

Notes

Bennett (1962) and Hoeffding (1963) are good sources for a host of expo-
nential inequalities. Massart (2003, Chapter 2) and Boucheron, Lugosi,
and Massart (2013, Chapter 2) persuaded me that it is better to have the
relevant results collected together in one place, rather than deriving them
on an ad hoc basis.

Many authors seem to credit Chernoff (1952) with the moment gener-
ating trick in <1>, even though the idea is obviously much older. In the
1952 paper Chernoff first noted that Cramér (1938) had already estab-
lished excellent results for sums of independent random variables using the
MGF method. Then he proceeded (page 495) to list a few basic facts:

Since the results of Cramér are extremely more powerful
tha[n] we require here and the (finite) existence of third or-
der moments is not necessary for the results that we desire, we
shall state and briefly outline a proof of Theorem 1. Before do-
ing this we shall first formally state some notation and lemmas
which we shall use throughout this paper. These lemmas state
known results which are rather obvious, depending mainly on
Lebesgue’s Theorem on integration of monotone sequences [ref-
erence to the Saks book].

Remark. Cramér’s 1938 paper summarized asymptotic approxima-
tions to the tail probabilities for a sum of independent random vari-
ables, rather than bounds on those tail probabilities; details appeared
in Chapter 7 of Cramér (1937). See Cramér (1976, §4.9) for comments
about the conference where he presented the 1938 paper.



70 Chapter 3: The moment generating function method

Amongst the known results listed by Chernoff was a special case of
the ‘extended Tchebycheff inequality’ (near the start of the proof of his
Theorem 1) for which he cited the German original of Kolmogorov (1933).
(The inequality, which corresponds to my <1>, appeared in §IV.3 of Kol-
mogorov’s book.) In a subsequent biographical article Chernoff (2004,
page 3) acknowledged that while working on his 1952 paper he had orig-
inally been ignorant of the 1938 Cramér paper.

In the 1933 book Kolmogorov gave no source for the ‘extended Tcheby-
cheff’ inequality, although the 1927 edition of Sergei Bernstein’s probabil-
ity book was listed in his Bibliography. Moreover, in a paper celebrating
Bernstein’s eightieth birthday, Kolmogorov and Sarmanov (1960) noted:

3. Beginning in 1921 Sergei Natanovich published a number of
papers dealing with various special problems in the application
of probability theory ...and in 1927 appeared the first edition
of the fundamental text “The Theory of Probability”, which
was reprinted with large supplements in 1934 and 1946. At the
mathematical congresses in Moscow (1927) and Ziirich (1932)
Sergei Natanovich delivered long survey reports on the prob-
lems of probability theory. We ...emphasize that at this time
such a wide range of work on all the fundamental theoretical
and applied problems of probability theory was a totally new
thing. ...It is natural that the theoretical and applied works of
Sergei Natanovich and his text in probability theory have de-
termined to a considerable degree the development of research
in probability theory in the USSR.

And then

4. A whole series of papers by Sergei Natanovich are connected
with the strengthening of Chebyshev’s inequality [citing papers
from 1918, 1924, and 1937] and the calculation of the error in
the Laplace formula ...

I took the quotes from the STAM translation of Volume V number 2 of the
Russian original.

Now for the view from the West. The proof of the Bernstein inequality
given by Uspensky (1937, pp. 204-206) used the MGF method. He pref-
aced the “Indication of the Proof” by the remark “S. Bernstein has shown
that Tchebycheft’s inequality can be considerably improved”. I thank
Elena Khusainova, who translated four pages from Bernstein’s probabil-
ity book for me, clearly showing that Uspensky was following that book,
which appeared in his list of references (page 207).

Hoeffding (1963, page 14) gave Bernstein credit for the MGF approach:

The method employed to derive the inequalities, which has of-
ten been used (apparently first by S. N, Bernstein),. . .
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Bennett (1962) had also cited (page 34) Bernstein’s 1927 book (and an
earier paper) with the comment (page 35):

Bernstein’s original work was published in Russian, and ap-
pears to be unobtainable. It is reported—indirectly—by [Craig,
1933] ...and by [Uspensky (1937, pages 204-206)] who indi-
cates the proof in a series of exercises. The inequality is men-
tioned or quoted without proof by ... Apart from these brief
references, Bernstein’s inequality seems to have escaped notice
in the English-speaking world.

Craig had commented (his page 94):

Another interesting and important attempt in this direction
due to S. N. Bernstein seems to have generally escaped atten-
tion in the English-speaking world, at least, since it has been
published only in Russian.

with the footnote

“Bernstein, S., Theory of Probability, (Moscow, 1927), pp. 159-
165. The present account of this work of Bernstein is taken
from a lecture of Professor J. V. Uspensky.”

Craig also mentioned that his paper was written while he was at Stanford
University, where Uspensky was a mathematics faculty member, until his
death in 1947.

I think it abundantly clear that credit for the MGF method should go
to Bernstein, not Chernoff.

Inequality <11> for R(z) := ®(x)/¢(x) is classical. It corresponds to
the first two terms in the asymptotic expansion derived in Problem [1].
See Baricz (2008) or Gasull and Utzet (2014) for recent examples, which
include some history. Problem [1] itself corresponds to an analogous result
for the error function (that is, f(;c et dt) presented by Laplace in his Ce-
lestial Mechanics, reprinted 1805 in Volume IV, Book X, Chapter 1, §5 of
his collected works (pages 489-492 in the Bowditch translation). He also
developed a continued fraction expansion.

The ratio R(x) is often called the “Mills ratio”, because it was dis-
cussed by Mills (1926). Actually Mills was just constructing a table of R,
using earlier tables for the normal distribution function and numerical
methods proposed by other authors. There has been a long history of au-
thors deriving bounds for R, such as the upper bound from Problem [3]
and the lower bound from Problem [4].

I first came to appreciate the value of having global control over p
while working out the theory for Carter and Pollard (2004) and UGMTP
Appendix D. Most of the proof for Theorem <20> comes from those two
sources, with corrections, plus ideas adapted from Sampford (1953).
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The sUBGAMMA idea is clearly present in the derivation of Bernstein’s
inequality from the BERNSTEIN moment assumption (see Example <39>)
but, to my knowledge, Boucheron, Lugosi, and Massart (2013, page 28)
were the first to anoint it as a general concept.

Okamoto (1959) stated the BINOMIAL tail bounds <47> and its ana-
log for the lower tail in a slightly different form, with the comment that
“We shall state two Lemmas the first of which is a corollary of a theorem
given by [Chernoff 1952, Theorem 1]”. He then derived several more at-
tractive bounds that could be derived from the MGF bound. He omitted
the calculus (which I provided in Section 3.7) for the MGF bound; he only
gave the details for the weaker upper bounds. He also commented that his
proof simplified a “tedious, although elementary” calculation by Uspensky
(1937, page 102). It seems strange to me that Okamoto did not also cite
Uspensky (1937, page 204).
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Chapter 4
Poisson-Binomial

SECTION 4.1 introduces the idea that the Binomial distribution is more
spread out than each POISSON-BINOMIAL distribution with the same
number of trials and the same expected value.

SECTION 4.2 identifiies the POISSON-BINOMIAL with the set of distribu-
tions whose probability generating functions are polynomaials with all
their roots real.

SECTION 4.8 presents some classical facts about polynomials with real
7001S.

SECTION 4.4 shows that all the members of a large family of distributions
defined by sampling without replacement, which includes the hypergeo-
metric, have POISSON-BINOMIAL distributions.

SECTION 4.5 shows that the BINOMIAL distribution is almost unimodal,
with mode(s) close to the mean.

SECTION 4.6 shows that the POISSON-BINOMIAL distribution is almost uni-
modal, with mode(s) close to the mean.

SECTION 4.7 shows that P{PBIN > pu+ x} < P{BIN > pu+ x} for x slightly
larger than zero, when both distributions have mean p.

SECTION 4.8 shows that the median of a POISSON-BINOMIAL is very close
to its expected value.

The extreme Binomial

Suppose S := X7 + --- + X,,, a sum of independent random variables that
take values in {0,1}. If X; ~ BER(p) for each i then S has a BIN(n,p)
distribution: P{S = k} = (})p*(1 — p)"~* for k = 0,1,...,n. The symbol
BIN(n, p) identifies a particular probabilty measure that concentrates on
[0,n]] :={k€Z:0<k<n} If X;~ BER(p;), with the p;’s allowed to be
different for each ¢, then S has a POISSON-BINOMIAL distribution, PBIN(p)
with p := (p1,...,pn).The symbol PBIN(p) identifies another probabilty
measure that concentrates on [[0,n]]. The expression for the mass placed
at k has a slightly messy form:

P(S =k} = Auanl®) =" (T, ») (IL,, 1 —22).

where 3, ;. denotes summation over all (%) subsets J of [[n]] of size k.
Each Ay, is a symmetric function of p1, ..., p,, which could be expanded
into a sum over all subsets J of [[n]] of terms C; [];c; p; for a complicated
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set of constants {Cy : J C [[n]|}. There is also a recursive formula based
on the fact that T:= Xy + -+ + X,, ~ PBIN(pa,...,pp): for 0 < k <mn,

Apn(P) =P{X1+T =k} =pP{T =k -1} + (1 —p1)P{T =k}
= p1Ag—1n—1(p2, - 0n) + (1 = p1)Apn—1(P2s - - - s Pn)-

Then A,, , could be expanded using A, , ,, and so on.

Remark. When the value of n is clear from context it can safely be
omitted, making the formulas slightly easier to decipher. For exam-
ple, <2> becomes

Ax(p) = p1Ak-1(p[-1]) + (1 — p1)Ax(p[-1])

where, R-style, p[—1] := (p2,...,Dn)-

Sections 4.7 and 4.8 will also be dealing with the tail probabilities

n

P{S >k} = Ei(p) = A;(p) for 0 <k <n.

j=k

Despite the awkward form of <1>, a lot is known about PBIN(p).
This Chapter will present a few choice examples, including some surpris-
ing facts about modes and medians.

You should keep in mind that a random variable W can have a PBIN
distribution even if it is not defined as a sum of independent BER(p;)’s.
The random variable W lives on some (€2, F, P), a probability space that
might be quite complicated; the distribution of W is a probability measure
on [[0,n]] defined by the P{W = k} values. Example <13> will describe
in detail such a situation, involving samples of size 2 taken without re-
placement from a finite population, where PBIN makes an unexpected
appearance.

The previous Chapter (§§3.7, 3.8) presented several examples of dis-
tributions (including the PBIN and hypergeometric) whose MGF’s are
smaller than the MGF of a BINOMIAL distribution with the same expected
value. Application of the MGF method then gave tail bounds that were
smaller than the corresponding tail bounds for the BINOMIAL, inequalities
that raised the question of whether the actual tail probabilities really are
smaller than the actual tail probabilities for the BINOMIAL. This Chapter
will show that they are: in a strong sense, the BINOMIAL is an extreme
member of the set of PBIN distributions. In addition, Section 4.4 will
show that the hypergeometric is a special case of the PBIN, an assertion
that I initially found hard to believe. And in Section 4.8 you will learn
a surprising fact about the mode and median of the BINOMIAL: both lie
within a distance one of their expected values.
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4.3

<5H>

§4.3 Polynomials with real roots 7

The PGF of the Poisson-Binomial

As before, suppose S := X7 +---+ X,,, a sum of independent random vari-
ables with X; ~ BER(p;). Some of the most interesting properties of the
distribution for S, the PBIN(p1,...,pn), lie encoded within its probability
generating function (PGF),

g(z) =Pz =ag+arz+ -+ ap2" where ay := P{S = k}
= Hn . (1 —pi +piz) by independence of the X;’s.
1=

The factorization shows that the roots of the polynomial g(z) are all non-
negative real numbers: —(1 — p;)/p; for each nonzero p;. More precisely,
ifng := |{i € [n] : pi = 0} and ny = [{i € [[n]] : pi = 1} then
g9(z) = ngkzgn—no apz® with a; > 0 for n; < k < n —ng. The ng zeros
have no effect on S and the ones just contribute a constant n; to S. To
avoid the trivial case where S is constant we might assume that 0 < p; < 1
for at least one i (or even all 7). However, there are sometimes good rea-
sons to allow 0’s and 1’s, as you will see in Sections 4.7 and 4.8.

The all-real-roots property characterizes the POISSON-BINOMIAL.

Lemma. Suppose a random variable W takes values only in {0,1,...,n},
with a, = P{W = n} # 0 and h(z) := Pz". If alln roots r1,...,7, of h
are real then max;r; < 0 and W has a PBIN(p1, ..., p,) distribution with
pi=1—r)""
Proof. For s > 0 the polynomial h(s) = Y., s*P{W = k} is strictly
increasing with h(s) > h(0) = P{W =0} > Ofor s > 0. Thusr; < 0
and 0 < p; :==1/(1 —r;) <1 for each i. Replace —r; by 1/p; — 1 to get

a

h(z) = an H@'(Z + (L —pi)/pi) = Hépi Hi(l — pi + piz).

The equality h(1) =1 forces a, = [[, pi-

Polynomials with real roots

There is an extensive literature, going back several centuries, regarding the
roots of polynomials. See Pélya and Szegd (1976, Part 5, Chap 1) or, for a
more exhaustive treatment, Prasolov (2004). Some of the results are useful
for POISSON-BINOMIAL purposes.

To avoid constant repetition of the clumsy “all-real-roots”, for n > 1
define P,, to be the set of all polynomials of degree n with nonnegative,
real coefficients and all n of its roots real. (By an argument similar to the
one used for the Proof of Lemma <4>, these assumptions force all roots
to be < 0.) Write P for Upen®y,. If f € P, then

n

K )
f(z):a0+a12+"'+anzn:anHA (Z—Ti):a:nHA 1<Z_Rj)NJ

i=1 J]=
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with a, # 0 and min; a; > 0 > max;r;, where {R; : j € [[K]]} are the
distinct roots of f with multiplicities N; := |{i € [[n]] : r; = R;}|.

<6> Lemma. (i) If f € P, and g € Py, then fg € Ppim.
(ii) If f € P, with n > 2 then its derivative, D f, belongs to Pp_1.

(i) If f € Py, and f(z) = ZLgkgnakzk = a, [[;(z - Rj)Ni with ar, > 0,
distinct roots Ry < Ry < --- < Rg =0, and Ng = L > 0 then the
polynomial

(T)(2) == 2"f(1/2) = an + an12+ - +apz""" € Pp_p,
has roots 1/R; of multiplicity N;j for 1 < j < K.

O () If f € Py, then f(a+ Bz) € P, for all real constants a and 3 # 0.

Proof. For (i): f(2)g(z) = CllLiepy(z = 7i) [1jepmy(z — ;) for some
positive constant C' if g(z) has roots si,..., Sm.

For (ii): Without loss of generality suppose Ry < Ry < -+ < Rg <0
in <5>. By the mean value theorem, D f is a polynomial of degree n — 1
with at least one zero in each of the K — 1 open intervals (R;, Rj11). For
each j, it also has a root of multiplicity N; — 1 at R;: if we factorize f(2)
as (z — R;)Nih(z) then

Df(2) = (= = R))™ ™1 (Njh(2) + (2 = Rj)Dh(z)) .

That gives (K — 1) + Zszl(Nj — 1) = n — 1 nonpositive roots, counting
multiplicities.
For (iii): If z # 0,

_  Ni4-+Ng 1 p N, =Nk

(tf)(z) =z xan<| |1Sj<K(z R;) J)z
— Nj(r,—1 _ p \N; _ Nj p—1 _ _\N;
=ap | |1§j<Kz i(z R;)™ =ay, | |1§j<KRj (R, —2).

O For (iv): [[;(a+ Bz —r;) has roots z = (r; — a)/B.
The next two Examples make use of the falling factorial function,
which is defined for real x as (x)p = 1 and

(x)g:szl(a:—j—i—l):x(x—l)...(m—€+1) for £ € N.

If x is a positive integer then (z), = z! and (z); = 0 for £ > = + 1. Falling

factorials appears naturally if we differentiate z* repeatedly: Dz* = (k);2F1,

D2F = (k)92%2,. .., D'2F = (k)pz** for ¢ < k.
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Example. Let me show you one way to use Lemma <6> to transform

a P, polynomial h(z) := arzt + - 4 apz™, with L > 0 and min; a; > 0,
into an f(z) := 37, b;z7, with 2 < m < n, by modifying the coefficients.
Assume n — L > 3 to ensure that m > 2, a condition needed for the next
Example. This trick will be most useful in Section 4.4.

Let ¢ and N be positive integers for which N > n and £+ 2L < n — 2.
Define b; := ar(N — k), for 0 < k < n but note that (N — k), > 0 only if
N—k > /¥, or k <m. The polynomial f(z) =by+---+b,,z™ belongs to P,
because a sequence of operations from Lemma <6> transforms A into f:

h(z) :=apzl + -+ an2",
hi(2) == Th(2) = an + - +arz"" L,
ho(2) i= 2Thi(2) = a2 + - +ap2V where R:= L+ N —n,
hs(z) := D'hy(2) = (R)panz® "t + ... (N)parzN"",
(=) :

Quite subtle, don’t you think?

Example. Let me show how to modify coefficients using Lemma <6> to
transform a P, polynomial h(z) := > }_, axz*, with n > 3 and ay # 0 for
all k, into an f(z) :== 371, bjz) € Py, with 2 < m < n. This trick will be
most useful in Section 4.4.

Let ¢ and N be positive integers for which 2 < m := N — £ <n < N.
Define b, := (N — k)gay, for 0 < k < n but note that (N — k), > 0 only if
N —k >/, or k <m. The polynomial f belongs to P,, because a sequence
of operations from Lemma <6> transforms A into f:

(z2):=ap+a1z+ -+ apz",
hi(z) == 2V h(2) = anzN T+ a2 T 4 4 ap2Y,
(2) = D'hu(z) = Zk:O(N — k)papz" T,

(2)

[0 Quite subtle, don’t you think?

Remark. Actually it would have sufficed to assume only that h € P,
with min(ag, a,) > 0, as an expansion of

L (S (7))

would have shown.
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The knowledge that a polynomial in P has only real roots tells us some-
thing about the coefficients of the polynomial, information that can be ex-
tracted by repeated appeals to Lemma <6>. The short story is that the
next result is due to Isaac Newton; see the Notes for the long story.

Example. Suppose g(z) = ag + -+ + a,2" € P, with ag # 0. Here’s how

to prove

(n—k+1)(k+1)
(n—k)k

a% > Of—10k+1 > Qf—10k+1 for1<k<n-—1.

using Lemma <6>.
To slightly simplify notation write K for £ — 1. The K-fold derivative
of g is a polynomial of degree n — K,
DKg(z) =by+ bzt +by_ g2 K where b; 1= ax1;(K + j)k,
which belongs to P,,_ k. The operator 7 transforms D% g to

boz" T b2 T 4 b2 TR by k€ Pk

Another ¢ := n — K — 2 differentiations leaves D7D g(2) as a quadratic
in :])2:
b022(£ +2)p+b1z(+ 1)+ ba(f)g
= (ﬁ + 2)5(K)kaKz2 + (€ + 1)[([( + Dragy12 + +(£)5(K + Q)KGK+2
= (K!(A2* 4+ B2+ O)
where
A=({l+1)(l+2) xap/(1x2)=3(n—k—1)(n—k) x a
B=({(+1)(K+1)xagy1=n—K—-1)(K+1) xXag41
C=(K+1)(K+2)xag+1/(1x2).

By Lemma <6>, this quadratic has real roots, which happens if and only
if B2 > 4AC, which is equivalent to the first inequality in <10>.

For a more direct coupling proof of ai > ag_10k+1 see §13.1.

Sampling and the Poisson-Binomial

The traditional setting for the hypergeometric consists of an urn contain-
ing N balls, identical except for color, with R of those balls red and B =
N — R of them blue. One takes a sample of size n without replacement.
Then W, the number of red balls in the sample, has a HYPER(n, R, B) dis-
tribution:

b i = (2 )(Y) oot
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Of course ap, =0if k> Rorn—k > B.

For the purposes of this Section the “urn” will be the subset [N]| of N
with [[R]] denoting the set of red balls. The following Theorem is a tiny
variation on an amazing result due to Vatutin and Mikhailov (1983).

Theorem. Suppose F' and G are independent random subsets of [N]],
with |F|, the size of F', having a POISSON-BINOMIAL distribution and, for
a fixed n, G is a randomly chosen (without replacement) subset of size n:

N
P{G=J}= 1/<n> for each subset J C [[N]] of size n.

Then the size W := |F N G| also has a POISSON-BINOMIAL distribution.

As a special case we could choose F' equal to [[R]], whose size is a de-
generate PBIN(p1,...,pr) with each p; equal to 1. Then W would have
a HYPER(n, R, B) distribution, which thereby emerges as a special case
of the POISSON-BINOMIAL. The Theorem could also be iterated for inde-
pendent subsets Fi, ..., Fy with |F}| distributed PBIN and F; a random
subset of size n; for 2 < i < k. We could then argue that |F; N Fy| ~ PBIN,
and |[(F1 N Fy) N F3| ~ PBIN, and so on.

Remark. V&M actually assumed (in my notation) Fi, ..., Fj to be
independent random subsets of [[N]] of sizes nq,...,n; sampled with-
out replacement. Effectively they showed | N, F}j| has a PBIN distribu-
tion, from which they deduced several interesting limit theorems.

I found it helpful to work through the HYPER(2, R, B) case, using only
elementary arguments, before launching into the Proof of the Theorem.
The special case gave me some insights into the subtlety of the result.

Example. For a sample {s1, s2} taken without replacement from [[N]]
define & = {s; € [[R]]}, so that the sample contains W := £ + £ members
of [R]] and W ~ HYPER(2, R, B) for B:= N — R.

Marginally speaking, each &; has a BER(p) distribution, with p = R/N,
but they are not independent:

(R=1)/(N-1) ify; =1

P{&:H&:yl}:{}z/w—n ity =0

If both R and N were large then &; and & would be close to independent,
in some sense, but not so for an extreme case like R =1 and N = 3.

The distribution of W is determined by the joint distribution of &;
and &o: for y1,y2 € {0,1},

R(R—1) ify1=y=1
B(B—-1) ify1=32=0.
RB ifyr +y2=1

P& =v1.& =y} =
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It follows that h(z) := Pz = ag + a1z + a22?, where

B(B—1 R(R—1
o = NEN—l))’ @ = N?ﬁl—al)v a2 = NEN—I))‘

The quadratic h has two real roots, {ri,re} given by

—RBxy\/R?B2—BR(B—-1)(R-1) _ —RB+y/RB(N-1)
R(E-1) = R(B-1) )

both of them negative. Thus W ~ PBIN(p1,p2) for some values pi, p2

in [0, 1]. We could calculate suitable p; and ps values by following the
recipe given by Lemma <4>, but that seems to involve a lot of unenlight-
ening algebra with square roots. Alternatively, we can just note that for
h(z) to factorize as (1 — p1 + p12)(1 — p2 + p2z) we must have

p1p2 = ag,
p1+p2 —2p1p2 = p1(1 —p2) + (1 — p1)p2 = ay,
1 — (p1+p2) + pip2 = (1 — p1)(1 — p2) = ao,
with p1,pa € [0, 1]. If there were such a solution then, by <14> and <15>,
we would have

_ 2_
29 = PW =p1 —|—p2 = ail —+ 20/2 = 2R(NNI(%])V+—2§ 2R = %,

which would force p; = @ —t and ps = 6 +t and ag = p1p2 = 6% — t2, for
some real t. Then we would get

2 _ pn2 _ R? R(R—1) _ RB
t7=0"—ay = §z — N(N=-1) — NZ(N-1)

and p; and py take the values % + 4/ % .

Remark. You might want to check whether these p; values agree with
the {(1 — 1)1, (1 — ro)~'} promised by Lemma <4>.

Even if my algebra is not quite correct, these calculations do support
the idea that HYPER(2, R, B), as a probability measure on {0, 1,2}, coin-
cides with PBIN(p1, p2) for some choice of p;’s.

Proof (of Theorem <12>). If the PGF hy(z) = Pzl is a polynomial
in P, then the shifted PGF,

m F m
M) = P(142)F =P Y <!k!>zk =3 at forag=P(Y),

belongs to P,,: the 1+ z instead of z just subtracts 1 from each hg root.
Similarly, to prove that W has a PBIN distribution it suffices to show
that the shifted PGF
w
f2)=PA+2)"V =" P( L >zk

k=0
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has only real roots. (Here the sum must stop at, or before, m because
W < min (|F[,|G|)).) To that end, note that

(‘2’) =Y LIS FNGH =Y (TS FHICG),

where the sum runs over all the subsets of [[N]] of size k. (There are (]]Z )
of them.) Take expected values then invoke independence of F' and G:

P<vkv> =D P S FIP{ C G

This equality is the key to the proof because we can now treat F' and G
separately.

For G: Consider any J of size k. By assumption, G¢ is distributed uni-
formly over subsets of [N]| of size £ := N —n. Thus

P{JCG}=P{G°CJ} = (Ng_k)/@[) = Cn(N — k),

where 1/C), := /! (]X) This factor can be taken outside E‘lek because it
is the same for every J.

For F': The summation over J gives
- = -
Zm:k P{J C F} leJ‘:k{J C F}

F
= P (number of subsets of F' of size k) = P<| k|) = ay.

Thus

fE=>" P @/) F=C > ar(N = k)t

Example <8> showed that such an f belongs to P,,. The random variable
W := |F N G| has a POISSON-BINOMIAL distribution.

Mode(s) of the Binomial

You could regard this Section as mainly a warm-up for an analogous, but
more delicate, argument for the general POISSON-BINOMIAL.
For a random variable Y taking only integer values,

MODE(Y) := {k : P{Y = k} = max; P{Y =i} }.

If MODE(Y) = {v}, a singleton, then v is called ‘the mode’ of the distribu-
tion; otherwise the members of MODE(Y) are called modes.
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Example. If S ~ BIN(n,p) with 0 < p < 1 and ¢ := 1 — p then
aj :==P{S=j}= <@>qu”_j for 0 < j < n.
J

The ratio of consecutive a;’s is a strictly decreasing function of j:

a; _ P (- DIG -1 _ (n—j+1)p

aj—1 jln—j)! nlpi—tgn—itl jq
It follows that

>1 ifj<(n+1)p
aj/aj_l =1 lfj = (n+ 1)p
<1 ifj>(n+1p

If p>n/(n+1)then ap < a1 < --- < ap, which makes n the unique
mode. If p < n/(n+ 1), define L = [(n + 1)p] and M := [(n + 1)p], the
unique integers satisfying the inequalities

L<(n+1lp<L+1 AND M-1<(n+1)p<M.
If (n+1)peNthen L =M = (n+ 1)p and

ap < ap < -+ < QL1 =apM—1= QL = QN > Apf41 > -0 > .
If (n+1)p¢ Nthen L < (n+1)p <M and

ag < a1 <---<ap—1<ar=ap—1>ap > - > Qy.

That is, MODE(S) = {L — 1,L} = {M — 1, M} if (n + 1)p is an integer,
and otherwise MODE(S) = {L} = {M — 1}. In particular, for p = 1/2
and n even n/2 is the unique mode; and for n odd the modes are (n—1)/2
and (n+1)/2.

Mode(s) of the Poisson-Binomial

Suppose S := X1 + -+ + X,, ~ PBIN(p) for p := (p1,...,pn). As before,
define ay, := P{S = k} = Ai(p). From Example <9>,if 0 < p; < 1 for
each 7 then a% > ag_1ap+1 for each 1 < k <n —1. Thus
p1:=ai/ag > p2:=azfa; >+ > ppi=ap/an-_1.
Consequently,
(i) If p1 < 1 then ay > a; >ag > - > ap.
(ii) If py =1 then ap = a1 > ag > -+ > ay.
(iii) If p; > 1 then there is a largest K in [[n]] for which px > 1. If K =1
thenag > -+ > a,. f K > 1thenag > --- > ag. f K < n

then either px+1 = 1, which gives, ax = ax41 > ... (meaning that
A1 > >ap if K <n—2)orag > > ay.
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Remark. As you can see, there are tediously many different cases
reflecting slightly different sets of inequalities. Here I have tried to
spell out all the gory details because, on early drafts of the book
manuscript I had glossed over them, only to later see some beautiful
Theorems destroyed by one of the tedious cases. Apparently I am not
the only author to have suffered this fate: “We shall always assume
0 < p; < 1; the generalizations to p; = 0 or 1 being immediate though
sometimes ...burdensome to formulate” (Samuels, 1965, p1272). In-
deed. Not surprisingly, some information posted on the WWW is not
completely accurate for similar reasons.

When we wish to focus on Aj as a function of a particular p,, the re-
cursive formula

Ar(P) = paAr—1(P[—]) + (1 = pa) Ar(p[—0))

becomes particularly useful. For example, an elementary piece of Calculus
(Problem [5]) shows: at least for p € (0,1)" and 1 < k <n,

Ak(p)/Ak—1(p) is a strictly increasing function of p,

for fixed value of the other p;’s. This fact plays a central role in the fol-
lowing Theorem, which will handle the part of the range where the a;’s
are increasing. When applied to ), (1 — X;) in Corollary <26> it will also
take care of the rest of the range.

Theorem. If p := (p1,...,pn) € (0,1)" with n > 2 and
Pmin := min{p; : i € [n]]} < Pmaz := max{p; : ¢ € [[n]|}
then Ap_1(p) < Ax(p) for 1 <k < ppmin + i where =3 " | p;.

The Proof for Theorem <20> could be written using only the A func-
tions, without any mention of random variables. However, the arguments
become more transparent when expressed using independent variables
Xo, X1,..., X, with X; ~ BER(p;) and py := pmin. In the next Section
those arguments will involve many different PBIN’s built from the same
X;’s. That is, we will need to work with many different probability mea-

sures Pp+ on Q := {0,1}""!, defined by different p* := (po, . .., pn) values,
with the X;’s as its coordinate maps. In that setting we have:

S(w) := Zizl Xi(w) AND S*(w):= Zi:o Xi(w),

Ti(w) == S*(w) — X;(w) for 0 <i <mn,

Pp-{w} == H:’;o (pi{w,- =1} + (1 —pi){wi = 0}) for w € 0,
Actually, Pp«{S = k} = Ai(p) and Pp-{S > k} =: Ej(p) for p :=
(p1,---,Pn), as before. Similarly

7i(k,p*) := Pp{T; = k} = Ar(p*[—i)) for 0 <k <mn,

where p*[—i] := (po,p1,...,Pi-1, Pit1,.--,Pn). Roughly speaking, T;
behaves like S if p; is replaced by pg.
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Remark. In this Section the underlying P will always be Pp-; there

will be no harm if the p*’s are omitted. The changing subscripts will

drive the whole argument in the next two Sections.
Proof (of Theorem <20>). Start from a pair of pointwise equalities:

{*=k}=X{Ti=k—-1}+ (1 - X, {T; = k} for 0 <i <mn,
n
* — —_— . R p—
k{S* =k} = ZFO X{T; =k —1}.

The first follows directly from S* = X; + T;; the second from

Zj X{Tj=k—1} = Zj X;{S* =k} = S*{S* =k} = k{S* = k}.

Take expected values (under Pp+), using independence of X; and 7T; and
P{X; =0} = ¢; := 1 — p;, to deduce that

P{S* = k;} = piTi(k — 1) + qiTi(k‘) for 0 <i <n,
WPLS™ =k} =D pymi(k—1).

For 1 <k <PS + pmin = Z?:o p; we have

S pimlk =1 = kP{S* =k} < (37 i) P(S* = k)
= Z o Pi (p]Tj —-1)+ quj(k;)> by <23>.
Subtract the first expression from the last.
0< Z o Pi (pm — 1) + g7 (k) — (pj + ;)75 (k — 1))
= ZZ o Pidi (Tj — 7k — 1))
= ek = 1) (k) 7k = 1)~ 1).
The monotonicity property <19> gives

7;(k)/7;(k — 1) = Ap(po, P*[—J])/Ak—1(po, P*[—]])
< Ag(pj, P [—7])/Ak—1(pj, P*[—J])  strict if pg < p;
= Ak(p)/Ak-1(p) = P{S = k}/P{S =k — 1}.

The assumption that pg = pmin < Pmaz together with <25> implies

0< (P{S=k}/P{S=k =1} =1) D" pjasdit (0°[4)).

O As0<> % ,..., it follows that P{S =k} > P{S =k — 1}.
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<26> Corollary. Suppose p € (0,1)", for some n > 2, with p := PpS :==> " p;
and po := Pmin < Pmaz- Define a; :== A;(p). Then

(i) n>L:= |pmin+p] and n+1> M = [ppaz+p] and either M = L+1
or M =L+ 2.

(ii) ax—1 < ap for 1 <k < L.

(11i) ag—1 > ag, for M < k < n.

(i) If M =L+ 1 thenag < -+ < ap—1 >+ > ay.

(v) If M = L+2thenay < -+ < ap—2 and apy—1 > -+ > ayn, with no

O assertion regarding the comparison between ay;r—s and apr—1.

Remark. If M =n + 1 then ap;—1 = ay; the pattern of inequalities in
both (iv) and (v) should then end with ap;_1.
Compare with the result from Example <18> for S ~ BIN(n,J).
There we have p = nd with L := [§ + ] and M := [ + p]. The
patterns are:

<27> ag < - < apm_1=0apy > - > ay and M =Lifd+p €N,
<28> ag < ---<ap_1>ap >--->ay and M =L+1ifd+pé¢N.

Proof. Start with (i), noting that ppin+4 < Pmaz+1 < n+1 but pres+p
might be > n. By definition of |-| and [-],

L<pmint+p<L+1l AND M —1< pmaer+up <M.
We must have L < M because pmin < Pmaz. Also
L+2>1+pmz’n+,u>pmaz+u>M_1'

Thus 0 < M — L < 3 or, equivalently, 1 + L < M < L + 2.

Assertion (ii) just restates the result from Theorem <20>. For (iii)
apply the same Theorem to n — S ~ PBIN(n,q1,...,q) for ¢; := 1 — p;.
For 1 S] SQmin+(n_M) :n+1_pmax_u7

an—j+1:=Pp{n—S=j—-1} <Pp{n—-5=j} = an

Set j equal ton — k41 to get ar < ap—1 for pmaz + 1 < k < n.
From (i) and (ii) we have

apg < ay <---<ay AND ap—1>ap >---> Qp,

O implying (iv) and (v).
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Behavior of MODE(S) if p has some 0 or 1 elements
A general p in [0, 1]" requires some extra bookkeeping. Define

ng := Z:;l{pz‘ =0}, ny = Z:;l{m =1}, Ip:={ie[n]: 0 <pi <1}.

= () then Pp{S = ni} = 1, end of story. If |Ip| = K > 1 suppose
(’yl 1,0, )Where’y = (7,-..,7x) with 0 < 7; < 1 and
SK Zzelp X~ PBIN(’)/). Of course, if n; = 0 the 1’s should be omitted
and if ng = 0 the 0’s should be omitted. We then have Pp{S = n; +i} =
P, {Sk =i} for 0 <i < K and MODE(S) = {n1 + ¢ : i € MODE(SK)}.

Binomial tails versus Poisson-Binomial tails

Hoeffding (1956, §4) proved the following result.

Theorem. Suppose Y ~ PBIN(p) and W ~ BIN(n,d) for0 < 6 < 1,
where PY = PW = pu. Then for k € N with 1 +pu < k <n,

(i) PAY >k} <P{W >k} for 1+ pu<k<n.
(i) The inequality in (i) is strict if p; # 0 for at least one i.

Put another way: for 1 4+ u < k < n the continuous function Ej(-) (see
Problem [6]) has a unique maximum over the compact, convex set

B.(8) :=={p € [0,1]": Y p; =nd}

at us := d1,,, which lies in the relative interior of B, (d). That is,
Ei(us) > Ei(p) for all p in B,,(d)\{us}.

The relative interior, rel-int B,,(0), of the parameter set B, (J) equals
{p € B,(d) : 0 < p; < 1foralli}. Pointsin the relative boundary,
rel-bnd B, (9), have p; € {0, 1} for at least one i. The extreme points
have p; € {0,1} for at least n — 1 of the coordinates. See Barvinok (2002,
Chap II) for an explanation of these polyhedral facts.

Again the arguments become more transparent if written in the nota-
tion of <21>, with the role of Y taken over by S := X;+---+X,, under Py
and the role of W taken over by S under P,. Suppose

p= 1, -0k, 1n,,0n,) with 0 < p; <1 for 1 <i <k,

nq ones, and ng zeros.

The Theorem is trivial if kK < 1:

(i) If K = 0 then g = PpS = n; and Pp{S = n;} = 1, which implies
Po{S >k} =0ifk>1+p.
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(ii) If K =1 then S = n; + X; with g =ng +p; and Pp{S <n;+1} =1.
Ifk>14u=1+mny+ p; then k > ny + 2, because p; > 0. Thus
Pp{S >k} =0.

For k > 2 the Theorem can be proved by repeated application of a
simple procedure that extends an averaging method due to Chebyshev
(1846). The idea is that p should be nudged towards us by a sequence of
small changes that do not decrease the tail probabilities, with at least one
increase. The changes will be defined by functions o, g4, for o, 8 € [[n]]
with po # ps, that map [0, 1]" back into itself. Without loss of generality
suppose pg — po = 2r > 0. For 0 < t <r, define 0, 5+(p) := 0 where

Do+t ifi=a
0; = pg—t ifi=p
Di otherwise

That is, 0, 5+ moves both the coordinates p, and pg towards their mid-
point, A := (pg + pa)/2, by an amount ¢. The following Lemma collects
together several useful properties of these maps.

Lemma. Suppose p := (p1,...,pn) € [0,1]" and S ~ PBIN(p), with
n > 2. Suppose also that pg — po = 2r > 0 for some o, € [[n]|. Define
pi="PS:=>"piandU =5 — X, — Xpg and 0 := 0, 3(p) for some t
with 0 <t <r. Then

(i) U ~ PBIN(C), where ¢ := (p; : i € [n]]\{c, B}) € [0,1]"2.
(i) If ¢ € (0,1)"2 then

Aj1(€) > Aj(¢) forn —2 > j > M := [Cpnae + 22, G-
(iii) |p — us|3 = |0 — us|3 + A? where 6 := PpS/n and A? := t(2r — t).
(iv) For each k in [[0:n]],
E(6) — Bx(p) = A2(Pe{U =k — 2} — P{U =k — 1}).
= A% (Ap-2(¢) = Ar-1(¢)) -
(v) If¢ € (0,1)" 2 andn >k > 14 pu then

Ap—2(¢) > Ar-1(¢) if po + g > Craa-

Proof. Assertion (i) is true by definition. Assertion (ii) follows from Corol-
lary <26> (for ¢,,in < Cmae) and by <28> (for ¢,,in = Cinaz)-
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For (iii): The contributions from j ¢ {«, 8} cancel, leaving

(Pa — )2+ (pg = 6)2 = (Pa +1 —8)% — (psg —t — )2
=2t(psg — 8 — pa +0) — 2t* = A2,

For (iv): Note that 6, + 03 = po +pg = 21 and 0,03 = paps + A2, so that

Y100y 0) = 0a(1 — 05) + (1 — 00)05 = ¥1(pa, ps) — 242,
Y0(0a,05) = (1 — o) (1 — 05) = o(pa, ps) + A%

Define Bj := Pe{U > j} := E;(€) and 75 := Pc{U = j} := A;({) so that
By o+ By, —2Bp_1 = 71;_9 — T,_1. By independence,

EW(6) = Po{S8 >k} = Y Po{Xa X5 = j} By

= 0,03B)_2 + V1(0a,03)Br—1 + ¢0(0a, 03)Bi

= (paps + A?)By_2 + (¥1(pas ps) — 2A%) Bi_1 + (Yo(Pa, ps) + A?) By
= Ep(p) + A* (—Bj—2 + 2Br_1 — By) = Ei(p) + A*(7h—2 — Th—1).

For (v): Corollary <26> gives Ap—1(¢) > Am(¢) > -+ > Ap—2(C) for
M = [Cmaz + PeU]. If k> 1+ PpS then

kE>1 + Pa erﬁJrPgU >1 +<maz+PCU
O Equivalently, k — 1 > M := [(naz + P¢UT, so that Ag_2(¢) > Ax—1(¢).

If n = 2 then U = 0, so that the Lemma boils down to a well-known
fact: (A +7)(A —7) = A% — r2. However, for n = 3 it tells us something
slightly less obvious.

<35> Example. Suppose p = (p1,p2,p3) withpy = A —r < py < pg = A+7.
If po = 0 or po = 1 the sum S = X; + X5 + X3 is not very interesting, so
let me assume 0 < pp < 1. Consider the case @ = 012,(p) = (A, p2, A), for
which A =r? and U = X3 ~ BER(ps).

Write dy, for Pg{S > k} — Pp{S > k}. Then the Lemma gives dy = 0
and d; = —r?ps (not interesting). However do = 72(1 — 2py), which tells
us that only for p; < 1/2 do we learn something interesting. Was that

0 obvious?

The Proof of Theorem <30> (in the form <31>) will consist of re-
peated appeals to Lemma <34>. There are two distinct cases to consider:

(a) p lies in rel-int By, (9)
(b) p lies in rel-bnd B,, ()

In both cases we need to construct a sequence p(® = p,p®, p@ . ..., with
p® — ug, by pléth) .= Ty Bots (p') for well-chosen (o, By, ty).
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Proof (of Theorem <30> under (a): p € rel-int B, (9)).
Of course we may assume p # us.
The construction for £ = 0 shows the general pattern. Remember that

0<pPmin=p1 <p2<- < Ppazx =pn <1 with p, — p1 = 2r > 0.

As Y. p; = nd, we must have p; < § < pp. Define pM =0 = o1nt(P)
with ¢ := min (6 — p1,pn, — ). Then at least one of {61,6,} must equal 9,
with p1 + pn > Dmaz = Cmae and Ex(0) > Ei(p). Lemma <34> then
gives (iv) and (v).

For p® it simplifies notation if we first sort p(*) into increasing or-
der then apply the same strategy: define p? := O1n,to (p(l)) for to =
min (6§ — pM[1], pM[n] — §). And so on. Each step adds at least one new

coordinate equal to §. In fewer than n steps we reach a p) equal to ug
and E(pY) > Ei(p).
Thus Theorem <30> holds for p in the relative interior of B, (d).

Proof (of Theorem <30> under (b): p € rel-bnd B, (9)).
We need some preliminary steps to push p into the relative interior. It
will help to write S; when referring to X; +- - - + X4 because the argument
will jump around between different dimensions.

For the sake of notation let me initially assume that p has at least one
coordinate equal to 1. Define

pP= (plv"wpfia]]-nuono) WlthoSpl S Spn < 1 and n0+n1 Z ]-7
¢:=p[lik—1]=(p1,...,pk—1) € (O, 1)”_1,
Y= p[l:/'i + 1] = (pla <oy Pr—1,DPk; 1) = (Cvpli7 1) S [07 1]H+17
V= g1 () = (¢ 1) € (0,1)5 for r:= (1 —px)/2,
p = ('7*’ Ipy-1, Ono) = (Cv 71y Lny -1, Ono)'
We then have
Ek(p) = Pp{Sn Z k} = Pp{SHJ,-]_ +ny — 1 2 kj}
=P {Skt1 >} = Eo(7) where £ :=k — (n; — 1)
= Eo(v") —r? (Azf2(0 - A@l(C)) by Lemma <34>(iv)
< E¢(v") by Lemma <34>(v) because p, + 1 > pr_1
= Py {Sup1 = £} = Ppe{S, > k} = By (p").

We have killed off a 1 and increased 3, {0 < pj < 1} tox + 1.
Repeated applications of this trick eventually leave us with Ex(p) < Ex(A)
where X := (A1,..., Agtny, Ony) with 0 < \; < 1 for ¢ < Kk +nq.

To avoid cluttering the notation with lots more symbols, let me just

reduce the previous paragraph to an assertion that “without loss of gener-
ality we may assume n; = 0” then recycle notation by assuming

p=(¢,0,) where 0 < (1 <--- <, <1 with kK =n —nyg.
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Remark. Assuming that we are starting from p = (p1, ..., D, Lny, Ong)
with 0 < p; < 1 fori € [[x]] and ), p; = nd and n; > 0, the R pseu-
docode would be:

1: function KILL.ONES(p,k,n1,0)

2 while n; > 0 do

3 p[lik] sort(p[l:n]) % nowp <--- < pg

4 T (1 - pﬁ)/z

ot p < UH,R—}-LT(I’)

6: n<n—Lik—r+1
7 end while

8 Return p

9 end function

Maybe it would be better to write all algorithmic arguments using a

language designed for such things.

We need a slightly different trick to kill off the 0’s. This time start
from p = ({,,0n,), with {,, := (p1,...,px) € (0,1)", and ny > 0. As
¢, € rel-int B, (d) we can apply Theorem <30> case (a), the result estab-
lished by the previous Proof, to show that

Ei(¢.) < Ex(61,) =P{Y, >k}  if Y, ~ BIN(k,6).
Problem [7] shows (using Lemma <34>) that

P{Y. > k} < P{Yi+1 > k} where Y11 ~ BIN(k + 1, u/(k + 1))
< P{Yiy2 >k} where Y, 1o ~ BIN(k + 2, u/(k + 2))

< P{Y, >k} where Y;, ~ BIN(n, 1/n).

As p/n = § we now have Theorem <30> holding when p lies in the rela-
OO0 tive boundary of B, (9).

Remark. Think of Ej(p) as the height at p for an (n+ 1)-dimensional
mountain sitting on the base B,,(§). Then the (p), E;(p'“))’s plot
the path of an (n+1)-dimensional bunny rabbit hopping up to the top
of the mountain. If you replaced the discrete changes by something
smoother—say 0(t) = 01,,+(p) for 0 < ¢ < min (6 — p1,p, — J), and
so on—the strategy would give a zigzag path in B, () along which
Ej(-) increased from Ei(p) to Ex(us). Maybe there exists an even
better smooth path connecting p and ug, with the increasing prop-
erty corresponding to some differential inequality. Similar ideas will
appear in §6.2, where two multivariate normal distributions N (0, Vj)
and N(0,V}) are connected by a smooth path {V; : 0 <¢ < 1} through
the parameter space of positive semi-definite matrices. In that setting
the choice of a good path appears to be a matter of some inspired
guesswork.
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4.8 The median of the Poisson-Binomial

The following argument repackages a clever idea of Jogdeo and Samuels
(1968), who made clever use of the inequality from Theorem <30>.

Recall that a median of a random variable S is any real number R for
which P{S > R} > 1/2 and P{S < R} > 1/2.

<36> Theorem. Suppose S, ~ PBIN(p) with p € [0,1]" and p := PS,, € (0,n).
Then || < R < [u] for every median of S,.

Proof. Define 6; := (1 + j)/(n+ 2j) for j = 0,1,... and k := [u]. To
show that R < k it suffices to shown that Pp{S,, > k + 1} < 1/2. As
a first step, add in a pair of innocuous new BER variables by introducing
p* = (p,1,0) € [0,1]"*2. Clearly

Pol{Sn >k +1} = Ppe{Sni2 > k+2}  with PpeSpyz = pu+ 1
<P{W1 >k+2} where W; ~ BIN(n + 2, 61),

the inequality coming from k 42 > 1 + Pp«S, 42 and Theorem <30>.
Repeated applications of the same idea then give

PWi >k+2} <P{Wo>k+3}---<P{Wy>k+N}<...

where W; ~ BIN(n + 27,6;), with PW; = p + j and a? = var(W;) =
(k+7)(1—=6;5). A classical CLT (see UGMTP 7.29, for example) ensures that
Zn = (Wn—(u+N))/oj~ N(0,1) as N — co. Thus

P{Wy >k + N} =P{Zy > (k — p)/on} / ®(0) = 1/2.

It follows that Pp{S, > k+ 1} < 1/2.
An analogous argument with n — S, which is also PBIN distributed,
O shows that R > |u].

4.9 Problems

[1] Suppose f is a convex function on [0,1] and # € (0,1). Amongst proba-
bility measures P on [0, 1] with mean 6, show that Pf is minimized by the
BER(#) distribution.

2] (Hoeffding, 1956, last paragraph of page 713) As in Section 4.7, think
of S as the sum of coordinate maps on the set {0,1}" equipped with Pp,

a product of BER(p;) distributions. For a given real valued function g on
the set {0,1,...,n} define a map G : [0,1]™ — R by

G(p) =Ppg(S) = > g(k)Pp{S = k}.
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(i) Show that G(p) = G(po(1),- - - >Po(n)) for each permutation o of [n] and
that p; — G(p) is linear for each j (with the other coordinates held fixed).
Hint: Look at equations <1> and <23>.

(ii) Conversely, suppose a map H : [0, 1] — R has the two properties (symme-
try and linearity in each coordinate) identified in part (i). For 0 < k < n
define h(k) := H(1g,0,_x), where the argument denotes a vector with 1
repeated k times followed by 0 repeated n — k times. Show that H(p) =
Po/(S). Hint:

H(p)=H(p1 x14+(1—p1) x0,p2...,pn)
:le(17p27' . 7pn) + (1 _pl)H(Oap27"‘ 7pn)

=Dp1 |:p2H(17 17p3 cee 7pn) + (1 _pQ)H(17O7p3 cee 7pn)]

+ (1 —p1) [sz(O, Lps...,pn) + (1 —p2)H(0,0,p3... ,pn)],
and so on. Remember that the order of the arguments of H is irrelevant.

(3] (Chebyshev 1846; Hoeffding 1956, Corollary 2.1) Suppose G(p) = Ppg(5),

as in the previous Problem. As a continuous function on the compact
set [0, 1]™ it must achieve its maximum at some point a, which need not
be unique. Amongst the maximizers choose a of the form (a1, ..., am,0ny, 1n,)
with 0 < a1 < --- < ap < 1 and ng + n1 maximal.

(i) Define b := (a;, + a1)/2 and tg = (am, — a1)/2 and € := min(b, 1 — b). Show
that a1 =b—tpand a,, =b+tg and 0 <ty <e.

(ii) Define T = S — X7 — X,,,. Show that G(a) = a1a,, A + 2bB + C where

A=P, {9(2 +T)—-29(1+T)+ Q(T)}

B =P, [g(l +T) - g(T)}, AND O = Pag(T)

do not depend on a; or a,,.

(iii) Define b € [0,1]" by by = b —t and b,,, = b+t and b; = a; otherwise, for a
value of ¢ with [¢| <e.

(iv) Show that 0 < G(a) — G(b) = (t* — t3) A.

(v) Show that A < 0 by considering the choice t = e: if A > 0 then G(b) >
G(a), which would mean that b is another maximizer with

Zj ({b; =0} + {bj = 1}) > no +n1.

(vi) Consider t = 0. Show that G(b) > G(a) if tg # 0.

(vii) Conclude that a; = -+ = a,,, = b. That is, S — ny has a BIN(m, b) distri-
bution under P,.
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Suppose hi(t) := a1 + b1t and ha(t) := ag + bt for 0 < ¢ < 1 with ha(t) #0
for all £. Show that hg(t)2D<h1 (t) /hg(t)> — buag — aiby, where D de-

notes differentiation with respect to t. Deduce that hi(t)/ha(t) is strictly
increasing if byas > a1bs.

From equation <2>: Ag(p) = p1Ar—1(p[—1]) + (1 — p1)Ax(p[—1]) for

p := (p1,...,pn). Define hi(p1) := Ax(p) and ha(p1) =: Ag(p) for fixed
p[—1]. Use Problem [4] to show that hi(p1)/h2(p1) is strictly increasing if
p; > 0 for ¢« > 2. Hint: Example <9> tells you something useful about the
coefficients.

Show that the function Ej(p) := Pp{S > k}, for k € [[n]], is a LIPSCHITZ
continuous function on [0, 1]". Hint: Ax(p) = >_ ¢y Cr1lje, psj and
la;...an —b1...b,| <|a—Db|; for a,b € [[0,1]™.

Suppose Y ~ BIN(n,d) with 0 < § < 1 and W ~ BIN(n + 1,6) with
pw=mnd=(n+1)0. With 0 := 01,1, show that

P{Y >k} = E,(01,) < E(0) =P{W >k} forl+pu<k<n.

Argue as follows.

(i) With ¢ := 61,1 € rel-int B,,_1(0) and p := (¢, 0,0) € B,,11(0), define

p* = 0n,n+1,6/2(p) - (Ca 5/27 6/2)

By Lemma <34> (iv) and (v), Ex(p) < Ex(p*) for 1 + p < k < n because
Pn + DPnt1 2 Cmaa:'

(ii) Complete the argument by invoking Theorem <30> for p*, which lies

4.10

in rel-int B,,41(0).

Notes

Pitman (1997) gave an excellent survey of facts about polynomials with
only real roots, with a host of probabilistic and combinatorial applications.
The inequality <10>, in Section 4.3, was attributed to Isaac Newton
by Hardy, Littlewood, and Pdlya (1989, Sections 2.22, 4.3), who cited
page 173 of Newton’s Arithmetica universalis: sive de compositione et res-
olutione arithmetica liber [Opera, I.]. Unfortunately I was unable to find
the target (in Latin) of this citation, or an English translation thereof. At
first I found it easier to follow the sketch proof by Lévy (1937, page 88). 1
was puzzled why HLP needed to replace the polynomial p(z) by y"p(x/y)
until I saw an argument by Vatutin and Mikhailov (1983), which revealed
that the HLP trick was merely a device to change the order of the coef-
ficients in the same way as operator 7 in Lemma <6> does. I decided to
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include my more pedantic treatment of 7 in that Lemma because I was
worried about the role of roots of p(z) that equal zero.

Fortunately, my problems with Newton’s inequality were solved when
I looked at an unpublished paper by Stein (1990, page 5) that pointed me
at Whiteside (2008, Volume 1, page 519), which contained a translation of
some of Newton’s work on roots of equations. Footnote (38) on page 523
described Newton’s method in modern algebraic notation. As explained in
the General Introduction to Whiteside (2008, Volume 5), the Arithmetica
Universalis evolved from a set of notes submitted to a Cambridge library
by Newton, in fulfillment of an obligation attached to the chair he held.
They were later published by another professor, much to Newton’s displea-
sure. Interesting reading.

I first learned the surprising fact about the median of the Binomial
from Le Cam (1983, §3), who cited Jogdeo and Samuels (1968), which be-
came my main source for Section 4.8. Section 4.6 is my reworking of ma-
terial from a short (but most impressive) paper by Samuels (1965), with
much help from Hoeffding (1956). As the reader might suspect, I had a lot
of trouble with strict inequalities; counterexamples to my theorems kept
popping up.

Samuels attributed the results that appear in my Section 4.7 to Ho-
effding, although he also noted that similar results were obtained by Cheby-
shev (1846), who used the pairwise averaging trick to show that the tail
probability Fx(p1{S > m} is maximized when there is a value 6 such that
every p; belongs to {0,6,1}. Apparently unaware of Chebyshev’s paper,
Hoeffding proved a similar fact for a general Pg(S). See Problem [3]. See
Seneta (1998, pages 206-207) and Maistrov (2014, pages 191,196) for very
interesting discussions of Chebyshev (1846).
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Chapter 5
Orlicz spaces

SECTION 5.1 introduces LY spaces, generalizations of the usual LP spaces,
which have proved useful in the study of sample paths of stochastic pro-
cesses and in the theory of empirical processes.

SECTION 5.2 describes some useful properties of ORLICZ functions ¥ on RT,
the convex functions that are used to define the LY spaces. They are
shown to have left- and right-derivatives everywhere, which leads to
useful integral representation.

SECTION 5.8 describes a set of ORLICZ functions that grow much faster
than any pth power, a property that leads to several useful inequalities.

SECTION 5.4 presents a few simple methods for proving mazimal inequal-
ities using ORLICZ norms. These inequalities are the basis for some
chaining bounds that were popular in empirical process theory.

SECTION 5.5 shows how the conjugate of ® of an ORLICZ function W is
related to the YOUNG inequality, an analog of the HOLDER inequality.
The ORLICZ space L% is then identified with a subset of the space of
continuous linear functionals on LY.

*SECTION .6 describes some of the differences and similarities between LP
and LY if U grows rapidly enough.

5.1 What is an ORLICZ space?

During the 1980’s, bounds involving norms on ORLICZ spaces of functions
became very popular in the empirical process literature, in part I suspect
because chaining arguments (see Chapter 10) are cleaner with norms than
with tail probabilities. More recently, the literature seems to have turned
back to working with tail probabilities.

An ORLICZ space is a most useful generalization of the concept of an
LP space. It replaces the pth power function by a general ORLICZ function,
that is, a convex, increasing function ¥ : R — R* with ¥(0) = 0 and
U(z) — oo as ¢ — oo. The concept applies with any measure but I have
used it mostly for probability measures. The special case where ¥y (z) =
exp(z?) — 1 is particularly useful in the study of subgaussianity.

Remark. Here and subsequently in this Chapter “increasing” is treated
as a synonym for the clumsier “nondecreasing”. It allows an OR-
LICZ function ¥ to be zero on an interval [0, zo] but then convexity
forces ¥ to be strictly increasing on [z, 00).
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Henceforth Y will denote the set of all ORLICZ functions on R", with Yuo
the subset where ¥(z)/x — oo as @ — oo.orlicz

Definition. For a measure space (X, A, p) and an ORLICZ function ¥ de-
fine LY (X, A, 1) to be the set of all A-measurable real-valued functions f
on X for which pu¥ (|f|/co) < oo for at least one positive constant co. For
each such f the orlicz norm | f|y (or V-norm) is defined as

[fllg = inf{e > 0: pW(|f(x)]/c) <1}

Remark. Some authors define || f||y, for every measurable f, inter-
preting the infimum as +oo when p¥(|f(x)|/c) = oo for each ¢ > 0.
The space £¥ then consists of all f for which ||f||;, < oo. Actually,
it was Luxemburg (1955) who first introduced the norm || f{y; Or-
licz (1932, 1936) had worked with another norm, which I will tem-
porarily denote by ||-||, to avoid confusion. However the name Or-
licz seems to be firmly attached to |||, in a lot of the literature. As
shown in Problem [17], the two norms are equivalent, in the sense
that [|fllg < IIflle < 2||f|ly for all fin £Y. I like to use the let-
ter Y as an indirect nod to the work of William Henry Young. See
Section 5.5 for more about that remarkable mathematician.

If u¥ (|f]/co) < oo, a dominated convergence argument shows that
w¥ (|f]/(co+n)) = 0asn — oco. Theset {c > 0 : p(|f|/c) < 1}is
either (0,00), in which case || f||, = 0 and f = 0 ae[u], or an interval of
the form [c1, 00) in which case || f||y = ¢1 (Problem [1]).

For the special case where ¥ (z) = 2P, the inequality puWV (|f|/c)) < 1is
equivalent to p|f|P < P, which ensures that the ORLICZ norm agrees with
the usual || f[|, norm (for p > 1) and the ORLICZ space is the same as the
usual LP(X, A, 1) space.

For the general case it is important to keep the constant c¢ inside that ¥
function. For example, here is how to prove that | f + glly < [|fl, + [l9lly
for f,g € LY: for each ¢ > ||f||g and d > ||g||y, convexity and monotonic-
ity of W give

) (M) L <c\ fife d\fl/d> < w10+ —wllgl/a)

c+d c+d c+d ) " c+d

Integrate both sides with respect to u, using the fact that pU(|f|/c) < 1
and pU(|g|/d) <1 to deduce that
W(V+m

c+d>§1 if ¢ > || fllgy and d > ||g]|y-

It follows that || f + g||y < ¢+ d. Complete the argument by letting c
decrease to || f||y and d decrease to ||g|y. (According to Problem [1], you
could also take ¢ = || f||y and d = ||g||y, except in some trivial cases.)



§5.2 Facts about ORLICZ functions 101

Remark. As usual ||-|| fails to be a norm on £¥ only because || ||y =
0 if and only if p{z : f(z) # 0} = 0. The usual trick of working with
the space LY (X, A, u) of pu-equivalence classes makes [|-||g, a true norm
and LY a BANACH space.

The most important ORLICZ functions for my purposes are the power
functions, W(x) = aP for a fixed p > 1, and the exponential power func-
tions Wy (z) := exp(z®) — 1 for @« > 1. The function ¥y corresponds to
subgaussian, and ¥ to subexponential, tail behaviour.

Remark. Tt is also possible (Problem [9]) to define an ORLICZ func-
tion ¥, for 0 < p < 1, that behaves like exp(2P) far enough from the
origin.

When seeking to bound || f|| for some f in £Y T often find it easier
to first obtain a constant ¢q for which pU(|f|/co) < Ko, where Ky is a
constant larger than 1. As the next Lemma shows, a simple convexity ar-
gument turns such an inequality into a bound on || f||y.-

<2> Lemma. Suppose ¥ is an ORLICZ function. If u¥(|f|/co) < Ko for some
finite constants cy and Ko > 1 then || fly < coKop.

Proof. For each 6 in [0, 1] convexity of ¥ gives

n (6‘({|> < Ouw <‘CJ;’> +(1-6)¥(0) < 6K.

C

0 The choice § = 1/K( makes the last bound equal to 1.

5.2 Facts about ORLICZ functions

Suppose ¥ € Y. Define the slope function

V(y) — V(z)

S(z,y) = =

for0<z<y.

The slope is always nonnegative because ¥ is increasing.
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Most of the useful properties of ORLICZ functions follow from a pair of
inequalities for the slope function. For given values 0 < xg < 1 = 29 + D
and 0 < t < 1 define z; := (1 — t)zg + tx;. Note that xy — 29 = tD
and 1 — x; = (1 — t)D. Convexity of ¥ gives

\I/(J}t) < (1 — t)\I/(.I'o) -+ t\I/(azl),
which implies

\I/(l't) — \I/(:L'o) < t\IJ(fL‘l) — t\I’(l’o)

S(zo, 2¢) = v —zg = D = S(z0,21),
(1= )W(z1) = (1 =)W(zo) _
S(x,x1) > (i ~OD 0/ — S(zg,z1).

Re-expressed more suggestively, (first with x = z¢ and y = z; and ¢ = 21
then with = zg and 2/ = 4 and y = x1) the inequalities become

S(z,y) < S(z,y) f0<z<y<y
S(x,y) < S, y) if0<z<a <uy.

That is,

the function y — S(z,y) is increasing for each fixed x;

the function x — S(zx,y) is increasing for each fixed y.

Remark. The preceding argument used only the convexity of ¥. Prop-
erties <<3> are general facts about convex functions on R or a subin-
terval thereof. If U is also increasing then S > 0.

<4> Theorem. IfV €Y then

(i) At each x > 0 the right-derivative

Vr(z) (W(z+1) - () /t

= lim
N0

exists. The function Vg is nonnegative, increasing, and continuous
from the right.

(i1) At each x > 0 the left-derivative

Vp(r) = Jiy (¥ (@) = ¥ (w)) /(z —w)

exists. The function Wy, is nonnegative, increasing, and continuous

from the left.

(iii) The function ¥ is continuous on RT.



§5.2 Facts about ORLICZ functions 103

() If 0 <z <y then \i/R(x) < \i/L(y) < \i/R(y) and
(v = 2)¥n(x) < V(y) = V(@) < (y = 2)P(y)

(v) U(z) = [} \ifR(t) dt = [ \ifL(t) dt for each x > 0. Consequently, the
O set {t >0: \i/R(t) > \IIL(t)} has zero LEBESGUE measure.

Proof. For (i): The function ¢ — S(z,z + t) is increasing and nonnega-
tive. Thus S(z,x + t) decreases to a finite limit \iJR(m) >0ast\,0.

If # <2’ and t > 0 then S(z,x +1t) < S(z,2’ +t) < S(a/,2' +t) Let ¢
decrease to 0 to deduce that \i'R(x) < \i'R(az’).

For right-continuity at a given x, we need to show that ¥ r(y) = ¥ r(x)
if y lies in a small enough interval to the right of z. Given a small € > 0
first choose a ty > 0 for which Ugr(x) < S(z,x + t9) < Yr(z) + € then
consider § > 0 and y for which x < y < z + dtg < = + £o, so that

\i/R(x) < \i/R(y) = %{% S(y,y+1) decreasing limit

U(z +to) — ¥(y)
T+t —y
—— ‘ < U(z+ty) —¥(z) Sz,x+1o)

X y  X+dt X+ty =

~ x4ty — (z+ dto) 1-90

< (1-— 5)\113(@ + 6\11R($) +e

- 1-90

< \i/R(iL‘) + 2¢ if ¢ is small enough.

S S<y7x+t0) ==

For (ii): For 0 < w < z the function — S(w, z) is increasing and nonneg-

ative. Thus S(w, z) increases to a limit \IIL(:c) > 0asw /0. The limit is
finite because

S(w,z) < S(w,z +t) for each t > 0
SS(JU,:Eth)\\i'R(x) as t \, 0,

showing that ¥ L(z) < 7 r(x) < co. The rest of the argument is analogous
to the argument for (i), except that approximations are made from below
instead of from above.

For (iii): Existence of left and right derivatives implies continuity.

For (iv): The inequality 7 L(y) < 7 r(y) was already established in the
proof of (ii). If x < y then

\I'R(ac) = lim S(z,w) < S(z,y) < iir/nyS(w,y) = \I'L(y)

w\,T

Multiply through by y — x to get the other inequality.
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For (v): For a positive integer n define 6 = z/n and z; = id for i =

0,1,2,....

Then we have

U(e) = D" (W) - w(wi))

Similarly,

> Z 5\I/R a:z 1) by (iV)
> 50p(0) + > / t)dt = 50 (0) + / ) dt
0

— / 7 r(t)dt as n — 0o, by dominated donvergence.
0

n . n Ti+1l Tn+1
2) <y OUR(z) <Y / Up(t)dt = / Up(t) dt,

2

which also converges to fox ¥ r(t)dt as n — oo. Together the upper and
lower bounds establish the first asserted integral representation. The argu-
ment for ¥ 1, is similar.
By subtraction, 0 = [ (\i/R(t) - \IJL(L‘)> dt = 0. By (iv), the integrand
is nonegative. Hence the integrand must equal 0 except on a set of zero
[l LEBESGUE measure.

Remarks.

(i)

(i)

(iii)

Problem [4] strengthens part (v) by showing that the both the non-
decreasing functions ¥ 1 and ¥ r can have, at worst, only countably
many jumps. Thus the set {t > 0 : \i/R(t) > \I/L(t)} is not just
LEBESGUE negligible but is also, at worst, countably infinite.

Problem [5] show that every ¥ on RT defined by ¥(z) = [ ¢
with 1 nonnegative and nondecreasing, is an ORLICZ functlon More-
over, such a ¥ must satisfy the inequalities

() <(t) < Up(t)  forallt>0.

Thus ¢ can differ from ¥, or W only at the (at worst countable) set

of t’s at which \ilR(t) £, (t). In this sense, the function ¥ essentially
determines 1 uniquely.

The condition ¥(x)/z — oo as © — oo that is also required for ORLICZ
functions in Y., can also be written as ¥ (t) — 0o as t — oo because

Y(x) > 2 W (x 71/ Y(t)dt > 7 (x — x0)(z0)

for x > x¢, for arbitrarily large xg.
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OruLicZ functions that grow exponentially fast

To avoid a lot of nitpicking, each ORLICZ function ¥ in this Section should
be assumed to have {¥ = 0} = {0}.

For some purposes, it helps to have ¥ (z)/2P — oo as x — oo, for each
finite p. For example, Ledoux and Talagrand (1991, page 310) required

T (ab) < Co (T~ Ha) + T (b)) if min(a,b) > ao,
for constants Cy and ag > 0. Equivalently,
U(x)W(y) <V (Co(z+y)) if min(z,y) > xo.

Write Y1 for the set of all ORLICZ functions that satisfy this condition for
each strictly positive zg, with Cp allowed to depend on zy. (Often such a
bound also holds for zp equal to 0.)

The main result in this Section provides a simple sufficient condition
for <6>.

Van der Vaart and Wellner (1996, Lemma 2.2.2) imposed a similar-
looking condition to control the ¥-norm of a maximum:

U(z)¥(y) < ¥ (Cizy) if min(z,y) > x1.

for constants Cq and x1 > 0. Write Yy for the set of all ORLICZ functions
that satisfy this condition for each strictly positive a1, with C'; depending
on rj.

It is easy to show for the ORLICZ function ¥ (z) = 2P, with p > 1, that
U € Yyw but ¥ ¢ Y 1: consider the case where x = y. Thus <7> does not
require exponential growth, although its most interesting uses do involve
rapidly growing ORLICZ functions—see Example <12>. However, the Y
condition implies ¥(x)? < ¥(2Cyx) for z > x¢ > 0, an exponential growth
rate. (It also forces 2Cy > 1 because ¥(x) < ¥(x)? when ¥(z) > 1.)

For the purposes of deriving sufficent conditions for rapid growth it
is cleaner to work with g(z) := log (1 + ¥(x)), a nonnegative, increas-
ing function with g(0) = 0. The g function inherits continuity and ex-
istence of left and right derivatives from W. Conversely, a quick way to
generate ORLICZ functions is to start from a twice-differentiable, increas-
ing function g with ¢(0) = 0. If we define ¥(z) = e9(*) — 1 then ¥(z) =
(9(z)* + §(x)) ¥(z), which shows that ¥ € Y if §(z)* + §(z) > 0 for all
x> 0.

Definition. Define Y.,, to be the set of functions ¥ = e9 — 1 inY for
which there are constants Ky and x1 such that 2g(z) < g (Kox) if © > x7.

As you will see in later Chapters, the Y., property turns out to be
a very natural assumption for a lot of theory developed in the past few
decades. foobar
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<9> Lemma. Suppose ¥ = e9 — 1 is an ORLICZ function with {¥U = 0} = {0}.

(1) If ¥ € Y., then there exist a constant Cy such that 2g(x) < g(Cyx)
for all z € RT. Consequently, g(x) + g(y) < g(Cymax(x,y)) for
all z,y in RT.

(ii) If U € Y., then U(2)¥(y) < ¥(Cymax(z,y)) for all x,y in R and
(equivalently) U~ (ab) < Cygmax (¥~ (a), ¥1(b)) for all a,b in RT.
Consequently, ¥ € Ypr.

(71) Yoxp C Jvw

(w) If ¥ € Y., then there is a positive xo such that g(x) > (x/Cyxo)*g(xo)
for x > g, where o :=1/1log, C.

Proof. For (i), first extend the upper bound on 2g(x) to cover a neigh-
borhood of the origin. Define xg := ¥~!(1)/4. Then, from the facts that
y — ¥(y)/y is an increasing function on (0,00) and y/(1+y) < log(1+y) <
y for y > 0, we have

g(4x) =log (1 + ¥ (4x))
> U(4x)/ (1 + ¥ (4z))
> 4U(z) (1 + ¥(4xq)) because ¥(4x)/(4z) > ¥(x)/x
=2U(x) > 29(z) for 0 <z < xy.

Extend to cover the range [zg,x1]. Define Ky by 2g(z1) = g(Kiz0), so
that

max 29(z)/g(K1x) < 2g(21)/9(K1zo) = 1.

zo<z<T1

With C, := max(Kj, 4, K1) we then have 2g(z) < g(Cyz) for all z in R,
For the consequence note that g(x) + g(y) < 2g(max(z,y)).
For (ii) and (iii), first note that
V() (y) = I@F9W) _ e9(@) _ o90) 4 1
< 9@+ _ 1 < 9(Comax@y)) _ 1 — @ (C, max(z,y)).
For ¥ in Y use max(z,y) < z + y and for ¥ in Yy use max(x,y) <
xy/x1 when min(z,y) > x;.

For (iv), suppose Cgil.’ro < z < CExo with k € N. By induction,
2Pg(z0) < g(C¥xp) for each p in Ng. Thus

g() > g(CFag) > 25 1 g(ag) = (€)Y g(ao).

O By definition of k& we have Cgil > x/(Cyxp).
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Example. The constant C; calculated for the previous Lemma might be
unnecessarily large. Consider the case where g,(z) := x® for some « > 1.
By direct calculation, §(x)? + §(z) = axz®*!(az+ (a—1)) > 0 and
20% < (Kx)* if K = 2Y/% Thus U, (z) := exp(z®) — 1 is an ORLICZ
function in Y., if 1 < a < 0.

The simple form of the g, function allows us to derive a result slightly
sharper than Lemma <9>. As before, for all z,y in RT,

Vo (2)Va(y) < exp(ga(z) + galy)) — 1.

If x+y>0and z/(x +y) =r then

9a(®) + 9a(y) _ Ro ()

=4+ (1-r)° for 0 <r <1.
9o(z +9)

The function R, is convex on [0, 1], with maximum value 1 achieved at
the endpoints {0, 1} and minimum value (1/2)*~! at r = 1/2, which im-
plies

9a () + ga(y) < ga(z +y) for all z,y in RT.
Consequently ¥, € Y. We also have

U (1)U (y) < 9 — 1 = U, (2 + 1) for all z,y € RT
and

U tab) < U a) + 0 (b))  forall a,b € RT,
which is much cleaner than <5>.

Problem [9] extends the Example to values of « in (0, 1): there is a ¥,
in Y., for which ¥, (z) = exp(z®) — 1 when z is large enough.

Norms of maxima of finitely many variables

As noted near the start of the Chapter, my interest in ORLICZ norms was
first aroused by their use with the chaining method for constructing sim-
ple uniform approximations to stochastic processes {X; : ¢t € T'}. That
method requires some sort of probabilistic control over the increments X;—
X, expressible in terms of some distance function on 7. When that dis-
tance takes the form of an ORLICZ norm || X; — X||y and when the prob-
abilistic approximations are expressed using some other ORLICZ norm, the
chaining method takes a particularly simple form. The key idea is to con-
trol the maximum of finite sets of random variables. The following The-
orem collects together a few techniques that I have extracted from vari-
ous chaining proofs in the literature. The results are stated for probability
measures.
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<11> Theorem. Let Xi,..., Xy be nonnegative random variables, not neces-
sarily independent, but all defined on the same probability space. Define
M := max;<y X;. Suppose max;<n || X;|ly < 1 for some ORLICZ func-
tion U.

(i) PM < U~Y(N).

(ii) PgM < U~Y(N/PB) where Py denotes conditional expectation given
an event B with PB > 0.

(iii) If ¥ € Yoyp then || M|l < 2CVY(N) for some constant C.

Proof. The assumption that max;<y || X;|lg < 1 implies PU(X;) < 1 for
each 1.

For (i): Even though the assertion is a special case of assertion (ii), I
think it helps build intuition to see this proof first. Jensen’s inequality
then non-negativity and monotonicity of ¥ imply

U (PM) < Pmaxi<y U(X;) < ZKN PU(X;) < N.

For (ii): Partition B into disjoint subsets B; such that M = X; on B;.
Without loss of generality assume PB; > 0 for each i. (Alternatively, just
discard those B; with zero probability.) By definition,

PB;
PeM =P (> Bix:) = Py, Xi.

By Jensen’s inequality,

_PBU(X) _PU(X,) _ 1

U(Pp,X;) <Pp V(X))

Thus
PB;
\I/(PBM)—\I/< . PBZPBiXi)
<3 PBHp(P X;) b ity of ¥
<2 .PB B, Xi y convexity o
PB;, 1 N

< = —.

- i PBPB; PB
Perhaps it would be better to write the last equality as an inequality, to
cover the case where some PB; are zero.
For (iii): Choose x1 = min(1, ¥~1(1)), so that 3 := ¥~1(N) > x;. On the
set {M > BC;} we then have

NU(M/BCr) = W(B)(M/5Cr) < W(M) < 3 W(Xy).

Thus W(M/BCy) < ¥(1) + N-13, ¥(X;) for all values of M. Take ex-
pected values to deduce that PU(M/BC1) < ¥(1)+1, which, by Lemma <2>,
O implies ||M||g < C1 (2¥(1) +1) 5.
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See §10.6 for an example that demonstrates the surprising power of
inequality (ii) from the Theorem.

Example. Suppose {Z(t) : t € T'} is a stochastic process indexed by a set

equipped with a metric for which [|Z(s) — Z(t)||y, < d(s,t) for s,t € T.
Lemma <9> shows that each of the ORLICZ functions U, (z) = exp(aP)—

1, with p > 1 satisfy the assumption of inequality (iii). In particular, it

holds for Wy. If p > 1 and k = [p/2] then, for a constant C, depending

on p,

1X1N, < 1 X lar, < Cp I X lg, for each random variable X

by virtue of the fact that P|X/c|?* < k!PWUy(|X|/c). The constant (k!)1/2
is of order O(,/p).

In consequence, if s;,t; are pairs of points with d(s;,¢;) > 0 then

L IX(s) - X ()
<N d(Si, ti)

< Kpv/1+1logN .
p

This bound can be used to derive the inequalities from Pollard (1989, Sec-
tion 3) that became the main technical tool for the cube-root asymptotic
theory developed by Kim and Pollard (1990).

Conjugacy and the YOUNG inequality

This Section explains a connection between ORLICZ functions and the con-
jugates from Chapter 2. Before writing this Chapter, I regarded conjugacy
as a slightly exotic topic that would not not really be needed in the rest of
the book. Subsequently I came to think that this convexity idea is actu-
ally closely related to several constructions that appear in later Chapters.
For example, the splitting idea of Fernique for deriving maximal inequali-
ties, which is described and extended in §11.5, seems to be closely related
to the YOUNG inequality.

As noted in §2.4, it is convenient to define the conjugate of an ORLICZ
function ¥ by first extending its domain of definition to the whole real
line: define ¥(z) = +o0 for z < 0. The conjugate U* is defined by

U*(y) = sup,er F(z,v) where F(z,y) := yz — U(x) for z,y € R.

Write A for the restriction of ¥* to RT. The main task in this Section is
to find conditions to ensure that A is also an ORLICZ function and then to
show how ¥ and A fit together to produce a result due to Young (1912).

The choice z = 0 gives the value F(0,y) = 0, and the choice x < 0
gives the value F(z,y) = —oco. It follows that

A(y) = sup,sg (yz = W(2))  fory >0,
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Temporarily write ¢ (t) for \ilR(t). By Theorem <4> we have ¥(z) =
Jo w(t)dt for all z > 0. If ¢ := sup, ¢ (t) were finite then we would have
U(z) < cx for all x, implying A(y) = +oo for y > ¢. As we want A to be
an ORLICZ function we need 1(t) — oo as t — oo. Equivalently, we need
U(z)/x — o0 as © — oo, that is, ¥ € Yu.

Theorem. If ¥ € Yo, then A € Yoo with A(y) = [}~ (y — U p(t)T dt.

Proof. As above, write ¢ (t) for \ilR(t) and define ¢(y) := inf{t > 0 :
Y(t) > y}, with ¢(y) = 01if ¢(0) > y. The assumption that ¥ belongs
to Yoo ensures that g(y) — oo as y — co.

For x > 0 and y > 0 we have

Fla) =ay~ (o) = [y = vie) .

By definition, y — () > 0if t < ¢(y) and y — ¥ (¢t) < 0if t > ¢(y). Thus
x — F(x,y) is increasing while 0 < z < ¢(y) and nonincreasing for x >

q(y). (There is actually be a flat spot if {t : ¥(t) = y} is a nondegenerate
interval.) It follows that

q(y) oo
M) =sup, Flaeg) = [y = wode= [~ - wie)*

Also, for y > 0 we have

A(y)/y = sup, F(z,y) = /0 (1= () )

At each fixed t the integrand increases monotonely to 1 as y 1T oco. By
monotone convergence it follows that A(y)/y 1 oo as y 1 oo.

Example. Everything is much simpler when the ORLICZ function W is
everywhere differentiable. For example, if ¥(z) = zP/p with 1 < p <
oo and p~t + ¢7! = 1 then the maximizing  in the definition of A(y)
equals y9/?, so that A(y) = y?/q. Without the 1/p in the definition of ¥
the function would be a messier multiple of 9.

A tad more interesting is the case where ¥(z) = e* — 1. Fory < 1 =
\IJ(O) the maximum is achieved at = 0, so that A(y) = 0. If y > 1 the
maximum is now achieved at x = logy so that A(y) = 1+ ylogy —y. That
is

Aly) =0{0 <y <1} +(1+ylogy —y){y > 1}

The flat spot on [0, 1] comes from the fact that ¥/'(0) > 0.
The flat spot can be removed by subtracting off a linear function to
get a zero right-hand derivative at the origin: if Uy(z) := e* — 1 — x then
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\ifo(x) = €% — 1. Now the maximum is achieved at x = log(1 + y) so
that Ao(y) = A(1+y) = (1 +y)log(1l +y) —y.

00 02 04 06 038

Problem [11] shows that £¥°(X, A,P) = £Y(X, A, P), for probability mea-
sures P, with

Ky [ Xy, > 1 Xy = X, for all X € LY
and LA = £ with

IYila <1Yllay SEalY]y  forallY e L5
where Ky =1+ U~1(1) =~ 1.7 and K = 1+ A(2) =~ 2.3.

Theorem <14> has another, more impressive, consequence. The con-
clusion from the Theorem,

A(y) = sup, > vy—V () with equality when z = ¢(y) := inf{t > 0: \iJR(t) >y},
can be rewritten as

Aly) + ¥(x) > zy for all z,y >0,
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with equality if x = ¢(y). This result is often called “Young’s inequality”.
A very similar result was derived by William Henry Young, whom I can-
not resist quoting;:

The method [...] has the great advantage as regards the details of
the work that it is based on an extremely simple inequality. From
this point of view it is far superior to the other methods of proof,
almost intuitive as they are, when the necessary preliminary theo-
rems have been proved, that I have indicated elsewhere. Instead of
requiring the generalisation of Schwarz’s well-known inequality, it
suffices to be acquainted with the generalisation of the relation

2ab < a® + b%, namely, that (p + 1)ab < a?*? + pbt /P,

In the prosecution of research one is often hampered by the
difficulty of generalising a known formula, owing to the very sim-
plicity and obviousness of its statement. The inequality just writ-
ten down possesses, however, the great advantage over Schwarz’s
inequality that its generalisation is almost immediate.

[Young, 1912, pp 225-226]

Why don’t mathematicians write like that any more?
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Remark. The equality ¥** = W ensures that there is a symmetry
in the roles of A and ¥. That is, A* = W. There is also equality
in <16> if y = Uy (x).

The YOUNG inequality tells us something about linear functionals on
ORLICZ spaces. Remember that a linear map T" : Z — R from a vec-
tor space Z equipped with a norm (or semi-norm) ||| is continuous if and
only if

|T|| :=sup{|Tz| : ||z]| <1} is finite.

For ancient reasons, such a T is also called a continuous linear functional.
(Once upon a time, functions whose domains were sets of functions were
considered scary objects.)

For example, if 1 < p < co and p~' 4+ ¢! = 1 then each g in £ defines
a continuous linear functional on L£P by

To(f) :==p(fg) for each f € LP.

The continuity comes directly from the HOLDER inequality:

To(N] = lpFl < 11, gl »

which implies ||Ty|| < |lg|l,- In fact more is true: |[Ty|| = [lg|, and ev-
ery continuous linear functional T" on LP(X, A, 1) can be represented (u-
almost uniquely) by means of a function g € £L9(X, A, ) (Folland, 1999,
Theorem 6.15).

The analogous results for general ORLICZ spaces take a slightly less
pleasing form. The role played by the HOLDER inequality is taken over by
the YOUNG inequality

Example. Suppose ¥ and A are conjugate ORLICZ functions, both in Y.
Suppose also that f € LY and g € £*. For finite constants ¢ > || f||g and
d > ||g||,, the YOUNG inequality gives

|£91/(ed) < W ([f]/e) + A(lgl/d),

which integrates to give

il gl (ed) < p (|f1/¢) + pA(lgl/d) < 2.

Rearrange then take infima over ¢ and d to deduce that

plfal <210 fllg llglla -

This inequality tells us that T,(f) := u(fg) is a well defined linear func-
tional on £Y for which satsifies

1Tyl == sup{[To ()] : 1 flle <1} <2]gll4 -
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That is, g defines a continuous linear functional on £Y.

Note the extra factor of 2. Problem [16] provides the corresponding
lower bound, ||g||, < [|7y]]-

The gap between the upper and lower bounds for ||T,|| might seem a
small price to pay for the generalization from £P to £Y. Unfortunately
there is worse news. These bounds leave open the possibility that there
might be other continuous linear functionals on £¥ that cannot be repre-
sented as f +— p(fg) for some function g. Indeed, as shown in the next

O Section, if ¥ increases rapidly enough then such functionals do exist.

*5.6 Comparison of £? and LY

As you saw from the Young quotation, the original motivation for the
YOUNG inequality was generalization of the theory of LP spaces. In some
ways LY is better behaved than £P; in other ways worse. To keep the
story as simple as possible, in this Section I consider only the case where
the underlying measure is a probability measure, even though much of the
discussion could be extended to other measures.

The use of the norms to bound tail probabilities is an example where £¥
can be better behaved than L£P.

<18> Example. If f € LP with 0 <o = [|f||, then
P{|f| >t} <P|f/t|P =oPt™P for t > 0.

The implication does not go the other way. If P{|f| > t} < CtP for
all £ > 0 then, by the TONELLI inequality,

e}

PP = / Pt IP{|f| > t} dt < Cp / it — oo,
0 0

The problem occurs as t gets large; for ¢t near zero the tail bound can be

improved to min(1, Ct™P). Of course an infinite upper bound does not

make P|f|? infinite. The example where U ~ UNIF(0,1) and X = (1/U)Y/P
O provides a specific example where P{X > ¢} = min(1,¢ ?) but PX? = occ.

Remark. If p > 14+ 60 with § > 0 and P{|f| >t} < Ct P fort > 0
then P|f|P~% < co.

The story for £ is slightly more encouraging. Suppose ¥(x) = fox P(t) dt
for each x > 0 (as in Section 5.2) and ¥ increases rapidly enough to en-
sure that

/ > ¥(t)
<19> ——— dt <> for some constant A > 0.
o max(1, U(At))
Then the next Example shows that there is an equivalence between the
tail bound and finiteness of the £¥Y norm. It is not hard to show that
each W, for p > 1, has property <19>.
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Example. If f € LY with 0 < 0 = || f||y then

P{If| >t} < min <1,Pm> < min (1, \P(tl/g)> for t > 0.

Conversely, suppose ¥ has property <19> and there is a positive con-
stant a for which

P{|f]| >t} <min(1,1/¥(at)) = 1/ max(1, ¥(at)) for each ¢ > 0.

Then the TONELLI inequality gives

PU(|f|/c) = P /0 T If1e > t) dt

= [ vertsie>

> ¥(t)
S/O max(1, ¥(act)) dt

The final integral is finite if ac > A.

As Problem [14] shows, the characterization of £¥ in Example <20>
via tail probabilities comes at a cost: under the rapid-growth assump-
tion <19> there always exist continuous linear functionals that are not
of the form f — P(fg) for some g.

In trying to understand what goes wrong, I found it instructive to try
to adapt the LP proof for 1 < p < oo (Folland, 1999, Section 6.2) to
a general ORLICZ function ¥ and a probability space (X, A, P). We start
with a continuous linear map T from £¥(X,.A, P) into the real line. There
is no loss of generality (Bourbaki, 2004, Section I1.2.2) in assuming that
T(f) > 0 whenever f > 0.

Here is an outline the steps of that proof. Notice the switch from £Y
to LP at step (iii).

(i) The indicator function 14 of a set A € A has PU(14/c) = PA¥Y(1/c).
It follows that ||14]y = 0if PA = 0 and 1/¥~1(1/PA) otherwise.
The set function ¥A := T(14) inherits finite additivity from the
linearity of 1" and countable additivity from the continuity of T If
Ay, | 0 then

lv(Ap)| =1T(1a,)| <7 La,lly — O because PA,, — 0.

Thus v is a countably additive measure with vX = T(1) < oo and
for which vA = 0 whenever PA = 0. By the RADON-NIKODYM
theorem (Folland, 1999, Section 3.2), there exists a nonnegative, P-
integrable function A for which vA = P(AA) for each A € A.
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(ii) If h(z) = >, as{x € A;} is a simple function then, by linearity of T'
and of the integrals with respect to v and P,

Th = Zi o T(1,,) = Zi aiv(Ay) = vf = P(fA).

(iii) The set of all simple functions is dense in L£P. That is, for each f
in LP(X, A,P) and each € > 0 there exists a simple function h. for
which [ f — hel|, < e. Continuity of T" extends the equalities from
step (ii) from simple functions to all of LP.

(iv) We then play around with various choices for f in L£P to show that
PA? < 0o, where p~! + ¢! =1 and [A[l, = I7]-

It is step (iii) that fails for an ORLICZ function W satisfying the rapid-
growth condition. As shown in Problem [14], under that condition there
are always simple probability spaces (X, A, P) with some function in fy €
LY(X,A,P) that cannot be closely approximated in £¥ norm by any bounded
measurable function, let alone by a simple functions.

The main difficulty is well illustrated by the following Example for the
ORLICZ function Wo(z) = exp(x?) — 1.

<21> Example. Let P be the N(0, 1) distribution on B(R). Consider fo(z) = z,
which belongs to £¥2 because

1+ PWy(f2/c?) = (2m) /2 / exp(—2?/2 4+ 2%/c?) dx

R
eV =2 it > 2
B +00 if0<02§2'

Consequently, | follg, = /8/3 and fo € £L¥2.
Surprisingly, no bounded function (let alone a simple function) can

approximate fo very closely. Suppose |h(z)] < K < oo. The fact that
x— K > x/2 when x > 2K implies

(o = /) = (2m) 2 [ exp(-a 24 a4t

which is infinite if 0 < ¢ < 1/v/2. Thus || fo — hllg > 1/V2.

It follows that fo does not belong to the smallest closed subspace H
of £¥2 that contains all the bounded, measurable functions. By the HAHN-
BANACH theorem Folland (1999, Theorem 5.8) there exists a continuous
linear functional T on £Y2 with T'(h) = 0 for all h in K and T'(fo) # O.
There can be no measurable function A for which fA € £! and T(f) =
P(fA) for all f € £¥2: the choice h = sgn(A) would force P|A| = 0 and

O consequently P(foA) =0 # T(fo).
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Suppose f € LY (X, A, p) and ¢1 == ||f|ly > 0. Show that u¥(|f|/c1) < 1.
Hint: Use dominated convergence and p¥ (|f|/(c1 + n™!)) <1 for n € N.

Suppose {f, : n € N} ¢ LY = LY(X, A, u) and 0 < f,, T f pointwise.
If ¢ := sup, || fllg < oo show that f € LY and ||f||g = co. Hint: Use
monotone convergence for p¥(f,/c) with ¢ > c.

Suppose h(x) = e9(®)  where g is a twice differentiable real-valued func-
tion on R*. Show that h is convex on any interval .J for which (¢'(z))* +
g"(x) >0 for x € int(J).

Let W 1, and 0 r be the left- and right-derivative functions for an ORLICZ
function W. For z > 0 let ¥(x—) denote the limit of r(y) asy N =z,
which exists because Vg is an increasing function.

(i) For an & > 0, let {y;} be a strictly increasing sequence in R* for which

0<y1 <y <--- 7 x. Explain why \i'R(yZ-) < \iJL(y,-H) for each 7. Deduce
that Up(x—) = ¥p(x), so that ¥ is differentiable at x if and only if the
size U(z) — ¥ (x) of the jump at x is zero.

(ii) For each ¢ > 0 and A > 0 show that there are at most finitely many x

in (0, A] for which \i!R(x) - \I'L(a:) > ¢. Deduce that Wy has at most

countably many jumps in R™ and hence ¥ r(z) # ¥ r(z) for, at worst, a
countable set of z in R™.

Suppose ¢ : R — R™ is nondecreasing. For x in R define ¥(x) =
fox ¥ (r)dr. Show that ¥ € Y. Hint: Suppose 9 = 0z + 61, where
0 =1—6 with zg < 1 and 0 < # < 1. Show that

B0 (20) + 00 (1) — () = —a/xe o(r) dr + e/xl W(r) dr.

Use the bounds 9 (rg) < ¢(xg) < ¢(rq) for ro < zp < 1rq.

Suppose ¥ € Y has a representation ¥(x) = fom ¥ (t) dt with ¢ an increas-
ing function on R*. Show that Wp(t) > 1(t) for all t > 0 and W () < 1(t)
for all ¢ > 0. Hint: For § > 0 we have

. to+s to+d
5 g (to + ) 2/ U p(t) dt = U(to + 6) — U(to) :/ b(t) dt.

to to

Suppose ¥(x) = 9 — 1, where g(z) = (zlogz)™.

(i) Show that g is convex and g(z) + g(y) < g(x + y) for all ,y > 0. Deduce

that ¥ € Y.,,.
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(ii) Show that || X|| < oo if X has a POISSON() distribution.

8] Suppose ¥y is a convex, nonnegative, increasing function defined on an
interval [a, 00), with a > 0. Suppose also that there exists an xy € [a, 00)
for which Wo(zo)/z0 = 7 = infz>q Yo(x)/z. Show that the extension
U(x) :=~y2{0 <z < x0} + Yo(x){z > z0} is an ORLICZ function.

[9] For a fixed o in (0,1) define f,(x) = e*" for z > 0.
(i) Show that  +— f,(z) is convex for z > z4 := (o~ — 1)1/ and concave for
0<x <z,

(ii) Define zo = (1/a)V® and 7o = fuo(za)/Ta = (ce)'/®. Show that
Uo(z) :i=1a{zr < 2o} + folx){z > 24}

is an ORLICZ function.

(iii) Show that there exists a constant K, for which
U, (z) <exp(z®) < Ko+ Yo(z) for all x > 0.
(iv) Show that W, (z)¥.(y) < Wo(2Y%%y) for z Ay > z4.

[10] Suppose ¥ € Y and X € £LY(X,.A,P), for a probability measure P. Show
that P|X| < U~1(1) | X||. Hint: the JENSEN inequality.

[11] Suppose ¥ € Y, with ‘ilR(O) =17 > 0. Define ¥y(x) = ¥(x) — 7z for x > 0.
(i) Show that ¥y € Y. Suppose X € L£Y0(X, A, P), for a probability mea-
sure P. For Ky := 1+ 79, (1) show that Ky Xy, = 1 XNy = [ Xy,
Deduce that £¥ = £Y0. Hint: previous Problem.

(ii) Suppose ¥ has conjugate A and that ¥y has conjugate Ag. Show that Ay(y) =
Ay + 1) for y > 0.
(iii) Define K := 1 + A(27). For each Y € £* show that

IYVIA < WY llag < KallYlls

Deduce that £% = £, Hint: The first inequality follows from Ay > A.
For the second inequality first show that Ag(|Y|/c) < A(27) + A(2]Y]/¢)
then take expected values with ¢ > [|Y||,.

[12] Suppose ng = 1 < n; < ng < ... is an increasing sequence of positive
integers with supyen ni/nk—1 = B < ooand f : [1,00) — R is an
increasing function with sup,»; f(Bt)/f(t) = A < oo. For each random
variable X show that sup,>q || X|,./f(r) < Asupgen [1X||,,, / f (k).

[13] For p > 1 prove the existence of positive constants ¢, an C), for which

1X]]
o Xy, < Sl>111) rl/pr <Gl Xy,
r>
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for every random variable X. Hint: previous Problem.

[14] Suppose P is LEBESGUE measure on the B(0,1) and U € Y, satisfies the
rapid-growth condition <19>:
o0
t
/ v dt < oo for some constant A > 0.
o max(l, U(At))

Define fo(z) = U=1(1/z).

(i) Show that P{z : fo(z) > t} = P{z < 1/¥(¢)} = min(1,1/¥(¢)). Deduce
from Example <20> that f € LY.

(ii) Suppose h is a B(0, 1)-measurable function that is bounded in absolute
value by a constant K. Define Ay = {x < 1/U(2K)}. Argue that fo(z) >
2K on Ag, so that fo(z)/2 > |h(z)|

PU(2|fo — h|) > PU(fo){z € Ay} =P{z € A3 }o! = .

Deduce that || fo — hl|y > 1/2.

(iii) Let F denote the closure (in £¥) of the set of all bounded functions in £Y.
Explain why fy ¢ 3. Use the HAHN-BANACH theorem (Folland, 1999, The-
orem 5.8) to prove the existence of a continuous linear functional 7" on £¥
for which T'(h) = 0 for h € H and T'(f) # 0. Explain why there cannot
exist a function g in £ for which T'(f) = P(fg) for each f in £¥. Hint:
Consider h = sgn(g).

[15] For f € LY(X, A, ) show that || f|lg <1+ p¥(|f]). Hint: If ¢ = || f||g > 1
then convexity gives V(t/c) < ¥(¢)/c for t > 0.

[16] (cf. Garling, 2007, Theorem 6.3.2) Suppose ¥ € Y, and (X, A, u) is a
o-finite measure space. Suppose a function g : X — R is A-measurable
and fg € LY(X, A, ) whenever f € LY. Suppose also that the linear
functional T(f) := p(fg) on LY is continuous. Let A denote the conjugate
of U, as in Section 5.5. Show that g € £* and

lglla < I == sup{|T(H)] - [ fllg <13

Follow these steps.

(i) Replace f € LY by |f|sgn(g) to show that there is no loss of generality in
assuming that ¢ > 0 and ||T|| = sup{p(fg) : 0 < fand ||f|y < 1}

(ii) By o-finiteness there exist sets By, in A for which B,, T X and puB,, < co
for each n. Define g,(z) = {z € By} (n A g(x)), so that dy, := [|gnll, <
A(n)puBy, < oo. Also define fy(z) = AR(gn(x)/dy,), which is also bounded
by a constant multiple of {x € By}, so that ¢, := || fu||g < co. (Here I am

tacitly assuming that d,, # 0 and, later, ¢, > 0. I leave it to you to handle
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the trivial cases where either d, = 0 or ¢, = 0.) Use the YOUNG inequality
(for the case where there is equality) and Problem [15] to show that

IT0 /dn > 1 (Fagn/ (endn)) = [¥(f) + h(gn/dn)] fen > 1.
(iii) Invoke Problem [2] to deduce that ||T|| > limy— e cn = [|g]|5-
[17] Let U and A be conjugate members of Y. For f € LY(X, A, u) define

1f1le = sup{llfglly < llglly <1}

If p is o-finite, appeal to Example <17> and Problem [16], with the roles
of ¥ and A interchanged, to deduce || f|lg < [|fll, < 2|/fllg for all fin £Y.

5.8 Notes

If I remember rightly, my introduction to the virtues of using expected
values instead of tail probabilities in empirical process theory came from
Giné and Zinn (1984, Lemmas 2.8 and 2.9). That paper (in its preprint
form) and advice from its authors led me to the work of Pisier (1980,
1983), who used ORLICZ norms to establish sufficient conditions for exis-
tence of versions of stochastic processes with continuous sample paths. It
was then just a short step to the amazing work of Ledoux and Talagrand
(1991, Chapter 11).

My subsequent ORLICZ education came from Dudley (1999, Appendix H)
and Garling (2007, Chapter 6), whose brief accounts led me to the beauti-
ful PhD thesis of Luxemburg (1955), where the |[|-||, is defined (page 43).
My remarks about the difference between the norms defined by Orlicz and
by Luxemburg are based on a rather quick reading of Orlicz (1932, 1936).
There appears to be some controversy about the assignment of priority in
this area. I do not claim to have made any careful study of the early con-
tributions; my historical remarks should be treated with caution.

There also seems to be some disagreement in the literature about the
precise definition of an ORLICZ function. Garling (2007, page 73) used
the name Young function for the members of my Yo,. Dudley (1999, Ap-
pendix H) used the name Young-Orlicz modulus for a my Y and Orlicz
modulus for those ¥ in my Y, for which 7 r(0) = 0. The latter also corre-
spond to the N-functions of Krasnosel’skil and Rutickii (1961).

The special ORLICZ functions ¥(z) = 2P for p = 1,2 and ¥(z) =
Uy(z) := e — 1 were behind the inequalities from Pollard (1989, Sec-
tion 3). I was (perhaps overly) pleased with myself for being able to re-
place the £P norms by the £¥2 norm in Pollard (1990, Section 3). Sub-
sequently van der Vaart and Wellner (1996, Lemma 2.2.2) extended the
inequality to a large collection of ORLICZ functions. It now seems that
the inequality in part (ii) of Theorem <11>, which I learned from Ledoux
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and Talagrand (1991, Chapter 11), is even better at delivering maximal
inequalities. In the notes to that chapter, L&T gave credit to Fernique
(1983), by noting that their “Theorem 11.2 is equivalent to the (perhaps
somewhat unorthodox) formulation of [Fernique]”. I think they were refer-
ring to Fernique’s Lemme 2.2.1 and Corollaire 3.1.

More recently, van de Geer and Lederer (2013) used the ORLICZ func-
tion

U(x) = exp ((\/1 +2Lx — 1)2/L> ,
for positive constants L, and Wellner (2017) used the ORLICZ function
U(z) = exp (2L *h(Lz)) — 1 where h(z) := (1+2)log(l +z) — z,

to derive empirical process maximal inequalities of the BERNSTEIN\BENNETT
variety (see Chapter 8).

My enthusiasm for things ORLICZ grew after I finally understood the
role played by the YOUNG inequality as an extension of the HOLDER in-
equality, a powerful tool for generalizing from £P to £¥. It was with some
disappointment that I eventually learned that the dual space of £¥ could
not always be identified with £%, for the oRLICZ function A that is conju-
gate to W. Whence Section 5.6. I have no idea whether the counterexam-
ples in that Section are well known.

Remark. It would be better to call the YOUNG inequality “one of the

inequalities to which the name of W. H. Young has been attached”.

FOURIER theorists think of the YOUNG inequality as another result
involving convolutions (Folland, 1999, p 247).

By the way, Dudley (2003, Notes to Section 5.1) made a good case for
adding the name Leonard James Rogers to that of Holder for the HOLDER
inequality.
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Chapter 6
Multivariate normal

SECTION 0.1 describes some wondrous properties of the (multivariate) nor-
mal distribution. By way of preview, it presents two examples of what
can be achieved by using the masterly trick of studying relationships
between different normals by integrating along a path.

SECTION 6.2 describes the path method. It also draws your attention to a
simple integration-by-parts trick used by Charles Stein to prove amaz-
ing facts about normal approximation.

SECTION 6.3 presents three different path methods for slightly different
versions of the LIPSCHITZ concentration inequality.

*SECTION 6.4 describes the gaussian isoperimetric inequality.

SECTION 6.5 derives some comparison inequalities (initially due to Slepian,

with a generalization due to Gordon) by means of the path method.

*SECTION 6.6 uses the GORDON inequality to derive a special case of a re-
sult by Dvoretzky regarding cross sections of convex bodies in high di-
mensional Fuclidean spaces.

SECTION 6.7 presents Chatterjee’s proof of Fernique’s inequality.

6.1 Introduction

The normal distribution has many amazing properties. This Chapter presents
a few results that give a glimpse of the heights achieved by the those who
have worked on the theory of gaussian processes in the last half century

or so. Even for those readers who are primarily interested in nongaussian
processes, it helps to see what is possible in the cleanest case before plung-
ing into more general theory; often the gaussian results provide the bench-
marks against which the nongaussian analogs are judged. In any case, the
gaussian results provide an example of beautiful probability theory, which

is worthy of attention for aesthetic reasons.

A little bit of notation is needed before I can describe the main focus
of the Chapter. As in §3.3, the symbol ® denotes the N (0, 1) distribution
function with ® = 1 — ®, and ¢ denotes the standard normal density.
The symbol 7, denotes the N(0, I,,), the probability measure on B(R")
with density ¢n(z) = [[; ¢(z;) = (2m) =2 exp(—|x|?/2) with respect to
LEBESGUE measure on R"™. More generally, if 4 € R and V isann x n
positive semi-definite matrix then N (u, V') denotes the probability mea-
sure on B(R™) with Fourier transform exp(it’'u — t'Vt/2). Such a measure
is often called a multivariate normal (MVN for short) distribution. It
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has mean p and variance matrix V. If y is zero the distribution is said to
be a centered mvn. Only if V is nonsingular does the N(u, V') have a
density with respect to LEBESGUE measure. Sometimes it helps to add a
subscript, Ny, (...), if there is any ambiguity about the dimension of the
Euclidean space where the measure lives. For example, if X ~ N, (i, V)
and F is an m x n constant matrix then F'X has a N,,(Fu, FVF’) distri-
bution. As a special case for m equal to n, if FF' =V and Z ~ N,(0,1,)
then p + FZ ~ Np(u, V). Finally, the general fact that independence
implies zero correlation can be run in the other direction for the MVN: if

X . (Ve Chy
) wr-(& )

then X and Y are independent if and only if Cy, = 0.

All the assertions in the previous paragraph are easy to prove using
Fourier transforms.

Now back to the main focus of the Chapter. The unifying concept is
that of a path argument (described in Section 6.2) to establish two very
useful properties of the MVN:

(i) subgaussian concentration of f(Z) if Z ~ N(0,I,) and f : R" — R is
LIPSCHITZ (in Section 6.3);

(ii) comparison inequalities relating probabilistic bounds for two cen-
tered MVN distributions based on simple comparisons between their
variance matrices (in Sections 6.5 and 6.7).

Here is a preview.

Subgaussian concentration

Remember that a function f : R® — R is said to be LIPSCHITZ if there
exists a finite constant « for which

1f(y) — f(2)| < kly — 2] for all 9, z in R™.

Here | - | denotes the usual Euclidean (¢2) distance, |w|? := Y, w?. The
smallest x for which the inequality holds is called the LIPSCHITZ constant,
which I denote by || f||wip-

The following concentration result is proved in Section 6.3.3. A much
simpler argument, which produces a slightly larger subgaussian scale pa-
rameter, appears in in Section 6.3.1. Of course I suggest that you start
with the easier derivation.

Theorem. If Z ~ ~, = N(0,1,) and f : R® — R is a LIPSCHITZ function
with || f||Li, < k then f(Z) — vy f has a subgaussian distribution,

PA(2)—mf) < AR/2 for each A\ € R,

which implies P{|f(Z) — ynf| > tr} < 2¢71/2 for each t > 0.
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Remark. Notice that n does not appear explicitly in the upper bound,
although it might be hiding inside the constant k.
The bound is sharp, in the following sense: If u is a unit vector
then the linear function f(z) = v’z is LIPSCHITZ with || f|lwi, = 1 and
the function f(Z) has a N(0,1) distribution if Z ~ ~,.

<2> Example. Let M equal sup, Y; for a gaussian process {Y; : i € N}. If both
m := PM and o? := sup,cy var(Y;) are finite then Theorem <1> can be
used to show that

<3> P{IM —m| > ox} < 2exp(—2?/2)  for all z > 0.

In special cases—such as the maximum of independent N (0, 1)-distributed
variables, as discussed in §3.3—there exist much tighter bounds. However,
inequality <3> has the great virtues of both being impervious to the ef-
fects of possible dependence between the Y; and of not depending (except
through m and o) on the size of the index set.

All the real work is carried out for the case of a finite index set. Sup-
pose W := (Y1,...,Y,) ~ Nu(u, V). We may write W as p+ LZ with Z ~
Yn and an nxn constant matrix L for which LL' = V. If ¢; denotes the ith
row of L then Y; = p; + £;Z and o2 > var(Y;) = var(u; + ;2) = LI =
i[>

Define a real-valued function f,,(2) := max;<, (u; + ¢iz) on R™. It is
LIPSCHITZ with || fy ||, < ot for z1, 29 € R™,

[fn(z1) = fa(22)| = [maxicn (i + £iz1) — maxi<n (pi + £iz2)|
< max; [(pu; +4iz1) — (i + liza)|
< max; |4;] |21 — 22 by CAUCHY-SCHWARZ

< olz1 — 2.

Define M, := max;<p Y; = max;<n(it; + 4;Z) = fn(Z). Theorem <1>
gives Pexp (A(M,, — PM,,)) < exp(\?0?/2) for all real A, which implies
P{M, > PM, + oz} < e *"/2. Put another way,

P{M, >m+o(x—e)} < e (@=e)?/2 for 0 < € < z and each n.

As n tends to oo the events {M,, > r} increase to {M > r} for each r.
Consequently, P{M > m+oz} <P{M > m+o(z—e)} < e @9*/2 for 0 <
€ < x. Let € decrease to zero to obtain a one-sided analog of the asserted
inequality. A similar argument applied to — f,, followed by a passage to

O the limit leads to a similar bound for the lower tail of M — PM.

Remark. You might be puzzled by the sneaky use of a strict inequal-
ity near the end of the argument. The trick is made necessary by
the annoying fact that if M(w) > r then M, (w) > r for all n large
enough, but if M(w) > r then we might have M, (w) < r for all n.
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Comparison inequalities
The following inequality is a special case of a result proved in Section 6.7.

Theorem. (Fernique, 1975, Section 2.1) Suppose both X = (X1,...,X,)
andY = (Yi,...,Y,) have centered MVN distributions. If P|X; — X;|* <
PlY; — Y]]2 for all 7,7 then Pmax; X; < Pmax; Y;.

Example. (SUDAKOV “minoration”) If Y := (¥1,Y5,...,Y,) has a cen-
tered MVN distribution with P|Y; — Y;|? > 62 for all distinct j # and k,
then Pmax;<, Y; > C..40+/logy n with C,,4 a universal (positive) constant.

I leave to you the trival case where n = 1.

The asserted inequality follows directly from Theorem <4>. Consider
first the case where n = 2%, for some k € N, so that the index set can
be identified with § := {—1,+1}*. Construct {X; : s € 8} from a
set Z1,. .., Z of independendent N (0,1)’s:

o k
X, = 30k712 jjzlsjzj.
For s # ¢/,
o k
PIX: — Xo|* = 28%71) jjzl(sj —57)? <6 <PV, — Yo |*.

The X process is more tractable than Y. Its expected maximum can
be calculated exactly.

k
P max, X; = 30k~ /2P <max5 Z lsjzj>
J:

. k
= 1ok~1/%p ijl |Z;] = 36k'/?P|Zy| = LoKkY/2\/2/x.
For a general n > 2 define k = |log, n |
Pmax;<, Y; > Pmax; ot Y; > %5k1/2\/2/7r .
The choice C,y = (471')_1/ 2 guffices.
Remark. The lower bound for P max; Y; is sharp within a constant, in

the following sense. Suppose P|Y; — Y |> < (A46)? for all j, k, with 4 a
positive constant. First note that

Pmax; Y; = PY; + Pmax;(Y; — Y1) = Pmax;(Y; — Y1).
Then argue as in §3.3. For each A > 0,
exp (AP max; Y;) = Pexp (Amax;(Y; — Y1)) by Jensen’s inequality
< Pzi exp (A(Y; —Y1)) < ne A%5/2,

Take logs of both sides, divide through by A, then choose A = y/2logn’'/(A0d)
to minimize, leaving Pmax; Y; < Adv/2logn .
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The path method

The path method usually involves the construction of a smooth multivari-
ate gaussian process {W; : 0 < t < 1} with Wy and W suggested by
the particular problem at hand. For example, to attack Theorem <4> the
random vector W could be chosen to have the same distribution as X
and the random vector Wi could be chosen to have the same distribution
as Y. For f a suitably smooth function on R™ we have a representation

1
FW1) = f(Wo) = /0 df (W) /dt dt
1, . -
:/0 <f(Wt)’Wt>dt:Zign/ Li(W) Wy dt,

where Wt denotes the derivative of W; with respect to ¢, with ith com-
ponent Wm, and f = V[ denotes the derivative of the map = — f(z),

with ith component fz( ) := Of(x1,...,2,)/0x;. To learn something
about P f(W;) — Pf(Wp) we need to control P f;(W;)W;; at each point
of the path.

Remark. As I have been using the prime symbol ’ to denote transpose
of a vector or matrix I need something different to indicate deriva-
tives. For a real-valued function D = D(x1,...,2,) on R™ the deriva-
tive will be denoted by D (or sometimes VD), with components D; =

D(z)/0x;. If D also depends on another real argument, ¢, then D,
will denote 0D (x,t)/0t. Similarly 1.5,-7]' will denote the partial deriva-
tive 92D(x)/0z;0x;. The function ), D” is called the Laplacian.

It is often denoted by AD, a notation that I need to avoid because 1
want to reserve A to denote an increment.

In general, the choice of a good path is a rather mysterious business,
although the examples I know all seem to share a few tricks. Talagrand
(2003, Section 1.3) suggested that the choice of starting point of the path
is the real subtlety:

To study a difficult situation one can compare it to a sim-
pler one, by finding a path between them and controlling deriva-
tives along this path. This is an old idea. In practice we are
given the difficult situation, and the key to the effectiveness of
the method is to find the correct simple situation to which it
should be compared. This can be done only after the problem
is well understood. To insist upon the fact that the choice of
the path is the real issue, we call this method the smart path
method. (More precisely, the real issue is in the choice of the
“easy end of the path”. Once this has been chosen, the choice
of the path itself will be rather canonical, except for its “ori-
entation”. We make the convention that the “smart path”
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moves from the “easy end” to the “hard end”) The smart path
method, under various forms, will be the main tool throughout
the book.

Often the path is constructed in a rather rigid way, starting from inde-
pendent random vectors Wy ~ N(0,Vy) and Wy ~ N(0, V7). For smooth
deterministic functions a; and b; with ag, = 1 =25 angl a1 = by = 0 we
define W; = a;Wy + b;W1. That gives W; = a;Wy + b;W;, which has a
N (0, (a)*Vo + (l.)t)QVl) distribution. More importantly, the joint distribu-

tion of Wy and V.Vt is also MVN, with
cov (Wi, W) = dpaVo + bybe V.

It often seems to help if we choose a; and by so that a? + b7 = 1 for each t,
a constraint that implies

0= (9(at2 + b?)/@t =2 (dtat + i)tbt>
so that
COV(Wt, Wt) = l.)tbt (Vi - Vb) .

This simplification is most convenient when dealing with theorems that
impose assumptions on the difference V; — V. See Theorem <33> for an
example.

Strangely enough, the argument in Section 6.3.1 involves a path con-
struction with V4 = Vj, so that cov(Wt, Wy) = 0, implying that Wt and Wy
are independent. In that case, the random variables g(Wp) and g(W7)
have the same distribution, so it would be pointless to take expected val-
ues in <6>. Instead, as you'll see, a little JENSEN trick gives a bound on
the expected value of exp (A(g(W1) — g(Wp)).

If V1 # V4 the expected value Pgl(Wt)th can still be simplified by
using an integration-by-parts trick that was often used by Charles Stein to
perform miracles. See the Notes.

Theorem. [i-b-p trick] Suppose (Z, X1, ..., Xm) has a MVN distribution
with PZ = 0. (No assumptions are made about the means or covariances
for the X;’s.) Suppose also that a continuously differentiable function G :
R™ — R has partial derivatives C.Jj(xl, s ) 1= 0G (21, ..., T /02y for
which P|éj(X1, ooy Xm)| < 00 for each i. Then

PZG(X1, o Xm) =D 7PG(X1,..., Xm)  where ; := P(ZX;).
sm

For the proof see Problems [2] (the one dimensional case) and [3], which
involves many appeals to the one-dimensional case.
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For future reference, here is a result that summarizes these ideas. Rather
than imposing explicit assumptions on the f in <6>, I’ll stick with the
vague term ‘suitably regular’ to suggest any requirement that would en-
sure integrability of various random variables and justify taking deriva-
tives insides integrals with respect to P and integrations-by-parts. Twice
continuous differentiability with second partial derivatives f; ;j(z) that
grow no faster than exp(C|z|) would suffice in the next Lemma.

<11> Lemma. Suppose W; = a;Wy + bWy for 0 < t < 1, where Wy and W1
are independent random vectors with W, ~ N,(0,V,) and at, by are chosen
sothata? +b? =1 and 0 =by < by + 1 ast 1 1. If G(t) := Pg(W,) for a
suitably reqular real-valued function g on R™ then

O G(t) = > PWiagn(We) = biby > (Vali, 4] — Vali, 4]) P (W)

isn i,j€[n]]

Remark. The assumption on b, ensures that byb, = d(b?/2)/dt > 0, a
convenience if we want to show H is an increasing function of t.

The choice a; = /1 —t and b, = /%, or its reparametrization a; =
cos(t/2) and by = sin(nt/2), works well for all of the applications in this
Chapter. We could also change the index set to some other subinterval,
such as a; = cos(t) and b, = sin(t) with 0 <t < /2.

6.3 Concentration of LIPSCHITZ functionals

This Section contains three different path arguments, presented in order
of increasing subtlety, that show f(Z) — =, f has a subgaussian distribu-
tion if Z ~ 7, = N(0,1,) and f is LIPSCHITZ. The easiest argument (in
Section 6.3.1) yields a subgaussian bound with scale parameter || f||.i,/2.
Section 6.3.2 improves the scale parameter to v/2||f||.;, by using a slightly
better path. Finally, Section 6.3.3 uses a path constructed from a BROW-
NIAN motion to obtain the scale factor || f||.,. A completely rigorous ar-
gument in the third case uses the 1TO formula from stochastic calculus.
On the assumption that my readers might not be completely familiar with
that formula, I also include a heuristic argument that gives some insight
into what is really going on.

The three different proofs helped me when I was first trying to under-
stand what made one path smarter than another.

An analog of Theorem <1>, with centering at the median rather than
at the expected value, can also be derived easily from a very deep result
known as the gaussian isoperimetric inequality, which is discussed
briefly in Section 6.4.
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Remark. Unfortunately, most proofs that I know of for that inequal-
ity are quite involved. It is worth knowing at least a little about isoperime-
try because it lurks behind several interesting facts about the normal
distribution. It would, however, be discouraging if the only path to
Theorem <1> ran through isoperimetry.

Roughly speaking, when proving mgf results about a generic LIPSCHITZ
function f there is no harm in pretending that it is infinitely differen-
tiable, with derivative f(z) (sometimes denoted by V f) whose euclidean
length is everywhere bounded above by || f||.;,. Such a simplification is
justified by Problem [1], which shows how to use convolution smoothing to
construct a family {f, : o > 0} of infinitely differentiable functions with
1ol < Ifllsp and sup, |f () — f(z)] = 0 as & — oo and

|f0($)’2 = \/E:Z (6]‘}(1‘)/6%)2 <1 flleip for all z.

Moreover, Pexp(Af,(W)) — Pexp(Af(W)) as ¢ — 0 for each real A
if P{|W| > t} decreases fast enough. Subgaussianity suffices.

The PISIER-MAUREY method

The method in this subsection comes from Theorem 2.2 of Pisier (1986,
page 176), who commented that “The proof below is a simplification, due
to Maurey, of my original proof which used an expansion in Hermite poly-
nomials”. Pisier was primarily interested in a concentration bound for
the norm of a BANACH-valued gaussian process X. He also noted that his
method would “apply to more general functions of X than the norm of X
(and even vector valued functions) provided a suitable bound is known for
the gradients of the functions”.

The proof starts with a symmetrization trick. (Compare with Chap-
ter 13.) For notational reasons, which should soon be apparent, let me
rewrite the mgf for f(Z) — Pf(Z) as an iterated integral, then invoke the
JENSEN inequality for the integral appearing within the exponent:

PAICI=PIND — o exp (A(f () — 7 ()
< v¥Yexp (M f(z) — f(y))) = PAUX)=FO)

where X and Y are independent random vectors that both have distribu-
tion v,.
Remark. The argument could also be written as a conditional JENSEN
inequality using the fact that P (f(Y) | X) = v, f. I prefer FUBINI to

conditioning when I am trying to deal carefully with symmetrization
arguments involving independence.

Notice that var(f(X) — f(Y)) = 2var(f(X)). This symmetrization ap-
proach inevitably leads to at least a doubling of the squared scaling factor.
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The distribution of |X — Y| depends on n. If we were to bound the
difference f(X) — f(Y) in the exponent by x|X — Y| we would intro-
duce an explicit dependence on n in the upper bound. Instead we need to
exploit cancellations due to independence along a one-dimensional path
from Wy = YtoW; = X. For0 < ¢t < 1define a; = cos(tr/2)
and b; = sin(t7/2) and Wy = a;Wy + b,W;. The derivative with respect
to t along the path equals

oW

Wy = 2t = aWo + bWy =

ot (=b:Wo + a;Wh)) ~ N(0, (7/2)*1).

N

As explained in Sections 6.2, this choice ensures that cov(Wt, Wy = 0,
making the random vectors (2/7)W; and W; independent, each with dis-
tribution ~,,. Moreover

1 1 R .
FO0) = 1) = F0m) = fw) = [ 2E0D gy = | i gy

o ot

By the JENSEN inequality for LEBESGUE measure on [0, 1],
1 .
Pexp (A (f(X) - f(Y))) < P/ exp </\<Wtaf(Wt)>) dt.
0

For each fixed s in R™ we have Pexp((Wt, s)) = exp(n?|s|3/8). Indepen-

dence of W, and j‘: (W) lets us treat A j: (W) like a constant s (more condi-
tioning? or Fubini?) to deduce that

1 .
Pexp (\ (f(X) = 1(V) < [ Pexp (W21 f(Wol3/3) a
< exp (\*x?1%/8) by <12>.

We have a subgaussian bound with scale parameter 7x/2. Derive the tail
bound as in §3.3.

Remark. The argument does not work with the choice a; = /1 —¢
and by = v/%, because then W; ~ N(0,021,,) with 1/02 = 4t(1—t). The
average over the Wt distribution then leaves a o7 in the exponent.
The trigonometric parametrization, which gives a constant variance
matrix for V.Vt, seems better in this case.

The smart path method

This refinement of the path method from Section 6.3.1 comes from Ta-
lagrand (2011, Section 1.3). The method this time is similar to the one
in 6.3.1 , except that now the path argument is carried out directly using
the function

g(w) := g(x,y) := exp(Af(x) — Af(y))  for w= (z,y) € R
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Notice that
i(w) = (M@)g(w), ~Afm)g(w))
= (fi@). - Ja@) =) = fa®)) M),

To avoid some notational confusion, I'll use Greek letters («, 5) when re-
ferring to elements of [[2n]] = {1,2,...,2n} and Roman letters (i, 7,...)
when referring to elements of [[n]] = {1,2,...,n}.

The smarter path is defined using three independent random vectors
X, Y an Z, each distributed N(0,1,,), and a; = /T — ¢ and b; = V/t:

W, =(X,,Y,) for0<t<1,

X = (Xi1,o o Xip) = e Z + 0 X,
Yt = (}/%,17' . '7}/2,71) = CLtZ"‘th

Remark. You might find it informative to check that the argument
still works with a; = cos(t) and b; = sin(t) for 0 < t < /2.

For some calculations it helps to think of the {X;} and {Y;} as two
n-dimensional gaussian processes, each with the same distribution as the
{W;} process from Section 6.3.1. In particular,

COV(Xt,Xt) = (c’ztat + l.)tbt) I,=0= cov(f/t, Yi).

The processes inherit a dependence from the Z that they share. In partic-
ular, Wy = (Z,Z) and W = (X,Y), so that

0o -I,

<14> AV = V1 - Vb = VaI‘(Wl) - V&I"(Wo) = IQn — (In In) = (—I 0

I I
Consequently

AVla, 8] = {81 ioft}olzerzwign:ie [nlora—n=pg=i¢€ [[n]]

The sparsity of AV greatly simplifies the application of Lemma <11>
to the function G(t) := Pg(W;):

Gty =bib Y s AV BIPHa (W)
= 5D g PPV SXD (Y9 (W)

< N2PIF(X)| £ (Y2 lg(Wr) by CAUCHY-SCHWARZ
< NREG(1) by inequality <12>.
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Remark. It helped me to write the the ath component of § as

Jalw) = { Afi(x)g(w) if a=ie[n]

“Mi(y)gw) fa—n=ic[n]

The partial derivative with respect to wg, with | — 8| = n, then acts
only on the g(w) factor.

That is, d(log(G(t))/dt < \?k? and

1
log G(1) <log G(0) + / N2 dt = N2k2.
0
Take exponentials, using the fact that G(1) = Pg(X,Y) and G(0) =
Pg(Z,Z) = 1, to deduce that Pg(X,Y) < exp ()\QKQ)). Finally, again
invoke the JENSEN inequality <13> to conclude that

Pexp (Af(X) = Mauf) < Pexp (Af(X) = Af(Y)) = G(1) < N @rD/2,

The centered random variable f(X) — ~,f is subgaussian with scale pa-
rameter \/Q/@.

6.3.3 The stochastic calculus method

The PISIER-MAUREY argument showed that f(Z)—~,f is subgaussian with
scale factor approximately 1.57x Talagrand’s argument brought the scale
factor down to approximately 1.4x. In this Section, with a lot more tech-
nical effort the scale factor is reduced to x, the best possible. For many
purposes, where the size of various constants is not a great concern, the
PISIER-MAUREY bound should suffice. If you find yourself in that situation
then you might want to skip this Section. However, the stochastic calcu-
lus approach (apparently due to Maurey) has proved itself useful in other
problems. You might find it helpful, therefore, to at least glance at the
heuristic argument just to get a feel for how this approach works.

This very smart proof creates a different sort of path, from ~, f to f(Z),
using a stochastic integral with respect to an n-dimensional BROWNIAN
motion, By = (By1,...,Biy) for 0 <t < 1. That is, the {B;; : 0 <t < 1},
for i =1,...,n, are independent BROWNIAN motions on [0, 1].

Remark. I have no satisfying intuitive explanation for why a wiggly
BROWNIAN motion path does better than the more rigid paths from
the previous two Sections. A miracle, perhaps.

Write F; for o{Bs : 0 < s < t}, a sigma-field that corresponds to
what we learn by watching {B; : 0 < s < t}. Given F;, the post-t pro-
cess {B;s : t < s < 1} is BROWNIAN motion started from B;. In particular,
the conditional distribution of By — By is Ny, (0, (1 —¢)I,,), so that

<15> M, :=Pg, f(B1) = F(By,t) where F(z,t) ==~ f(z +2v1—1t).
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The process {(M;,F:) : 0 <t <1} is a martingale.
Notice the reappearance of our old friend a; = v/1 — t. The function F
satisfies the boundary conditions F(z,1) = f(x) and F(0,0) = v, f. If we

again assume f to be very smooth then the derivative F' = 0F (z,t)/0z,
with components F;(x,t), is controlled by the LIPSCHITZ property:

> Fila,t)? = |F(e.0)] < %l f(@+az)] < .

The key to the whole subgaussian proof is a stochastic integral rep-
resentation of M in a form that allows us to exploit <16>. The rigorous
argument uses the 1TO formula to express M as a stochastic integral:

t . t,
Mi=vf = [[(F(Ba9).B) =, [ (B b

Instead of starting with the 170 formula, I'll first present a non-rigorous
calculation that gives a rough idea of what is going on. If you are comfort-
able with stochastic calculus you can skip the next few pages of heuristics
by jumping straight to equation <24>.

The trick with stochastic integration is to carry TAYLOR expansions of
functions of B, out to second order, using the fact that for § > 0

ABt = Bt+5 - Bt = (ABtJ, “eey ABt,n)
has a N(0,01,) distribution independent of F;. In particular,

5 ifi=j

Ps,ABii =0 AND Py AB;;Byj = {() otherwise

Accordingly, if 0 < ¢ < 1 and 9§ is positive and small enough,
AMt = Mt+5 — Mt ~ Ft(Bt, t)6 + Zzé[[nﬂ E(Bt, t)ABt’Z

1 o . ,
32 ey Fri(BuOABLAB.

The approximation sign (/) is intended to suggest that terms of order
smaller than § (in some probabilistic sense) have been omitted. A rigor-
ous argument would need to include error terms. As before, I:} denotes
OF(x,t)/0t, and F; denotes OF (z,t)/0x;, and so on.

We can get a good approximation for M; — My by summing up the
increments AM; over a fine grid G(m) = {¢6 : £ = 0,1,...,m — 1}, where
d = 1/m for a large positive integer m.

The martingale property for M; and <18> give

0= Py AM, ~ Fy(Bi 1)+ 5 Fii(Bi,1)s,
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which suggests (correctly) that Fy+ % > F” = 0. That is,
F(x,t)/ot+ 5> 0°F(x,t)/027 =0  forz €R"and 0 <t <1,
(2

an equality that is easy to verify by means of an appeal to the i-b-t trick:
see Problems [2] and [5].
With the help from <20>, the approximation <19> simplifies to

AM,; ~ Z 2(By, t)ABy; + Ry(t,6) + Ra(t,0)
where

Ri(t,0) = § > Fia(Bi,t) (ABE; =),

Ry(t,0) = 3 Zi’j{’i £ j}E; (B, t)ABABy ;.

Both Pg, Ry and Pg, Ry are zero. If we could keep B; in a bounded
region then the contributions from the ﬁi7j’s would stay bounded and
a conditioning argument could be used to show that the contributions
from R; and Ry would be small in an £? sense if m were large.

Such a boundedness effect could be achieved by borrowing a stop-
ping time trick that is often used in proofs of Itd’s formula (see Karatzas
and Shreve, 1988, page 149, for example): replace B; by the stopped pro-
cess Zy = Bypr(ry where 7(r) := inf{t € R* : |By| > r}. Unfortunately,
such a substitution would complicate the heuristics based on <18> but, as
you’ll soon see, it is easy to accommodate in a rigorous stochastic calculus
argument.

In the heuristic spirit I'll just ignore the Ry and Ry contributions, sim-
plifying <21> to AM; ~ ) . Fi(Bt,t)AB;;. Another conditioning argu-
ments (which kills off cross-product terms) then gives

Py, (

t

(A’ Z Py, Fy(By, 1)20 = Py, | (B, )26 < k26 by <16>.

Remark. In stochastic calculus jargon, this approximation corre-
sponds to a DOOB-MEYER decomposition of the submartingale M?.

Further approximation then leads to
Py, e’ Mt 1 4+ APy, AM, + 102Pg, (AM;)? 5 exp(\?£%3/2).

Successive conditioning steps finally produce (approximately) the conclu-
sion

Pe AM1—Ayn f ~ PH )\AMt < exp (m)\2l<,25/2) _ 6)\252/2’

teG(m

which should give the desired subgaussian bound in the limit.
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End of heuristics.

To turn the last few pages of approximations into a rigorous argument
one would need to engage in exactly the sort of calculations that lead to
the 17O formula. Instead of providing those details I'll just refer you to
the places in that excellent book by C&W = Chung and Williams (2014)
where the stochastic calculus is derived.

Start again with the martingale M; = F(By,t) for 0 <t < 1. By C&W
Theorem 5.10 (the multidimensional version of the 1TO formula), the crude
approximation <19> is replaced by

t t .
F (B, t) — F(Bo,0) = Fi(Bs,s)d F;(Bs,s)dBs;
(B0 = F(B0.0) = [ FiBusis+ Y [ ABs) b,

t t
1 F (B, 8)d[B.:, B..i]s
+ 2/0 ZL]E[{TL]]/O ,]( 78) [ N3l J]

The quadratic variation-covariation process of B is a deterministic matrix
valued-process with (4, j)th component

_Jt fori=j
[B"“B'J]t_{o fori#j

All the terms with ¢ # j in the final double sum in <23> vanish, leaving
only the ¢ = j terms:

t t
/ Fm‘(Bs, S)d[B.ﬂ', B~,i]s = / Fi,i(B& S) dS.
0 0
Thus <23> becomes

t
F(By,t) — F(By,0) :/ Fy(Bs,s)+ %> Fii(Bs,s)ds
0 7

t
+Z/ E(3378)st,i~
tJo

Once again the identity <20> kills the fot ...ds contribution, leaving
t .
My —ynf =Y Nyi  where Ny = / Fy(Bs, s) dBs,.
¢ 0

Remark. In fact we don’t even need <20> because M; — >, N¢;
is a continuous local martingale whose sample paths are locally of

bounded variation, which forces it to be (for almost all paths) equal
to My = vnf. See C&W Corollary 4.5.

The quadratic variation [M, M] process, which is usually abbreviated
to [M], corresponds to the limiting form of the heuristic } ;g (AM;)?.
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It can be derived from the variation-covariation processes of the BROWN-
IAN motions: by C&W Theorem 5.7,

t t
<26> =3 / \(Ba,s)2ds = | |F(By,s)2 < K2t
1
0

Finally, to bound the MGF Pe*(M:=Mo) we can use another stochas-
tic calculus trick to replace the peeling argument <22>. By C&W Theo-
rem 6.2, the process Z; := exp(AM; — 3A?[M];) is a local martingale, that
is, for some sequence of bounded stopping times 7; that increases point-
wise to oo, the process Z(t A 7;) is a martingale. For each j,

Mo =PZy =PZ(1ATj) =Pexp (AMiar, — 2N [M]inr,)

> Pexp (AMinr, — 3A°K?) .

That is,
Pexp ()\Ml/wj) <exp (/\’ynf + %)\%2) for each j.

Complete the argument by letting j tend to infinity. An appeal to the FA-
TOU lemma as j — oo then gives

PN (B1) = peAMi < iy inf; pe MinT < exp ()\'ynf + %)\2/-62) )

the desired subgaussian bound.

*6.4.0 The gaussian isoperimetric inequality

For each subset A of R” define A% := {z € R" : d(a, A) < 6}, where
d(z,A) :==inf{|z —y| : y € A}.

<27> Gaussian isoperimetric inequality. If A is a BOREL subset of R™ with
YA = ®(a) then v, A% > ®(a + ) for each § > 0. The lower bound is
achieved when A is any closed halfspace with gaussian measure ®(«).

It is the reduction from an n-dimensional problem, with n arbitrarily
large, to a one-dimensional calculation for the lower bound that makes
the isoperimetric inequality so powerful. The next Example, which derives
concentration of LIPSCHITZ functionals around a median, illustrates.

Recall that a median of a (real valued) random variable X is any con-
stant m for which P{X > m} > 14 and P{X < m} > 1k. Such an m
always exists, but it need not be unique.
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Example. Suppose f is a LIPSCHITZ function on R with || f||., < k.
Under 7, the random variable f(z) has at least one median, a number M
for which

W f) <MY= AN lf(2) = M) > L
Define A = {z € R" : f(z) < M} so that v, A > 1/2 = ®(0). If d(z,A) < u
then there exist a point z € A with d(z,2) < u. From the LIPSCHITZ
property and the fact that f(z) < M we then get
f(z) < f(z) + ku < M + Ru.
Conversely, if f(x) > M + ku then d(z, A) > u. It follows that
Yol f(@) > M + ku} <y {d(x, A) > u} < @0+ u) < %exp(—uz/Q).

An analogous argument for deviations from the set {z : f(z) > M} gives
the companion lower bound. Together the two bounds give a concentra-
tion property for f,

Yolz : |f(2) = M| > ry} < 28(u) < exp(—y?/2),

where M is a median for f under ~,.

Remark. Inequality <29> also gives concentration around the mean p =
Pf(Z) because it also implies that the mean and the median are close
to each other:

= M| <l f — M| < / dlf(2) = M| > ry} dy = Cr,
0

with C' = 1/(2v/2x). Thus

Y {lf = pl = 6(C + )} < yd{lf — M| > ky} < exp(—y>/2).

Tail bound comparisons

One of the earliest comparison inequalities for the MVN/ is due to Slepian
(1962, page 498).

Slepian’s comparison inequality. For some finite index set B suppose
X = (Xp :b€ B)andY = (Y, : b € B) both have centered MVN
distributions. Suppose also that, for all (b,b') € B x B,

A, V) :=P(YYy) — P(XpXy) <0 with equality when b =b'.

Then P Uy { Xy > 1} <P U, {Y, > 1} for each r in RB.
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Remarks.

(i) Of course the prime on b does not denote a derivative. I just need
some way of distinguishing between two elements of B. I'll also write
X (b) for Xy, and so on, if the subscripts get too messy.

(ii) If you are wondering whether the equality constraint in <31> could
be omitted, consider the case where B = {1,2} with Y ~ N»(0, I2)
and X; =Y; and X5 = 100Y5. Note that

P({X1 > 5} U{Xs >5}) ~1/2,
P({{Y1 =5} U{Yz >5}) =0,

which clearly would violate the conclusion of the Theorem.

(iii) I often have trouble remembering which way the inequalities should
go. It helps me to rewrite the covariance assumptions as PX? = PYb2
and P|X;, — Xp|? < P|Y; — Yy |? for all b,b’. The Y components
are more ‘spread out’ than the X components, which makes max; Y3
stochastically larger than max; Xj, that is,

P{max, X; > r} < P{max; Y}, > r} for each real 7.

This property ensures (Marshall et al., 2011, Chapter 11) existence of
a pair of random variables on some new probability space, Mx with
the same distribution as max, X, and My with the same distribution
as maxy Yy, such that Mx < My almost surely. For each increasing
function h we then have h(Mx) < h(My) almost surely and hence

<32> Ph(maxp Xp) = Ph(Mx) < Ph(My) = Ph(max, Y3),

provided the expected values are well defined (no oo — oo difficulties).
In particular P max, Y, < Pmax;,Y;. Compare with the version of the
Fernique inequality stated in Theorem <4>, which does not require
the equality PX? = PY;2.

Gordon (1985) extended the SLEPIAN inequality to doubly indexed ar-
rays with a more complicated comparison between tail events. If you are
wondering why anyone would be interested in this NU stuff take a look at
Section 6.6.

<83> Theorem. Suppose A and B are finite sets and X = (Xqp : (a,b) € A x B)
andY = (Yo : (a,b) € A x B) both have centered MVN distributions. Sup-
pose also that, for all i = (a,b) and j = (a’,b") in A X B,

—0 ifi=
A(i,j) == PY;Y; — PX; X <0 ifa=d andb#10 .
>0 ifa#d

Then

P Naca UbEB{Xa,b > ra,b} < PNaeca UbEB{Ya,b > 7ﬁa,b}

O for each r in RAXB,
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Corollary. Under the conditions of the Theorem, by taking v,y = r for
all a,b we get P{min, maxy, X, > r} < P{min,max, Y, > r} for each
real v. That is, min, max, Y, 1s stochastically larger than min, max, X,
implying

Ph (min, maxy Xg4p) < Ph (ming max Yy p)
for each increasing function h, provided there are no oo — oo difficulties.

Notice that the GORDON inequality reduces to the SLEPIAN inequality
if the set A is taken to be a singleton.

Remark. The covariance assumptions of Theorem <33> imply, for all
distinct ¢ = (a,b) and j = (a/,V') in A x B,

PIY; - Yj|* — P|X; — X;|?

= (PY? +PY? - PX? — PX?) — 2(PY}Y; — PX;X)
>0 ifa=a and b#V

<0 ifa#d ’

Gordon (1985, Theorem 1.4) actually established an analog of the
FERNIQUE inequality,

<36> P min,c 4 maxpep Xa,b < Pminge 4 maxpep Ya,ba

<37>

under agssumption <35>. That is, he derived the special case of Corol-
lary <34> where h is the identity map without requiring that PXib =
PYa%b for all (a,b) in A x B. Unfortunately, the proof is more compli-
cated than the proof of Theorem <33>, just as the original proof of
the FERNIQUE inequality is more complicated than the proof of Theo-
rem <30>.

See Section 6.6 for a Lemma and an Example that show the ex-
tra costs incurred by the extra assumption that PX7, = PY2, for
all (a,b).

Kahane (1986) provided a most elegant derivation of both the SLEPIAN
and GORDON inequalities, by a single theorem whose proof can be slightly
modified to become a path argument with an appeal to i-b-p trick. The
theorem involves a twice continuously differentiable function f for which
various differentiations inside expectations are legitimate. Once again,
rather than hardcoding the necessary regularity requirements into the
Theorem I will merely refer to f as having ‘suitably integrable partial
derivatives’. For example, it would suffice that f be derived from a LIP-
SCHITZ function by means of smoothing operations like those in Prob-
lem [1]. For the derivation of the SLEPIAN and GORDON inequalities, the f
is used to approximate sets that are products of intervals of the form [r, 00).

Theorem. (Kahane) Suppose X = (X;:i € 1) andY = (Y; : i € I) both
have centered MVN distributions, for some finite index set I. Suppose also
that
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(i) a function f : R — R is twice continuously differentiable and has
‘suitably integrable partial derivatives’;

(ii) the set Ix1 can be partitioned into three disjoint subsets Z, P, and N

for which
=0 if(i,j) e
A(i,j) = PY;Y; — PX; X, >0 if (i,5) € P
<0 if(i,j) €N
. 0% f >0 if(i,5) P
ij =0 P DA fi 11 R!
fij(w) dw;0w; { <0 if(i,j) N orallw &

O Then Pf(X) < Pf(Y).

Proof. Let Wy and W be independent random vectors, with Wy having
the same distribution as X and W7 having the same distribution as Y. As
before, define Wy = a;Wy + b,W7, this time (just for the sake of variety)
with a; = cos(t) and b; = sin(t) for 0 < t < 7w/2. Define H(t) := P f(W}).
Note that a; = —b; and l.)t = ay, so that

P (WtWt’> = aqrapvar(X) + l.)tbtvar(Y) = azby (var(Y) — var(X)).

Or, in coordinate form, 7;(i,j) := PWt’thvj = a;byA(7, j). By assumption
and the fact that a;b; > 0, the product Tt(i,j)ﬁ,j(w) is nonegative for
every w in RY.

As before, we now have

H(t) = P(Wy, f(W)))
=> . PWufimy)
= Ziel,jel Tt(l,j)PfiJ(Wt) by Theorem <10>
> 0.

O It follows that Pf(X) = F(0) < F(1) = Pf(Y), as asserted.

The remainder of this Section is devoted to explaining how Kahane’s
result covers both Theorems <30> (SLEPIAN) and <33> (GORDON). Even
though the first Theorem is a special case of the second, I'll prove both
results because the first proof gives some insight into the second.

The SLEPIAN inequality involves two centered MVN distributions, repre-
sented by random vectors X = (X : b € B)and Y = (Y}, : b € B). The
Theorem gives conditions under which is that Pg(X — r) < Pg(Y — r) for
each r in RP, where g is the indicator function of {z € RP : 2z, > 0}. In
de Finetti notation, g can be reexpressed as

Z2)=1- HbeB{Zb < 0},
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a convenient representation of a union as a complement of an intersection.

To employ Kahane’s result we need to approximate the indicator func-
tion of (—oo,0) by a smooth, decreasing function ), that equals 1 on (—oo, —0)
and 0 on [0,00). (In fact, existence of a bounded, continuous derivative 1&0
will suffice, as far as smoothness is concerned.) At some stage the positive
parameter o is sent to zero, which ensures that

f&)=1-]],_, Yol

converges pointwise to g(z). If we can show that Pf(X —r) < Pf(Y —r)
for each 7 in R? then an appeal to dominated convergence will give the
coreesponding inequality with f replaced by g.

The function f has partial derivatives, for distinct b and o’ in B,

e o= = @) T, gy Vo)

oo 2 z . .
fow (2) == gzzca(zb), = Yo ()0 () [ |

BeB\(b} Vo (23).

The function fb is everywhere > 0 because ¢, is decreasing and non-
negative. The function f; 5 is everywhere < 0.
The signs of the partial derivatives are unchanged if f(z) is replaced

by f(z —r).

The assumptions of Theorem <37> hold when applied to f(- — r) for
a fixed r in R® with I = Band 2 = {(b,))) € Bx B:b=1"V}and N =
I\N. It follows that Pf(X — r) < Pf(Y — r), which implies the SLEPIAN
inequality in the limit as o — 0.

For the GORDON inequality, I = A x B and

Z={(a,b,dV)eIxT:a=d,b=17},
N={(a,b,d,b')yeIxT:a=d,b#b},
P={(a,b,d',b) eI xI:a+#d}.

Think of elements of R! as |A| by |B| matrices. If Z € R! define Z, :=
(Z]a,b] : b € B), the Ath row of Z. The function g is replaced by

G(Z) = HaGA Q(Za) = NacA UpeB {Z[av b] > 0}7
which is approximated by the smooth function
F(z) =1, f(Z).
If i = (a,b) and j = (a/, V') then

£(2) = gg{fﬁ] = flZa) HaeA\{a} 1(Za),
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which is everywhere > 0, and

B (2) = { Jow(Za) Mae oy /(Za) <0 to=d
7 fb(Za)fb’(Z(z’) HaGA\{a,a’} f(Za) >0 if a 7& a

That is, the partial derivative F” is everywhere > 0 if (i,j) € P and is
everywhere < 0 if (7,j) € N, which agrees with the sign of A(4,5). The
partial derivatives for F'(Z — R) follow the same pattern, for each R =
(rap) in RAB. Theorem <37> gives PF(X — R) < PF(Y — R). The limit
as o tends to zero then gives the inequality asserted by Theorem <33>.

An application of the GORDON inequality

Both inequalities let us control complicated gaussian processes by means
of simpler gaussian processes, as illustrated by the following result of Gor-
don (1985, Theorem 2.1).

Lemma. Let G = [g; ;] be an N x k matriz of independent standard nor-
mals, and let Z ~ N(0,In) be independent of W ~ N(0,Ix) If Ais a
compact subset of R¥ and B is a compact subset of RN, with 0 € B, then

aminP Supb€B<b7 Z> - 6maxp SupaEA |<a’ W>| - amaxﬁmax
< Pinfaea supyep (b, Ga) < Psup,ca supyeg(b, Ga)

S amaxp Supb€B<ba Z> + /Bmaxp SupaEA ‘<a’) W>| + amaxﬁmax
where O, = infea |ala and ., = infoen |ala and Bha. = supyeg |bl2-

Proof. It suffices to prove an analogous set of inequalities with A replaced
by a finite subset A and B replaced by a finite subset B. (Then invoke
dominated convergence as A expands up to a countable dense subset of A
and B expands up to a countable dense subset of B.)

Define two gaussian processes indexed by A x B:

Xap = lab|blag + (b, Ga) = lab|bo€ + 3, bigija;,
Yo = lal2(b, Z) + |bl2(a, W),

where £ ~ N(0,1) is independent of G. The role of £ is to ensure that
PXg b= PYa2b. It comes at the slight .. Omax COSt because

[ Xap = (b, Ga)| < QpaxBnaxl€]  for all (a,b) € A x B,
which implies

| inf(IEA SuprB Xll,b - infaEA SuprB <a’7 Gb>‘ S arrlax/Brxlax |§‘7
| SUDgen bep Xab — SUPgen bep () Gb)| < QunaxBmax €]
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The GORDON inequality does most of the work. It is easy to check, for
(a,b) and (a*,b*) in A x B, that

PXapXarp+ = lalz |a”]2 [b]2]0"|2 + (a,a”) (b, b%),
PY,sYarpr = lalz |a*]2 (b,07) + [bl2|b*|2 {(a, a®),

which gives

PXapXar b — PYapYarpr = (1b]2]0"|2 — (b,0%)) (|al2 |a*|2 — (a,a™))
=0 ifa=a"

<39> :
>0 ifa#a*

The inequality
Pminge 4 maxpep Yo p < Pminge 4 maxpep Xop

follows from Corollary <34> with the roles of X and Y reversed. The in-
equality

PmaxgeapeB Xap < Pmaxqcapen Yap

follows from the SLEPIAN inequality via <32>.
The calculations now involve only the Y process. Write Ya for sup,ca |(a, W)|
and Yp for maxycp(b, Z). Then, from the definition of Yy,

|a|29YB — BumaxIa < maxpep Yo < |al2¥YB + BuaxdA,

O Take the maximum or minimum over a € A then take expectations.

<40> Example. A compact, convex subset K of RY with non-empty interior is
called a convex body. 1t is called symmetric if —x € K for each z € K.
A famous result of Dvoretzky (1961) asserts that low-dimensional cross
sections of symmetric, convex bodies look like balls. More precisely, for
each € > 0 there is a small n(e) > 0 such that: if K is a symmetric, convex
body in RY and k is a positive integer with k& < n(¢)log N then there ex-
ists a k-dimensional subspace 3 of RY and a closed ball B in 3 for which

<41> BCKNHC(1+¢)B.

In fact it also doesn’t much matter if we require B to be a ball or an ellip-
soid. See Problem [6].

In this Example I'll derive Dvoretzky’s theorem by applying the GOR-
DON inequality, but only for the special case where K = [—1,+1]V.
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Remark. The tricks for this special case can be extended to cover
more general convex bodies. See Gordon (1985, 1988, 2005), for ex-
ample.

The set K is the unit ball for the /3 norm, |z|e = max; |z;|. It is
an easy exercise to prove that |z| is equal to sup{(b,xz) : b € K°},
where K° = {b € RV : |b|; < 1} is the unit ball for the ) norm. The
little superscript ‘o’ means that the convex body K¢ is the polar of K,
that is, K° = {b € RN : (x,b) < 1 for all z € K }.

The subspace H will be defined as span{zi,..., 2}, where 3 = (21,...,2)
is a carefully chosen realization of 3 = (Z1, ..., Z), for independent N (0, Ix)-
distributed random vectors Z;.

If a = ru with » > 0 and |ulz = 1 then |a|oo = 7|u|oo. Thus

lal2h(3) < ‘ZJ aij‘oo < laloH(3) for each a in R¥,
where

h(3) := infueA’Zj uij‘oo = infy, ey Suppego (b, Zj u;jZ;)

H(3) = supyen| Y w25 = subyeusubperco (b, Y ;).

We are now in the setting described by Lemma <38> for B = K°, with
Qmax = Qmin = 1 = Bh.x. The Lemma gives

P|Z|oo — P[W|2a —1 < Ph(3) <PH(3) <P|Z| + P|W|2 — 1,

where Z ~ N(0,Iy) and W ~ N(0, I).

The quantity P|W |y is < /P|[W % = Vk. As explained in §3.4, max,<y Z[j]
concentrates very tightly around a value only slightly smaller than /2Iog N.
A cruder form of the argument shows that P|Zy|oc = Pmaxj<n |Z[j]| >
(1 —0(1))y/log N, with P|Zy|s > 0.65\/Iog N for N > 2 suggested numeri-
cally. See Problem [8]. It is safe to assert for N > 2 that, for some positive
constant c,

c\/log N —Vk —1<Ph(3) <PH(3) < c\/logN +Vk +1,

and hence, if vk +1 < cey/log(N)/3 and 0 < € < 1,

PH(3) _ cvlogN +Vk+1 _ L+e/3
Ph(3) = ¢y/logN —vVk—1 "~ 1—¢/3 ~ '

From Problem [7] there must exist some realization 3 = (z1,..., 2x)
of 3 for which 0 < h(3) < H(3) < (1 +€)h(3). If we write R for H(3) then

lalaR/(14+€) < |Z.aizi|oo < lal2R for each a in R¥,
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Let H be the k-dimensional subspace of R spanned by z1,..., 2, and
define T : R¥ — H by Te; = z;, where {ey,...,e;} is the usual orthonor-
mal basis for R*. Define B = {a € R¥ : |a]s < 1/R}. The ellipsoid
D :=TB has the properties asserted by Dvoretzky’s theorem.

DCHNK :{Ziaizi:\Ziaizi|m§1}c(1+e)D.

A generalized FERNIQUE inequality

The main topic of this Section is the proof of a stronger version of The-
orem <4> from Section 6.1.2: for random vectors X = (X1,...,X,)
and Y = (Y1,...,Y},) with centered MVN distributions, if

PIX;, — X;|* <PlY; - Y;]*> foralli,j.
then
P max; X; < Pmax; Y;.

Fernique (1975, Section 2.1) deduced <44> from a stronger inequality for
the ranges max(Y; — Y;) and max(X; — X;). He pointed out that <43>
is weaker than the assumption made for the SLEPIAN inequality, in that it
does not require PXZ-2 = PYf for each 1.

Fernique’s proof combined a path argument, FOURIER inversion, and
a decomposition of R™ into polyhedral subsets corresponding to the re-
gions where the max is achieved by different coordinates. Subsequently,
Chatterjee (2005) gave a much simpler path proof based on a smooth ap-
proximation to the maximum function. Chatterjee’s method also covered a
result of Vitale (2000), who had employed an ingenious limit argument to
show that <44> also implies result,

P max;(X; + i) < Pmax;(Y; + pi) for all u € R™.

That is, Vitale effectively removed the assumption that the variables are
centered to zero expected values.

Remark. See Pollard (2001, Section 12.3) for a a slightly flawed ex-
position of Fernique’s original method. As a friend pointed out to
me, with my usual interpretation of {i # j} as the indicator func-
tion of the set {i € [[n]] : ¢ # j} the quantity max{i # j}uz;
on page 276 would correspond to the function L;(x)", not the in-
tended L;(z) := max{xz; : i € [n]\{j}}.

Chatterjee’s smooth approximation to m(w) := max;<y w; is sometimes
called a soft maximum. The relevant facts are summarized in the next
Lemma.
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<46> Lemma. Forw in R" and X\ > 0 define S(w,\) = 3., exp(Aw;) and
M(w, ) := A"tlog S(w, ). Then

(i) M(w,\) = m(w) + R(w,\) where 0 < R(w,\) < A llogn — 0
as A — 00.

(i) The function w — M(w, \) is infinitely differentiable with
. A
P, A) = (a0, \) 1= DA i g 3
ow;
and

iih@j ('UJ, )\) =

awi 8wj

*M(w, \) ) Api(w, A) = Api(w, N2 oifj =i
—Api(w, A)p;(w, ) if j£4

Proof. For (i) write S(w,\) as eX™®) 3~ eXwi=m(w)) then note that
AMw; —m(w)) < 0 for all i with equality at any w; that achieves the maxi-
mum, m(w).

O The equalities in (ii) are just calculus exercises.

The proof of <45> also depends on a simple real variable fact: for any
real numbers p1,...,p, with ). p; = 1 and real numbers z1,..., 2, we
have the identity

2
>, ({i = j}pi — pipj) = .piz — (ZZ pﬂi)
<47> =3 Zijpz'pj(zi — zj)?

Define G(t) := G(t, u, \) = Pg(Wy) for g(w) = g(w, p, A) = M(w +
i, \), with both g and A held fixed. Write p;(w) = p;(w, p, \) for g;(w, p, ) =
ﬁili(w + pu, ) and let X , }7, Wo, W1 be independent random vectors, with
both X and Wy distributed like X and both ¥ and W, distributed like Y.
Then Lemma <11> and <47> give

G(t) = biby > e (ffﬁg - 5(5(;) P, ; (Wi + 1, )
=M Y" (Vi = KXy ({ = a0 = pi(Wa)p; (W)
= BABbPY (= V) = (X = X)) pi(Waps (W)
— LAy Zmew Dy;Ppi(Wy)p; (W)

where D; ; := P|Y; — Y;|> = P|X; — X;|? > 0 for all (i, ).
The function G is increasing, which implies

G(0) = PON(X + 11, \) < PON(Y + 1, A) = G(1).

The desired inequality <45> then emerges as the limit when A tends to co.
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Remark. It seemed equally natural to me that Gordon’s extension of
Fernique’s inequality, inequality <36>, should be derivable by re-
placing min max by m9, where m is a ‘soft minimum’ function. I
tried this approach but did not succeed. Maybe some clever reader
can make this idea work, perhaps by using a diferent form of smooth
approximation to min max.

6.8 Problems

[1] Suppose f is a real valued function on R™ with || f||., < k. Let ¢ be an
infinitely differentiable, nonnegative function on R™ with compact support
and [ ¢(z)dz = 1. For each o > 0, define

fole) = | flo+o2)(z)de=o0" / Fw)d (w - z)/0) dw.

R

(i) Show that

St;plfa(l‘)—f(iﬁ)! < sgp/|f($—|—0z)—f(:r)|@b(z) dz < %U/!ZW)(Z) dz.

Deduce that f, converges uniformly to f as o tends to zero.
(ii) Show that f, is infinitely differentiable.
(iii) Use the inequality

[fo(z) = fo(y)] < / [f(x+02) = fly +02)[Y(2) dz < K|z -y

to show that || fr||Lp < K.

(iv) Show that all the partial derivatives of f, are also LIPSCHITZ functions
(with LIPSCHITZ norms depending on o and ).

(v) From (iii), we have |fy(z + tu) — fo(x)| < tr for each unit vector u and
each ¢ > 0. Use the fact that (fo(x + tu) — fo(x)) /t = (u,Vfs) ast 0
to show that >.(0f,/0x;)? = |V f,|* < k2.

(vi) Suppose W has a subgaussian distribution. Show that Pe*e(W) — peAf(W)
for each real A as 0 — 0. Hint: dominated convergence using |f,(z)| <
|£(0)] + k|z| + 1 for small enough o.

2] Suppose Z is N(0,1) distributed and F' is an absolutely continuous, real-
valued function on the real line with almost sure (LEBESGUE) derivative f.
That is f is integrable at least on each bounded interval and F(b)—F(a) =
[P f(t)dt for o0 < a < b < oco. If P|f(Z)| < oo, show that P|ZF(Z)| < oo
and PZF(Z) = Pf(Z) by these steps. The argument is essentially just a
very careful integration-by-parts, making sure there are no hidden oo — oo
cancellations.
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(i) Explain why we may assume F'(0) = 0 and f > 0 without loss of gener-
ality. Note that these assumptions imply that xF(x) > 0 for all z. Hint:
Split into f* contributions.

(ii) Let ¢ denote the N(0,1) density. Use the FUBINI theorem to show that

P{Z>0}ZF(Z // {0 <t <2} f(1) dtdz—/ 110

(iii) Argue similarly for P{Z < 0}ZF(Z).

[3] Suppose (Z, X1, ..., Xm) has a MVN distribution with Z ~ N(0,02) (but
no assumptions about the means or covariances for the X;’s). Suppose
also that G : R™ — R is continuously differentiable, with partial deriva-
tives Gi(x1, ..., &) = 0G(21,...,Tm)/0x;. U P|ZG(X1,..., Xm)| < o0
and P|C.¥i(X1, ...y Xm)| < oo for each i, show that

PZG(X1, . Xm) =D 7PGi(X1,...,X;n)  where 7 := PZX;.
<m

Follow these steps.

(i) Without loss of generality suppose o equals 1. (Equivalently, divide both
sides of the asserted representation by o.)

(ii) Show that Z is independent of the random variables Y; := X; — 1, Z for

i € [[m]]. [Check that cov(Z,Y;) = 0.] For fixed y; values, use Problem [2]
to show that
P(ZG(X) | Y; =y, fori € [[m]] )
= FY'ZZG(yl + TIZ, oy Ym + TmZ)
= Z TivEGi(y1 + T2, - Ym + Tm2).

(iii) Average out over the y;’s with respect to the joint distribution of Y1,...,Yy,.

[4] (cf. Isserlis 1918; or google “Wick”; or look at Janson 1997, Theorem 1.28)
Suppose X ~ N,(0,V). For each subset A of [n]] define My := P[], 4 Xi.
(i) Use Problem [3] to show that M[[n}] = 2]22 Vl,jM[[n]]\{l,j}‘
(ii) Deduce that M, is either zero (for n odd) or it can be written as a sum
of products of off-diagonal elements of V.
(iii) Calculate the representations for n =4 and n = 5.

[5] For suitably regular f (such as the f, from Problem [1]) and a; = /1 — ¢,
show that the function F'(z,t) = ~;f(z + za:) (as in equation <15>)
satisfies

F(ac,t)/@t:dthyflzif.i(x—i—zat) for0<t<1
= auay Z vaf“(x + zay) by Problem [2]
5> 0°F(x,t)/0a7.
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Remark. If the “—” sign in the final line were removed the equation
would become dF (z,t)/0t = 3. 0*F(x,t)/022, the heat equation.
The negative sign comes from the 1 — ¢ in the definition of a;; time is
running backwards. Maybe the partial differential equation could be
called the ‘backwards heat equation’.

A subset D of RY is called an ellipsoid in a k-dimensional subspace H

of RN if there is a linear map T that is a bijection from R¥ onto 3 of RY
such that such that D = h + TB, where B = {z € R* : |z < 1}
and h € H.

(i) Suppose T has the singular value decomposition Tv; = A\u; for 1 < i < k,
for singular values \; > Ao > -+ > A\ > 0 with {v; : ¢ < k} an onb of Rk
and {u; : © < k} an onb of H. Show that

TB = {Zlgk i Zigk(ti/)‘i)Q < 1}.

In particular, T'B is a closed ball in H if A\; = A\ for all 3.

(ii) Show that there is a subspace Lo of R¥ of dimension approximately k/2
for which D N (T'Ly) is a closed ball. Argue as follows. Suppose k is even,
k = 2¢. Choose any value A with Ay > A > Apy1. For ¢ < ¢ choose posi-
tive numbers ¢; and s; for which c? + SZZ = 1 and c?)\,- + s%/\k,iﬂ = A2
Define V; = ¢cv; + SiVk—i+1 and U; = (cl)\luz + Si)\k_i+1uk_i+1) /)\
Show that V; and U; are unit vectors with TV; = AU; for i < /. De-
fine Lo = span{Vy,..., V;}.

If k is odd, k = 2¢ + 1, argue similarly with A = Apy1 and Vi1 = vpyq.

Suppose h and H are random variables defined on a probability space (2, F,P)
for which 0 < h < H almost surely and PH < (1 + €)Ph < oo for some
positive €. Argue as follows to show that there exists an w in €2 for which

1 < H(w)/h(w) < 1+ €. Define a new probability measure Q by dQ/dP =
h/Ph. Show that Q(H/h) <1+ ¢, so that Q{w : H(w)/h(w) > 1+ €} < 1.

(repeated from Chapter 3) Suppose 1, ...,&N are independent random
variables, each N(0,1) distributed. Define M,, = max;j<y |{;| and z,, =

v1ogn.
(i) Show that

o0
P, _/ P{M, > thdt > 2nP{M, > n}.
0

(ii) Show that P{M, >t} =1 — (1 — 2®(t))" > 1 — exp (—2n®(t))).

(iii) Use Laplace’s bound from §3.4, ®(¢) > (t=! — ¢t=3)¢(t) for t > 1, to show
that P{M,, > z,} — 1 as n — oc.

(iv) Deduce that PM,, > z,(1 — o(1)).
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9] Suppose {X; : i € N} is a gaussian process with X; ~ N(0,0?). Define
M, := max;<, X; and My, := sup;cy X;. Show that M, < oo almost
surely if and only if PMy, < oco. Argue as follows for the nontrivial impli-
cation. Suppose P{My, < oo} = 1.

(i) Show that there exists an R € R for which
®(1) > P{My > R} > P{M, > R} > P{X,, > R} = ®(R/o,).

Deduce that o := sup,, o, < R.
(ii) Choose any constant 7o for which 1 > 2e~76/2 4 &(1). Write m,, for PM,,.
Use the concentration inequality from Section 6.1 to show that

P{M, > m, —oro} > 1—2¢7"0/2 > &(1) > P{M,, > R}.

Deduce that m,, — org < R for all n.
(iii) Deduce that PMs < R+ org < oco. Hint: 0 < |X4| + M,, | X1| + Mw.
(iv) Extend the argument to a two-sided equivalence: P{sup, |X;| < oo} = 1 iff
Psup; | X;| < co. Hint: sup; | X;| = max (sup; X;, sup;(—X;)).

[10] Let H be a HILBERT space with inner product (-,-), and an orthonormal
basis {eq : @« € I}. Let {n, : @ € I} be a set of independent random vari-
ables, each distributed N (0, 1), defined on a probability space (2, F, P).
(Kolmogorov’s existence theorem would provide such a space.)

(i) For h in H define I(h) := {a € I : (h,eq) # 0}, a countable set for which

h =3 wer(n) €alh, €a), a series that converges in norm. Show that the sum
Zp = Y qer(n) Malh; €a) converges in the L£2%(Q,F,P) sense. Hint: For each
finite subset A of I, show that

P‘ZaeA (P €a) - ZaeA (B ea) "

Note: The limit is defined only up to a P-equivalence. Perhaps it would
be more elegant to work with limits in L?(2, F, P).

(i) Show that {Z}, : h € H} is a centered gaussian process with cov(Zy, Zj) =
(g, h) for g,h € H. Remark: This process is sometimes called the isonor-
mal process indexed by H. See Dudley (2014, §2.2.1) for an insightful
discussion.

[11] Let {X; : t € T} be a centered gaussian process, defined on a probability
space (2,F,P). Equip T with the semi-metric d(s,t) := || Xs — X[y :=
(PIXs — X, 2)"2.
(i) Show that Xy = X ae[P] if d(s,t) = 0. Explain why this fact might
cause difficulties with sample-path continuity if the inequality could not
be strengthened to X;(w) = X;(w) for all w.
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(ii) Partion T into equivalence classes [t] := {s € T': d(s,t) = 0}. Let Ty be a

6.9

subset of T" built up by choosing one member from each equivalence class.
Show that {X; : ¢ € Ty} can be identified with a subset of the HILBERT
space H := L?(Q,F,P) via the map X; <+ [X;] in such a way that

cov(Xs, Xt) = ([Xs], [Xe])

where [X;] denotes the equivalence class of X; in L?*(Q,F,P). Remark:
This representation explains why some authors regard all centered gaus-
sian processes as subsets of an isonormal process indexed by a HILBERT
space.

Notes

I know little about the early history of the path idea, except that it ap-
pears in the work of Plackett (1954, page 353), Chover (1962), and Slepian
(1962, page 483).

The most stunning fact about ~,—the so-called isoperimetric inequality—
was established independently by Borell (1975) and Sudakov and Tsirel’son
(1978), a translation from a 1974 paper in Russian. See the concise and
informative book by Ledoux (2001) for more about concentration inequal-
ities. For an exposition of a proof due to Ehrhard (1983a,b) see Pollard
(2001, Section 12.5). The inequality can be rewritten more compactly as

(A%) > @ (D7 (7, 4) +9)

slightly disguising the fact that equality is achieved by halfspaces but lead-
ing towards a functional form of the inequality that was developed by
Bobkov (1996, 1997). See Boucheron, Lugosi, and Massart (2000, pages 290
298, 303-307) for an insightful discussion of Bobkov’s method. For elegant
reformulations of the functional approach see Ledoux (1998) and Barthe

and Maurey (2000).

The lower bound in Example <5> was proved by Sudakov (1973) us-
ing a different method. .

The integration by parts formula, PZF(Z) = PF(Z) if Z ~ N(0,1),
(see Problem [2]) actually characterizes the N (0, 1) distribution. This fact
lies at the heart of Charles Stein’s astounding theory of normal approx-
imation, as exposited in his Lecture notes (Stein, 1986). See page 21 of
that volume for a proof of the characterization. Undoubtedly the same
trick has been used for many other purposes. See Problem [4], for exam-
ple.

A huge part of the modern theory of Gaussian process (and stochastic
processes in general) grew from the ideas of Xavier Fernique. For exam-
ple, see Fernique (1975, 1983) or search for his name at the French digital
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mathematics library, http://www.numdam.org/. See also Ledoux and Ta-
lagrand (1991, page 87-88) and Dudley (2014, Chapter 2 Notes) for more
about the history of comparison methods and where credit is due.

My introduction to the stochastic integration method described in Sec-
tion 6.3.1 came from Adler (1990, Section 2.1), who attributed the method
to Maurey and Pisier, citing lectures by Pisier (1986). In those lectures
Pisier (page 180) had provided a sketch of Maurey’s argument, prefaced
by the comment “B. Maurey found a proof of theorem 2.1 with the best
constant ... His proof uses stochastic integrals and apparently does not
extend to the setting of theorem 2.2.” Only later did I notice that Ledoux
(2001, page 45) gave credit for the stochastic calculus proof to Cirel’son,
Ibragimov, and Sudakov (1976), with the comment that their paper “was
unfortunately ignored for a long time”. That 1976 paper had attributed
the concentration result (via the isoperimetric inequality) to the 1974 Rus-
sian version of Sudakov and Tsirel’son (1978), with the remark (page 25)
that the 1974 proof was “not a purely probabilistic one ... But sometimes
the following assertion, provable in a purely probabilistic way, can replace
it”. They then gave a stochastic calculus argument that started in the
same way as the proof in Section 6.3.1, with the identification of the mar-
tingale M, but then they invoked a time-change argument (Chung and
Williams, 2014, Section 9.3) to represent M as 7, f + W([M];) for a new
BROWNIAN motion W. In my notation, the rest of their proof used the
fact (inequality <26>) that [M]; < x? to deduce that

P{Mi > yuf + kx} < P{supgcs< 2 Ws > Kz}
=2P{W,2/k >z} reflection principle
= 2®(x).

That is, they actually established a result sharper than the e~*/2 hound.

See Davidson and Szarek (2001, Section II) and Vershynin (2018) for
discussion of ways that concentration and comparison inequalities enter
the theory of random matrices.
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Chapter 7
Subgaussian distributions

SECTION 7.1 defines the subgaussian family of distributions, providing two
useful examples.

SECTION 7.2 shows that the subgaussian property is equivalent to several
other distributional properties.

SECTION 7.3 discusses the HOEFFDING inequality for sums of independent
bounded random variables.

SECTION 7./ shows how the HOEFFDING inequality can be extended to
sums of martingale differences.

SECTION 7.5 presents an application of the martingale version of the HO-
EFFDING inequality, although the resulting bound falls far short of what
1s possible using other methods.

Definition of subgaussian

As noted in §3.3, every random variable X for which Pe** < e X/ 2,
with o > 0 and all A € R, shares with the N(0,0?) a two-sided exponential
tail bound for r > 0,

P{X > r} < infyso PerE ™) = exp(—12/20?)
P{X <-r}< infy <o PAXHT) — exp(—T2/202)

As shown by Problems [1] and [2], the constant o? might need to be strictly
greater than var(X). To avoid any hint of the convention that o denotes
a variance, I feel it is safer to replace o by another symbol.

Definition. Say that a random wvariable X has a subgaussian distribution
with scale factor 0 < 7 < oo, denoted by X € SUBG(7?), if PerX <
exp(7202/2) for all real \. Write T(X) for the smallest T for which such a
bound holds.

Remark. Notice that SUBG(72) denotes not a single distribution but
rather a whole family of distributions, hence the € instead of ~. This
means that it makes no sense to speak of a maximum likelihood es-
timator (mle) for the parameter of SUBG(72) based on independent
observations X7, ..., X,, although it does make sense to speak of the
behavior of the mle, 72 = n=1 Y~ (X; — X)?, derived for the N(0,7?)
model when the distributional assumption is relaxed to subgaussian-
ity. In the same way, one could examine the behavior of the mle under
other departures from normality, as the Robustniks like to do.
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Some authors call the SUBG(7?) the centered SUBGAUSSIAN. More
generally, if Pe?X < exp(Av + A272/2) for all real A then X has
a SUBG(v, 72) distribution, with v the location and 7 the scale pa-
rameter. In this case v must equal PX and P(X — v)? < 72, If the

bound on Mx held only for nonnegative A\ we could only deduce that
PX <vand P(X —v)2 <72 Tt

The first of the two inequalities <1> is sometimes called a subgaus-
stan bound for the upper tail. Somewhat confusingly, the term ‘sub-
gaussian’ is also often used in a looser sense as an indication that a tail
probability decreases at an exp(—Ct?) rate for some positive constant C.
See §3.6 for the upper tail of v/ X when X has a GAMMA («) distribution,
although the centering constant y/a is larger than Pv/X. Even sloppier
is the habit (which I have) of referring to a tail bound as ‘approximately
subgaussian’ in particular regions. See, for example, the discussion of the
upper tail for the GAMMA («) distribution. The sloppy justification for
such a habit is that some applications for tail bounds involve only devia-
tions in the ‘approximately subgaussian’ region.

If X has a SUBG(/3?) disribution, inequality <1> gives a pair of tail
bounds,

2
<3> P{+X >r} <exp <—2TB2> for all r > 0,
In fact (Theorem <6>) existence of such a tail bound for some 8 > 0 is
equivalent to subgaussianity.

<4> Example. Suppose Y = (Y7,...,Y,) has a multivariate normal distribu-
tion. Define M := max;<, Y; and 02 := max;<, var(Y;). From §6.1 we have
O That is, M — PM € SUBG(0?), a most surprising and wonderful fact.

Many useful results that hold for gaussian variables can be extended
to subgaussians. In empirical process theory, conditional subgaussianity
plays a key role in symmetrization arguments (see Chapter 13). The next
example captures the main idea.

<5> Example. Suppose S = Zj<n c¢;js;, where the c;’s are constants and
the s;’s are independent sign variables (often called rademacher vari-
ables, for dubious reasons) with P{s; = +1} = 1/2 = P{s; = —1}. Via the
fact that k!2F < (2k)! for each positive integer k& we have

Peresi%i = 3 (e)‘cj + e*)‘cj) = ZZOZO(/\cj)%/@k)! < exp()\Zc?/2)
so that Pe¥ = [<n Pereisi < eXT°/2 with 72 = > j<n c?. That is, the
sum S has a SUBG(7?) distribution, so that

P{£S >r} <exp (—%'r?/ ZZ CZQ) for r > 0.

The =+ is just my lazy way of indicating that the inequality holds for both S
0 and —.S, that is, it holds for both upper and lower tails.
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Remark. In the literature, the s; sign variables are often called RADEMACHER
variables, presumably because of a perceived similarity to a particular
orthonormal basis used by Rademacher (1922). Notably, Talagrand
(2021) preferred the name “Bernoulli random variables”. Unfortu-
nately his terminology clashes with my use of BER(p) for the distribu-
tion that puts mass p at 1 and mass 1 — p at 0.

More generally, if S is a sum of independent subgaussians X1, ..., X,
then the equality Pe® = I1; PeAXi shows that X € suBa(7?) for 72 =

2 72(X;). For sums of independent variables we need consider only the
subgaussianity of each summand.

7.2 Characterizations of subgaussianity

The calculations at the end of Section 7.1 show the advantage of defin-
ing subgaussianity using moment generating functions. For other purposes
equivalent definitions, as identified by the following Theorem, are some-
times more convenient.

<6> Theorem. For each random variable X with expected value 0, the follow-
ing assertions are equivalent.

(i) X has a subgaussian disribution (with 7(X) < o0)

(ii) L(X) := supyen || X||op /VE is finite
(i4i) X € LY2 for the ORLICZ function Wo(x) = exp(x?) — 1
(iv) there exists a positive constant (B for which

P{|X| >t} <2exp (—3t*/5?) for all ¢ > 0.

More precisely,
1X |, /V6 < B(X) < 7(X) < VBL(X)

and L(X) < [|X|ly, < V2eL(X), where B(X) denotes the smallest (3 for
which (iv) holds.

Remarks.

(i) Implicit in the sequences of inequalities is the assertion that finiteness
of one quantity implies finiteness of another quantity.

(i) Tt might be more natural use v/2k instead of vk in the definition
of L(X). The choice vk ensures that [ X1, < L(X)y/p for all real p >
Lo if k = [p/2] then || X[, < [|X[|y, and p > k.
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Proof. Simplify notation by writing 3 for S(X) and 7 for 7(X). and L
for L(X). Also, assume that X is not a constant, to avoid annoying trivial
cases.

For 8 < 7: Use inequality <1>.

For || Xy, and j:

P, (K)@) = P/OOO eH{|X|? > 65%t}) dt

— [ ePlIx| = 5V} ds
0
§2/ exp (x — 3z) dz = 1.
0

For L versus | X||y,: This result is mostly an exercise in applying the

inequality k/e < (k:!)l/k < k. It does not need PX = 0. First note that
PU, (|X[/D) = > jen ||X/D||;§ /K. If oo > D > || X[y, then the sum

is bounded by 1, which implies || X|,, < D(k)Y?* < DV for each k.
Conversely,

PU, (|X|/D) < ZkeN(Lx/%/D)%(e/k)k =1 if D=+2eL.

For 7 < 4L: Let X’ be a random variable with the same distribution

as X but independent of X. By the triangle inequality, [|X — X[, <

2| X ||y, < 2LVE for all k € N. By independence, Px X’ = PX’ = 0. Via
Jensen’s inequality for the conditional expectation operator Py we have

P = PAX—PxX) £ pAX=X") _ 1+Z NP(X — X')1 /5!

A2FP(X — X')%
=1 try kills odd t
+ ZkeN 25! symmetry kills odd moments
(Z2LVE )%k (AN2L2)F e
<1+ZkN O kRED _1+Zk€NT:6 ’

and so on. If you worry about the legitimacy of taking P inside > ., note

that )
D PN X =XV < IWERLVTY (fe) < o0

[0 then appeal to dominated convergence.
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Remark. As mentioned in Chapter 3, the name ‘subgaussian’ is often
applied in a loose sense to any tail bound that decreases like exp(—Ct?).
For example, §3.7 showed that the upper tail for the BIN(n, p) is sub-
gaussian in this sense, with even the best constant C~1 = 2np(1 — p))
when p > 1/2.

I tried without much success to extend Theorem <6> to an anal-
ogous result for ‘subgaussianity of a single tail’. Part of the difficulty
was the possibility that the centering constant need not be equal to
the mean. See Problem [1]. Another difficulty was the failure of sym-
metrization when only one tail was required to decrease in a subgaus-
sian way.

Before giving up completely I did have some partial success with
the idea that subgaussian in the upper tail should correspond to sub-
gaussianity of (X — v)™ for some constant v. Unfortunately, the fact
that P(X — )™ =0 only when P{X > v} = 0 got in the way of clean
Taylor expansions near the origin.

7.3 The HOEFFDING inequality for independent summands

In a very famous paper, Hoeffding (1963) proved several exponential tail
bounds for sums of independent random variables. He also extended the
results to a number of dependent settings (including martingales—see Sec-
tion 7.4). The following result is probably the best known from his paper.

<7> Theorem. (Hoeffding, 1963, Theorem 2) Suppose S, = Y . X;, a sum
of independent random variables with a; < X; < b; for each i, for con-
stants a; and b;. Then

S, —PS, € suBG(7?) for 72 := 3", ¢, where ¢; := (b; — a;)/2.

79
Consequently,
<8> P{S,—PS, >r} <exp (—r2/27'2) for each r > 0,
with an analogous inequality for the lower tail.

Proof. First show that X; — PX; has a SUBG(c?) distribution, for each i.
The simplest approach uses facts about L;(\) := log Pe*¥i that were es-
tablished in §2.3:

Lz(>\) = P)\,iXi AND E,()\) = var)\(Xi) = P)\,i (Xz — P,\,iXi)Q,

where P) ; is the probability measure defined by the tilted density X [Pt

with respect to P. As Py ;{a; < X; < b;} =1 it follows that
vary(X;) < P (X — (a; + bi)/2)2 < C? for every .
In particular, for some A* between 0 and A,

Li(A) = Li(0) + ALi(0) + 1A2L;(\*) < 0+ APX; + 1A%,
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It then follows that

Pe’\(S"_PS”) _ H Pe/\(Xi_PXi) < e)\z Yi<n c?/Q’

i<n

[l the desired subgaussian bound.

<9>

Remark. Hoeffding (1963, §4) first used convexity of the exponential
function to get

AN < b_XieAa_,'_Xi_aeAb.
b—a b—a

Then he took expected values:

Pe i < 0 + (1 — 6;)eM where 0; := (b; — PX;)/(b; — a;)

<10> < exp (APX; + C§A2/2) by brute force calculus.

<11>

<12>

The inequality for <10> could also be established by noting that
0;er + (1 — 0;)e* is the MGF of a random variable W for which
The brute force calculation is essentially equivalent to the represen-
tation of the second derivate of log Pe*V' as a variance under a tilted
distribution.

Example. The result from Example <5> is a special case of Theorem <7>
with X; = ¢;s;, a random variable that takes values in the interval [—c¢;, ¢;],
with PX; = 0 and var(X;) = c?. In a strong sense this case is extreme, be-
cause the distribution of X; concentrates at the endpoints of the interval.
In general, one quarter of the squared length of the range can be a
vast overestimate of the variance. For example, suppose S ~ BIN(n,p).
Then PS = np and S—np = ngn X; where X; = &j—p with {; ~ BER(p).
The random variable X; takes values in the interval from —p to 1 — p,
which has length 1. From Theorem <7>, P{S — np > r} < exp(—2r?/n)
for » > 0. The bound for the lower tail is the same. Compare with the tail
bounds from §3.7:

2
P{S>np+r} <exp <—2;pqgn7p(r)) for 0 <r <ng

where ¢ = 1 — p and, for r > 0,

gn,p(r) = qwbenn <7’:p) +pwbenn (;;)

r r
> Ypenn (q + p> by convexity of ¥,
n nq
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Inequality <12>, which is derived from a minimization with the true
mgf, cannot be worse than the bound from Theorem <7>, which carried
out an analogous minimization that started from an upper bound for the
same mgf. For p equal to 1/2 and r much smaller than n the bound from
Theorem <7> is comparable to the bound given by <12>; for p # 1/2
the 272 /n is markedly inferior to the 72/(2npq) (particularly so if p > 1/2,
which ensures that g, ,(r) > 1).

The previous Example highlights a weakness of Theorem <7> when
the distribution of a bounded random variable concentrates most of its
probability a long way from the endpoints of its support. The squared
range times 1/4 can then be a very poor substitute for a variance term.
Chapter 8 will show how better control is possible when the actual vari-
ances enter a tail bound.

From independence to martingales

Theorem <7> has a martingale analog, which has proved particularly use-
ful for the development of concentration inequalities. The result is often
attributed to Azuma (1967), even though Hoeffding (1963, page 18) had
already noted that, if S;, = X1 +--- 4+ X, for 1 <m < n, then

“..., the inequalities of Theorems 1 and 2 remain true if
the assumption that X, X, ..., X, are independent is re-
placed by the weaker assumption that the sequence S/, =
Sm — ESp, m=1,2,...,n, is a martingale, that is,

with probability one. ...[H2.18] implies that the conditional
mean of X, for S/, _, fixed is equal to its unconditional mean.
A slight modification of the proofs of Theorems 1 and 2 yields
the stated result.”

He also noted that martingale methods provide stronger maximal inequal-
ities. (I added the ‘H’ to indicate that (2.18) was Hoeffding’s equation
number.)

I am not completely sure about what Hoeffding meant regarding the
martingale analog of his Theorem 2. I suspect it involved writing S, —
PS,, as a sum of random variables D{ + --- + D,, with zero conditional
means and a; < D; < b;, applying inequality <9> to each D; then taking
conditional expectations.

In spite of this evidence, in the literature the martingale analog of Ho-
effding’s Theorem 2 is often attributed to Azuma; ‘Hoeffding’s inequality’
usually refers to the result for independent summands described in Sec-
tion 7.3.
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<14>

<15>
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The extension to martingales might appear rather easy. For a martin-
gale {(S;,F;) : 0 < i < n} we would have Sy = P (S, |Fo) = PS,
if Fo = {0,Q}, the trivial sigma-field. We could even replace S; by S;—P.S,
and then forget about Sy altogether, working directly with the martin-
gale differences D1, ..., D,, for which P(D; | F;-1) = 0 almost surely and
Si =Di+---+D; for 1 <i<n. We would also have F; = o{D1,...,XD;}
with Fy again the trivial sigma-field. We would need an assumption like

Pla; < D; <b; | Fim1} =as 1,

for possibly random a; and b; that depend only on {D; : j < i —1}. One
could then hope that the methods from the Proof of Theorem <7> carry
over to show, for A > 0, that

(07191 S e (Pa) e (a2

Unfortunately these seemingly straightforward calculations conceal some
delicate measurabilty issues if we adopt the usual KOLMOGOROV interpre-
tation for P(--- | Fi_1).

A message from the measure theory police:
You could ignore this message at the risk of violating the usual laws of
measure theoretic probability.

With the KOLMOGOROV-style interpretations of conditional expecta-
tions, assertions <13> and <14> mean

Pg(Dlv cee 7Di—1){ai <D; < bz} = Pg(Dl, - 7Di—1),
Pg(Dla s 7Di—1)e/\Di S Pg(Dl, e ,Di_l)e’\QC%/Z’

at least for bounded, non-negative, measurable functions g. The a.s. sub-
seripts in <13> and <14> reflect the fact that <15> and <16> determine
the random variables P{a; < D; < b; | F;—1} and P (e)‘Di | 3’}-_1) only up
to almost sure equivalences. In particular, the second of these conditional
expectations could be changed without warning on a negligible set that de-
pends on A, a possibility that bodes ill for any attempt to differentiate with
respect to .

FEqualities <15> and <16> also seem to require a;, b; and c; to be
measurable functions of their arguments, D1, ..., D;_1. Unfortunately,
such an assumption would create measurability complications for the set-
ting that will be described in Example <19>.

When delicate measurability issues arise it is often wise to follow the
example of careful authors (such as Doob and Dudley) and work with an
explicit representation for the underlying probability space (2, F,P). In
this case, we could choose 0 = R™ with generic member w = (w1, ...,wn)
and D;(w) = wj, the coordinate map. The probability measure P corre-
sponds to the joint distribution of D1,...,D, and F; is the sigma-field
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generated by wy, . ..,w;. Also with this notation, the vector (D1, ..., D;)
could be written as w[1:i] and the vector (Djy1,...,Dy) as wli + 1:n]. The
great advantage of such a representation is that P can be built up from an
initial distibution Py for D1 and a sel of conditional distributions P, .;_1
for P{D; € - | Di,...,D;_1). That is, at least for bounded, measurable
functions g : R® — R, we have

Pg(D1,...,Dy,) = P PS? ... Pen g(w),

w[lin—1]
P(g(D1,, D) | Fs) =as. gilw[l:i]) = QY g(w),
where, symbolically, Qup1.;) = P:j[?;] . Pgﬁ:n_l}. The P,..1’s are often

called regular conditional probability distributions (Breiman, 19068,
Section 4.3) or sometimes disintegrations (UGMTP §5.3).
Equalities <15> and <16> can now be rewritten as:

P, 1:i—1) concentrates on the interval [a;, b;],
possibly with a; and b; both functions of w[1:i — 1];
<17> Pw[lzi_l]ewi < exp ()\2(132- — ai)2/8) < exp ()\2012/2) ,
where ¢; could depend on w[l:i — 1] and ¢; > (b; — a;)/2,

without almost sure caveats. The inequality <17> could be proved by either
of the methods described in Section 7.3. Neither equation relies on an as-
sumption that a;,b;, c; depend on w[l:i — 1] in a measurable way, because
the averaging is carried out separately for each fized w[l:i — 1], a small but
significant improvement over the KOLMOGOROV-style interpretation.

O End of message.

If a; and b; are actually constants then the method used to prove The-
orem <7> carries over with minimal changes. For martingale differences {D;}
with truly random ¢;’s a new complication arises. We now need ¢; (but
not a; and b;) to be a measurable function of w[1:i—1]. That is, we need ¢;
to be F;_1-measurable, so that factors can be pulled out one at a time by
successive conditioning arguments. Start with the D,, contribution:

2.2
P (e)‘S” | ?n_1> = e Mn-1p (e)‘D" | S"n_1> < eMn-1h7en/2 a.s.

The exp(A\%c2 /2) would present an obstacle if we now tried to condition
on F,,_o. The obstacle can be removed by an old martingale trick: absorb
the &F,,_1-measurabile factor involving ¢, into the left-hand side:

y2.2
P (e)‘s" Aen/2 | Er"n_l> < Mn-1 a.s.

A further conditioning on F,_» would then throw out an exp (A\?c2_,/2)
factor. Of course this new obstacle could also be removed by also absorb-
ing the ¢,_1 contribution into the left-hand side. And so on. This trick
was much used in the literature on martingale central limit theorems. It is
the idea behind the Proof of the next Theorem.
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Theorem. Let ((D;,F;) : @ € [[n]]) be a martingale difference sequence,
with P(D; | Fi—1) =as. 0, with Fy the trivial sigma-field {0, Q}. De-
fine S; =375 Dj fori € [[n].

(i) Suppose the conditional distribution of D; given F;_1 concentrates on
an interval [a;, b;], with both a; and b; being functions of D1, ..., D;_1.

(ii) Let c; be any F;_1-measurable upper bound for (bi—a;)/2. Define Vo =
0 and Vi := %, 2 with for i € [[n]].
Then for each positive constant o2,
P{S, >V, < 02} < e~/ (20%) for r > 0.

Consequently, P{S, >r} < e N/9)*/2 L PV, > 62} for r > 0.

Proof. The second inequality comes from adding P{S, > r,V,, > o2} to
both sides of the first inequality.
For the main argument define Wy := e**7°/2 and, for j € [[n]],

W; = exp (AS; + A% (0 = V})/2) = Wj_1exp (AD; — A2cj2/2) .
Take conditional expectations then invoke inequality <14> to deduce
P(W; | Fjo1) = Wy_ie ¥ 5/%P (GAD]' | 93‘—1) < Wi,
which implies PW; < PW;_;. For each positive A we have a pointwise
inequality,
{Sp, > 1V, <c?} <exp ()\(Sn —r) 4+ A% - Vn)/2) = e MW,
Take expected values to deduce
P{S, >V, < 0%} < e MPW, < e NMPW, = e ANt /2 for A > 0.

The usual subgaussian minimization argument then delivers the asserted
tail bound.

Example. Suppose § := (§1,...,&,) is a vector of independent random
quantities, each ; taking values in some measurable space (X;,A;), with &;
having distribution F;. To avoid awkward measurability issues, assume &;
to be the ith coordinate map on X := [], X;, equipped with product mea-
sure P := ®;F; on its product sigma-field ¥ := ®;A;. Thus &;(z) := z; for
= (x1,...,2n) € X.

Suppose f is a bounded, product-measurable, real-valued function
on X with the bounded difference property: for constants c;,

lfly) — f(2)] < ¢ if y, z € X differ only in the ith coordinate.
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More succinctly,

Fown) = fenm) <3 ey # 2 forally,z€X.

Let F; denote the sigma-field generated by &1, ..., &, with Fy : {0, X}.
Define a martingale {(S;,F;) : 0 <i < n} by

Sp:=0 AND S;:=P (f(f) | S:z) — Pf(f) for ¢ > 1.

An appeal to Theorem <18> with 02 = Sy c? will give the subgaus-
sian bound

P{f(&) > r+Pf(&)} < exp (—1*/20%) for r > 0.

Remark. Inequality <20> is sometimes referred to as a LIPSCHITZ
condition (for a weighted HAMMING distance). Inequality <21> is
often referred to as the MCDIARMID inequality.

To calculate a clean version of P (f(&) | ;) we have only to average
out with respect to Q;11 = ®i<j<nPj:

P(f(E) | F:) = fil&r,-- &) = Qi1 f &1y, & Ziv1s -, 2n)
:Piﬁil"'Prfnf<£17'-'7§i7zi+17"-7Zn)-
By construction, f(§) — Pf(§) = S, = Z?Zl Dj, a sum of martingale

differences D; := S; — S;_1 for i € [[n]]. The increment can also be written
as

D; = fi(&,...,&) — fim1(&, - &im1) = filzr, ..o i) — fima (21, ..o, 2im1)
= Qf_[ﬁrln]f(l'l, ey Ty Zit 1y e ,Zn) — Q:[Z:n]f(l'l, N 7 AT ,Zn)

— QiJrlf)iZi f(l‘l, ey Ty Zit 1y e ,Zn) — f(l‘l, ey X1, By Big 1y - .,Zn) .

The extra P has no effect on the z;. We could deduce from this equality

that |D;| < ¢;, which suggests we could choose a; = —¢; and b; = ¢;. How-

ever, as pointed out by McDiarmid (1989, page 159, after Lemma 4.1),

this choice would contribute an extra, unwanted factor of 1/4 in the expo-

nent of <21>. He took a better approach, based on a very clever insight.
First note that f; inherits a bounded difference property from f:

|filyrs - syi) — fiwr, ... wi)
S Ql|f(y17 Yy Bl - 7271) - f(wlv'” y Wiy Zi41y - - - 7ZTL)’
< qu ci{y; #w;} via <20>.
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This inequality implies a; < D; < b; where

a; = infsexi fi(fh cee 7£’L—175) - fi—l(fla .. 7£i—1)7
bi = supsey, fi(€1, -+, &i-1,t) — fim1(&1,- -5 &im1)-

As &,...,&_1 are regarded as fixed for current purposes, the f;_1 term
has no effect on the length of [a;, b;]:

0 < bl —a; = SuPteDCi f](§17 v 7§j—17t) - infSEXi f]({h v 7§j—175)
= supg sex; | fi(1, -5 &im1,t) — fi (&1, €1, 8)],

which is < ¢; by the bounded difference inequality for f;. And so on.

Remark. If you worry about the effect of a taking a supremum over
a possibly uncountably infinite set X; you should note the lack of any
measurabilty assumptions about a; and b; in Theorem <18>; it is
only c¢; that needs to be F;_i-measurable. You might also want to
read the message from the measure theory police.
McDiarmid (1989, page 168, proof of (6.10)) was obviously aware
of the measurability issues. I am not quite sure exactly what he meant
by essinf[Dy | Fx_1], but it is clearly intended to avoid a non-measurable
supremum. McDiarmid is a careful author.

At this point you are probably expecting to witness a triumphal pro-
cession of applications of Theorems <7> and <18> to problems in combi-
natorics and graph theory. I will give only two examples. The first (bin
packing) is quite straightforward. I include it here because it was one
of the first examples that convinced me concentration is a general topic
worth careful study. The second example (in Section 7.5) will empha-
size the limitations of these methods. For more uplifting applications you
should peruse the beautiful books by Steele (1997) and Alon and Spencer
(2000), or read McDiarmid (1989, 1998), or even just google “Hoeffd-
ing”, “Azuma’”, “bounded difference”, or “McDiarmid inequality”. See
Boucheron, Lugosi, and Massart (2013, Chap 6), especially the Notes to
the chapter, for some of the generalizations of the method of bounded dif-
ferences.

Example. Suppose objects of independent random sizes &1, ..., &y, each
with distribution P concentrated on [0, 1], are packed into bins of capac-
ity 1. No objects may be split and the contents of no bin is allowed to
exceed capacity. Define f(&1,...,&,) to be the smallest number of bins
needed to contain all the objects.

The function f has the bounded difference property on [0, 1], with
¢; = 1 for each i. To see why, suppose vectors y and z differ only in the ith
coordinate. Every packing for y can then be converted to a packing for z
with one more bin by discarding y; and putting z; into a new bin. It fol-
lows that f(z) <1+ f(y). Reverse the roles of y and z to get the compan-

O ion inequality f(y) <1+ f(z).
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Remark. Inequality <21> is an example of a concentration inequality
for suitable functions of independent variables. That area of research
unwent an amazing expansion in the late 1990’s, largely due to the
contributions of Michel Talagrand. See Talagrand (1996b) and Ledoux
(2001) for most readable accounts.

7.5 A cautionary example

The following example was mentioned by Kim and Vu (2000) and Vu
(2002) as motivation for developing a more general inequality (see §8.4)
that is analogous to a BENNETT inequality for martingales.

<23> Example. (random graphs) Consider a graph with vertex set [[n]] whose
edges are a subset of the set € of all |€] := (3) pairs of distinct vertices.
Two edges are said to be adjacent if they share an endpoint. Three dis-
tinct edges form a triangle if together they contain only three vertices:
that is, the edges are {i,j}, {j, k}, and {k,i} for distinct vertices i, j, k.
Write T for the set of all triangles, subsets of € of size 3 that involve ex-
actly 3 vertices. The set T has size (g)

The random graph G,,(p), which oftens carries the names of Erdos and
Rényi, chooses its edges by means of a set of independent random vari-
ables {& : e € €}, with each & distributed BER(p). That is, G, (p) in-
cludes e when £ = 1, an event with probability p.

Remark. Actually Erdos and Rényi (1960) took the number of edges
to be a nonrandom number N. They considered the graph I',, 5 whose
edge set is a sample of size N selected without replacement from €&.

As explained by Janson, Luczak, and Ruciriski (2000, Section 1.4),
the random graph G, (p) behaves asymptotically very like I',, y with

N = (3)p-

The number of triangles in Gy, (p) equals

f(é) = 2{61182763}67 561562563'

The expected number of triangles is § := Pf(&) = (3)p®.

To fit this example into the bounded difference setting of Example <19>
we need to enumerate € as a sequence (e; : 1 < j < |€]). I don’t know of
any particularly clever method for enumerating that can improve the con-
centration bound for f(§).

A change in a single y. can have a big effect on f(y). For example, if
ye = 1 for all e € € and just one y, is changed to zero then n — 2 trian-
gles disappear. The constants corresponding to the ¢;’s in inequality <20>
must all be equal to n — 2. The two-sided analog of inequality <21> gives

2
<24> P{lf(&) —Pf(&)| >r} <2exp <_2|8|(n—2)2> for r > 0.
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We would need an r = r,, with 7"n/n2 — 00 to send the tail bound to zero
as n — oo.

Better bounds are available. For example, arguments based on the
CHEN-STEIN method show that f(&) is approximately Py = POISSON()
distributed. More precisely, as shown by Barbour, Holst, and Janson (1992,
Section 5.1),

supy [P{f(§) € A} — BpA| = O(np?)  if np — 0.

In particular, the choice A = {i € Ng : |j — 0| > r} and the Poisson tail
bound from §3.5,

2
PyA < 2exp <—;6¢bcnn(7“/9)> = 2exp(—0h(r/0)),
gives
P{If(&) = 0] > 5,6"*} = 0

if, for example, s, — co and s,/6'/2 — 0 and np? — 0.

Remark. The appeal to CHEN-STEIN has the drawback that it imposes
the extraneous requirement that f(£) have an approximate POISSON
distribution. My only point in invoking CHEN-STEIN is to make sure
you realize that <24> is very crude. It is possible to have concentra-
tion without an approximate POISSON distribution.

Why has inequality <24> fallen so far short of the CHEN-STEIN result?
The blame lies with the pessimistic choice ¢; = n — 2 forced by the unlikely
configuration y with y. = 1 all e € €. It is much more likely that a possi-
ble edge, say e = {1,2}, is involved in only about np? potential triangles:
the expected number of vertices k& > 3 for which §f; 43 = 1 = a4y is
equal to (n — 2)p?. A change in &, probably changes f(¢) by an amount
of order np?. If by some modification of the argument we could reduce the
effective ¢; to a term of order np? then the exponent in the bound <24>
would be greatly improved. Roughly speaking, this is the idea behind the
KIM-VU method, which will be discussed in §8.4. To be continued.

Problems

Suppose X is a random variable whose moment generating function Mx ()
is finite in a neighborhood of the origin. Suppose also that there exist con-
stants v and 7 > 0 for which Mx () < exp(vA + 372A%) for all A > 0, but

not necessarily for all real .

(i) Show that P{X > v + 7t} < e~t/2 for all t > 0.
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(ii) Use the Taylor expansions for A near zero,

Mx(X) =1+ APX +o(N),
exp(vA + %02>\2) =1+ Av+o(N),
PAX=) — 1 4 APX — ) + LXPP(X — 1) + 0(A?),
exp(%a2/\2) =1+ %(72))\2 + 0(A\?),

to deduce that PX < v and var(X) < P(X — v)? < 72. As Problem [2]
shows, 72 might need to be strictly larger than the variance.

(iii) If Mx () < exp(vA + 372A%) for all real A, show that PX = v.

2] Theorem <6> suggests that || X||, might be comparable to §(X) if X has
a subgaussian distribution. It is easy to deduce from inequality <3> that
| X, < 2B(X). Show that there is no companion inequality in the other
direction by considering the bounded, symmetric random variable X for
which P{X = £M} = § and P{X = 0} = 1 — 26. If 20 = M show that
PX?2 =1 but

log (1 4+ A2/2!+ (A\*M?)/41) < logPe™* < 72X%/2  for all real A
would force 72 > 2log (3/2 + M?/24).

(3] Show that a random variable X that has either of the following two prop-
erties is subgaussian.

(i) For some positive constants ci, ¢z, and c3,
P{|X| > z} < c1 exp(—caz?) for all |x| > c3.
(ii) For some positive constants ¢, ¢z, and c3,
Pe M < ¢ exp(ea)?) for all || > ¢3
[4] Suppose P{X = —1/2} = 2/3 and P{X = 1} = 1/3. Show that X €
SUBG(1). Also show that PX = 0 and PX2 = 1/2 < 1. You might also

find it informative to compare the higher order moments of X with the
correponding moments of the N (0, 1).

[5] Suppose {X,} is a sequence of random variables for which
Pexp(AX,) < exp(72)\?/2) for all n and all real A,

where 7 is a fixed positive constant. If X,, — X almost surely, show that
PerX < exp(72)2/2) for all real \.
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Notes

The essentials of the characterizations for subgaussians in Theorem <6>
come from Kahane (1968, Exercise 6.10). He did not cite any source. Ka-
hane (1960, pages 4-5) proved similar results. For that paper, it is not
clear to me whether Kahane was merely reminding readers of well known
facts or whether he was introducing subgaussianity as a new concept.

Apparently Azuma (1967) was unaware of Hoeffding’s paper, although
he did cite a 1966 paper of Chow, which in turn cited a 1963 paper of Ka-
hane for the properties of “semi-gaussian” random variables.

The proof of Theorem <18> borrows ideas from Freedman (1975).
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Chapter 8
Between subgaussian and
subexponential

SECTION 8.1 discusses the BENNETT inequality for sums of independent
random variables that are bounded above by a constant.

SECTION 8.2 illustrates the ideas from the previous Section by deriving
a subgaussian/subexponential tail bound for quadratic forms in inde-
pendent subgaussian random variables. The result is often called the
HANSON-WRIGHT inequality.

SECTION 8.8 derives a BENNETT inequality for sums of martingale differ-
ences that are bounded above by a constant with high probability.
*SECTION 8.4 applies the martingale BENNETT inequality to derive a ver-
sion of a KIM-VU inequality for polynomials in independent, bounded

random variables.

8.1 A BENNETT inequality for independent summands

<1>

As you saw in Chapter 7, the HOEFFDING inequalities provide exponential
(SUBGAUSSIAN) tail bounds by means of a crude upper bound, (b — a)?/4,
on the variance (or conditional variance) for a random variable taking val-
ues in an interval [a, b]. This Chapter improves those inequalities by bring-
ing second moment quantities into the bound. The resulting inequalities
will mostly be of the form

P{X —PX >r} <exp(—A(r)) for r >0,

where A is an increasing function that behaves like ¢;7? for  ~ 0 and no
worse than cor for large 7, for positive constants ¢; and co.

You have already seen some instances of such behavior in Chapter 3:
in §3.5, if X ~ POISSON(f) then A(r) = (r%/20)tpena(r/0); and in §3.6, a
BERNSTEIN inequality (a SUBGAMMA tail bound) for sums of independent
random variables, X = Wy +--- 4+ Wy, with V=3, PVVi2 and satisfying a
condition

Z, P(W;T/b)* < 1k1V/b? for k > 3 and some constant b.

In the BERNSTEIN case A(r) > 72/(2V + 2br) for r > 0.

174
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Remark. Note that condition <1> holds if b > 0 and W; < b for all 4.

Bennett (1962) focussed mostly on improvements to the BERNSTEIN
inequality for bounded random variables. He proved an inequality similar
in form to the POISSON bound.

Bennett’s argument can be simplified by exploiting properties of the
FENCHEL-LEGENDRE (§2.4) dual pair of convex functions,

<2> h(y) = (y) :==sup,er (yz — f(z))  foryeR,
where
<3> fz) =e" —1—a =12 (2),
<4> h(y) == (1 +y)log(1 +y) =y = 59°Yrem(y)  fory > —1.

The value h(y) equals +oo for y < —1. The functions and ., have
integral representations (§ 2.2),

1
<5> (x) := / 2(1 — s)e*™ ds for z € R,
0

1 —s

which show that is continuous, convex, and strictly increasing and tyeny,
is continuous, convex, and strictly decreasing on [—1,0).
The function f enters the MGF bound for A > 0 via the rearrangement

MW =1+ AW + FOAW) = 1+ AW + S(AW)2 (AW)
<THAW +2AW)? (Ab)  when W <b.
If PIW? = v < oo and P{W < b} = 1 for some constant b then
PAW <1+ APW + 3320 (Ab)  for A >0
<7> <exp (APW + 2X*v (b)) = exp (APW + vf(\b)/b?),
the final equality assuming b # 0.

ds for y > —1,

Remark. For the next Theorem it is important that summands X; all
share the same upper bound, X; < b for all 7. If we were to subtract
off the means the PX?’s would be replaced by true variances but the
upper bounds might no longer be equal. We would then have to re-
place b by max;(b — PX;). This trade-off has long intrigued me. Some
authors require zero means to get true variances; others just put up
with second moments. I wonder if there is some optimal compromise.

<8> Theorem. (BENNETT inequality for independent summands) Let Xy, ..., X,

be independent random variables with X; < b, for a positive constant b,
and I:’XZ2 < w; for each i. Then

r2 br
C_ ) < S — > 0.
P {Zign(XZ PX;) > r} < exp ( 2V¢benn (V)) forr >0

where 'V is any constant with V > 5. v;.
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<10>

<11>

8.2

<12>
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Remark. The case where b = 0, which gives a SUBGAUSSIAN tail,
could be obtained as a limit as b | 0 if X; < 0 for all 4.

Proof. Define S =3, (X; — PX;) so that multiple appeals to <7> give

peAS:H,< MXi—PXi) <H exp (v;f(Ab)/b%) < exp (VE(AD)/b?)

from which it follows that

P{S>r} < )1\1;% e M exp (Vf()\b)/bQ) = exp(—X sup ((Algbr - f(Ab)))

Vv r2
= exp(—331(0r/V) ) = exp (=g Yuamn (br/V) )
as asserted.

Example. Consider the case where X; = & — p for &1, ...,&, indepen-
dent BER(p)’s and S = 3. X;. Note that PX; = 0 and PX? = pg and
X; <q=1—p. Theorem <8> gives

P{S >r} <exp < Yhenn <’r>> for r > 0.
2npq np
Using the fact that >, § has a BIN(n, p) distributions we also have (§3.7)

2
P{S Z T} S exp ( 27qu |:qwbenn (7’:;)) +p/¢)benn <T;):|> fOI' r Z 0

As <11> comes from a minimization involving the actual MGF it is
better than <10>, which starts from an upper bound for that MGF. The
superiority can also be seen directly from the fact that a convex combi-
nation of two distinct real numbers is greater than the smaller of the two,
together with the inequality Yyenn(—7/nq) > 1 > Ypenn(r/np) for r > 0.
The general BENNETT bound does not capture the skewness effect from

PS3 = npq(q — p).

Quadratics in independent subgaussians
The following result generalizes a theorem proved by Hanson and Wright
(1971). See the Notes for some history.

Theorem. Suppose W := X'AX with independent X1, ..., X, for which
X; € SuBG(7?) for each i, and A an n x n matriz of real numbers with
A;; =0 for each i. Then

W/B € suBGaMMA(a)  for §:=472|A|y and o := ||A|2 / |A|3,

where || A||2 == > AZ?J- = trace(A’A) and || A||y := sup{|Aulz : |u]s < 1}.
Consequently,

log P{W > Br} < —r?/(2a + 2r) for r > 0.
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A similar result was proved in §3.6: if Y := 3, bj(Z]2 — 1) for constants
b; > 0 and independent Z;’s, each distributed N(0, 1), then

log Pe™ < LIbI3A%/(1 = 2|blocA)  for 0 < [bloc) < 1.

That is, Y/(2|bleo) € SUBGAMMA () for v2a = |bl2/|b|oo. As you will see
from the Proof in this Section, || A||, corresponds to |b|2 and ||A||, corre-
sponds to |b|ec.

The proof of <13> used the fact: if Z; ~ N(0,1) then Pexp()\ZJZ) =
(1 —2X)~/2 for 2\ < 1, which implies (for 2\ < 1)

log Pexp(AZ;) = —§1og(1 — 2X) = 5 ((2A) + (2A)%/2+ (20)*/2...)
For Chapter 3 the upper bound

logPexp()\(ZJ2 — 1) < A +FAFAZ/(1—2)) for 2\ < 1
was used. In this Section an apparently cruder bound,

logPexp(AZ;) < 3(20)/(1=2X) =A/(1—-2))  for2A <1,

will suffice because it will be used with A replaced by A\?

The need for this subtle modification caught me by surprise.

The assumption A;; = 0 removes a contribution Wy = ), AiiXiQ
from X'AX, leaving a sum W := Z#j A; ;X;X; with PW = 0. Prob-
lem [4] shows how to handle Wy and Problem [5] shows how to recombine
them to get X’AX. The zero expected value for W lies behind the switch
from <14> and <15>.

1/2
Remark. The quantity ||Al|, := (Z” Aij) = (trace(A’A))/?
is called the FROBENIUS (or HILBERT-SCHMIDT) norm of A and [|4]|,
is the norm of A as a linear map from R™ back into itself: ||A||, :=
sup{|Awls : Ju> < 1.

If A has the SvD (singular value decomposition) A = Y7, oju;v7,
with 01 > -+ > 0, > 0 and both {u; : ¢ € [[n]]} and {v; : j € [n]}
being orthonormal bases for R™, then [|Al|, = o1 = |Avy]2. Also
AA=3", o3v;v}, which implies [|A||, = (> 032»)1/2 = |o|a.

See Axler (2026, §§7E,8D) for an excellent discussion of the svD.

It simplifies notation if we regard X; as the ith coordinate map on R",
thereby identifying X := (Xi,...,X,) with an z := (x1,...,2,) € R™
That way FUBINI replaces conditioning arguments.

Initially R™ is equipped with a probability measure P = ®;¢c[,) £ under
which X; € SUBG(1) for each i. The first step in the Proof of <12> will re-
place P by v := N(0, I,,) by means of a very clever decoupling trick due to
Bourgain and Tzafriri (1987, p149). The second step will then (effectively)
use a rotation to transform X’AX into a sum similar to the Y from <13>.
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Remark. In what follows, P; := ®;csP; and v, := ®cj; for v; =
N(0,1), for each nonempty subset J of [[n]].

Proof (of Theorem <12>). The 72 part of the rescaling in <12> is
equivalent to replacement of X; by X;/7. More concisely, without loss of
generality, we may assume 7 = 1.

Let Q denote the uniform distribution on B,, := {0,1}". Under Q,
the coordinates of the generic point £ := (&1,...,&,) in B, are indepen-
dent BER(1/2) random variables. For each such & := (&1,...,&,) define a
new n X n matrix A by

Aeli,g] == &(1 = §)Ali, j].
Define J := {i : & = 1} and K = J°. If either J or K is empty the
matrix Ag is filled with zeros. Otherwise define He := A[J, K|, the sub-
matrix obtained by deleting from A rows not in J and columns not in K.

If the rows and columns of A were permuted so that j7 < k for all j € J
and k € K then A¢ and A would look like

J K J K
. J 0 Hg . J Bl Hg B
Ae = « { 0 0 } AND A= « [ B, B, for some B;’s.

For simplicity of notation, let us assume from now on that A¢ and A look
like <16>.

For a fixed &, suppose H¢ has SVD )
Then H{H¢ = )=, 67 v;v}, which gives

2 _ / _ 2 _ AV 2
D>, 07 = trace(HeHe) = | Hellz =, Al kI < |l

The argument for ||He||, is similar. Define v’ := (0, ), a unit vector
in R™. Then

6@uzvi with 61 > --- > 6,, > 0.

i<m

Huvy

= = <
= Ll = Henla < | 1

)| =14k < a1,
2
Most importantly,
|He X k|5 = XicHiHe X = Z 62z?  where Z; := v/ X.

Under « the random variables 71, ..., Z,, are independent and each
has distribution N(0,1) because {v; : i < m} is a set of orthogonal unit
vectors. If 262 || A, < 1,

log v exp (02|H§XK|%) = log yexp (ZZ 0252-223) by <19>
<602> 67/(1-20%) by <15>

<6 ||A|? /<1 — 20? HAH%) by <17> and <18>.
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Notice that the final upper bound does not depend on &.

So much for the preliminaries. For the clever part of the argument,
note that Q&;(1 — &) = 1/4if i # j but &(1 — &) = 0. The assumption
Ali,i] = 0 is needed so that QA¢ = 2 A. Thus

PAW — PAXAX _ pANX(QA)X _ p ANQX) He Xk
!
< QPN HeXk by JENSEN and FUBINI.

Consider a fixed £, which also fixes J and K. Under both P =P; ® Px
and v = v, ® v, the coordinate blocks X; and Xg are independent—
the whole point of the decoupling trick. For fixed n € R’ the assumed
SUBGAUSSIAN property gives

ANX"n _ ANX;m; 1 20,12y 40X
Pyet = iy Ti€ " < exp (5(4N)%[nl3) = 7, eI,
As X is treated like a constant by P; (and similarly for X; and Pg),

! ! /
PKPJ€4>\XJH5XK < PK’}/J€4>\XJHXK — ’7JPK€4>\XJH§XK
/
< 'YJ'YK64>\X‘]H§XK

- nyeSAz\H&XK\%

< exp<8)\2 IA]? /(1 — 1672 ||A|y§) by <20>.

As the final bound does not depend on £ it would not be affected by inte-
gration with respect to Q, which leaves us with a bound

log PN < 8)2 ||A||§/(1 162 ||A||§) provided 16)2 || A, < 1.
If we replace A by A/(4||Al|;) we end up with

MIAIE/ 1Al o X 1Al: /1ALl

log PAW/(IAlL) <
ogre TS T ST 20—

for0 <A< 1.

That is, W/(4||A],) € suBGaMMA(||A|2 / ||A]|3). The inequality displayed
in the statement of the Theorem is one of the bounds derived in §3.6.

A BENNETT inequality for martingales

Theorem <8> has a useful generalization where the assumption of inde-
pendence of X1, ..., X, is replaced by the assumption that they are mar-
tingale differences for a filtration ¥y C F; C --- C F,,.
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Remark. Note that Theorem <8> allowed the possibility that P.X;
might not be zero, so that PX? might be larger that var(X;). This
time the martingale difference property requires the conditional ex-
pectation P;_1X; := P(X; | F;,_1) to be zero so that P;,_; X? is the
conditional variance.

As before, I will omit the various ‘almost sure’ qualifications.

<22> Theorem. (A BENNETT inequality for martingales) Suppose X1,..., X,

<23>

are martingale differences for which there exist nonnegative, J;_1-measurable
random variables M; and v; such that X; < M; and Pj_lXJ2 < wj for
each j. Define S, = X1+---+ X, and V,, =v1 +---+v,. For each choice
of positive constants b and V define Gy y := {maxj<, M; < band V,, <V}.
Then

2
P ({Sn >tin Gby) < exp <—2tvv,l)bem <2§)> for each t > 0

so that

bt

2
P{S, >t} <exp <_2\7¢benn (V)) + P{max;<, M; > b or V;, > V}.

Remark. The constants b and V could be allowed to depend on ¢.
The sequences {v;} and {M;} are said to be predictable, because

both v; and M; are determined by what we learn up to step j — 1.

In the following proof they are used to define a predictable stop-
ping time 7: the event {7 < i} will belong to F;_1, a stronger prop-
erty than the inclusion {7 < i} € F; required by the definition of

a stopping time. The trick for using a predictable stopping time to
create a better behaved martingale is well known in the martingale
literature—see, for example, Pollard (1984, pages 172-179). The cor-
responding concept in continuous time is exceedingly subtle.

Proof. Define S; = ngin and V; = ngi vj for 1 < i < n. To allow a
clean recursive argument also define Sy =V, = 0.

As with many martingale proofs, the main idea is to multiply the in-
crements X; by predictable weights, which sets up an appeal to the analog
of inequality <7> for conditional expectations. The weights come from
the stopping time 7 := inf{j > 1 : M; > bor V; > V}. As usual, the
infimum of an empty set is taken to be +o0; that is, {7 = +oo} = Gy v.
More generally,

7>} ={maxj<; M; <band V; <V} e F; 4 for1 <j<n.
<j J J

The F;_;-measurability of the event {r > j} lets us stop the {S;}
process before the event Gfj 4, occurs, without destroying the martingale
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property. Define new increments Y; = X;{r > j} for 1 < j < n. Then,
with probability one,
Yy <{r>j}M; <b,
Pj1Yj =Pj {7 > j}X;j = {7 > j}P;1X; =0,
wj = Pj_15/3-2 = Pj_l{T > ]}AX]2 = {T > ]}P]—le < {T > j}’l)j.

These inequalities imply
Pj—leAYj <140+ %)\ij (AD)
< exp (%)\zwj (Ab)) = exp (wjf()\b)/bz) for A >0,
with
Wi = ngi w; < ngn{T > jtv; <V for all 4.

The partial sums 7} = Y7 + --- + Y}, with Ty = 0, also define a martin-
gale, for which T}, = S, on the set {7 = 400} = G} y. Thus

P ({Sn >t N Gby) =P ({Tn >tin Gby)
< P{T, >t} <infysgPexp (AT, — At).

We are back to the MGF method for a martingale {7} : 0 < j < n} with
well behaved increments.
Define D; = exp (AT; — W;f(Ab)/b?) with Dy = 1. For j > 1 we have

Pj_le = Pj—le—l exXp (AY} - w]f(/\b)/bQ)
= Djfl exp (—’LUjf()\b)/b2) Pj,1 exXp (/\Y}) § Djfl.

Take expected values then iterate to deduce that

Pexp ()\Tn — Vf()\b)/bZ) <PD, by inequality <28>
<PDgy=1.

That is, Pexp(AT;,) < exp (VF(Ab)/b?), the same as the bound for P exp(AS)
in the proof of Theorem <8>. The rest of the proof is the same as the
proof for that Theorem.

If, in addition to the assumptions of the Theorem we actually have
two-sided control over the increments, | X;| < M;, then we get a two-sided
bound covering both tails,

bt

2
P{|Sn| >t} <2exp <_2V¢bcnn (V)) +P{maxj<, M; > b or V;, > V}.

See the next Section for a surprising application of this two-sided bound.
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Concentration of random polynomials

Although slightly disappointed with the current form of the Section, even
after so much effort, I decided to include it in the book because I regard
the topic as important. Maybe some reader can come up with a better
treatment.

The main ideas for the following material come from the papers by
Kim and Vu (2000) and Vu (2002). My Theorem <34> is a minor varia-
tion on Theorem 4.1 of Vu (2002). See the Notes for an explanation of the
liberties I am taking in referring to the KIM-vU method.

Consider a random variable expressible as a polynomialsf(§) for a vec-
tor & = (&1,...,&,) of independent random variables, each taking val-
ues in [0, 1]. For example, we might have f(z) = 32223 + 2x3z3w324 +
Tx3xiwsrg + 628x) for n = 9. The degree of f is defined to be the largest
of the degrees of its terms, 17 = max(2+5,34+3+1+1,3+5+1+1,8+9) for
the example just given. At the cost of an extra factor of 2 we may assume
that all the coefficients in the polynomial are nonnegative.

To simplify notation, I will yet again identify the &;’s with the coor-
dinate maps on [0, 1] equipped with a product measure P = ®;<,F;.
For F; := o{&1,...,&;} the conditional expectation P; := Pg, corresponds
to averaging over the variables §;41,...,&y; it is achieved by integration
with respect to Pjy1 ® -+ ® P,

In general, the polynomials take the form

f(z) = Z A wez® for x € [0,1]",

where A is a finite subset of Z}, the set of all n-tuples a = (ay,...,a,) of
nonnegative integers, and

z% = H " with the convention that 20 = 1.
i<n

Note that the degree of f equals maxsea{ws > 0}, a;.
To avoid an excess of subscripted superscripts I will also use a notation
borrowed from R,

all] .__ a;
= Hz’el ] for I C [[n]],

with abbreviations a[< j]if I = {i € [[n]] : ¢ < j}, andsoon. If [ = 0
interpret z2] to be identically equal to 1. For example,

Pif(&) = ZaeA weP;E" = ZaeA walilpgal>il,

The main result (Theorem <34>) provides a useful exponential tail
bounds for |f(§) — Pf(£)|. The statement of that result involves two care-
fully chosen scaling quantities, Eo(f) and &;(f), whose definition greatly
puzzled me when I first looked at the Kim & Vu and Vu papers. Only af-
ter extracting the main ideas from their proofs did I understand the moti-
vation for the following definition.



§8.4 Concentration of random polynomials 183

<32> Definition. For each nonempty subset H of the index set [n]] :={1,2,...,n}
and z € [0,1]" define

al

where a; = 0 for i € H and a} = a; otherwise

a 0 if there exists an ¢ € H for which a; =0
Dyzx® =
T

If H = {j} is a singleton write D; instead of Dyjy. For a polynomial f as
in <30> define

Dyuyf= ZwaDH:z“ = Zwa{ai > (0 for each i in H} H a:?]
acA acA Jen\H

O Define &(f) = maxy .9 PDy f and E(f) = max (PF(€), €1(f)).

Remark. Notice that Dy f has a strictly smaller degree than f, be-
cause only terms with min;c g a; > 0 survive and those terms all lose
a factor [[,cp 3"
The effect of D; is similar to the effect of the partial derivatives 9"/ ox7,
except for the introduction of some extra constants. If a; = 0 then
both D; and 9/0x; would kill the whole z® term. Ifa; = r > 0
then both D; and 0"/ &E; would neatly remove the x?’ factor, at least
from the ath term. I find it much cleaner to work with Dy rather
than with partial derivatives, as Vu (2002) did.

<33> Example. For f(x) = 323z} + 223232374 + T2l252500 + 62829,
Dpf(z) =3+ 2x324+0+0 it H={1,2}
Dpf(z)=0+2zizs +0+0  if H={2,3}

whereas §%0° f () /023023 = 720+0+0+0 and 9203 f(x)/dx30x3 = 36023+
T2x1xoxs. Even ignoring the coefficients, it is not possible to achieve the
O effect of Dy 9y (or even Dy) with partial derivatives.

<34> Theorem. For every kth degree polynomial f (with nonnegative coeffi-
cients),

<35> P{I£(&) = Pf(&)| = Crt*/Eo()EL(F) } < Crpe ™ forall t >0,

where the constants are defined recursively by Cy = 2+ (n + 1)Cp -1
O with Cy,1 =2 and Cy, = 2k(1 4 Cy_1) with C; = 1.
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Remark. The original Kim-Vu and Vu proofs gave tail bounds involv-
ing factors exp(—t/4) for ¢t > 0. For my version of their results the /4
is replaced by

h(t) := (1 +t)log(1 +1) — t = Lt2Penn(t),

which fits better with appeals to BENNETT inequalities. I do not re-
gard the extra log factor as a particulary significant improvement.
The recursion for C,, j, implies Cy, x(A) < 4(n + 1)¥~1. The ap-
pearance of such powers of n in the final bound will be an inevitable
consequence of the appeal to a union bound for max; M; in <40>.

While trying to understand the Vu paper, I found it helpful to work
through the following Example before tackling the proofs. Both Kim & Vu
and Vu used the same example to illustrate the use of their new theorems.

Example. Recall the Example from §7.5, which pointed out the deficien-
cies of the bounded-differences inequality in establishing a concentration
bound for the number of triangles in an ERDOS-RENYI random graph. For
your convenience, I repeat the introduction to that Example:

Consider a graph with vertex set [n]] := {i € N : i < n} whose
edges are a subset of the set & of all |€] := (}) pairs of distinct ver-
tices. Two edges are said to be adjacent if they share an endpoint.
Three distinct edges form a triangle if together they contain only
three vertices: that is, the edges are {i,j}, {4, k}, and {k,¢} for dis-
tinct vertices i, 7, k. Write T for the set of all triangles, subsets of &
of size 3 that involve exactly 3 vertices. The set T has size (g’)

The ERDOS-RENYT random graph G,,(p) chooses its edges by
means of a set of independent random variables {&. : e € €}, with
each &, distributed BER(p). That is, G,,(p) includes e when &, = 1,
an event with probability p.

The number of triangles in G,,(p) equals f(§) where

f(y) = Z{el es,es} €T Ye1YesYes for ye {0» 1}8‘

The expected number of triangles is § := P f(§) = (g)p?’.

Remember that the set & was enumerated in an arbitrary fashion as a se-
quence (ej : 1 < j < |€]).

The CHEN-STEIN method had suggested that, under the extraneous
assumption that np? is small, for each € > 0 there should be some s > 0
for which

P{f(&)—6] >sVO} <e.

Let us see how close we can get to such an inequality using Theorem <34>.
Calculate.
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(i) If H = {e;} for some edge ¢; then Dp kills all triangles except for
those that have e; as one of their edges. As explained back in §7.5,
there are n — 2 such triangles, corresponding to the choices of the
third vertex for the triangle. Thus Dp f(x) is a sum of the form
> Te,;Te, over all n — 2 pairs of edges for which {e;,ej,e} € T. It
follows that PDy f = (n — 2)p?, the magic quantity identified in the
post mortem for the previous attempt at Erdds-Rényi.

(ii) If H = {e;, e} then only triangles containing both e; and e; can
survive Dy. If these two edges do not share a common vertex there
are no such triangles; otherwise, there is a single triangle containing
both edges. It follows that PDg f(&) is either 0 or p.

(iii) If H = {e;,ej,ex} then Dy f is 1 if H € T and 0 otherwise.
(iv) If |H| > 4 then Dy f = 0.
It follows that

El(f):max((n—2)p2,p,1) AND  &o(f) = max (0,E1(f)).

To simplify the discussion, suppose np = R for an R large enough
that @ is the largest of the quantities

0~R6, (n—2)p*~R*/n, p=R/n, 1.
In that case, (f) = 6 and €1(f) = (n — 2)p? and

v :=/€o(f)E1(f) ~ const x VB x max(1, /np?)

and the bound from Theorem <34> simplifies to
PLFE) — 8 > eV max(1, v/mp? )} < cane

for constants ¢; and co. This inequality is remarkably close to the de-

sired <37> with ¢;t? playing the role of s. The extra n? on the right-

hand side means that we need t large enough that h(t) ~ tlog(t) kills

off a 2logn term. The presence of the \/np? factor suggests that the re-

quirement that np? is small, which came from the CHEN-STEIN argument

in §7.5, might not be as extraneous as I suspected.

Maybe one of the other Theorems proved by Vu (2002) could get us

L] even closer to the desired <37>. I have not checked.

The proof of the Theorem will involve an induction on k, or a recur-
sion if one thinks of starting with polynomials of degree k and working
down to polynomials of degree 1. At the first step (with the degree of f
equal to k) we start from the usual representation via a sum of martingale
differences,

<38> Su=1(6) ~PFEO = X1+ + X,
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where

Xj=Pjf(§) = Pj-1f(¢)
= ZaEA waé‘a[<j] (5?]’ _ pgjj) Pé—a[>j] via <31>.

The tails of S, can be bounded by an appeal to the martingale BENNETT
inequality <29>:

2
P{|Sn| >t} <2exp (—;Vwbenn <i§>> +P{max;<, M; > bor V,, >V},

where
Vo= ngn vj  withvj = vj(é1,...,&-1) > P X5

If we could choose all M;’s and v;’s as polynomials of degree at most k—
1 then we could hope to bound the second term on the right-hand side
of <39> by an inductive appeal to the Theorem with k replaced by k& — 1.
To this end it helps—for a reason soon to be made clear—to bound the
second term by

ngn P{M; > b} + P{max; M; < b and V,, > V}.

It is easy to find a suitable M by noting that f?j - Pf}zj is zero if a; =
0 and is bounded in absolute value by 1 otherwise. Thus

1 X;] < Mj = ZGGA wafaj > 0}eal<ilpgal>dl,

As the sum includes only terms with a; > 1 and the §;lj is omitted, this M;
has degree at most £k — 1. We then need b large enough that

1

P{M; > b} < P{M; — PM; > Chat* ™\ €0 (M)E1 (M) },

which, by the inductive hypthesis, is less than C’mk,le_h(t).

Remark. With the recursive interpretation of the proof we would
need a martingale representation of M; —PM; followed by another ap-
peal to <29> with the polynomial f replaced by the polynomial M;.
And so on. As you will see from Lemma <45>, the cunning choices
made in Definition <32> allow us to bound & (M;)&1(M;) by &1(f)?.
In fact the definition for E¢(f) and &1 (f) would allow us to control all
Ep’s and €1’s down to the base case where f is replaced by a polyno-
mial of degree 1.
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The analysis for the contribution from V,, is a little more complicated
because of the squaring involved in the calculation of Pj_lij, which would
seem to make the degree larger than k. However, there is a neat trick to
avoid this difficulty. First bound Pj_lij by M;P;_1]|X;| then argue that

Pi—1]X;] < wen we{a; > 0}el<ilp, (5;.” + Pg?]’) pgal>d]

=2u; = ZaEA wef{a; > 0}§a[<ﬂ2P§a[2ﬂ

As with M;, the exclusion of the f?j factor ensures that u; is a polynomial
of degree at most k — 1 in &;,...,&;—1 for which Pj_lXJZ < w; = 2Mju;.
On any event where max; M; < b we have

Vi < 20U, where U, = u1+- - -4uy, = ZZwa{aj > 0}5“[<ﬂ Pf“[Zj].

i<n ac€A

In particular, P{max; M; < b and V,, > V} < P{2bU,, > V} so that the
upper bound <39> can be replaced by

P{ISnl > 1} < 2exp (=5 (8/V) e (b1/V))
+ ZM P{M; > b} + P{20U, > V},

a form well suited to an induction/recursion on k.

Remark. You might be wondering why I bounded P]-_lij by M;P;_1|X;]|
instead of by M ]-2. The answer is quite subtle. I leave to you the plea-
sure of discovering why the argument for Lemma <45>(ii) runs into
trouble if we try to use v; = sz instead of v; = 2Mju;. Hint: Look
carefully at the difference between M; and u;.

The proof of the Theorem is now reduced to the following two Lemmas
plus an exercise in juggling the constants b and V.

Lemma. The Theorem is true for k = 1.

Proof. The most general f with degree 1 has the form f(§) = wo +
D ien wi& with 0 < w; for all 4. The constant wg has no effect on the
centered variable f(£) — Pf(£), so we may as well assume wg = 0, in which
case Pf(§) = > <, w;P&;.

If H C [[n]] has size 2 or more then Dy kills all the terms in f. If
H = {j} then Dy f = wj. It follows that £;(f) = b := maxi<j<n w;
and Eo(f) = max(b,Pf(£)), which leads to the scale factor

7 i= VE(NEL() = max (b,\/BPF(E) ).
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We need to show that P{|f(&) — Pf(¢)| > ty} < 2¢"® for t > 0. For
independent summands X7, ..., X, Corollary <8> (the two-sided version
of the BENNETT inequality) implies

242
X 7t byt
P {‘ZZSTL( t PXI) - ’}/t} — 2€Xp < 2r\7 ¢benn < ,\7 >> for t = 0

if max; | X;| < band V > >, v; where v; = PXZ.Q. If we choose X; = w;&;
and V = 42 then max; | X;| < b because 0 < & < 1 and

S0 P& <37 buiPg =P <P =V

because wi2 < bw; and f? < &;. The upper bound then becomes

2 exp (—%thbenn(tb/v)) < 2exp (—%tzwbenn(t)) = 2exp(—h(t)),

because b/y < 1 and ¥y, is monotone decreasing. That is, Theorem <34>
for k = 1 follows directly from the BENNETT inequality for independent
[0 summands.

The next Lemma shows how Eo(f) and £;(f) control all the £y and &;
terms that would arise from a detailed recursive argument. You can thank
Definition <32> for this property.

<45> Lemma. For M; as in <41> and U, as in <42>,
(1) Eo(M;) < E1(f) for each j,
(i1) Eo(Un) < kEo(f)-

Proof. Start with the inequality for the expected value of M;(&1,...,&—1) =
Y acA Walaj > 0}¢el<ilpgal>il| which illustrates the general pattern of the
arguments. By independence of the &;’s,

PM, = ZaeA we{a; > 0yPgal<lgal>il,

When a; > 0 the product £4<il¢e>7l equals D;£¢. When a; = 0 the ath
term makes no contribution to M;. Thus PM; < PD;f(§) < &1(f). The
final inequality comes from the fact that {j} is one of H’s over which the
max for Ep(f) is taken.

Similarly, for a nonempty subset H of [[n]] = {i € N: ¢ < n},

DM =" wafa; > 0} (Det<il) peetdl,

If H is not a subset of [j — 1] := {i € N : i < j} then Dy£<il = 0 by
definition. If a; > 0 and H C [[j — 1]] then, by independence,

p (DHga[<j]) pgal>il — p (DH§“[<J']> >3 = PD 16
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Thus
PDpM;j < ZGGA wglaj > 0}PDyyr3é* < PDpugy f(§) < E1(f).

The argument for Uy, := .o, > cp Wala; > 0}¢el<ilpgal=il is similar.
Again start with the expected value. Again by independence,

PUn _ Zzwa{aj > O}Pga[<j]§a[2j] — Zzwa{aj > O}P{a

1<n a€A j<n a€A

Notice how this time we have no D; inside the sum. Interchange the order
of summation and then note that

ngn{aj >0} < ngn aj <k
to deduce that PU,, < kPf(§).

Again suppose H is a nonempty subset of [[n]]. Again Dy£%<il =
if H¢ [[j—1]. And if H C [[j — 1]] then

PDHU - Zj<n ZaEA wa{aj > O}P (DHSCL[<]]> ga[zj]
N Zj<n ZaeA waia; > 03P (DH§G[<J'1) gal>d)

= szgn Dy Walas > 0} Dpg"
<KPY  _ waDyg" =kPDyf(€) < &1(f).

O Assertion (ii) follows.

<46>

Remark. As an exercise, try to write M; — PM; as a sum of martin-
gale differences Y 7 | X;; with |X; ;| < M, ; for an F;_;-measurable M, ;.
If you choose the M; ;’s by mimicking the construction for the M;’s
then the previous Lemma should tell you that Eo(M; ;) < €1(M;) <

&1(f)-

At last we have all our mathematical ducks in a row; we now know
enough to make good choices for the ‘constants’ b and V derived from in-
equality <43> with s = Cypt*\/Eo(f)E1(f):

P{ISn| > Crt* /Eo(f)E1(f) } < 2exp (—3(5°/V)Yienn (bs/V))
+ ZM P{M; > b} + P{2bU,, > V},

I wrote ‘constant’ because both choices will depend on ¢.

Proof (of Theorem <34>). In what follows I always assume that ¢ > 1
because the upper bounds for P{|S,,| > ¢} will always involve functions
larger than 2 "0 and 2N > 9~ 14 for 0 <t < 1.
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For the inductive step, assume the Theorem holds for degree up to k —
1. To receive the inductive benefits

P{M; > b} < Cn’k,le*h(t) for each j
P{U, >V/(2b)} < Cppp_1e”"®

we need

1

b>PM; + Ci_yt" 1y /&0(M;)e1(M;)  for each j,
V/(2b) > PU, + Cy_1t" 1/ E0(Un)E1(Uy) -
By Lemma <45>, the right-hand side of <47> is bounded above by
E1(f) 4+ Croit*re (f) < A+ Cr_)t* e (f)  fort>1
and the right-hand side of <47> is bounded above by
kEo(f) 4+ Cro1t* k& (f) < k(1 + Cp)t*1e0(f)  fort > 1.
If we choose Cy, = 2k(1 4 Cj_1) and

b= Cpt"1e (),
V = 2bk(1 + Cp_1)t* 10 (f) = C22*2e0(£)E1(f)

then
2 CREREN(NELS)
SV = e (e ()~
bs/\? _ thkil(gl(f)cktk SO(f)gl(f) —¢ 81(f)/80(f) <t

CRt%R=2€0(f)e1(f)

By virtue of the monotonicity of ¥pen,, the right-hand side of <46> is then
bounded above by

2exp (= 1t%Ypenn(t)) + Crpo1(n+1)e " = (24 Cp i (n+1)) e "0,

The choice Cp;, = 2 + Cy, x—1(n + 1) then completes the proof of the
Theorem.

Problems

Remember that f(t) :=e! —1 —t = Wy (t) —t and Vo (x) = *" — 1 for
a > 1 are ORLICZ functions, with corresponding ORLICZ norms ||-|¢
and |||y, - Also remember the STIRLING formula,

k! = V2rk (k/e)ke™ where (1 +12k) ™' < 7, < (12k)~*

and its weak analog: (k/e)F < k! < kF.
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1] Facts about £¥!(P):
(i) If X € £¥1(P) with 7, := [ X[, > 0, show that

P{lX| > mt} <Pexp((|X]—mt)/n) < 2exp(-t)  fort>0.

Conversely, if P{|X| > pit} < 2exp(—t) for all ¢ > 0 and some 5; > 0,
show that

P (|X|/381) = PE{|X| > 381t} dt < / 2e 2t = 1.
0

Deduce that v; < 34;.
(ii) Again, if co > 71 := || X||y, > 0, deduce from

1> PU(|IX[/m) =) _ PIX/ml*/k

keN

that || X, < ~v1(k)Y* <1k for each k € N. That is,
Ly (X) = supgen [| X1 /& < [ X, -

Conversely, suppose L1 = L1(X) < co. Show that

Pd,(|X]|/c) < ZkeN P(L1k/c)k k! < ZkeN(Lle/c)k =1 ife=2L/e.

Deduce that | X[y, /(2€) < L1(X) < || Xy, -

(iii) Suppose || X, < L1k for all k € N, with L a finite constant. For all real
A with [A| < 1/(Lje) show that

(ALK

AX
P < 1+AF>X+Zk22 I

2
< exp </\PX+ (AlLre) )

1— |)\|L16

Deduce that +(X — PX)/(Lie) € sSUBGAMMA(1). Conversely, suppose Y’
is a random variable for which +Y € sUBGAMMA(1). Show that

2
14+ NFPY? = § (PeAY + Pe_’\Y> < exp ( A/ > for 0 <A< 1.
keN

Deduce that ||Y[|3; < 2el/*(2k)! for k € N, implying sup,s, [[Y]|, /p <
9.2.

2] Deducing £¥« facts from LY facts:

(i) For each a > 1 show that X € L£Y¥=(P) if and only if | X|* € LY1(P).
Define 7, := || X||y, . For such an X show that v5 = || [X]*||y,-

(ii) Deduce from Problem [1] that

P{|X| > vat} = P{IX]* > (7at)*} < 2exp(—t¥) for t > 0.
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Conversely, if there is a constant 5 > 0 for which P{|X| > pt} < 2exp(—t%)
for all ¢t > 0 deduce that v, < 31/0‘5.

(3] Suppose X1, ..., X, are independent random variables in £F, with ~; :=
| Xi|l¢ > 0. Define B = max;y; and V=2> .72 and W = > .(X; — PX;).
(i) From the inequality Pf(|X;|/v;) < 1 deduce that P|X|* < 4Fk! for k > 2 so
that

2,2
PAXi—PX) < oy (Zk>2 )\k%k) < exp <1)‘ EA) for 0 < AB < 1.

(i) Deduce that +W/B € SUBGAMMA () where o = V/B2.
(iii) Deduce that

12
43,92 + 2t max; ;)

P{{W]| >t} <2exp <— ) for t > 0.

[4] This problem handles the diagonal term that was omitted from Theo-
rem <12>. Suppose a = (ay,...,a,) € R" and X;,..., X, are indepen-
dent subgaussians for which max7(X;) < 1. Define ¥; = X? — PX? and

W = Zign a;Y;. As usual, |aly := Zz<n a? and |ale = max;<y |a;l.
(i) Use the inequality supyen || Xillop /VE == L(X;) < V67(X;) from §7.2 to
show that

PIV;|F = |Vill} < (2| X2]],)" = 2"PX 2k < 2 \/@%:1%’“.
k 7

(ii) For 0 < 12e|a|ooA < 1 show that

|ai|FAF(12K)F

AaY; . .
Pe =14+ \a;PY; + Z@ o

12e))?a?
< 1—1—2 (12e]as|\)* < exp (1(_126‘)a|l)\> 7
o0

so that log Pe*W/4 < aA2/2(1 — \) for 0 < X < 1, where B := 12¢|a|o and
a = 2|al3/|al%,. That is, W/B € sUBGAMMA (), in the sense of §3.6.

(iii) Deduce that

P{S >t} < —_— | = for t > 0.
{521} < exp <2(a+t/d)> o <576!a\%+12e!a\oot> T

[5] Suppose Wi and Wy are random variables, not necessarily independent,
with W; € SUBGAMMA (ay;).
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(i) For 0 < A < 1, show that

)\2(a1 + ag)/?

log Per(W1+W2)/2 < LlogPer 4 Llog P2 < e

(ii) Deduce that (W1 + Ws)/2 € SUBGAMMA (a1 + a2).
[6] If Q(\) = D1A? — Xt for positive constants Dy, Ds, and ¢, show that

ming<)<p, Q(A\) < max (—t*/(4Dy), —tD2/2) .

Remark. Vershynin (2018) consistently wrote his BERNSTEIN-like tail
bounds as maxima of two terms, because he reduced the MGF calcu-
lations to this constrained minimization problem rather than following
the SUBGAMMA route.

(i) Show that the global minimum of Q(\) is —t2/(4D;), which is achieved at
A1 =t/(2Dy). If Dy > A; then the constrained minimum equals the global
minimum, otherwise it equals Q(Ds).

(ii) Show that Q(A) < —tA/2 for 0 < A < A;. Deduce that Q(Dy) < —tD9/2 if
Dy < 1.

[7] Here is an outline of the key step in the original proof for Theorem <8>
given by Bennett (1962, page 42). The main task was to bound the MGF
for a random variable W with PW = 0, var(W) = o2, and W < b with
probability one. Bennett showed that

b? 2 o?
AW —Xo2/b Ab
<49> Pt < e o/ + g2 for A > 0.
With some brute-force calculus this inequality can be used to derive an
upper bound similar to my inequality <7>. See Hoeffding (1963, page 23)
or Pollard (1984, page 194) for condensed accounts of the gruesome de-
tails.

.. bound from
* Section 1

Q
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Bennett’s ingenious idea (for which he acknowledged the help of a ref-
eree) was to construct, for a fixed A > 0, a quadratic Qy(z) = ax® + Sz +7
such that

<50> Qx(z) > Ex(z) for x < b, with equality only at = —0?/b and x = b.

Here and subsequently, Ey(z) = e*®, considered as a function of = for
a fixed X. The following steps show you how to find the Q) that satis-
fies <50> and then how that inequality implies <49>.

(i) Let P denote the distribution that puts probability 6 at b — r and proba-
bility 1 — @ at b. Show that P has expected value 0 and variance o if

r=0?+0%)/b AND b—r=—0?/b AND 6 =0b%/(b*+c?).

Remark. Note that the right-hand side of <49> equals Pe?*. This P

is extremal amongst those distributions on (—oo, b] with expected

value 0 and variance o2.

(ii) Write Ey(z) for e’ and zq for b — 7, with r as in the definion of P. Find
a, 8,7 as functions of A for which

Ex(z9) = Qx (o) :a(b2—2br+r2) + B0l —r)+7,
E.1>\(33‘0) = Ql)\(iﬁo) = QOé(b — 7“) + B,
E\(b) = Q\(b) = ab® + b+ 7.

Hint: Define
ea(y) := Ex(zo + y) — Ex(zo) — yE(x0)
q2(y) == A(zo +y) — A(w0) — ¥ (20)-

Use the fact that es(r) = g2(r) = ar?, to show that

a = ey(r)/r?, 8= E.A(xo) — 2axy, v = e — ab? — fb.

(iii) Use the two integral representations (cf. §2.2)
1 (1]
ealy) = [ (1= 5)Er(an +sv) ds,
0

1
@(y) = y2/ (1 —s)2ads,
0
to show that

(o +y) — Ex(zo +y) = q2(y) — e2(y)
1 o0
=’ R(y) where R(y) = ; (1—ys) (2a — Ex(xo+ sy)) ds.
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Use the fact that EA is strictly increasing to deduce that the function R(y)
is strictly decreasing.

(iv) From the equality Ey(b) = Q,(b) show that 0 = r2R(r). Then deduce
that R(y) > 0 for y < r, implying Q) (z) > E\(x) for x < b, with equality
only at x = g and x = b.

(v) Finally, argue that

P < PQ\(W) = aPW? + BPW + v
=ac? + 3.0+
= PQy(z) = Pe®,

8.6 Notes

The BENNETT inequality for independent summands comes from Bennett
(1962), who gave a different proof, which I outlined in Problem [7] because
I suspect his ingenious argument might be useful for other constrained
optimization problems.

Section 8.2 is based on an elegant little paper by Rudelson and Ver-
shynin (2013) supplemented by Vershynin (2018, Chapter 6), both of which
described applications and discussed some of the history. The original
form of Theorem <12> is due to Hanson and Wright (1971), who assumed
symmetry of the matrix A and symmetry around zero for the distributions
of the X;’s. They commented: “We would very much like to remove the
restriction that the distributions of the X’s be symmetric. Unfortunately,
our proof depends heavily on this symmetry.” Interestingly, that method
involved a bounding of moment quantities for the X;’s by analogous mo-
ment quantities for the N(0,1), leading to a bound on the MGF for the
centered quadratic form by an analogous MGF for a quadratic form in
standard normals. From that point on, their proof was similar to the proof
of Theorem <12>. Wright (1973) removed the symmetry assumption for
the random variables. For the clever decoupling idea with the §;’s in Sec-
tion 8.2, Vershynin (2018, Chapter 6) (which I highly recommend) cited
Bourgain and Tzafriri (1987, page 149), who commented:

The proof of Theorem 1.6 requires the use of a variant of
the so-called decoupling principle.

This principle can be found in literature, mostly for sym-
metric matrices. For sake of completeness, we give here a proof
of the version needed below.

As B&T noted, the decoupling idea is much more general and has a longer
history. See the Notes to de la Pena and Giné (1999, Chap 3).

The extension of the BENNETT inequality to sums of martingale differ-
ences with increments that are bounded in absolute value by 1 is largely
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due to Freedman (1975). The relaxation to predictable upper bounds is
implicit in Sections 3.3 and 3.4 of the paper of Vu (2002), although he did
not express it via stopping times. He did not appeal to the BENNETT in-
equality, but instead derived the necessary exponential bounds by direct
arguments. Something similar to inequality <35> appeared in the Kim
and Vu (2000) paper, but only for X;’s taking values in {0,1}. Vu (2002)
developed more elaborate versions of the inequality. Most of my discussion
in Section 8.4 is a translation of Vu’s paper into the framework of stop-
ping times and the BENNETT inequality. Also, for my Dy I used a defini-
tion closer to that in the Kim-Vu paper rather than the 94Y of Vu (2002,
page 275).
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Chapter 9
Measurability woes

SECTION 9.1 presents an example to illustrate some of the measurabilty
difficulties that beset stochastic processes with uncountable index sets.

SECTION 9.2 describes the the classical theory of convergence in distribu-
tion for random, BOREL-measurable elements of a metric space.

SECTION 9.3 introduces the idea that a stochastic process defines a random
element of a space of functions.

SECTION 9.4 explains how to replace supremum and infimum of uncount-
able families of random variables by weaker concepts—the essential
supremum and infimum—that restore measurabilty at the cost of a few
almost sure qualifiers.

SECTION 9.5 explains how outer measure and outer integrals are related to
essential suprema.

SECTION 9.6 describes how to make negligible modifications to each mem-
ber of an uncountable set of random variables, with each random vari-
able being changed on its own negligible set, to produce a version with
better sample path properties.

SECTION 9.7 describes the currently popular method for handing the mea-
surability difficulties associated with the concept of convergence in dis-
tribution for stochastic processes as maps into non-separable metric
spaces of functions.

SECTION 9.8 derives a necessary and sufficient condition for convergence
in distribution of a sequence of processes: oscillation control plus con-
vergence of finite dimensional distributions.

The difficulty

Measurability issues often complicate the handling of stochastic processes
with uncountable index sets, where typical operations (such as taking the
supremum of a collection of random variables) are not guaranteed to pre-
serve measurability. For specific problems such difficulties can sometimes
be handled by ad hoc approximation arguments using countable subsets of
the index set. More general strategies do exist but they involve ideas that
might seem unnecessarily complicated at first sight. This Chapter will dis-
cuss some of those strategies after describing the obstacles they were de-
signed to sidestep.

The following Example illustrates some of the important issues that
can arise with an uncountable index set T'.

198
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Example. Suppose Uy, Us, ... are independent random variables, each
distributed UNIF[0, 1], all living on some probability space (2, F,P). To-
gether they define a sequence of empirical distribution functions,

Fo(t,w) :=n"1 Zign{Ui(w) <t} for 0 <t <1,
and, after appropriate standardization, empirical processes,
valtsw0) = 0 (Fu(t,w) ) =n 23" ({Uiw) < 1} 1),
i<n

Using the fact that nF,(¢) has a BIN(n,t) distribution and each pair
(nFy,(s),nFy,(t)) has a multinomial distribution we get

Pun(t)=0  forte|0,1],
cov(vp(s), vn(t)) = min(s,t) — st for s,t € [0,1].

Also, by the multivariate CLT (uGMTP §7.3), for each finite subset J of T'
the random vector (vy,(t,w) : t € J) converges in distribution to a centered
multivariate normal distribution on R’ with the same covariances.

As Doob (1949) pointed out, the limiting mutivariate normals cor-
respond to the finite-dimensional distributions of what is now called a
BROWNIAN bridge, the gaussian process {By(t,w) : 0 < ¢t < 1} with
continuous sample paths, zero expected values, and the same covariances
as V. On that basis he made a truly inspired suggestion (p395):

“We shall assume, until a contradiction frustrates our devotion
to heuristic reasoning, that in calculating asymptotic [vy(t)]
process distributions when n — oo we may simply replace the
[vn(t)] processes by the [By(t)] process. It is clear that this
cannot be done in all possible situations, but let the reader

who has never used this sort of reasoning exhibit the first counter
example.”

He then proceeded to show how the heuristic leads to a limit result proved
in 1933 by Kolmogorov, who used a more laborious direct argument.

Remark. See item 15 (pp. 139-146) of volume 2 of Kolmogorov’s Se-
lected Works (Kolmogorov, 1993) for an English translation of his
1933 paper. For a discussion (with pictures) of Doob’s argument see
Pollard (1984, §V.6). I still find Doob’s approach instructive, even
though there now exist simpler martingale methods for deriving the
same result.

Subsequently, Donsker (1952) turned Doob’s suggestion into a rigor-
ous argument, rederiving the limiting distribution of maxp<¢<i v, (t) by a
direct asymptotic analysis of the empirical process. He also asserted that
convergence of more general functionals of v, could be proved by means of
the method he had established in his doctoral dissertation.
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Remark. Donsker sandwiched the event {sup, v, (t,w) < a} between
two events depending only on the values v, (i/n,w) for i € [[n]], an
approximation similar to one used by Kolmogorov in the 1933 paper.
This approach avoids the measurability difficulties described in the
rest of this Example. However, the general Theorem that he stated
on the final page of the 1952 paper made no mention of measurabilty
issues.

The sample path v, (-,w) has jumps at the U;(w)’s; it belongs to the
set D[0,1] of all real-valued functions on [0, 1] that are right-continuous at
each ¢ in [0,1) and have limits from the left at each ¢ in (0, 1]. Under the
uniform metric

dy(z,y) = sup, |z(t) — y(t)] for z,y € D[0,1],

the set D[0, 1] becomes a complete metric space. For future reference, note
that it is not separable: the indicator functions of the uncountable collec-
tion of intervals [0, a], for 0 < a < 1, are at d,-distance 1 from each other.

We might hope that v, defines a random element of that metric space,
meaning that w — v, (-,w) defines an F\B-measurable map for B equal
to the BOREL sigma-field on DI0, 1] under d,,. Unfortunately, it does not.
To understand this failure it helps (for a fixed n) to take the U;’s as the
coordinate maps on = [0, 1]" equipped with P equal to LEBESGUE mea-
sure, my,, on the BOREL sigma-field (or its completion with respect to my,).
Let A be a subset of [0,1] that is not LEBESGUE-measurable. (Existence
of such a set involves questions related to the axioms for set theory: see
Dudley, 2003, §3.4 for a most insightful discussion.) The set

D4 :={x € D[0,1] : all points of discontinuity of z (if any) lie in A }

is closed under the d,, metric; it belongs to B. If v, were F\B-measurable
the set

Qi ={weQ:v(,w) €Dy} ={w:U;(w) € A forall i} = A"

would have to belong to . The FUBINI theorem (Dudley, 2003, p137)
would then require almost all one-dimensional cross-sections of A™ (which
are either A or () to be measurable. The nasty choice for A rules out that
possibility.

Convergence in distribution, traditional style

You might be wondering why it matters whether the v, in Example <1>
is measurable with respect to the BOREL sigma-field on D[0, 1], or not. If
it were measurable then, with slight rearrangements, the result established
by Donsker would fit into a well-established theory for convergence in dis-
tribution of random elements of metric spaces.
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In general, for BOREL-measurable random elements {X,, : n € N} of
a general metric space (X, d), convergence in distribution to a probability
measure ) on the BOREL-sigma field B(X, d) can be defined by

Xy, ~ Q means Pf(X,,) = Qf for each f in BL(X,d),

where BL(X, d) denotes the set of all bounded, LIPSCHITZ-continuous,
real-valued functions on X. That is, f € BL(X,d) iff

[fllpr := max (2[|fll » [ fllLip) s finite,

where [|f[| :=sup|f(z)| AND |[|f|[i, :=sup|f(z) — f(y)|/d(z,y).
zeX x#y

More concisely, if f € BL(X, d) then

@) = FWI < 1l (1A d@.y)  foralla,y in .

Remark. This definition of |-||g;, comes from UGMTP §7.1. Dudley
(2014, §3.6) defined || f|lzp, = | fll + || fllLip- Both definitions lead
to the same BL(X, d). The definitions could also have started with
a sequence of probability measures {@,} on B(X,d) and a concept
often called weak convergence: Q, ~» @ means Q,f — Qf for all f
in BL(X, d). Similarly, we could eliminate probability measures from
the definition: if X, is a random element of X with distribution Q)
then X,, ~ X, means the same thing as X, ~ Q.

It is not difficult to show (UGMTP §7.1) that property <5> is equiva-
lent to each of the following conditions:

(CID.) liminf, o Pf(X,) > Qf for all lower-semicontinuous functions f

that are bounded below by a (finite) constant.

(CID.i) limsup,,_,. Pf(Xy) < Qf for all upper-semicontinuous functions f

that are bounded above by a (finite) constant.

(CID.iii) Pf(X,) — Qf for all (two-sided) bounded real-valued functions on X

with Q{z € X : f is continuous at x} = 1.

As an easy consequence: if X, ~» @ and if a BOREL-measurable map 1
from (X, d) into another metric space (X', d’) is continuous at @) almost
all z in X then (X,) ~ ¥(Q), where ¥(Q) denotes the image of @ un-
der ¢ (see UGMTP §2.9). In particular, convergence in distribution of {v,}
would have generated a host of limit theorems. For example, the map
Y(x) = sup, z(t) would have given convergence in distribution of sup, v, (%)
and the map (z) = fol x(t)2dt would have given convergence in distribu-

tion of fol vn(t,w)? dt.
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Despite the discouraging experience with v,, the general idea of treat-
ing a stochastic process as a random element of a set of functions has be-
come one of the most fruitful ways to think about such processes. The
remaining Sections of this Chapter will explain methods that can work
around the measurabilty obstacles. In particular, Section 9.7 will show
how <5> can be generalized to provide a useful theory for X,,’s that are
not BOREL-measurable.

Remark. We could avoid the measurability difficulties associated
with treating v, from Example <1> as a map into D0, 1] if we re-
placed d,, by the J; metric, d;, defined by Skorohod (1956). The pro-
cess v, is F\B j-measurable, for B; equal to the J;-BOREL sigma-field
on DI0,1]. By a slight tweaking of the J; definition, Billingsley (1968,
§14) defined another metric, which generates the same open sets as
the d; and under which D]0, 1] becomes a complete, separable met-
ric space. The analysis of the empirical process from Example <1>
would then fit neatly into the theory built around <5>. Unfortu-
nately, such alternatives depend heavily on the ordering properties of
the index set [0, 1]; they have no obvious extension to more general
index sets.

Stochastic processes as random functions

For most of this Chapter a stochastic process will be just a collection of
(real-valued) random variables X := {X; : t € T}, all defined on the
same probability space (22, F,P). That is, each X; will be an F\B(R)-
measurable map from 2 into R, where B(R) denotes the BOREL sigma-
field on R. It could also be thought of as a function of two arguments,
{X(t,w) : t € T, w € Q}, in which case X{(-) := X(¢,-), or as a map
w i X,(+) == X(-,w) from Q into the set RT, of all real-valued functions
on T'. The function X, is usually called a sample path of the process.

Remark. The arguments would change little if R were replaced by
its compactification R := [—00, 00] under its BOREL sigma-field (c.f.
UGMTP page 23). As you will see in Section 9.6, the quest for nice
sample paths leads to such an extension. For many purposes we could
also allow X; to be a measurable function with values in R* (or ﬁk) or
even in some abstract measurable space (Y, D).

X (-, w) [R\,/. ,;

0 A Pt

; AN
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Traditionally the index set 7' was always a subset of R or R. In that

case, if J = {t1,t2,...,tx} were a finite subset of R then it was natu-
ral to regard (X; : t € J) as a random element of RF given by w
(X4, (W), ..., Xy, (w)) instead of as a random element of R7, the set of all

real-valued functions on J. However, a small notational problem then
arises: What happens if we relabel the points of J as s1,..., s, with s; #
t;? In that case the vector (X, (w),...,Xs, (w)) would usually be different
from the vector (X, (w),..., X, (w)). Such an ambiguity affects some ex-
positions of the basic existence theorem due to Kolmogorov (1933, §II1.4).

Consider first the version of that theorem stated by Dudley (2003,
Thm 12.1.2). (Actually Dudley allowed coordinate spaces more general
than the real line, so I should say a ’special case of a generalization of the
original theorem’.) As starting point we have a consistent family of finite-
dimensional distributions (or ‘fidis’, for short). That is, for each fi-
nite subset J of an (infinite) index set T we have a probability measure Py
on B(R’) satisfying a consistency condition: for K C .J the measure Py
is the image of Py under the projection map mj_ i that takes each func-
tion x in R/ onto its restriction x|f in R®. That is,

<7> PkB =Py (r;B) =P{x €R’: 2|k € B}  for each B in B(RK).

The theorem asserts existence of a probability measure P on G(RT), the
product (or cylinder) sigma-field on R” generated by the coordinate pro-
jections {m; : t € T}, where m(z) := z(t) for € RT. Equivalently, C(RT)
is generated by the sets 7,'B := {z € R” : z|; € B} as J ranges over all
finite subsets J of T and B ranges over all BOREL subsets of R”.

<8> Theorem. For any (infinite) set T let {Py : finite J C T} be a consistent
family of fidis. Then there exists a probability measure P defined on the
product sigma-field C(RT) such that P{z € RT : z|; € B} = P;B for
O each J and B € B(R’).

Billingsley (1986, §36) followed Kolmogorov’s presentation more closely,
indexing the fidis by k-tuples for each finite k£ rather than by subsets of
size k. He assumed that for each (¢y,...,tx) € RIXT there is a probability

measure i, ¢, Ol B(R[W]) for which

Pty (H1 X Hay X oo X Hy_1) = pgy,p, (Hy X Hy X --- x Hy_y X R),

for each (t1,...,t;) € RIFl and H; € B(R) for each j. (Essentially this
requirement is just <7> when restricted to a generating class for B(R¥).)
He also needed to assume

Htq,... ts (Hl X H2 X X Hk) = /'Ltﬂ.(l) ..... Lr(k) (HTr(l) X H7T(2) XX Hﬂ'(k))

for every permutation 7 (that is, a bijection 7 : [[k]] — [[k]]). The next
Example shows why the second condition is needed.
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Example. BROWNIAN motion{B; : t € T} for T' := [0, 1] is a gaussian
process with PB; = 0 for all ¢ and cov(Bs, B;) = min(s,t) for all s, .
Equivalently, if J = {to,t1,...,tx} with 0 =tg <3 < --- <t <1 then we
can just require that the increments By, — By, , for i € [[k]] be independent
with By, — By, , distributed N(0,¢; — t;—1). Either way, these assumptions
completely determine a consistent family of fidis.

To be more specific, suppose J = {0,1/3,1/2,3/4}. If we list the mem-
bers of J asty = 0,t, = 1/3,t2 = 1/2,t3 = 3/4 then put X; = By,
we get a joint distribution with (Xo, X1, X2, X3) having a centered multi-
variate normal distribution with X, degenerate at 0. However, if we define
Y() = 33/4, Y1 = Bl/g, Y2 = B1/37 YE), = B() then (YE),Yl,}/Q,Y:g) has a
different multivariate normal distribution: same J but different ways of
referring to its members. I strongly feel that is better to have a single Py
rather than 24 different measures i91/3,1/2,3/4 and pg 1/3,1/2,3/4 and ... and
3/4,1/2,1/3,0 ON B(R*) obtained by permuting coordinates. The moral: It
pays to have a notation that automatically keeps track of the coordinates.

It is usually also assumed that the sample paths B, are continuous.
Contrary to what some authors might have you believe, this property does
not follow automatically from specification of the fidis (UGMTP p214).
Theorem <8> does give us a probability measure P on C(R”) with the
given fidis. It might seem that we have only to check that PC[0,1] = 1,
where C10, 1] denotes the set of all continuous functions on [0, 1]. That
approach dies immediately because C[0,1] ¢ € (R[Ovl]), a failure clearly
pointed out by Doob (1947). Kolmogorov was also aware of this measura-
bility problem—see his discussion near the start of §III.4.

In general, for an uncountably infinite 7" a simple argument (using
the fact that a countable union of countable sets is still countable; see
Billingsley, 1986, Theorem 36.3) shows that

C(RT) = U{€s : S a countable subset of T'},

where Cg denotes the sigma-field on R” generated by the countable set of
coordinate projections {m; : t € S}. Consequently, every C(RT)-measurable,
real-valued function g on R” must be of the form Gg (|g) for some count-
able subset S and some C(R¥)-measurable function G'g on R®. Unfortu-
nately the continuous members of RT cannot be determined just by exam-
ining z|g for a single countable subset of T'.

Most methods for getting a BROWNIAN motion with continuous sam-
ple paths need more than Theorem <8>. One approach uses a “DOOB-
separable version” of the process constructed by Kolmogorov’s theorem.
(As you might guess from the name, this method was invented by Doob.
See Section 9.6 for details.) Another approach builds the gaussian pro-
cess by means of an isometry and an orthogonal series expansion. See
UcMTP §9.3 for details.

Under the uniform metric, d,(z,y) := sup, |z(t) — y(t)|, the set C]0,1]
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becomes a complete, separable metric space with the useful property (Prob-
lem [6]) that its d,,-BOREL sigma-field is the same as the cylinder sigma-
field generated by the coordinate projections {m; : 0 < t < 1}. Thus a
BROWNIAN motion with continuous sample paths defines a BOREL-measurable,
random element of C[0,1]. The distribution of B, as an F\B-measurable
map into C[0, 1], is called WIENER measure. It can serve as the probability

0 measure @ in <5>.

9.4 Essential supremum and infimum

The key ideas for handling stochastic processes with uncountable index
sets came from Doob (1937) and Doob (1953, Chap II), who used a very
neat measure-theoretic trick for reducing an uncountable collection of ran-
dom variables down to a countable subcollection, at the cost of a host of
negligible sets. The trick will be described in the current Section and the
closely related constructions will be described in Sections 9.5 and 9.6.

For a given probability space (£, F,P) write M for the set of all F\B(R)-
measurable maps from (2 into R := [—o00, +00].

The pointwise supremum H of a nonempty subset H of M is the small-
est function for which H(w) > h(w) for allw € Q and all h € H. If K is
uncountable then H need not be measurable. Indeed, there need not be a
smallest member of M satisfying the same pointwise inequalities. However,
if we relax the pointwise requirement by allowing just an almost sure in-
equality, with the negligible set allowed to depend on h, there will be such
an H in M. That is, there exists an H in M for which:

(ESi) P{H > h} =1 for all h in H.
(ESii) If P{G > h} =1 for all h in ¥ then P{G > H} =1,

Property (ESii) ensures that P{H = H;} = 1 if H; is another member
of M satsifying the analogs of (ESi) and (ESii). Such an H is called an
essential supremum of H and the equivalence class of such functions is
denoted by esssup H. The qualifier “essential” serves as a reminder that
the negligible sets {w : H(w) < h(w)} need not be empty. The next Theo-
rem shows how to construct a member of esssup H.

<10> Theorem. Each nonempty subset H of M (possibly uncountably infinite)
has an essential supremum of the form Hg(w) := suppeg h(w) for some
countable subset G of H.

Proof. The defining properties (ESi) and (ESii) are unaffected by a one-
to-one, increasing transformation (such as the arctan). Thus there is no
loss of generality in assuming that sup,cq pesc |R(w)| < c for some finite
constant c.

Write G for the collection of all countable subsets of . The bound-
edness assumption ensures that My = sup{PHg : § € G} < oco. Thus
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there is a G,, in G for each n in N such that PHg, > My — n~!. The
set Goo := U,G, is countable; it belongs to G. Define H := Hg_ . Then
My > PH > Mg —n~! for every n, implying PH = Mjy.

For property (ESi): if h € 3 then § := G U {h} € G so that

PH = My > PHg = Pmax (h, H) = Ph{h > H} + PH{h < H},

which rearranges to 0 > P(h — H){h > H}, an inequality that can hold
only if P{h > H} = 0.

For property (ESii): {w: G(w) < H(w)} = Upeg {w : G(w) < h(w)}, a
countable union of P-negligble sets.

The essential infimum could be defined in a similar fashion, by
changing all the >’s in (ESi) and (ESii) to <’s. Equivalently, just note
that K € essinf H iff —K € esssup{—h: h € H}.

Upper/lower integrals and measurable cover functions

The outer measure of a subset A of Q is defined as
P*A:=inf{PF: F € F4} where Fq :={F € F: F D A}.

As the intersection of countably many sets in F4 also belongs to F 4, The-
orem <10> ensures that there exists an A* in F4 N essinf F 4. That is,
there exists an F-measurable set A* for which A* D A, with no almost
sure qualification, and PA* = P*A. Such an A* is called a measur-
able cover for A. It is unique up to almost sure equivalence. Of course
if A € F then we can choose A* equal to A.

Remark. If N € F with PN = 0and ) # N C A then we have
H := A*\N € essinf F4 and PH = P*A but H does not include A as
a subset.

Similarly, for each (possibly non-measurable) function f from  into R
the pointwise infimum of countable many functions in the set of measur-
able functions

Mss:={heM: h(w) > f(w) for all w € O}

also belongs to ﬁz 7. Again, by Theorem <10>, there will exist an f*

in ﬂf N ess infﬁf. Such an f* is called a measurable cover for f. (I
think the name “upper measurable envelope” would be better—cover sug-
gests only set inclusion, as in A* O A.) It too is unique only up to almost
sure equivalence, being characterized by:

(MCi) f*(w) > f(w) for all w € Q; that is, f* € Ms.

(MCii) P{h > f*} =1for all h € M>;.
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Remark. The difference between an inequality that holds P-almost
everywhere and an inequality that holds everywhere becomes quite
important if we wish to take an expected value with respect to an-
other probability measure whose negligible sets do not coincide with
the P-negligible sets.

The analog of the outer measure of a set is the upper integral of a
function, but here the story gets a bit more complicated. For most func-
tions f that map Q into R, Dudley (2014, page 136) defined

P*f :=inf{Ph: h € Ms; and Ph is well defined},

allowing some P* f’s to remain undefined. You might be expecting P*f =
Pf* but the dreaded co — oo can interfere. Consider, for example, the case
where f is actually F-measurable and Pf™ = oo = Pf~, which leaves f* =
f and Pf* undefined. Also in that case, if h € Msy then A" > f* and
h™ < f~. If Ph™ = oo then Ph is not defined; if Ph~™ < oo then Ph = oo.
Thus P* f = co. Reasonable or not?

Fortunately this sort of thing cannot happen for an f bounded below
(or above) by a finite constant, in which case we do have P*f = P f*.

Similar arguments and caveats apply to lower bounds. The lower mea-
surable envelope can be defined similarly as an f, in ﬁg ¢ M esssup ﬂg ¥
where

M<f:={h e M: h(w) < f(w) for all w € O},
P.f:=sup{Ph:he€ ﬂgf and Ph is well defined}.

Remark. Some authors refer to P*h and P.,h as outer and inner inte-
grals, by analogy with outer and inner measures for sets.

Apart from the co — oo difficulty, arguments involving upper integrals
and measurable covers tend to be straightforward (but perhaps a little
tedious) once the desired properties are reduced to pointwise assertions
about measurable sets and measurable functions.

Example. Here is an argument to show that P{f* > r} = P*{f > r} for
each real-valued function f on Q and r € R. (Compare with Dudley, 2014,
Lemma 3.8.)

Define A := {w : f(w) > r}, which need not be F-measurable,
and D := {w : f*(w) > r}. Clearly D D A because f* € M. Choose
any B with A C B € F and PB = P*A. Because A C BN D € F we also
have P(B N D) = P*A, so we may as well assume D DO B. It suffices to
show P(D\B) = 0. To that end consider the measurable function

hw) = fH(w){w € B} + (r A f*(w){w € B}

> f(w{w € B} + (r A f(w){w € B} because f* > f
f(w)  because B® C A° and f(w) < on A".

W

W



9.6

<15>

<l14>

208 Chapter 9: Measurability woes

It follows by property (MCii) that A > f* almost surely. However, for
w € D\B we must have f*(w) > r > h(w). Consequently, P(D\B) = 0.

DooB-separability: reduction to countable collections

For many probabilistic purposes, two random variables that differ only
on a P-negligble set are essentially the same. Indeed, many random vari-
ables can only be defined up to some sort of almost sure equivalence and,
in isolation, there is usually no good reason to prefer one choice from the
almost sure equivalence class over another. However, for a stochastic pro-
cess {X; : t € T} indexed by an uncountable 7', if we need good behavior
for the sample paths X (-,w) for each fixed w then the selection from an
equivalence class becomes much more important. In such situations the
measurability difficulties can often be handled by taking limits along a
countable dense subset of T if the process is “separable”, in the following
sense.

Definition. Let S be a countable, dense subset of a metric space (T, p).
Say that a process X = {X; : t € T} is doob-separable, with approx-
imating set S, if every sample path X (-,w) has the property: for each t
in T\S there exists a sequence {s,, : n € N} (depending on w and t) in S
for which p(sp,t) = 0 and X (sp,w) = X(t,w).

Remark. Of course the concept only makes sense for uncountable T
The word “separable” is heavily overworked, particularly when
the conversation also involves topological spaces that are separable in
the sense of possessing a countable, dense subset. To avoid ambiguity,

I have attached the name of its inventor.

Some authors refer to S as a “separant” or a “separating set”. 1
am mostly following the exemplary exposition by Billingsley (1986,
§38), who referred to processes “separable with respect to S” .

Many authors use a slightly more general notion of separability,
by requiring that the approximation property need hold only for w
in N¢, for some P-negligible set N. In that case, we have only to re-
place X (-,w) by a constant function for all w in N to get a DOOB-
separable process in the sense of the Definition <13>.

Not every process is DOOB-separable: the classic example is the stochas-
tic process X (t,w) = 1 if ¢ = w, and zero otherwise, when 7' = Q = [0, 1].
However, minor surgery can usually correct such difficulties.

Definition. Say that a stochastic process X = {)th :t € T} is a version of
X={X;:te T~} if they are both defined on the same probability space and
P{w: Xi(w) # Xi(w)} =0 for each t in T.

Under mild toplogical assumptions, a stochastic process X will have a
version X that is DOOB-separable. For the traditional case where each Xy
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is an F-measurable map into the real line we must allow X, to take val-
ues in R := [~00, +00]. See Problem [2]. Similarly, if X takes values in R¥
we must allow X; to take values in R*. We can cover both cases just by

assuming that X; takes values in some compact metric space (F,d). Defi-
nitions <13> and <14> together require:

(DSVi) There exist P-negligible sets {N; : t € T} such that X (t,w) = X (t,w)

for w € Nf.

(DSVii) For each t in T'\\S there exists a sequence {s;(w) : 7 € N} in .S with

<15>

<16>

p(sj(w),t) — 0 and d ()Z(sj(w),w),)?(t,w)) 0 as j — oo.

Theorem. Suppose:

(i) (Q,F,P) is a complete probability space.

(ii) (T, p) is a separable metric space.

(iii) (E,d) is a compact metric space.

() {X¢ : t € T} is an E-valued stochastic process, that is, each Xy is an
F\B(E)-measurable map from § into E.

Then X has a DOOB-separable version.

Remark. Remember that completeness of P means: if N C F' € F and
PF =0 then N € ¥ with PN = 0.

Proof. Let me start with some heuristics before adding the refinements
needed for the asserted DOOB-separability. First we need to make use of
the topological separability of both E and T. Let A be any countable,
d-dense subset of EF and Ty be any countable, p-dense subset of T'. The
countable set G of all open balls with centers in Ty and rational radii forms
a base for the p-topology, meaning that for each open subset H of T" and
each t in H there exists some G in G for which ¢ € G C H. In partic-
ular, for each t in 7' there exists a sequence {G;; : j € N} in G with
diam(Gj;) < 1/j and G\, {t} as j  oo.

Suppose for the moment that for each a in A and G in G there exists a
countable dense subset S(a,G) of G for which

infyeg(a,q) X (s,w) = infreq X (¢, w) for every w in .

Then S := U{S(a,G) :a € A,G € G} is a countable, p-dense subset of 7.

Now focus on a particular (¢,w) pair. By the density of A there exists
a sequence a; = a;(t,w) in A such that d(a;, X(t,w)) < 1/j. By <16>
there exists an s; = s;(t,w) in S(a;, G;;) for which d(a;, X (sj,w)) < 1/3.
Consequently p(sj,t) = 0 and d (X (sj,w), X(t,w)) < 2/, which gives the
desired (DSVii) property to make S an approximating set.
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To tighten up the argument we need to cast out a bunch of P-negligible
sets. To replace <16>, we should invoke the essinf analog of Theorem <10>
to choose S(a,G) as a countable, p-dense subset of G for which

infycg(0,6) d(a, Xs(w)) € essinf{d(a, Xy(w)) : t € G},

then define S := U{S(a,G) : a € A,G € G}, as before. For any (¢, a, G)
triple with ¢ € G we then have a P-negligible set N; , ¢ with

infses(a,g) d(a, Xs(w)) < d(a, X¢(w)) forw € Ntfa,G'

The set N; = Ugg{Ntac : a € At € G} is also P-negligible. For w

in N{ the same argument as before gives a sequence s; = s;(t,w) in S for

which p(s;,t) — 0 and d(X(sj,w), X(t,w)) < 2/j, which suggests we

should define X (t,w) = X(t,w) if w € Nf. For w in N; define X (t,w) to

be a cluster point of the sequence {X(oj,w) : j € N} for any sequence
O {o;:j € N} in S that converges to t.

In one special case, which applies to most of the processes considered
in the next six Chapters, we can simplify the essinf argument. Suppose
the process X = {X,; : t € T} is continuous in probability, that is, for
each t in T" and each € > 0, we have P{d(X;,, X;) > e} — 0 if p(t,,t) — 0.
Then for every countable, p-dense subset S of T, there exists a version of
the process that is DOOB-separable with S as the approximating set. See
Problem [3] for the simple proof.

9.7 Convergence in distribution without BOREL measurability

Suppose X (™ := {X()(¢,.) : t € T} for n € N is a sequence of stochastic
processes, all defined on some (2, &, P), whose sample paths all belong

to the set B(T")of all bounded, real-valued functions on an index set 7.
Under its uniform metric,

<17> du(@,y) == super |2(t) —y(t)]  for z,y €B,

the set B(T') becomes a complete metric space with BOREL-sigma-field
B := B(B(T),d,) generated by the d,-open sets. If the sample path map
w i XM = XM (. w) is not F\B-measurable then w — (X)) need
not be F\B(R)-measurable for all f in BL(B(T),d,,), so that the defining
property <5> for X () s () makes no sense.

Fortunately we can fix this problem by adding a few stars (upper/lower
integrals) to the definitions in Section 9.2 and by explicity requiring some
extra regularity for the limit distribution.
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Remark. Dudley (1966, 1967) recognized that non-separabilty (in the
metric space sense) lay behind the failure of BOREL-measurability, as
in the case of the empirical process v, from Example <1>, whose
sample paths belong to the space D[0,1] but are not measurable with
respect to its d,-BOREL sigma-field. He suggested that measurabil-
ity with respect to the sigma-field U generated by the d,-open balls
would suffice for processes, so that their distributions live on U. For
probability measures p,, on U and a BOREL measure pu, he defined
tn ~> pto mean p) f — pf for all bounded, continuous real-valued
functions. Clearly his proposed fix inspired the approach taken in Def-
inition <18>, although Dudley (2014, pp173-174) seemed to be mod-
estly giving all the credit to Hoffmann-Jgrgensen.

<18> Definition. For a probability measure (Q on the BOREL sigma-field B :=
B (B(T),dy), define X 5 Q to mean that P*f(X™) — Qf for each f
in the set BL(B(T),dy) of all bounded, real-valued functions on B(T') that

[0 are LIPSCHITZ-continuous with respect to d,.

Remark. Sometimes it simplifies notation to replace @) by a process
{X()(t,) : t € T} with distribution Q. We could require that all
the sample paths XU(JOO) belong to the separable set U,, K,,, thereby
ensuring that w — X is F\B(B(T), d, )-measurable. In that case
X () % X () means the same thing as X (™) < Q.

Definition <18> could also be written using lower integrals be-
cause, if X 5 Q, then —P, f(X() = P*[—f(X)] — Q(—f) for
f € BL(B,d,). That is, P, f(X(™) — Qf.

If X(" % @ then the consequences (CID.j) for j € {i,di,44i} from
Section 9.2 also gain a few stars:

(CID*.i) liminf, e P f(X(Y) > Qf for all lower-semicontinuous functions f
that are bounded below by a (finite) constant.

(CID*.ii) limsup,,_,., P*f(X())) < Qf for all upper-semicontinuous func-
tions f that are bounded above by a (finite) constant.

(CID*.iii) P*f(X(™)) — Qf and P, f(X()) — Qf for all (two-sided) bounded
real-valued functions on X with Q{z € X : f is continuous at z} = 1.

The proofs from UGMTP §7.1 carry over with only minor notational changes.
Look at van der Vaart and Wellner (1996, p18) if you want to see the * de-
tails explicitly.

Amazingly (Dudley, 2014, Appendix C): “It is consistent with the
usual axioms of set theory (including the axiom of choice) that [statement
about measurable cardinals]. So, for practical purposes, a probability mea-
sure defined on the Borel sets of a metric space is always concentrated in
some separable subspace”, a result due to Marczewski and Sikorski (1948).
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Once we have separable support an easy argument using the complete-
ness of B under d,, shows (Dudley, 2003, p225) that Q must be tight: for
each € > 0 there exists a compact subset K of B(T) such that QK > 1 —e.
In particular, there exists a sequence of compact subsets {K,, : m € N}
of B(T) such that QK,, > 1 — m™!, implying Q (U,,K,,) = 1. Tightness
also gives us (Problem [4]) a rather surprising fact:

(i) There exists a semimetric p on T' under which 7' is totally bounded.

(ii) Every z in U, K,, is p-uniformly continuous, that is: for each n > 0
there exists a § > 0 for such that

<19> 0sC(8, z,T) == sup{|z(s) — x(t)| : s,t € T and p(s,t) <6} <.

In fact 6 := n/2™ works for all z in K,,.

In summary: tightness of ) implies, for each n > 0,
Q{z € B(T) : 0sc(d,z,T) >n} — 0 as 6 — 0.

The 0sC in <19> stands for oscillation, a uniform way to describe how
much z might jump about in (small) neighborhoods of each point in 7. A
two line argument shows that

losc(d, z,T) — osc(6,y, T)| < 2dy(z,y) for x,y € B(T).

Consequently, 0sc(d, -, T) is dy-uniformly continuous on B(T').

In short, the first line of Definition <18> could be replaced by the as-
sumption that @ is a tight probability measure on B (B(T'),d,,) that con-
centrates on the set

uc(T, p) = {z € B(T') : 0sc(d,z,T) \y0as  \,0 }

of all p-uniformly continuous functions in B(7"), for some semimetric p
on T under which T is totally bounded.

The semimetric p will not usually be constructed by the method de-
scribed in Problem [4]. The next Example illustrates the more typical sit-
uation.

Example. Suppose &1, ..., &, are independent observations on a BOREL
probability measure P on the real line. By analogy with the empirical pro-
cess from Example <1>, define

Va(t,w) = n~1/2 Zign({&(“) <t - P(—oo,t]) fort € T = R.
Then Py, (t) = 0 for all ¢ and

cov (Vn(8),vp(t)) = o(s,t) := P(—o0,s A t| — P(—00, s|P(—o0, t].
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The semimetric

1

pls,t) = \/P(s, 1] — (P(s,t])>  fors <t

controls the increments of this process because var (v, (s) — v, (t)) = p(s, )%

The limit process will be a centered gaussian process {G; : t € R}
with cov(Gs, Gi) = p(s,t), with bounded sample paths that are uniformly
continuous with respect to p. The existence of such a gaussian process will
be proved in Chapter 10.

Remark. For this particular case we could also exploit the ordering of
the real line by defining Gy = By(F'(t)) with By a BROWNIAN bridge,
as in Example <1>, and F(t) := P(—o0,t]. However this quick fix
has no obvious extension if R is replaced by another space such as R”.
I think it is better to invoke the methods from Chapter 10 through 12
than to repeat the history that for so long kept empirical processes
theory tied to the real line.

Continuity with respect to p need not coincide with continuity with
respect to the usual euclidean distance on R. For Example, if there were
some point @ with P{a} = 6 > 0 then p(a — d,a) — V0 —6% > 0 as
0\ 0. All the sample paths of G would have a jump at a in the euclidean
sense but not in the p sense because a — § does not converge to a in the
p sense. In addition, if P happened to give zero measure to some inter-
val [a, b] then p(s,t) =0 for a < s <t < b and

P{vn(t) =vp(a) for a <t <b} =1 =P{Gt = G, for a <t < b}.

[0 Consequently p would be only a semimetric, not a metric, for such a P.

Remark. In the final paragraph of the previous Example we could
eliminate the flat spot by removing the interval (a,b) from the index
set. This surgery would turn p into a metric, provided there were no
more open intervals with zero P measure.

A more systematic approach would be to partition the original
index set into equivalence classes of points at zero p distance then
construct a new index set consisting of a single point from each equiv-
alence class. This approach fits nicely with results from earlier in this
Chapter, such as Theorem <15>, provided we started from a stochas-
tic process {X (¢, -) : t € T} for which X, = X; almost surely when-
ever p(s,t) = 0. Indeed, it would be a good exercise to determine
which Definitions and Theorems should be modified if it were possible
to have p(s,t) =0 with s # ¢. Hint: Look at the definition of || - ||Lip-

By d,-continuity of the oscillation function and <21>, for each § > 0
and n > 0 the set Fs, = {x € B(T) : 0sc(d,z,T) > n} is dy-closed
and Fs, Nuc N\, 0 as 0 \, 0. By inequality (CID*.ii) and the fact that
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indicator functions of closed set are upper-semicontinuous, if X ™ ~ Q
and § = (e, n) is small enough then

<23> limsup,, P*{X{" € Fs,} < QFy, <e.

Thus a necessary condition for X <5 @Q is: for every n>0ande >0
there exists a § > 0 such that

<24> lim sup,, P*{osc(6, XM . T) > n} < e

In the literature condition <24> also goes by the name asymptotic equicon-
tinuity or asymptotic tightness. See van der Vaart and Wellner (1996,
§1.5), for example. As you will soon learn from Theorem <26>, this con-
dition plus convergence of the finite-dimensional distributions together
imply convergence in the sense of Definition <18>.

Of course for finite subsets J of T no stars are needed when describing
the convergence in distribution of the projection 77X a random ele-
ment of R7, because the map w — 7 JXLTL) € R’ inherits F-measurability
from the assumed measurability of each X;. We’'ll be needing these ran-
dom vectors to converge in distribution, in the sense of <5>, to 7;@Q, the
image of the measure @ under 7; defined by

(m;Q)B = Q{x € B(T) : z|; € B} for each B € B(R’).
To emphasize these distinctions I’ll write
<25> XM s Q to mean ;X ~» Q; := m;Q in the sense <5>

for each finite subset J of T', while X < Q refers to the stronger prop-
erty from Definition <18>.

The remaining six Chapters of this book will largely focus on meth-
ods for proving the maximal inequalities needed to check things like <24>
for many useful processes. As far as “uniform central limit theorems”
(aka DONSKER theorems) are concerned, with only slight exaggeration I
claim that much of the field of empirical process theory inspired by Dud-
ley (1978) rests on methods developed to establish special cases of <24>.

9.8 An oscillation condition for convergence in distribution

The oscillation function from <19> plays a central role in establishing
that X % Q. It is the key to transforming fidi convergence into con-
vergence in distribution of processes, as shown by the following Theorem.

<26> Theorem. Let {X(”)(t, )t € T,n € N} be a sequence of stochastic
processes with sample paths in B(T') for some totally bounded semimetric
space (T, p). Suppose:
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(i) For each finite subset J of T there is a probability measure Q; on B(R7)
such that myX™ ~ Q.

(ii) For each n >0 and € > 0 there exists a § > 0 such that
lim sup,, P*{osc(6, X, T) > n} < e

Then there exists a probability measure QQ concentrated on the set uc(T, p)
with m;Q = Q. for each finite subset J of T such that X % Q.

Remark. The statement of the Theorem makes no mention of where p
comes from. As Example <22> suggests, the fidi convergence of the
X () typically tells us the covariances we should expect for @, partic-
ularly so if we rely on a multivariate CLT to establish the fidi conver-
gence. In that case (Q will be the distribution of a centered gaussian
process. Compare with Dudley (2014, Thm 3.34), where gaussianity
appears as a part of the definition of a DONSKER class.

The Proof of the Theorem will involve three steps:

1) Prove the existence of Q by means of Theorem <8> (Kolmogorov’s
existence theorem) plus an appeal to DOOB-separability.

2) Show how to approximate uniformly continuous functions by com-
bining total boundedness, approximation of projections into R”, and
oscillation control (Lemma <27>).

3) Use the results from 1) and 2) to approximate P*f(X (™) for a bounded
LIPSCHITZ function f.
Step 1: existence of . For finite subsets K C J of T and g € BL(RY, £5)
the composition f := gom;_,x belongs to BL(R”, £5): for 2,y € R’,
(@) = FW)l = lg(mimkz) — 9(miky)| = |9(@|K) — 9(ylK)]

< lglpr, min (1, | @lx = ylic |,) < lglloe (LA e = yl2)

Thus Qs f = lim, Pg(ms_x X)) = QKg, the consistency condition Qx =
wjkQy for Theorem <8>. There exists a probability measure Q on the
cylinder sigma-field of R” with 7;Q = Q for each finite J.

As explained in Section 9.3, we cannot assert that Quc(T, p) equals 1.
However, we can think of {z(t) : t € T} as a stochastic process defined
on (R”,C(R™),Q), so that by Theorem <15> it has a DOOB-separable ver-
sion {X(®)(¢,-) : t € T} with fidis Q. Let S be the approximating set
for X(°°) For each finite subset J of S the fidi convergence tells us that

0sc(8, X J) = max{| X ™ (s1,w) — X (s9,w)| : 5; € J, p(s1,52) < I}
converges in distribution to 0sc(8, X(°),.J), implying

¢ > liminf,, P{osc(s, X, J) > n} > Q{osc(8, X J) > n},
by virtue of (CID.i) from Section 9.2.
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Remark. You should convince yourself, using the continuity of 0sc,
that Gs,, := {y € R’ : 0sc(8,y,J) > n} is an open subset of R/. 1
needed to replace the closed set Fj, from <23> by the open G, to
reverse the direction of the inequality—a common trick.

If we let J expand up to S we get Q{0sc(s, X(), S) > n} < ¢, which
DOOB-separability translates into Q{0sc(d, X(*), T) > n} < e. It follows
that @, the distribution of Xo(jx’), concentrates on the set uc(T), p).

Step 2: approximation of uniformly continuous functions. The
combination of a totally bounded (7', p) and processes whose sample paths
lie close to uc(T, p) makes it easy to approximate sample paths from their
values at a fixed finite subset of T', thereby obtaining good control of the
processes by means of their finite-dimensional distributions. The following
elementary Lemma provides the main technical tool.

Lemma. For a given § > 0 let J be a finite subset of T with the property
that min¢y p(t,7) < /2 for allt in T. Then:

(a) There exist nonnegative functions {1 : 7 € J} in vc(T, p) with
Y ores¥r(t) =1 for each t.

(b) The function Aj(y,t) = Y, c;y-¥-(t) maps R’ into uc(T, p) and
satz’sﬁes du(AJ(y7 '>7 AJ(Z7 )) < maxreg ‘yT - 27'|'

(c) dy(z, Aj(x|s)) < o0sc(d,x,T) for each x in B(T'). Consequently,

@)= f(As(e1) < |y, [1A08C(6,2, )| for cach f € BL(B,dy).

Proof. For each 7 in J define f,(-) := (1 — p(-,7)/8)". Note that

|f7(s) = fr(O)] < |p(s,7) = p(t,7)[/6 < p(s,)/5,

which ensures f, € UC(T,p). The sum F(t) := > _; fr(t) inherits uni-
formly continuity: |F(s) — F(t)| < |J|p(s,t)/d. The approximating prop-
erty of J ensures that for each ¢ there is a 7 for which p(¢,7) < §/2 so
thatf-(t) > 1/2 and F(t) > 1/2.

For (a): define ¢ (t) := f-(t)/F(t) to get > _1,(t) = 1. The uniform

coninuity comes from:

[ (s) = - ()] X F(s)F(t) = [ fr(s)F(t) = fr(t)F(s)]
< [fr(s) = FFOIF () + f(0)F(E) — F(s)],

implying [¢-(s) — ¢-(t)| < (2 +[J])p(s,1) /0.
For (b): A;(y,-) inherits uniform continuity from the ,(-)’s and

|AJ(y’t) - AJ(Z7t)| < ZT ¢T(t) maxr ‘yﬂ' - Z‘r| < max, |y‘r - ZT|'
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Take a supremum over t.
For (c): consider any x in B(T") and any ¢ in 7. From the fact that

> s =1 we get
2(t) = 3 2@ O] < 3 J(t) - a() | 1),

As . (t) = 0if p(t,7) > §, only those T with p(t,7) < § contribute to the
sum. For those 7’s we have |z(t) — z(7)| < 0sc(d,z,T). The consequence
for f comes from property <6> for bounded LIPSCHITZ functions.

Step 3: putting it all together. We need to show that P*f(X(") —
Qf for each fixed f in BL(B,d,). To simplify notation assume || f||5;, < 1.
Step 2) will turn an approximation on a finite subset J into a uni-
form approximation. For any given n > 0 and € > 0 choose § > 0 as
in assumption (ii) of Theorem <26> then choose a finite subset J as in

Lemma <27>. By <20> we may assume ¢ is small enough that

Q{osc(d,z,T) > n} <e.

By Lemma <27>(b), g5 := f o Ay is a bounded LIPSCHITZ function for
any of the usual norms on R”. Thus fidi convergence gives

Pgs(ms X)) < e+ Q%gs(z|y) for all large enough n.
Part (c) of the same Lemma with || f|g;, < 1 gives

|f(x) —gs(x|))| < 1AO0sc(d,z,T) for each x in B(T)
<n+{osc(é,z,T) = nj.

Equations <28>, <29>, and <30> provide everything needed to com-
plete the Proof of the Theorem:

P*F(X{) < Pgs(X{M]5) +n + P*{osc(s, X[V, T) = n}
<e+Qgs(z|s)+n+e  for all large enough n
< Qf +2n+ Q{osc(d,x,T) > n} + 2
< Qf +2n+ 3e.

It follows that limsup,, P*f(X(") < Qf because the argument works for
all n > 0,e > 0. The same argument applied to — f delivers the companion
lower bound:

lim sup,, P*(—f(X(™)) = — liminf, P, f(X") < —Qf,

w

or liminf, P, f(X(V) > Qf. Thus P*f(X(W) — Qf.
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9.9 Problems

1] Suppose h is a bounded real function on Q and (2, F, P) is complete. Show
that h is F-measurable if and only if P*h = P,h.

2] (from Billingsley, 1986, Ex 38.8) Suppose U is UNIF[0, 1] distributed and a
process {X; : t € [0,1]} is defined by

X(t,w) == 0{t = U(w)} + [Uw) — t| "t # U(w)}.

(i) Show that X is not DOOB-separable.

(i) Let {X; : ¢t € [0,1]} be a DOOB-separable version of X, with approximating
set S and exceptional P-negligible set N. Show that X (¢,w) must equal oo
for t = U(w) when w ¢ N.

(3] Suppose a DOOB-separable process X = {X; : t € T}, with separating
set S, is actually continuous in probability. That is, for each ¢ in T and
each sequence {t, : n € N} converging to ¢ the sequence {X; } converges
in probability to X;. Let R be any countable p-dense subset of T'. Justify
the following assertions to show that the process is also DOOB-separable
with respect to R.

(i) Consider an s in S. There exists a sequence {rj(s) : j € N} in R for
which p(r;(s),s) < j1 and P{d(X(r;(s),w), X (s,w)) > j~1} < 279,
Thus (BOREL-CANTELLI?) there exists a P-negligible set N such that
d(X (rj(s),w), X (s,w)) < j~! for all large enough j if w € N¢.

(ii) Consider a t in T and w € (UgegNs)“. Then there exists s, = s, (w,t) such
that p(sn,t) — 0 and d(X(sp,w), X(t,w)) — 0. By (i) there exists r, =
T (8n,w) € R such that p(rp, s,) < n~! and d(X (r,,w), X (sp,w)) < n~ L
It follows that p(ry,t) — 0 and d(X (ry,w), X (t,w)) — 0.

(iii) For w in the negligible set Usecg N, redefine X (-, w) appropriately.

For the following Problems, B(T") denotes the set of all bounded,
real-valued functions on a set 1" equipped with its uniform norm,
|z||, = super |z(t)| and uniform metric d,(z,y) = ||z —yl|,-
If p is a semimetric on T then UC(T', p) denotes the set of all p-
uniformly continuous members of B(T').

[4] Suppose @ is a tight probability measure on B := B(B(T), d,,), with an
increasing sequence of compact sets {K,, : m € N} for which QK,, >
1 —1/m. Then there exists a semimetric p on T for which:

(a) x € uc(T, p) for each x in UpenKy, a set with @ probability 1.

(a) T is totally bounded under p.
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Prove (a) and (b) by justifying the following assertions. (You might find it
helpful to glance at §10.4 before handling the total boundedness.)

(i) For each m define py,(s,t) := sup,eg, |¢(s) — x(t)|. By compactness, there
exists a finite subset F, of K, for which min.cp,, ||z — 2|, < 1 for each z
in K,,. Thus

|z]l, < Cp =14+ max.crp, |2, for every x in K,,.

It follows that pp,(s,t) is finite for all s,t € T and py, is a semimetric
on T. Note that pp,(s,t) > pm—1(s,t) because K,—1 C K.

(ii) Combine the p,, into single semimetric:

pls,t) = 27" min (L, pn(s,1))
—j -7 —-m
<D emls )+ Y 27 < pls,t) + 2

for each m.

(iii) For any fixed m, if x € K,, and p(s,t) < €/2™ for some € in (0,1) then
1A pm(s,t) <€, implying |z(s) — z(t)| < pm(s,t) < e. Thus z € vc(T), p).

(iv) For any given 6 > 0 let S be a finite subset of 7" that is 4d-separated,
meaning that p(s,t) > 46 for distinct s,¢ in S. To show that T is totally
bounded it suffices (cf. §10.4) to find finite constant Cy such that |S| <
Cs for all such S. Choose m so that 27 < § then choose a finite subset
{zi : 1 € [k]]} of K, for which min; d,(x, z;) < § for each x in K,,. Define
Z(t) :== (21(t), ..., z(t)), a point in the compact subset [—Ciy,, Cpy]¥ of R,
Then for all s,t € T,

pm(8,t) < 20 + max; |z(s) — zi(t)| =20 + |Z(s) — Z(t)| o,
where | - |« denotes the uniform norm on R¥. For distinct s,¢ in S we have
16 < p(s,8) < 8-+ pra(s,) < 35+ 12(5) — Z(t) oo

That is, {Z(s) : s € S} is a d-separated subset of [—Ciy,, Cpp]*. Tt follows
that |S| < ((2C,, + 6)/6)*. Hint: The sets {w € R* : |w — Z(s)|so < §/2}
for s € S are disjoint and each has LEBESGUE measure 0%,

[5] Suppose (T, p) is a semimetric space and T is its completion.

(i) Show that every function x in Uc(7), p) has a unique extension to a func-
tion in uc(T, p). (Here p denotes both the semimetric on 7" and its unique
extension to a semimetric on 7'.)

(ii) Show that T is compact if T is totally bounded.

[6] Justify the following assertions to understand why U := uc(T,p) is a
closed, separable subset of B(7') whose BOREL sigma-field is generated by
the coordinate projections.
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(i) B(T) is complete under the d,, metric and each coordinate projection m; is
d,-continuous. Thus €(RT) C B(B(T),d,)) and C(U) C B(U,d,).

(ii) If {z, : n € N} C U and dy(zp,y) — 0 then y € U. Thus U is a closed
subset of B(T).

(iii) Suppose (T, p) is a totally, bounded. By Lemma <27>, if z € U and
0sc(d,z,T) < € < 1 then dy(x, Asy) < e for some y in R/ with ratio-
nal coordinates. It follows that U is separable under d,,.

(iv) By separability every d,-open subset of U can be written as a countable
union of closed balls B[z, r] := {y € U : dy(z,y) < r} with centers z in a
countable, dense subset of U. Moreover, if S is a countable p-dense subset
of T then Blz,r] = {y € U : sup g |z(s) — y(s)] < r} € €(U). It follows
that the d,-BOREL sigma-field on U coincides with its cylinder sigma-field.

9.10 Notes

Back in the days when probability theory was first developing serious mea-
sure theoretic credentials, the idea of viewing a stochstic process as a ran-
dom function as in Section 9.3) seemed to require some vigorous promo-
tion before it became widely accepted. Take a look at Doob (1942), Doob
(1947), and Chung (1998) to get an inkling of why this idea was originally
less obvious than it now might seem.

For measurable covers (Section 9.5) I mostly followed Dudley (2014,
Section 3.2). Section 5.3 of that wonderful book also shows how to apply
the heavy machinery related to the theory of analytic sets to attack the
measurability problems caused by uncountable index sets.

Doob (1953, Section I1.2) described the virtues of working with sep-
arable versions. See the Notes on page 625 of his book for the history of
the concept. I learned about the extension to processes taking values in
compact metric spaces from Meyer (1966, Chapter IV.2). My account in
Section 9.6 also borrows from Neveu (1965, Section III.4), Gihman and
Skorohod (1974, Section II1.2) and Billingsley (1986, §38).

Billingsley (1968, Chap 1) and Dudley (2003, Chap 11)) both provided
very clear expositions of traditional “~+” weak convergence theory, of the
type described in Section 9.1. It helps to have some familiarity with that
approach before engaging with the “~~” theory described in Section 9.7,
for which Andersen (1985), Andersen and Dobrié¢ (1987, 1988), Dudley
(2014, Chap 3), and van der Vaart and Wellner (1996, Parts 1 & 2) are
good sources. My Problem [4] combines ideas from those five sources.

The approach in Theorem <26> to convergence in distribution in func-
tion spaces is almost part of the probability folklore: the conditions for
convergence in distribution are just the conditions for existence (of ver-
sions with sample paths in that function space) somehow made uniform
over the sequence of processes. I learned to appreciate this point of view
from discussions with Peter Génssler and Winfried Stute.
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Chapter 10
Chaining

SECTION 10.1 introduces the idea of a mazimal inequality.

SECTION 10.2 introduces chaining by means of a classical example.

SECTION 10.3 describes a chaining strategy for approrimation by means
of a sequence of finite sets linked together into a tree, which serves to
decompose a process into a sum of increments.

SECTION 10./ defines covering and packing numbers, which are often used
in the construction of chaining approximations.

SECTION 10.5 summarizes some facts about ORLICZ norms that are partic-
ularly useful for chaining arguments.

SECTION 10.6 gives four examples of chaining with packing numbers, each
based on control of increments by an ORLICZ norm.

SECTION 10.7 shows how chaining can be used to prove uniform continuity
of sample paths.

*SECTION 10.8 presents an example to point out some some subtle dif-

ferences between the approach described in Section 10.2 and the way
chaining was employed in the earlier literature.

10.1 Maximal inequalities

<1>

Solutions for many probabilistic and statistical problems involve construc-
tion of good upper bounds for quantities involving a stochastic process

X = {X; : t € T}, quantities such as sup,cy |X¢| or—if T is equipped with
a metric d—the oscillation

0sc(d, X, T) :=sup{|Xs — X¢| : s,t € T, d(s,t) < 6}.

For example, we might seek bounds on ||sup;cp | X¢| || or ||osc(d, X, T) ||
for some norm || - ||, or bounds on their tail probability analogs

P{sup,cr | X¢| > n} or P{osc(d, X, T) > n}.

Such results are often referred to as maximal inequalities because they
involve maxima (or suprema) over potentially very large sets of random
variables.

Maximal inequalities play an important role in the theory of stochas-
tic processes, empirical process theory, and statistical asymptotic theory.
Bounds for the oscillation are essential for the construction of processes
with continuous sample paths (§10.7) and for the study of convergence in
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distribution of sequences of stochastic processes (§9.7). In particular, os-
cillation control is the key ingredient in the proofs of DONSKER theorems
for empirical processes. For the asymptotic theory of estimators defined
by optimization over random functions, oscillation bounds (or something
similar) have played a major role under various names, such as “stochastic
asymptotic equicontinuity” or “uniform tightness”.

In this Chapter you will learn about a powerful method for deriving
such probabilistic inequalities. The method assumes that the index set T’
comes equipped with a metric d that gives some control over the incre-
ments of a process. For example, we might have

X, — Xl < Kod(s, 1)
for some norm || - || and some constant Ky, or we might have a tail bound
P{|Xs — Xi| > Kqd(s,t)r} < B(r) for all s,t € T, and r > 0.

for some decreasing function § with lim, o, S(r) = 0 and some other
constant K.

To simplify the exposition, in this Chapter I'll always take the norm
in <2> to be || - || for some ORLICZ function ¥, perhaps with 8 derived
from W. To avoid having to fuss about some special cases I'll also assume
that W is strictly increasing on R*, with no flat spot. That is, ¥(z) = 0
only at z = 0. For your convenience some relevant properties from Chap-
ter 5 are summarized in Section 10.5.

If the index set 1" were uncountably infinite we could run into mea-
surability difficulties of the type described in Chapter 9. In such cases
we could resort to one of the remedies described in that Chapter, which
would reduce the problem to one involving only countably infinite sets.
Accordingly, we will lose little generality by assuming that T itself is at
worst countably infinite. Even better, we can focus on quantities involv-
ing only finite subsets of T" with the hope that the resulting bounds do not
blow up as the size of that set increases.

Remark. It is not essential that d(s,t) = 0 should imply s = ¢. That
is, d might be a semi-metric, in which case, it suffices to have X; = X;
almost surely if d(s,t) = 0. Inequalities <2> or <3> would ensure
that this property holds. Similarly, ||-|| could be a semi-norm provided
[W] = 0if and only if W = 0 almost surely, as happens with the
usual £P and ORLICZ “norms”. I leave it to the fastidious reader to
modify the arguments to accommodate semi-metrics and semi-norms.

What is chaining?

The workhorse of one modern approach to approximating stochastic pro-
cesses is called chaining, which seems to have an undeserved reputation
as a mysterious and complicated idea. In this Chapter I hope to dispel
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some of the mysteries by departing from the historical order in which
chaining ideas first emerged, proceeding instead from simpler to more sub-
tle constructions.

Remark. A wise probabilist once told me that he couldn’t understand
all the mystery surrounding chaining, for ‘it is really not much more
than the triangle inequality’. It is indeed (mostly) just the triangle
inequality, applied many times. The cleverness comes from the choices
of when to invoke the inequality and how to collect terms into man-
ageable chunks.

The following Example introduces, in a quite classical setting, the key
to the chaining idea’s success.

Example. Consider the problem of bounding P sup, | B;| for a BROWNIAN
motion process {B; : 0 < t < 1}. Very sharp inequalities can be derived
using special properties of the process, such as linearity of the index set
and independence of the increments across disjoint intervals. Less precise
bounds, to show that the expected supremum is finite, can be derived us-
ing only the fact that B, — Bs has a SUBGAUSSIAN distribution with scale
parameter equal to \/ |t — s].

The main tool is a simple maximal inequality: if X1,..., Xy are ran-
dom variables with X; € suBG(7?) for each i then

Pmax; X; < 74/ 2log N where 7 := max; 7;.
To derive this bound, argue for A > 0 that

exp (AP max; X;) < Pexp (A max; X;) by the JENSEN inequality

AX;

= Pmax; e monotonicity of exp(-)

AX; 22729 X222
< ZZ Pe < ZZ e < Ne .

Take logs, divide by A, then choose A = 77!,/ 2log N to minimize.

Remark. Of course we should not expect anything close to a sharp
bound if the inequality 7; < 7 were too crude. For example, if 7, = 1
for i < N and 7y = 103 inequality <5> might not be of much use.

It is natural to approximate the supremum by a maximum taken over
a large, finite subset such as

T;:={j6; : 7=0,1,...,2°}  where §; := 27",

Then we can let ¢ tend to infinity, hoping that the limit will be finite.

To emphasize the fact that the inequality will only depend on informa-
tion about the increments of the process I'll write By — By instead of B,
using the fact that By = 0. Then <5> with 72 = 1 gives

Pmaxcr; (B — Bo) < 4/ 2log(1 +27),
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which blows up as i — co. You might protest that 72 = 1 is a gross overes-
timate when j§; is close to zero. However, half of the members of T; need
a 72 of at least 1/2, which suffices for failure.

For the next part of the discussion it will be cleaner to work with two-
sided bounds. This changes the problem very little. If one of the X;’s
in <5> is identically zero, as will always be the case in what follows, then

P max; | X;| < P (max; X; + max;(—X;)) < 274/ 2log N .

Remark. Another way to derive a two-sided bound like <6> is: for
the ORLICZ function ¥(z) = exp(z?) — 1 we have ||X;||, < Cor for
some constant Cy. A simple convexity argument then gives

Pmax; |X;| < Cor¥(N) = Cor+/log(1 + N).

See Section 10.5 for details.

It does indeed waste a lot to apply the SUBGAUSSIAN bound directly
to every B; — By increment. It would be better to relate each Bjs; to a
value By, | (js;)» where £;_1 rounds down to the nearest multiple of ;.
The function ¢;_1 maps 7T} into the set T;_1 := {jd;_1 : 0 < j < 271} with
|t — £;i—1(t)| < d;. The triangle inequality,

|Bt—Bo| < |Bt—B,_, (t)|+|Be,_, (ty—Bol < Igé%idBt—Bz(t)Hsfenj%i | Bs— Bo,

then leads us to the bound

P max¢eT; ’Bt — Bo‘ < PmaxteTi ‘Bt - B&,l(t)‘ + PmaxseTFl ‘BS — Bo’

< Cov/0i 4/ 2log(1 +2) + Pmaxser, , |Bs — Bol.

By matching each ¢ in T; with an s in T;_; with |¢ — s| significantly smaller
than |t — 0| we have have solved one explosive problem (for 7;) at the cost
of creating an analogous problem with a slightly smaller index set T;_;.

So how do we handle the T;_1 problem? Of course the answer is: use
the same idea to approximate T;_1 by an smaller T;_5. And so on. Even-
tually we get a bound

Pmax¢cr, | By — Bo| < Co Z;:l V277 4/ 2log(1 + 27),

which does not blow up as ¢ — oc.
An appeal to monotone convergence then bounds Psup,c_ |B; — Bo|
for a countable, dense subset T, of [0, 1]. Continuity of sample paths, or

O even just DOOB-separabilty, then takes care of the whole interval [0, 1].
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In the previous Example it was natural to use the points of equally
spaced grids as the approximating sets because of the stationarity prop-
erty of BROWNIAN motion: the distribution of By4; — B; is the same for
all t in [0,1 — h]. In the early history of chaining, where the index set was
usually a bounded interval of the real line and the process was controlled
by an assumption such as P|Xs—X;[P < C|s—t|'™" (see Chentsov, 1956, for
example), the approximating sets usually consisted of equi-spaced points.
Not surprisingly, uniform approximating grids later showed up when index
sets expanded to things like [0, 1]¢.

However, once we try to generalize to processes indexed by a more
complicated metric space (T, d), the choice of the T;’s becomes less straight-
forward. One obvious analog of a uniform grid is a 7; for which every
point of T lies within a specified distance d; of a some member of T;. Sec-
tion 10.4 will describe that approach. In the probability literature such a
choice was long considered the “natural” way to proceed until Xavier Fer-
nique pointed out some difficulties arising in the study of sample paths of
general gaussian processes. (See Chapter 11.)

It currently seems that selection of the approximating 7;’s can be the
major challenge for some of the more delicate problems involving control
of the sample paths of a general stochastic process.

10.3 Chaining frameworks

Keeping the message from Example <4> in mind, let us now return to
the problem of obtaining maximal inequalities for a process {X; : t € T'}
indexed by a general metric space (T, d) with probabilistic control over the
increments of the process, as in <2> or <3>.

As a typical example, suppose we wish to bound P{sup,cr |X¢| > n},
for a countably infinite or finite 7. We might try the union bound,

P{super |Xi >} <3 P{X| > ),

Unfortunately, the sum might be larger than 1, especially if T" is big. In-
stead we could creep up on 7" through a sequence of finite subsets, Ty, 71, . . .
(chosen in some as yet unspecified manner) such that, for each s in T,

<7> d(s,T),) := min{d(s,t) : t € T,,} - 0 as m — oo.

It simplifies some notation if we insist that Tp = {{o}, a singleton set.

The chaining method works by breaking the process on T}, into a con-
tribution from £y plus a sum of increments across each T; to T;_1 pair.
To achieve such a decomposition we need a map ¢;_1 : T; — T;_; for
each i, thereby arranging the 7T;’s into a tree. That tree then defines maps
L;: T, — T; for ¢ < m by following paths towards ty: for each ¢ in T,

L;t := the point of T; on the tree path from ¢ to .
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More formally, for t € T, and ¢ < m the map L; is given by L;t := ¥¢; o
biy1 0+ 0lm_1(t).

Remark. To cut down on parenthetic clutter I'll abbreviate £;(t) to £;t
and L;(t) to L;t whenever there is no ambiguity. Parentheses seem
advisable for things like ¢;_1(jd;).

t=Lt The edges of the tree correspond to the increments of the
process,

=Lty . X, — Xy, = ZZIX(LJ) — X(Li_1t)  ifte Ty,
t,= L tw
P s with a corresponding bound derived from the triangle
T inequality,
t=t

m .
<8> X — Xy | < Zi:l | X(Lit) — X(Li_1t)|  ift € Tp,.

Remark. Here the | - | stands for the absolute value of a real-valued
random variable. The same argument works if X takes values in some
more exotic normed vector spaces (such as R"V) with | - | denoting the
corresponding norm.

For future reference, I’ll give a name to the approximation scheme just
described.

<9> Definition. A chaining framework {(T;,¢;) : i = 0,1,...} for a sub-
set S of a metric space (T,d) consists of:

e a collection Ty, Th, ... of finite subsets of T with Ty = {to}, a single-
ton set

e maps £;_1:1T; — T;_1 for each 1
such that
(i) If the sequence {T;} is infinite then, for each fized s in S,

d(s,Ty,) = min{d(s,t): t € Tp,} =0 as m — 0o.

(i) The {{;} define a directed tree rooted at to, with directed edges (s,€;—15)
for s € T;. The paths along the tree toward the root define maps L; :
O U{T} : j > i} = T; such that {;_1 0 Ly = L;_ for each i.

The framework is said to be nested if T;_1 C T; for each ¢. In that
case it makes sense to require £;_1t =t when t € T;_1.
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Remark. It turns out that for some purposes (such as the construc-
tion in §11.6) it is useful to allow frameworks {(7;,¢;) : ¢ = 0,...,m}
for a fixed finite m. Obviously the assumption that d(s,T,,) — 0
should be ignored in such a case.

Clearly we must lose something by using inequality <8>. (See Prob-
lem [2] for an example.) Against that cost we receive a payoff from the
simple fact that many different ¢’s in 7, can share the same increment:

X(th) - X(Li_lt) = X(S) — X(fi_ls) if Lit = S.

We need to control that increment only once, not separately for each path.
Inequalities <2> and <3> are tailor-made for that purpose. This shar-
ing of increments is the main reason for the effectiveness of chaining argu-
ments.

Sometimes—particularly when the ultimate aim is control of the oscil-
lation of a process—it pays to stop following the links of the chain (= the
edges in the tree) before they reach the Tj level. For 0 < k& < m we then
have

X)) - X (L) <Y

ikt 1 | X (Lit) — X (L;—1t)| for t € T;,,

with a corresponding inequality that provides a uniform approximation for
{X::t e T,} via the simpler process {X; : t € Ty }:

m
My = max X (t) — X (Lyt)| < max Zk;l | X (Lit) — X (Li_1t)).
1=

A variety of maximal inequalities have <11> as their starting point.
The early literature typically bounded the sum in <11> by taking the
max inside the sum,

m
Mign < maxeer, [X(s) = X (6i1s)],

and choosing the T;’s so that maxser, d(s, fi—15) < 0;, usually with the
0;’s decreasing geometrically as i increased. It was then mostly a matter of
controlling the maximum over each T;. For example, if for each s in T; we
have X (s) — X (¢;—1s) € SUBG(K ;) then, as you saw for Example <4>,

PMem <Y VK& \/2log(1+ L))

Section 10.6 will explain in more detail how this idea, and similar ap-
proaches, can lead to useful maximal inequalities.

More recent work by Michel Talagrand (see Chapters 11 and 12) has
shown that in some cases we get much better maximal inequalities if we
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do not require a uniform bound on the d(s, ¢;_1s) distances. Such a relax-
ation suggests a preliminary standardization: for s in Tj,

| X(s) = X(£i15)|
Ai(s) := {

if pi(s) == || X(s) = X(lim1s)|ly #0

otherwise

pi(s)
With M; := maxser, Ai(s), inequality <11> then gives
m
M < maxer,, Zi:kH [ X (Lit) = X (Li-1?)|ly Ai(Lit)

m
< maxieT,, Zi:k+1 K[)d(Lit, Liflt)MZ' if <2> holds.

Covering and packing numbers

For a metric space (7, d), a subset S of T is called totally bounded if: for
each § > 0 there exists a finite set of closed balls of radius § whose union
contains S. Equivalently, there exists a finite subset Ty of T for which

d(s,Ts) := minger; d(s,t) <6 for each s in S.

Remark. A metric space is compact if and only if it is both complete
and totally bounded (Dudley, 2003, Section 2.3). Thus R is not totally
bounded under the usual £? metric.

The set Ty is sometimes called a d-net for S. At the cost of some
extra factors of 2 we could assume that Ts C S. Indeed, if t € T5/5
then we may assume that there exists a point o(t) in .S for which
d(o(t),t) < §/2; if not, then that ¢ could be discarded from Ts. Re-
place T/ by Ss := {o(t) : t € Ts5/2}. Then for each s € S we have
d(s,o(t)) < d(s,t) + d(t,o(t), which is < 4 for some t.

It is easy to construct a chaining framework for a totally bounded S from
such Tj’s. Starting with some sequence {J;} that decreases towards zero,
choose finite subsets T; of S for which d(s,T;) < §; for each s in S. Then
choose t' := £;_1(t) € T;_1 for t € T; to satisfy d(t,t") = d(t,T;—1).

One should not regard this description as a “construction”. It is not
constructive in the sense of defining an algorithm for selecting the points
that make up T;. Indeed, most of the “constructions” in this Chapter
(and the next two) could be criticised on the same grounds. Perhaps they
should be called existence theorems.

For a chaining framework to be useful as a means for deriving maximal
inequalities we need to have some upper bound on each |T;|, the cardinal-
ity of the approximating set T;. That requirement leads us to the concept
of a covering number.

Definition. For a totally bounded subset S of a metric space (T,d) de-
fine COVERT (6, S,d) to be the smallest N for which there exists a set Ty of
carinality N such that <15> holds.
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Remark. The set of closed balls {t' € T : d(t',t) < §} for t € Ty is
sometimes called a §-covering of S. The log of the covering number
is sometimes called the metric entropy. See Dudley (1973, page 70)
for the origin of that name.

The subscript 1" on COVER serves as a reminder that the approximat-
ing set T5 need not be a subset of S. The closely related concept of pack-
tng numbers captures the same approximation idea without the need for
a subscript to denote where the centers of the balls must lie.

<17> Definition. For a totally bounded subset S of a metric space (T,d) de-
fine PACK(4, S, d) to be the largest N for which there exists a §-separated
O subset {t1,...,tn} of S, that is, if d(t;,t;) > 6 fori # j.

The packing number of S depends on (7', d) only through the metric
obtained by restricting d to the set S x S. Actually we could dispense
with T altogether and just think of (S, d) a metric space in its own right.

<18> Lemma. Suppose S is a totally bounded subset of a metric space (T,d).
Then for each § > 0,

COVERg(6, S,d) < PACK(J, S,d) < COVERr(0/2,S,d).

Proof. Suppose PACK(4, S,d) = N with F = {t1,...,ty} a d-separated
subset of S. If t € S\ F then the larger set F' U {¢t} cannot be d-separated,
which implies min; d(¢,¢;) < 6.
For the second inequality, observe that no closed ball of radius /2 can
contain two points more than 0 apart. In particular, each of the points t;
O must lie in a different ball for a §/2 covering of S.

Henceforth I'll call a (finite) subset F of S a d-packing if it is d-separated
and maximal, in the sense that it is a not a proper subset of any other 6-
separated set. As in the proof of Lemma<18>, for such an F' the max-
imality implies sup,cgd(s, F') < 4. Also I'll write PACK(e, S), instead
of PACK(e, S, d), when there is no ambiguity regarding the metric d.

It is largely a matter of taste (or convenience) whether one works with
covering or packing numbers, provided an occasional extra factor of 2
causes no significant concerns. However, packing does have some slight
advantages (Dudley, 2014, §1.2) over covering,.

<19> Example. Let |-|| denote some norm on R”, such as an ¢’ norm, |z|, =

1/p
<Zi§n ]a;i]p> for p > 1. Let d denote the metric corresponding to ||-||.

As usual, write B[t,r] := {z € R" : ||z — t|| < r}, the closed ball centered
at t with radius r. Note that diamB][t,r] < 2r.

The covering/packing numbers for such norms share a common geo-
metric bound, a property derived from the fact that

m, Blt,r] :={x e R": ||z —t|| <r} =1"A, where A,, := m,B[0, 1],
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where m,, denotes LEBESGUE measure on B(R™).

Let {x1,...,zn} be any er-packing set of points in B[0,r]. The closed
balls Blz;, er/2], of radius er/2 centered at the x;, are disjoint and their
union lies within B, /2. Thus

< (r4+er/2)"Ay (2—|—6

(er/2)"A,, > <4/ if0<e<2

€

Similarly, N > (1/€)" because Uj<nBlz;,r€e] D B0, r]|. To summarize:
(1/e)™ < pACK(er, B[0,7],d) < (4/¢)" for 0 <e<2.

for every norm on R".

The next Lemma shows another advantage of packing over covering: it
easily generates nested chaining frameworks.

Lemma. Suppose (S,d) is a totally bounded metric space with diame-

ter D. Let 6o = D > 61 > 02... be a sequence of positive numbers that
decreases to zero. Then there erist a nested chaining framework for S with
T; a d;-packing of S for each i.

Proof. We have PACK(D,T) = 1 for the trivial reason that no pair of
points in 7" is greater than D apart. Define Ty = {t¢} for an arbitrarily
chosen point tg in 7. Build Ty up to a di-separated set: start with 77 = Ty
then loop,

while R:={t €T :d(t,T1) > 61} # 0
Ty < Ty U{t} for some t in R # a new 01-separated set

This procedure must exit with R = () after a finite number of steps be-
cause PACK(01,T) is finite. Similarly, T} can be built up to a ds-packing
set. And so on.

Take ¢;_1 as any map from T; into T;_1 for which d(¢,¢;_1t) = d(t,T;—1)
for each t in T;.

For future reference, I’ll refer to the chaining framework described by
Lemma <20> as a {0; : © € No}-packing framework, or {d;}-packing
framework, for short.

A reminder about ORLICZ norms

The following facts from §5.4 provide one way to handle the M; term from
inequality <14>.

If an ORLICZ function ¥ has no flat spot then g := log(1 + V) is con-
tinuous and strictly increasing with g(0) = 0, and ¥ = e9 — 1. The inverse
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functions ¥~! and ¢!

ing.
Assumption <2> with ||-|| = |||, becomes

are well defined, continuous, and strictly increas-

| Xs — X¢l|g :=inf{c > 0: P¥ (|X; — X|/c) <1} < Kod(s, ).

If d(s,t) > 0, the standardized increment Y;; := | Xy — X;|/Kod(s,t) has
| Ystlly <1, s0 that PU (Y ;) <1 and

2>1+PU(Ys) =Pexp(g(Ysy))-
It then follows that
P{| X, — Xi| > Kod(s,t)r} < Pexp (g(Yss) — g(r)) < 2¢790).

That is, the 5(r) in <3> can be taken to equal 2e=9().

For the special case where X is a centered gaussian process it is nat-
ural to define the metric by d(s,t) = || Xs — X¢||, and use the ORLICZ
function corresponding to g(x) = 2. For those choices (see §5.6) the con-
stant Ko equals the awkward 1/8/3. Even with the choice g(z) = x%/2,
which would produce the tail bound 2 exp(—r2/2), the constant Ky would
be v/2, only slightly less awkward. I’ll mostly ignore such nuisances, per-
haps with the suggestion that we could just work with X /K.

For many calculations it helps to have a graceful way to bound prod-
ucts of the form W¥(x)¥(y). Suitable bounds come easily if ¥ € Y.,
meaning that there exist constant Ky and z7 such that 2¢g(x) < g(Kox)
for x > x1. For such a ¥ there exists a constant C'y for which:

U(z)¥(y) <V (Cymax(z,y)) for all z,y in RT,
U~ (ab) < Cy max (U !(a), T™1(D)) for all a,b in RT.

For 1 < a < oo, each of the ORLICZ functions ¥, := e9% — 1, with
ga(z) = 2%, belongs to Y.,,. Moreover, g, is convex and gq(z) + ga(y) <
go(z +y) for all z,y € R, so that <22> actually holds with C,, = 2.

The bounds from §5.4 for handling maxima of finitely many variables
will also be particularly useful in the present Chapter. Here is a slight re-
statement of the main result:

Theorem. Let Wy, ..., Wy be random variables, not necessarily in-
dependent, but all defined on the same probability space. Define M :=
max;<n |Wj|. Suppose max;<n [|Willy < 1 for some ORLICZ function V.
Then:

(i) PM < U~Y(N).

(ii) PgM < U~Y(N/PB) where Pg denotes conditional expectation given
an event B with PB > 0.

(iii) If U € Yoy then ||M|lg < 2CVUL(N) for some constant C.
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Chaining with packing numbers

This Section presents several ways to obtain probabilistic bounds involving
supyer | X¢|, where {X; : t € T'} for (T, d) a totally bounded metric space.
Without loss of generality assume T is at worst countably infinite.

Remark. Either of inequalities <2> and <3> would ensure that any
countable dense subset of T' could be used as approximating set for
a DOOB-separable version, in which case sup,cg |X¢| = sup,er | Xy
almost surely for each countable dense S.

From now on I'll omit the annoying constant Ky from <2> and just
assume

| Xs — Xil|y < d(s,t) for all s,t €T .

If you find this simplification troubling, you could work with X /K.

The inequalities in the rest of the Section usually involve various con-
stants, all denoted by C' (or something similar), which depend only on ¥
(and the abolished Kj). Here I am following the lead of Talagrand (2021,
page 24), to avoid having to keep track of how a host of different con-
stants are interrelated. I leave for you the instructive, if somewhat tedious,
exercise of filling in the details.

Consider any {0; }-packing framework, constructed using the method
described in Lemma <20> with §; = D/2¢, for D := diam(T). That is,
we have an increasing sequence of finite subsets Ty = {tg} € Th C ...
with N; := |T;| < PACK(9;,T) for each i. The ¢;_1 maps each ¢ in T; to its
closest point in 7;_1. In particular, d(s,¢;—1s) < d;—1 for each s in T;. The
set To = Ujen,T; is countable and dense in T'.

In each case the starting point is an inequality derived from <14>
(with Ko equal to 1): for 0 < k < m,

Mk,m = MaX¢eT,, ‘X(t) - X(th)’ S Zzik—i—l 5i—1Mi7
with M; a maximum of < N; random variables, each with W-norm < 1.

As m increases to oo the set T}, expands up to T, which implies
that My, ,, increases to My oo := supyer_ |X(t) — X (Lyt)|. Probabilistic
bounds for My, o can be obtained by taking limits from bounds for My, ,.

The following four subsections present four types of chaining argu-
ment, to illustrate the different ways that packing numbers lead to differ-
ent sorts of probability bound. For the first subsection ¥ can be any OR-
Licz function; for the other three ¥ is assumed to belong to Y.,,, making
it easier to simplify a few products. The fourth subsection devotes some
attention to the question of how the sequences involved in bounding tail
probabilities should be chosen. The other three subsections use the maxi-
mal inequalities from Theorem <24>.
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Expected values

Take expected values of both sides of <26>, invoking <24>(i) for PM; to
get

m _ [e.e] _
PMk’m < Zi:kJrl 0; 1V I(NZ) < Zi:kJrl 0; 1 1(PACK((5¢,T)).
Invoke Monotone Convergence as m increases to deduce that
o8} J—
PMj, o0 := Psupyer, | X (1) — X (Lgt)| < Zz‘:k-}—l i1 U1 (PACK (05, T)).

It is traditional to exploit the geometric rate of decrease of the d;’s to
bound such a sum using an integral if the decreasing function h(z) =
¢l (PACK(:L’ T)) is integrable on the interval (0,diam(7)]. For J(z) :=
Jo h(r)dr and &; := D /2" then, as in §2.7,

PMj oo < Z 4(8; — 6i11)h Z r)dr = 4T (0p41).

h(x) i=k+1 i=k+1 0t

area = 5;.1h(8;)/4 In practice, the step function PACK(-,T) is usually not

/ }lyx known exactly but can be bounded from above by a

3.

<28>

1 O 8, X smooth function, as in the picture.

Orlicz norms

Suppose ¥ € Y,,,. This time take W-norms of both sides of <26>, invok-
ing <24>(iii) for || M;||y to get

[Mi,mlly < COZ e 151'71‘1/_1(N7;)-

Then take a limit, as in Section 10.6, to deduce that
041
[ M collg < Cl/ Ut (PACK(x, T)) dx
0

for a constant C; (depending only on ¥ and Kj).

Remark. For processes with subgaussian increments the inequal-
ity [[W]l, < Cp [Wly,, for p > 1, leads to upper bounds for [ My, |,
similar to those derived by Pollard (1989, Section 3). Those bounds
became the main technical tool for the cube-root asymptotic theory
developed by Kim and Pollard (1990).
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Conditional expected values

The bound based on <24>(ii) is the most surprising. It uses a delightful
trick (apparently due to Fernique, 1983) that I learned from Ledoux and
Talagrand (1991, Section 11.1). For a fixed event B with PB > 0, the
argument parallels the one for expected values until we get to

S —_ .
PsMp. o0 < Zi:k-}—l 619 ~H(N;/PB)  with N; < PACK(6;, T).
To disentangle the N; from the PB use <23> to split the U~1(N;/PB):

o0
PeMjo0 < Co Zi:kﬂ

< 40T (6py1) + 406,19 H(1/PB),

61U (V) 4+ Co®~H(1/PB) ZZ ey i1

with J(r) = [§ ! (PACK)z,T) dz, as in Section 10.6.
Now comes the very clever part. Choose

B= {Mk@o > 4CJ(0g41) + 4Ck 417} with r > 0,

so that PpMy, oo > 4CJ(6j41) + 4C6k417. After some cancellations it then
follows that r < ~!(1/PB), which rearranges to

P{Mk 00 > 4CJ(0k41) + 4Cop17r} < 1/ (1) for r > 0.

Remark. For the subgaussian case we have 1/Wy(r) < 2exp(—72/2)
if r > vlog2 =~ 0.83. Thus <29> is a subgaussian tail bound for
deviations above 4CJ(dx1), which is an upper bound for PM, .

Tail probabilities

Finally we come to the case involving some nonobvious choices. Inequal-
ity <26> again provides the starting point. Suppose {7;} is a sequence of
strictly positive numbers. Define G; := {M; < n;}. On the set N2, ., G; we
have

m
|X(t) — X(th)‘ < Zi:k—H 52‘_1771' for t € Tpy;

and a union bound based on inequality <21> gives PG{ < 2N;e90ni),
Thus

" s " " o—9(mi)
P{OMp > diam} <D - PGE<2)  Niemd0),

So much for the easy bit.

Now we have to figure out a good choice for the n;’s. If I hadn’t fixed
§; := diam(7) /2! then we would be facing something like an optimization
over a pair of sequences.
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Consider first the special case where ¥y (z) :=€* — 1 and g(z) = z. In-
equality <30> is not of much use unless ) -, exp (log N; — 7;) is small.
That suggests that n; should be big enough to kill off the log IV;, leaving
a remainder «; for which » ;- ; e77 is small. If we replaced log(N;) by
the slightly larger log(1 + N;) = W '(NV;) then we would have a term
Z?;,Hl 6i_1\I/1_1(NZ-), an upper bound for PMy, ,,, and a contribution to
the sum inside the left side of <30>. It seems that we might be headed for
a bound like inequality <29> for deviations beyond the expected value.
That suggests we choose 7; = \Ilfl(Ni) + v + r, with ~; large enough
to make both ) ;™ and )5, ., d;—17; not too large. For example, the
choice v; = log(1/d;) would result in sums not much larger than their first
terms. The r would contribute a 2037 to the left side and 2e™" to the right
side of the tail bound. For universal constants ¢; and ¢y we would have

P{Mk’m > sz+1 (5,'_11111_1(]\71‘) + 10 log(l/ék) -+ 2(5}.&"} < Cgeir,

which looks a lot like <29>. In fact, if PACK(J,T") were increasing at least
like 1/6, which usually happens in nontrivial cases, the contribution of {~;}
to 3, 6i—1m; could be absorbed into the W1 *(NN;) contribution.

The lessons I draw from the special case are: the main role of 7; is to
kill off the INV; from the union bound with a little bit extra tacked on to
ensures a nicely convergent bounding sum. Here is one way to apply these
lessons for a more general W := e9 — 1: choose n; so that

g(mi) = log(1 + N;/b;) + g(r).
Take ¢! of both sides, invoking inequality <22>:

n; < C’;l (log(1 + N;/6;)) + Cyr = C'g\Ilfl(Ni/éi) + Cyr
and

PO im > Cy Y i1 (Ni/61) + 20,007}

m N; —g(r —g(r
S2) TN S e
Again we have a bound that involves deviations beyond a multiple of PMy ,,
with a tail that decreases like the tail for a single random variable with W-
norm at most 1. (And if g(x) = 2® with o > 1 we would have C; = 1
and o = 0.)

As in subsection 10.6, the sum of a series can be replaced by an inte-
gral. Also, if PACK(x,t) is bounded from below by a positive constant (as
is usually the case) one of the N;/d;’s can be replaced by N; at the cost
of a larger constant. In short, inequality <31> can be replaced by the in-
equality

P{Mim > CJi(r)} < 20,90 forr >0

Ok
where Ji(r) := / U~ (paCK (2, T) dx + o7
0
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for some constant C' that depends only on ¥ and &, = diam(7")/2".

You might ask why I went to so much trouble with the tail probabili-
ties just to get an inequality comparable with the one obtained using con-
ditional expectations. The reason is that the first three chaining methods
depend on the existence of a deterministic upper bound, §;_1, for the link
lengths maxgeg, d(s, £;—15); it was essential that P, P, and ||-||y, could be
moved inside the sum in inequality <26> to act directly on the M;. Chain-
ing with tail probabilities would also work without the uniform bound on
the link lengths, which will be essential for Talagrand’s approach to chain-
ing.

Oscillation and continuity of sample paths

As in Section 10.1, suppose X = {X; : t € T} is a stochastic process
whose index set is a totally bounded metric space (T, d). Remember that
a sample path X, is d-uniformly continuous if

0sc(6, Xy, T) = sup{| X (w, s) — X (w,t)| : s,t € T and d(s,t) < §}
—0 as d — 0.

If the process is DOOB-separable (or it is replaced by a DOOB-separable
version) then we can replace T' by any countable, dense subset T, of T

To control the oscillation it is enough to show that to each € > 0 there
exists a 0 > 0 such that Posc(d, X, Tw) < e Indeed, it is then just a
matter of finding the {§;} correponding to €; := 277 then deducing from
> Posc(d), X, To) < oo that 3, 08C(d), Xuw, Tio) < 0o for almost all w.
If you wanted a version with all (not just almost all) sample paths uni-
formly continuous then you could redefine X,, to be the zero function on a
suitable negligible set.

If {F};} is a sequence of finite subsets of T" that increase to the count-
able, dense T, then 0sc(d, X, F}j) increases to 0SC(0, X, To) as j — oo.
Thus it suffices to show that for each € > 0 there exists a § > 0 such that

Posc(6, X, F) < e for every finite subset F' of T'.

That is, everything comes down to proving an inequality that holds uni-
formly over all finite subsets of T'.

Remark. Almost all of the stochastic process maximal inequalities
that T know about seem to have this form: some sort of limit of in-
equalities involving finitely many random variables, {X; : t € F}
where the size of the index set F' does not enter the bounds.

Instead of hard-coding in assumptions about packing numbers and
chaining frameworks let us start from a more primitive requirement, which
captures the idea that the behavior of the process is controlled by an ap-
proximation property for finite subsets of T'.
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<33> Theorem. Let {X; : t € T} be a stochastic process indezxed by a metric
space (T,d) for which:

(i) | Xs — X¢llg < Kod(s,t) for all s,t in T, for some ORLICZ norm.

(ii) For each ¢ > 0 there ezists a finite N (€) such that: to each finite
subset F' of T there corresponds an Fo C T with |Fy| < N(e) and a
map v : F' — Fy such that

PMpr <e where Mp := maxser | X (s) — X (ys)].

Then there is a version of the process with d-uniformly continuous sample
paths.

Remark. Problem [3] shows how a typical chaining argument leads
to approximation property (ii). The PMp could be replaced by a tail
probability, P{Mr > n}, at the cost of some juggling of constants.

Proof. As before, assume Ko = 1. Fix an € > 0 and a finite F'. Choose Fj
as in (ii).

The following up-down-across-up-down idea comes from Ledoux and
Talagrand (1991, Theorem 11.6). For each u in Fy define 1] := v~ !(u) =
{s € F:vs = u}. The sets {[u] : u € Fp} partition F into at most N :=
N (€) equivalence classes. For each distinct pair w,v in Fy choose points
tuw € [u] and ¢, € [v]such that

/\ /\ [v]) := min(d(s,t) : s € [u],t € ]} = d(tup, tou)-

S

Define My 1= maxyy | X (tuw) — X (tou)]/d(tuw, tv,u), @ maximum of
at most n, := (g] ) increments standardized to have Y-norm at most 1.

By <24>(i), we have PMg < U~ (n,).

Consider a pair s,t € T}, with d(s,t) < d. If s, belong to the same
then | Xy — Xy| < | X5 — Xy| + | Xu — Xi| < 2Mp. If s € [u] and ¢ € [v] for
distinct 4 and v then

|X(8) - X(t)| < ‘X(S) - X(tu,v)| + |X(tu,v) - X(tv,u)’ + ’X(tv,u) - X(t)’
< 2Mp + d(tuw, tou)Mg + 2Mp.

Note that d(tyu,tyw) = d([u],[v]) < 0 if s € [u] and t € [v] and d(s,t) < §.
Take a maximum over all pairs {s,t} with d(s,t) < ¢ to deduce that

<34> Posc(d, X, F) < 4PMp + 6PM_ < 4e + 00~ ' (n),

O which is < 5e if § is chosen small enough.
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Remark. If analogous inequalities hold for a whole sequence of pro-
cesses { X, (t,w) : t € T} with the same § and e for each n (or,
sometimes, just for all n large enough) then we have an example of
stochastic equicontinuity.In its tail probability version, this condi-
tion asserts: for each n > 0 and ¢ > 0 there exists a § > 0 such that
lim sup,, P{osc(d, X,,,T) > n} < e. Such a property plays a central
role in the theory of convergence in distribution of random processes.
See §9.7 for details.

*10.8 An example of a classical chaining argument

The chaining arguments used to derive maximal inequalities in well-known
texts, such as Billingsley (1968, Sections 12, 13), usually involved the in-
dex set [0,1]. They focussed on processes with sample paths either in the
space C[0, 1] of continuous real functions or in the space D[0, 1] of right-
continuous functions with left limits at each point of (0, 1], the famous
cadlag functions. It was natural to exploit the ordering of the index set,
as in the notion of a limit from the left or from the right. However, partic-
ularly for the theory of empirical processes, the reliance on ordering prop-
erties leads into a chaining cul-de-sac when one seeks generalizations to
more complicated index sets.

Even more importantly from my point of view, the special features
of [0, 1] allowed for some clever tricks that, to me, made chaining seem
more mysterious than it really was. To illustrate this point I'll reinter-
pret the presentation by Parthasarathy (1967, page 216) of a technique
apparently first introduced by Kolmogorov (see Notes). The subject is a
stochastic process {X; : 0 < ¢ < 1} for which

<35> PIX, — X;|® < d(s,t)'"" for all s,t € [0, 1],

where d(s,t) = |s — t|2 (the usual Eucliden distance) and both o and r
are strictly positive constants. The aim is to show that there is a version
of the process with continuous sample paths.

The moment assumption <35> implies a tail bound,

<36> P{| X, — X;| >n} <d(s,t)"™/n  for n > 0.

Note that neither <35> nor <36> fits neatly into either of my schemes <2>
or <3> for how a metric should control increments. Nevertheless, chaining
arguments very similar to those in Section 10.6 will provide the necessary
maximal inequalities.

The dyadic rationals provide a very natural chaining framework for
[0,1], namely Ty = {0} and T; = {j/2° : j = 0,1,...,2}, with ¢;_; the
map that rounds down to an integer multiple of (1/2)""! when t € S; =

T\T;—1. Thus d(t,¢;—1t) < 6; := (1/2)" for each ¢ in T;. Instead of working
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with the scaled maxima M;, as in Section 10.6, this time use the unscaled
random variables M; := maxges, | X (s) — X (4;—15)|, so that

m
M = maxser,, |X(6) = X(Let)| <) M.
Inequality <36> gives
P{M; = i} < Zsesi P{IXs = Xo,_ s = mi} < 200,77/t = 67 /g

Notice that 2° is effectively the covering number for a §;-approximation.
(My calculation differs a little from Parthsarathy’s at this point: he was
working with a continuous approximation obtained by linear interpolation
between the values {X; : s € T;}. ) The 1 in the 1 + r exponent has been
used to cancel out the size of the set T;, a slightly subtle idea. Even more
subtle is the choice n; = 5? where 0 < 6 < r/a so that an analog of my
inequality <30> gives

m 0 m r—Oa
PAMm > Zi:kJrl GOk < Cziszrl o

The rest of the argument could then follow the method described in Sec-
tion 10.7.

Problems

Suppose Y7,...,Y, are independent random variables. For a fixed y > 0
define M = P{max;<, Y; > y} and S =}, P{Y; > y}. Show that

S>M>1—e%=8+0(S)

The union bound can be quite sharp when dealing with tails of indepen-
dent random variables.

This problem offers some insight into the cost of chaining, using the heuris-
tics from Section 10.6. Suppose {B; : 0 < t < 1} is a standard Brownian
motion process. The increment By — By has a N(0,1) distribution. The
usual subgaussian tail bound gives P{|B; — Bo| > 7} < 2exp(—r?/2) for

r € RT. What sort of bound can we get using

|B(tm) — B(to)| < ZZ |B(t;) — B(t;_1)]  where t; = 277

(i) The natural metric is d(s,t) = ||Bs — Bil|; = +/|s —t|. Show that the

increment B(t;) — B(t;—1) has a N(0,62 ), where &; = /(1/2)i+1.

(ii) Define A; := |B(t;) — B(ti—1)|/di—1. Show that P{A; > n;} < 2exp(—n?/2)

for n; € RT.
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(iii) The heuristic from Section 10.6 suggests we choose 7; so that n?/2 =
r?/2 + ~;, with {;} increasing rapidly enough to make Y,y exp(—7;) <
0o. Show that this choice leads to

P{|B1 N BO| > ZiEN 67;71(7“ + 272 )} < 2 ZiEN 6_%6_7‘2/2.

Experiment with some 7; values. With v; = log(ilog(2 +4)?) I got

ZEN Sii1 ~ 2.4 ZieN Sici/27 ~ 4.2 ZiGN 2™V & 3.7.

(3] As in Section 10.2, suppose {X; : t € T'} is a stochastic process and ¥ =
€9 — 1 is an ORLICZ function for which:

(a) || Xs — Xl < Kod(s,t) for all s,t €T

(b) {(Ti,4;) : © € No} is a chaining framework, not necessarily nested,
on T for which to each € > 0 there exists a finite k(e) such that
PMym < eif m >k > k(e).

Show that there is a finite N(e) for which: to each finite subset F' of T
there exists an Fy C T with |Fy| < N(e) and a map v : F' — Fp such that

Pmaxser | X(s) — X (7s)] <e.

Argue as follows. Consider any fixed, finite F'.

(i) Deduce from Definition <9>(i) that 0., p := max{d(s,T},) : s € F} — 0
as m — oo. Choose 1y, : F' — T, so that d(s,mp,s) = 0y, r. Define
v := Lgomny

(ii) For m > k > k(e/2) show that

Pmax.cr | X(s) — X(vs)| < Pmaxser | X(5) — X (mms)| + PMy m
< Koo p ¥~ (IF]) +€/2,

which is smaller than e if m is large enough.

[4] The following statistical example is based loosely on results from Ibragi-
mov and Has'minskii (1981, Section 1.5). It involves a set of probability
measures {Fy : 0 < § < 1} all defined on the same (X, ), with densities
p(x,0) = dPy/du for some dominating measure p. For simplicity assume
6 — p(x,0) is continuous. Define Py,, = Py, the probability measure on
the product sigma-field on X™ under which the coordinate maps x1, ..., Ty
represent independent observations from Py. As a regularity condition as-
sume existence of positive constants C; for which

<37> Clw — 9/‘2 < h(Pg,Pg/) < CQ‘H — 9/‘2 for all 6, 0 e [0, 1],



§10.10 Notes 243

1/2
where h(0,6") = (,u\\/p(x, 0) — /p(z, 9’)]) denotes the Hellinger dis-
tance between Py and Py. See UGMTP Problem 4.18 for useful properties
of Hellinger distance, such as h?(P", Q") < nh?(P, Q).

A~

The maximum likelihood estimator 8,, is defined to maximize the likeli-
hood function

Ln(0) = Ln(0,21,...,2,) = Hignp(xi, 0).
Show that there exists constants K7 and K9 for which
Pgo,n{\/man—%] >y} < K; eXp(—Kgyz) all y >0, all §y € [0, 1], all n.

Argue as follows. (If issues of uniqueness worry you, feel free to general-
ize.) To simplify notation, for a fixed 6y abbreviate Py, ,, to P, write t,, for
Vn(0, — 0y), and define

§(21t) = \[p(z. 00 + t/v/) /p(=, 00)

(Add some indicator functions if you worry about p(z,6p) = 0.)

(i) Show that %, maximizes the process

Za(t) = /(60 + t/v/m)Lalo) =T, &Girt)

(ii) Show that P|Z,(t1) — Z,(t2)|?> < C2|t1 — t2|? and PZ,(t) < exp(—1/LC??).
(iif) Use the fact that Z,(,) > Z,(0) = 1 to show that

P{[tn] > y} < P{supjysy Zn(t) > 1} < Psupys, Zn(t).

(iv) Split the set {t : |t| > y and 6y + t/y/n € [0,1]} into a union of intervals
like J = [y, yr + 1] where y; = y + k for an integer k. For a suitable 4§, let
S be a d-packing set. Use the chaining bound from Section 10.6 to show
that

PsuptGJ Zn(t) < (1/(5)6_ 1/20%3/% + 02\/g51/2'
Minimize over §.
(v) Sum over intervals like J to get a suitable bound for P SUD|4[>y Zn(t).
10.10 Notes

Credit for the idea of chaining as a method of successive approximations
seems to belong to Kolmogorov, at least for the case of a one-dimensional
index set. For example, the start of the paper of Chentsov (1956) com-
mented that“In 1934 A. N. Kolmogorov proved [the result mentioned in
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my Section 10.2] ... A generalization of this theorem is the following propo-
sition which was suggested to the author by A. N. Kolmogorov”. He added
the footnote: “This theorem was first published in a paper by E. E. Slut-
skii” (= Slutsky, 1937), a paper that I have not read. See Billingsley (1968,
Section 12) for a small generalization—with credit to Kolmogorov, via
Slutsky, and Chentsov—and a chaining proof.

The Billingsley book was my main source of information when I first
learned about stochastic processes with well behaved sample paths. It pre-
pared me for the study of general empirical processes, which I first en-
countered in the ground-breaking paper of Dudley (1978). To grapple with
the host of ideas in that paper I needed to study the earlier work by Dud-
ley (1967, 1973) on gaussian processes, which became my textbooks for
general chaining methods. Only later did I stumble on the French work
expounded so convincingly by Ledoux and Talagrand (1991).

Dudley (1973) used chaining with covering numbers and exponential
tail bounds to establish various probabilistic bounds for gaussian pro-
cesses. Dudley (1978) adapted the methods using Bernstein’s inequality
for the increments and metric entropy plus inclusion assumptions (now
called bracketing) to extend the gaussian techniques to empirical pro-
cesses indexed by collections of sets. He also derived bounds for processes
indexed by VC classes of sets (see Chapter 14) via symmetrization (see
Chapter 13) arguments.

Dudley’s 1978 paper became the basis for his famous St. Flour lectures
(Dudley, 1984), which were widely circulated in note form. Those notes
turned into the 1999 first edition of the definitive Dudley (2014) text. See
Dudley (1973, Section 1) and Dudley (2014, Section 1.2 and Notes) for
more about packing and covering.

Dudley (2016) took pains to give V.N. Sudakov credit for an earlier
use of covering numbers to bound the expected supremum of a Gaussian
process. (A scholar less scrupulous than Dudley might have been con-
tented to accept Sudakov’s generous comment that “The idea of using e-
entropy characteristics here is due independently to several authors.”)

Pisier (1983) is usually credited for realizing that the entropy meth-
ods used for Gaussian processes could also be extended to nongaussian
processes with ORLICZ norm control of the increments. However, as Pisier
(page 127) remarked:

For the proof of this theorem, we follow essentially [10]; I have
included a slight improvement over [10] which was kindly pointed
out to me by X. Fernique. Moreover, I should mention that N.
Koéno [6] proved a result which is very close to the above; at

the time of [10], I was not aware of Kéno’s paper [6].

Here [10] = Pisier (1980) and [6] = Ko6no (1980). The earlier paper [10]
included extensive discussion of other precursors for the idea. See also the
Notes to Section 2.8 of Dudley (2014).
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Using a method like the “expected value” approach in my Section 10.6,
Pisier (1983) proved existence of continuous versions of stochastic pro-
cesses {X; : t € T} with || X — Xy||y < d(s,t), adapting arguments from
Pisier (1980) for the case ¥(x) = «P. In his July 1981 Saint-Flour lectures,
Fernique (1983) gave his own proofs of Pisier’s result and generalizations.

Using methods like those in Section 10.6, Nolan and Pollard (1988)
proved a functional central limit for the U-statistic analog of the empirical
process. Kim and Pollard (1990) and Pollard (1990) proved limit theo-
rems for a variety of statistical estimators using second moment control
for suprema of empirical processes. See also Pollard (1985) for one way
to use a form of oscillation bound (under the name stochastic differen-
tiability) to establish central limit theorems for M-estimators. Pakes and
Pollard (1989, Lemma 2.17) used a property more easily recognized as os-
cillation around a fixed index point.

My analysis in Problem [4] is based on arguments of Ibragimov and
Has’minskii (1981, Section 1.5), with the chaining bound replacing their
method for deriving maximal inequalities. The analysis could be extended
to unbounded subsets of R by similar adaptations of their arguments for
unbounded sets.
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11.1

Chapter 11
Majorizing measures and
partitions

SECTION 11.1 explains why you might want to read this Chapter.

SECTION 11.2 shows how to construct chaining frameworks from a se-
quence of finite partitions of the index set T'. The differences between
nested and non-nested partitions are discussed.

SECTION 11.8 descibes a small handful of majorizing measures tricks that
are helpful for getting some feel for the way a probability measure can
tell us something about a sample path.

SECTION 11.4 describes how majorizing measures were originally used to
smooth sample paths.

SECTION 11.5 describes a method, apparently due to Fernique, that uses
weighted frameworks to develop chaining bounds.

SECTION 11.6 establishes a partial equivalence between weighted partitions
and majorizing measures.

SECTION 11.7 presents a minor extension of Talagrand’s method for deriv-
ing upper bounds using admissible sequence of partitions.

SECTION 11.8 establishes an equivalence between admissible partitions and
Majorizing measures.

SECTION 11.9 presents a slight modification of an example, due to Fer-
nique, that illustrates the differences between the various methods de-
scribed in previous Sections. It shows how majorizing measure ideas
can improve on packing numbers as a tool for chaining.

SECTION 11.10 offers an explanation for why the majorizing measure ap-
proaches are superior to packing numbers in the previous Section.

Overview

The methods (based on packing/covering numbers) described in §10.6
have long been identified with the name ‘chaining’. But, as noted at the
end of §10.2, there are some more delicate examples where that approach
fails.

Beginning in the 1970’s, slightly different approaches began joining
the collection of chaining tools. Initially the change was driven by the
work of Xavier Fernique on gaussian processes indexed by a general metric
space (T, d), not just subsets of euclidean spaces. (The metric was sup-
plied by covariances of the process.) He focussed on the use of majoriz-

248
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ing measures (MM’s), following a line of development that seems to have
been started by Garsia, Rodemich, and Rumsey (1970). See the Notes for
some history.

<I1> Definition. A majorizing measure with respect to an ORLICZ function ¥
is a BOREL probability measure pu defined on a metric space (T,d) for
which sup;cr Fu(t, ¥) < oo, where the functional F, is defined by

D
<2> Fu.(t,¥) ;:/ U~ (1/uB[t,7]) dr  with D := diam(T).
0

O Here, as usual, B[t,r| denotes the closed ball of radius v and center t.

Of course for gaussian processes the natural ORLICZ function is Wa(x) :=
exp(z?) — 1. For other processes, different ¥ in Y.,, seem useful. (It helped
me a lot to recognize that some strange quantities in the literature were
essentially just U—!(-) for a suitable W.)

For a centered, gaussian process {X; : t € T}, Fernique (1975, The-
orem 6.1.1) showed that the sample paths are bounded if there exists a
MM g with respect to Wo(x). He also commented (page 69) that he didn’t
know of any examples of gaussian processes with bounded sample paths
for which no MM existed (“Je ne connais pas d’exemple de fonctions aléatoires
gaussiennes a trajectoires presque strement majorées et ne possédant pas
de mesure majorante.” ). Fernique (1981, first page) subsequently turned
this suggestive remark into a formal conjecture: modulo a few measura-
bility qualifiers, if a centered gaussian process has bounded sample paths
then a MM (with respect to W) must exist.

In his 1975 paper Fernique viewed the MM p as a tool to smooth the
sample paths of X, an approach that seems to have fallen into disfavor
in recent years. Section 11.4 contains a slight modification of Fernique’s
argument.

Subsequently, Michel Talagrand proved Fernique’s conjecture to be
correct by transforming it into an equivalent form involving what he called
admissible sequences of partitions. For a centered gaussian process
{X¢:t € T}, he was able to produce upper and lower bounds for P sup, | X¢|
that differed by only constant factors. In this important sense the new
methods were claimed to be optimal. Subsequently, Talagrand and various
other authors extended this success to other, nongaussian, settings. Much
of this progress has been described by Talagrand (2021).

With Talagrand’s approach the argument starts from a sequence of
finite partitions A = {A; : ¢ € No} of the index set T for a stochastic
process X = {X; : t € T}. A chaining framework is easily constructed
from A. The effort needed to then derive upper bounds for X is not much
greater than the effort needed for the packing/covering methods described
in §10.6. In some cases the partitions can be ‘nested’, which means that
each A;y1 is obtained by further partitioning of each A in A;, starting
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from Ay = {T}. The ‘nested’ assumption is a great convenience but it
does come at some cost, as you will see.

Even though Talagrand has argued that his admissible partition method
makes other approaches obsolete, I still feel it worthwhile to study the pre-
cursors. Maybe the original majorizing measure idea will turn out to be
useful in some future variation on the chaining method.

To relate F, to the sample paths of a general process {X; : t € T'} we
of course need to assume something like

<3> | Xs — Xty < Kod(s,t) for all s,t € T

Such a constraint is particularly useful when ¥ € Y., that is, when there
exist a constant Ky such that 2g(x) < g(Koz) for all z large enough,
where ¢ := log(1 + V). As shown in §5.3, this inequality implies existence
of a constant C,; for which 2¢g(z) < g(Cyx) for all 2 and

<4> g a+b) < Cymax (g_l(a),g_l(b)) for all a,b € RT

<5> U(z)¥(y) < VU (Cymax(z,y)) for all z,y € RT,

<6> U (ab) < Cymax (T (a), U1 (b)) for all a,b in RT.

<7> g(z) > Agaz® if z > x¢, for constants zy > 0, a > 0, and A4 > 0,
<8> P{Y| > rp} < 2e79(") for r >0, if p:= ||V < oc.

This Chapter will explain the general relationship between MM’s and
partitions, even though the various equivalences currently seem to be re-
garded as good reasons to ignore the MM altogether. If you subscribe to
that view then you’ll probably want to skip Sections 11.6 and 11.8. How-
ever, the equivalences do bring out some ideas that pop up in some cur-
rently popular ways of thinking about chaining.

The Chapter will focus on upper bounds for processes satisfying <3>.
For the gaussian lower bound result see Chapter 12.

Remark. I must confess to understanding only a tiny part of Tala-
grand’s 2021 book and, except for some dabbling with bracketing ar-
guments, have never had to use any of the partioning ideas in this
Chapter to solve an interesting statistical problem. Nevertheless, I do
regard partitioning ideas to be central to the chaining method.

11.2 Partitions, nested and not nested

Suppose A = {A; : i € Np} is a set of finite partitions of a metric
space (T, d), where T will soon become the index set of a stochastic pro-
cess. This Section describes two slightly different ways of constructing
chaining frameworks from A, followed by a short reminder of how the
frameworks lead to maximal inequalities.
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Case: Nested partitions

Suppose A; is a refinement of A;_; for each i. That is, each B in A;_1 is a
disjoint union of sets A from A,;.
To build a nested chaining framework on top of A we need to choose
a single point t4 from each partition set A. The choices should be made
recursively, starting with a single tg from 7' then working down through
successive levels. If tg € B € A;_1 has been chosen and if tg € A €
A; then we should make sure to choose t4 equal to tg. That precaution
ensures that the sets T; := {t4 : A € A;} for i € Ny are nested: T;—1 C T;.
IfA e A;and A C B € A;_1 define ¢;_1t4 = tg. We then have a
nested chaining framework.

Ay M To
A ) \/" T,
%, o 1

a [ NIV T

For each ¢ in T there are sets for which T' = Ag(t) D Ai(t) D Aa(t) D
. with t € A;(t) € A;. (Compare with the shaded sets in the picture.)
If ¢ is a member of Tt := Ujen,T; then Lt € A;(t) for every i. Usually
there will be constraints on A that ensure diam(A;(t)) | 0 as ¢ T co. In
that case, Nien, Ai(t) = {t} for each ¢ in T.

—¢

Case: Non-nested partitions

In this case there is little hope of constructing a nested framework. Ac-
cordingly, it suffices to construct sets T; := {t4 : A € A;} with any
point t4 € A chosen from A. If A € A; and ty € B € A;_1 define £;_1t4 =
tp, which ensures that d(t4,¢;—1t4) < diam(B). Note that some members
of T;_1 might have no links with T;.

Remark. It is possible that some set A might belong to two A;’s.
To guard against such ambiguity, we could add an extra subscript,
writing {ta,; : A € A;}. Or we could just rely on context to know
which A; is meant. I prefer the latter approach.
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A, ~ /{ T,
i

The sets A;(t) are not as useful as for nested partitions. For example,
it need not be true that L;t is a point of A;(t). We will need stronger con-
trol over the diameters of sets in each A; to make up for this deficiency.

Chaining bounds

In both cases, nested and non-nested, as in §10.3 we have a decomposition
of the difference X (t) — X (tp) into a sum of increments, with

X(1) - X (L) <>

i=k+1
<> IX(Lit) = X(Licat) g Ai(Lit)

[ X (Lit) — X(Li-1t)]

where, for each s in T;,

[ X (s) = X(licas)|/ [ X (s) = X(licas)|lg  if s # licas
0 otherwise

Ai(s) := {
If <3> holds then

Mk,m = MaX¢eT,, ‘X(t) - X(th)’
m
< maxer,, Zi:kﬂ Kod(Lgt, Li—1t)Ai(Lit).

Notice that the max . has stayed outside the sum, unlike what happened
in Chapter 10 for chaining arguments with packing numbers. The meth-
ods in this Chapter handle the maximum in a different way. As before,
bounds on things like PMj, ,,,, if uniform over m, will lead to useful maxi-
mal inequalities involving the supremum or oscillation of a sample path.

Small facts about majorizing measures

When I first encountered MMs I was most puzzled by how such a p could
possibly tell us anything about a sample path. It took me a long time to
gain even a slight understanding. It helped me to see how such a u could
be constructed by traditional packing number arguments.



<12>

<13>

<14>

§11.3 Small facts about majorizing measures 253

Example. Suppose ¥ = ¢9 — 1 € Y., and fOD U—Y(pack(r,T)) dr is
finite. Construct the packing framework as in §10.4: with §; := D /2",
build nested ¢;-packing sets Ty = {to} C 71 C .... For i € N we then have
N; := |T;| < PACK(9;,T). Define p; to be the uniform distribution on T;
and o= 3 e (1/2) s

To see that p is a MM, consider any ¢ in T'. If r > §; then the ball B[t, r]
must contain at least one member of the d;-packing set T}, which implies
pB[t,r] > (1/2)7 71N and

/6“ U (1/uBlt, ) dr < (65 — 6;) U~ (27N, T))
d;

< §;Cymax [T (2711, Wl (PAck (6, T))] -
Sum over j. And so on. (Inequality <7> takes care of the 2/+1.)

Actually, the previous Example has very little to do with packing; it
is a special case of a more general result. Again for a ¥ in Y,,,, suppose
there exist subsets T; of T with |T;| = N; < oo for which

SUPieT ZiENo ‘1171 (max(2”1, Nl)) d(tv E) < 0.

Let p; denote the uniform distribution on Tj. Then p = Y7oy, (1/2)"
is a MM. The proof is almost the same as in the previous Example: for
each fixed t, just replace ¢; by min;<; d(t,7}).

It also helped my intuition to see why existence of a MM implies that T'
is totally bounded.

Example. Temporarily write 5 for sup;cr F,(t, ¥), which is assumed fi-
nite. Then for each ¢t € T' and 0 < § < diam(7") we have

B = /06‘11_1 (1/uBlt,r]) dr > 67" (1/uB[t, ),

so that uBlt,d] > € := 1/¥(5/)). If {t1,...,tx} is a 20-separated subset
of T then the balls B[t;,d] for i = 1,...,k are disjoint and each has p
measure at least e. It follows that 1 > ke, that is, PACK(20,T) < U(53/J).

Notice the similarity to the argument in §10.4, where LEBESGUE mea-
sure on R* played an analogous role in bounding covering numbers in eu-
clidean space.

Notice also that the bound on the packing numbers i s not quite enough
to imply integrability of ¥~ (PACK(x,T)); the calculations with majoriz-
ing measures are not special cases of the calculations in §10.6. See Sec-
tion 11.9 for a specific example.

Finally, it will be helpful to know that F, is controlled by its values on
a countable dense subset of T
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Example. Suppose S is a countable, dense subset of T and p is a prob-
ability measure on S for which F,(S) := sup,cgF,(s) is finite. We can
also think of p as a probability measure on the BOREL sigma-field B(T).
I claim that F,(t) < F,(S) for every ¢t in T'. That is, each MM on S also
defines a MM on 7.

To see why this assertion is true, consider any ¢ in 7" and any J > 0.
There must exist an s in S for which d(s,t) < ¢ because S is dense in 7.
If r > § then BJt,r| D B[s,t — ¢], which implies

D D
/6 \Il_l(l/uB[t,r])dr < /5 Q_l(l/uB[s,r—(S])dr <Fu(s) S Fu(S).

Let ¢ decrease to 0 to deduce that F,(t) < F,(S).
Problem [3] provides a converse if ¥ € Y,,,: from each MM p on B(T)
and each countable, dense subset S of T" we can build a MM v on S.
Similarly, to show that a probability measure p on B(T') is a MM it
suffices to consider F, (¢, ¥) only for ¢ in the countable, dense subset Tt,
such as the T, for a chaining framework.

The previous Example justifies a typical simplification when work-
ing with a MM p: without loss of generality we may assume that p con-
centrates on a (given) countable dense subset S of T'. For example, if
X = {X; : t € T} is a DOOB-separable process of interest then we can
reduce a MM argument to an analysis of the process {X; : t € S} for any
countable, dense approximating subset S. If A is any BOREL subset of R
then

{(s,w) € S xQ: X(s,w) € A} =Uges {s} x {weN: X(s,w) € A})

is measurable. That is, X is product-measurable as a map from S x
into R. See the next Section for an illustration of how this simplification
can be helpful.

Majorizing measures as smoothers

The following discussion modifies the smoothing argument presented by
Fernique (1975, §6), extending it to nongaussian processes and other OR-
Licz functions ¥ in Y,,,. It also includes some explanations regarding a
few details that troubled me.

Once again consider a (DOOB-separable, to avoid measurabilty issue)
stochastic process {X; : ¢ € T} indexed by a totally bounded metric
space (T,d). Actually, by Example <15>, we may as well assume 7' is
countable. Suppose the increments are controlled by an ORLICZ norm for
some UV =e9 —1€Y,.,,, as in <3>, with the Ky = 1 to simplify notation:

1 Xs — Xillg p < d(s, 1) for s,t €T
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The added P on the norm symbol serves to distinguish it from another
ORLICZ norm that plays a key role in the proof: ||-[|y g, for functions
on T x T, where p is a majorizing measure on 7', as in <2>.

The following discussion shows how these assumptions imply that al-
most all sample paths X (-,w) are bounded as functions on 7.

Define A(s,t,w) to be | X (s,w) — X (t,w)|/d(s,t) if s # t and 0 other-
wise. From <3> we have

PYU (A(s, t,w) <1 for all s,t, in T.

Integrate over s,t with the product measure y ® p then switch the order
of integration to deduce that PH < 1 where H(w) = pusutV¥ (A(s,t,w).
Consequently H(w) < oo ae[P]. T'll ignore the bad P-neglible set and just
assume H(w) < oo for all w, which implies that A(-,-,w) € LY (u ® p).
Define

Y(w) = AC 9w pep-

I'll also ignore the issue of measurability (which is needed to justify inte-
gration arguments) and the possibility that some Y (w) values might be
Z€ro.

Remark. We could also take care of both problems by redefining Y (w)
to equal the smallest m in N for which p*u!¥(A(s,t,w)/m) < 1.

The main idea is to approximate X (7,w), for each fixed 7 in T', by a
sequence of random variables X,,(7,w) for which

D Xni(Tw) = Xa(r,w)] < B(w) = 3C,Y ()Fu(T),
Xn(w,7) = X(w,7) in P probability as n — oo.

It will turn out that Xo(7,w) = p*X(s,w), which is the same for every .
Thus there is no harm in writing it as Xo(w).

The expression on the right-hand side of <16> is finite for each w,
which forces {X,,(7,w) : n € N} to be a CAUCHY sequence of real num-
bers: for n < N,

oo
| Xn (7, w) = X (1, w)| < Zizn | Xip1 (T, w) = Xi(1,w)| = 0 asn — oco.

Accordingly, there is a value X, (7,w) such that X, (7,w) = Xoo(T,w)
as n — 0o, for each w. The convergence <17> then forces Xo(7,w) =
X (1,w) ae[P] and

| X (1,w) — Xo(w)| < B(w) ae[P].

The boundedness of almost all sample paths X (-,w) follows.

It remains only to construct the X,,’s that satisfy <16> and <17>.
Each of these variables will be defined by a local ‘smoothing’ argument
using the MM .
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Proof (of <16>). (Compare with the proof by Garsia 1972, Lemma 1.)
For each Borel subset A for which uA > 0, write p4 for the conditional
distribution (- | A) and X4 (w) := p5 X (s, w).

Remark. I worry slightly whether X (-, w) is p-integrable for (almost
all) w. Perhaps it would be prudent to replace X; by X; — Xy, for a
fixed tg, which would ensure that X, = 0. The increments would not
be affected by such a centering. Then by JENSEN and FUBINI we have

P (1°[ X (s,w)|/D) < p*PW (|X(s,w) — X(to,w)|/D) <1,
which implies p*| X (s, w)| < oo ae[P].

For subsets A and B, define p(A, B) := sup{d(s,t) : s € A,t € B}. Then
we have

o (Hale o) <|uzutB<X<s,w> - X))

Y(@)p(A, B) Y(w)p(4, B)

< U (pappAls,t,w)/Y(w)

< wanp? (A(s,t,w)/Y (w)) by JENSEN

= mﬂsﬂt{s € At € BYU (A(s, t,w)/Y (w)).-
The first inequality comes from the fact that pa{s € A} = up{t € B} =
1 so that p(A4, B) > d(s,t) for all (s,t) pairs involved in the p% and u'y
integrations. If we discard the {s € A,¢ € B} in the final expression we are
left with putW (A(s,t,w)/Y (w)), which is < 1 by definition of Y. Some
minor rearrangement then gives

<19> | X 4(w) — Xp(w)| < Y(w)p(A,B)¥1 <MA1MB> .

For a fixed 7 in T define X,,(7,w) := Xp, (w) for B, := B|[r,d,], where
dp := D/2™. Note that By = T because 09 = D. Thus Xy(w) = p*X(s,w),
which doesn’t depend on 7. For all other n the ball B,, changes with 7;
the corresponding X,,’s all depend on 7. From <19> we get

|Xn+1(T7w) - Xn(7—7w)‘
<Y(w) (6n + Gnt1) vt (1/pBn pBn+1)
<Y (w)(30011)C¥ ! (1/B[1,6,41]) by <6>
On
<Y (@)Cy(3001) foar [ U (UpBlrr])

Ont1

the last inequality coming from the monotonicity of the integrand. When
summed over n = 0,1, ... the integrals contribute a quantity smaller than
O F,(7). When this term is bounded by F,(T") we get <16>.
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Proof (of <17>). It suffices to show that [[X(7,w) — X, (w)[lgp — 0
as n — 0o. The argument is similar to the one leading to <19>.

PU (| X (7,w) — Xp(7,w)|/8,) = P (s, | X (r,w) — X (s,w)] /)
< up, PV (|X(7,w) = X(s,w)|/0n)
<1

because || X (7,w) — X(s,w)|g p < 9y for each s in the ball B[r,d,] on
O which pup, concentrates. It follows that || X (7,w) — Xpn(w)[lg p < 6n.

11.5 Partitions with weights

Apparently, Fernique also developed another approach, which captures
the spirit of a MM by means of a type of weighted chaining framework:
Ledoux (1996, Theorem 6.2) presented a proof (using the Wo-norm) for a
centered gaussian process {X; : t € T'}, which he attributed to Fernique
(1971, 1975).

Ledoux wrote the argument using nested sequences of finite partitions,
A = {A; : i € Np}, of T. He imposed a bound on the diameters of each
of the partitioning sets, which, in my notation, corresponds to assuming
that maxaea, diam(A4) = O(6"), for some fixed 6 in (0,1/2]. He assumed
existence of weight functions w; : A; — (0, 1] for which ) 4, wi(A4) < 1.
He gave conditions under which, for some universal constant C,

Psupser Xe < Csupper 3. 01/ Toa(1/wi(A:(1)))

where A;(t) denotes the member of A; that contains ¢. He also noted that
a similar argument would show

<20> Psupycr | X (t) — X (Lit)| < Csuper Zi:kﬂ 0°\/log(1/w;(A;(t)),

with the constant C not depending on k.

Remarks.

(i) You should recognize \/log(x)" as a surrogate for W5 *(z) = \/log(1 + z) .

(ii) Ledoux did not assume DOOB-separabilty for the X process. Instead
he used the convention that the Psup,cr ... should be interpreted as

SUDfipite pep P MaXer - - ..

As explained in Section 11.2; the nesting of the A; partitions ensures
that A1(t) D A2(t) D -+ D {t} and L;t € A;(t), for each ¢ in T, a property
that implies d(L;t, L;—1t) < diam (A;—1()).

It is not difficult to extend inequality <20> beyond the gaussian set-
ting by using a different ORLICZ norm. Also, to avoid the minor task of
building a chaining framework from a sequence of partitions, I’ll regard
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wj; as a function on the 7; of a chaining framework. (It could also be re-
garded a function on the edges joining 7T; to T;—1.) With this formulation
there is no need to assume explicitly that the framework is nested. It also
sidesteps the issue of whether {L;t, L; 1t} C A;_1(t) if the partitions are
not nested. Another version of the next Theorem that uses nested parti-
tions will appear in §12.2.

Theorem. Let {X; : t € T} be a DOOB-separable process indexed by a
totally bounded metric space (T,d) for which:

(1) || Xs — Xilly < Kod(s,t) where ¥ = €9 — 1 is an ORLICZ function
in ‘chp'

(i) There is a chaining framework {(T;,¢;) : i € No} on T and positive
constants {6;} such that d(t,l;_1t) < 0; for each t in T;.

(11i) For each i there exists a weight function w; : T; — (0,1].

Then PMy, , < CBm for all m larger than k, where

Ble,m = maxer,, Zi:kﬂ G0 (1/wi(Lit)) + Zi:k-H siwi(Th)

where w;(T;) := Y ,cp, wi(s) and C is a constant that depends only on Ko

O and W.

<22>

Remark. Of course the asserted maximal inequality is useful for os-
cillation purposes only if sup{Sk.m : m > k} can be made small
by choosing k large. Compare with §10.7. The literature usually re-
quires w;(T;) < 1 but there are cases (cf. §12.2) where w;(T;) should
be allowed to grow larger. If w;(T;) = O(R?) for some R and §; =
O(#") for some 6 with Rf < 1 then >, 6;w;(T;) converges, taking care
of one contribution to Sk m.

Proof. The argument again starts from the chaining inequality <9>:
m .
| X (t) — X (Lyt)| < Zi:kﬂ Kod(Lit, Li_1t)A;(L;it)  for t in T,.

The main trick is to split A;(s) into C, times b;(s) := ¥~1(1/w;(s)) plus
a remainder term, R;(s) = A;(s){Ai(s) > Cybi(s)}, where Cy is the
constant from the definition of Y.,,. We thereby bound | X (t) — X (Lgt)| by
a non-random function of ¢ plus a sum of random term that turns out to
be easily controlled.

The key to the splitting argument is the convexity fact that ¥(x)/x
increases with z together with the growth condition imposed by Y.,,. For
values x,b with 2/Cy > b >k := U~1(1) we have

\Il(x)>\I/(Cgb)>\Il(b)2 U (b) ¥(b) -
x — Cgb — Cgb Cy b Cy & Cyk’
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Put another way,
<23> x < Cyr¥(z)/ V(D) if > Cyb and ¥(b) > 1

Take x equal to A;(s) for an s in T; and argue only on the set where A;(s) >
Cybi(s) to get

<24> Ri(s) == Ai(s){Ai(s) > Cybi(s)} < Cyp— 00 =
From the fact that P¥(A;(s)) < 1 it follows that
Pmaxser Ri(s) < PZ C KU (A;(s))w;(s) < Cgrw(T;).
From <22>, we can then bound PMj, ,,, by

P maxeT, sz_H Kod; (Cgbi(Lit) + Ri(Lit)>
< KoCy max; Z:kH dibi(Lit) + Ko ZZkH 6;P maxser, Ri(s),

[0 which implies the asserted inequality.

Remark. If w;(s) = 1/|T;| for each s in T; and each i, conclusion of
the Theorem becomes PMy, ., < C > kil (1 + W (|T1D7 which is
essentially the first bound (based on packlng numbers) from §10.6.

*11.6 From majorizing measures to weighted frameworks

Problem [4] shows how to construct a majorizing measure from the sort of
weighted framework appearing in Theorem <21>. This Section partially
complements that result. Even though the rough equivalence between
MM’s and weighted partitions is not essential to the story for gaussian pro-
cesses told in Chapter 12, it does give some insight into the role of various
greedy arguments for constructing finite partitions of an index set.

The proof of the main result in this Section will work by first con-
structing a nested sequence of partitions on T'. A similar approach will
be taken in Section 11.8 for Talagrand’s alternative to weighted parti-
tions. There the initial part of the argument will ignore the nesting re-
quirement, first constructing a (probably non-nested) sequence {A;} then
subsequently working with the finer partition A; defined as the common
refinement of ﬁl, .. ,fli.

Unfortunately the same idea does not seem to work with weighted par-
tions: there is no obvious way (known to me) to combine the weight func-
tions for such ﬁi’s into suitable weight functions for the A;’s. (However
the constructions used by Andersen et al., 1988, §2 might offer a clue.)
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Instead, the partitions will be constructed from the bottom up, start-
ing from a partition built around a finite subset of T" then taking succe-
sive unions to construct a sequence of successively coarser, nested parti-
tions. This approach is based on L& T = Ledoux and Talagrand (1991,
Lemma 11.10, Rem. 11.11), which Ledoux (1996, p 239) described as “a
somewhat technical and actually nontrivial discretization lemma”.

Initially the constraint of starting from a finite subset of T" seemed
very restrictive to me. That concern led me to rethink some of my earlier
chaining arguments. I tried to recast them as results about finite subsets
of T'. The resulting rewrite of §10.7 was one encouraging success. It be-
came clear that to derive useful facts (such as existence of a version with
uniformly continous sample paths) about a process {X; : ¢t € T'} it is not
essential to work with the same chaining framework on 7" for each finite
subset F' of T; it suffices to construct a separate chaining framework for
each F provided the resulting probabilistic bounds hold in some uniform
sense over a sufficiently large collection of finite F’s.

<25> Theorem. Suppose F' is a finite subset of a metric space (T,d) on which
there is a MM . Then there is a nested chaining framework {(T;,¢;) : 0 <
i < m} onT with FF C T, weight functions w; : T; — (0,1], and a
universal constant C for which:

(1) Dser, wi(t) <1 for each i for 0 <i <m.
(i4) maxser, d(s,li—18) < 6D; for 0 <i < m, where D; := diam(T)/3".

(iii) For each t in Ty, and 0 < k <m,
m Dy/2
O > DT (1fwi(Lit)) < c/ O (1/uBlt, 7)) dr.
i=k 0

Remark. If {X; :t € T} is DOOB-separable process and || X, — X;|y <
Kod(s,t) for all s,t in T, then by Theorem <21> there is a con-
stant C' such that

Dk/2
<26> Pmaxicr | X (t) — X(Lgt)| < C’/ U~ (1/uBlt,r]) dr.
0

Consequently, if sup, foé Ut (1/uBlt,r]) dr — 0 as § — 0 then §10.7
shows that there there is a version of the process with uniformly con-
tinuous sample paths.

The main argument in the Proof will consist of repeated appeals to the
following Lemma. The process {X; : t € T'} will play no role; only the MM
on T is used.

<27> Lemma. Let u be a MM on T and S be a finite subset of T'. Suppose &
s a finite partition of T such that that each E in & contains at least one
point of S and maxpee diam(FE) < p. Then for each R > 0 there is a
coarser partition E* of T and a weight function W : € — (0, 1] such that
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(i) Tipece- W(E) < 1.
(i1) If t € SN E* with E* € & then W(E*) > uBlt, R|
(14i) maxpeeex diam(E*) < 4R+ 2p.

Proof (of Lemma). The partition £* will be created by repeated ap-
peals to a greedy procedure that assigns a positive integer as a label to
each set E in €. Each point of SNE inherits the label applied to E. Even-
tually E7 will be the union of all E’s with label j, for j =1,2,....

L: procedure COARSEN(E,R)
Initialize: 5 = 0. No labels on € or S.
loop
Exit the loop if all members of S have labels.
Increment j by 1.
Find an unlabeled s; in S that maximizes pB[s;, R] over all
unlabeled members of S.
7 Define E to be the union of all the unlabeled members of €
that have a nonempty intersection with the ball Bls;,2R]. At-
tach label j to all those s and to all the members of E5 N S.
Set W(E7) equal to uBl[s;, R].

8: end loop
Return the partition &* = {Ef, E3, ...} and the weight func-
tion W.
10: end procedure
— The small squares denote the members
TR of €. The two outlined regions represent
Bs,2R1 b\ ol EY and E3, defined by the balls B[s1,2R)]
B, 2 {\ I/u\ ) and Bls2,2R]. Notice how some of the €
N A sets that intersect B[s2,2R] have already
been allocated to ET.

Suppose it takes k passes through the loop before all members of € are
labeled. Then €* := {E7 : 1 < j < k} provides the desired coarser par-
tition of F. The 2R padding ensures that the B[{;, R| balls are disjoint,
implying >, W(E7) < 1.

If ¢ € E7 then t must have been one of the unlabeled candidates for
the center ¢;, which implies W(EJ*) = uB[¢;, R] > uBlt, R].

If t and t' are two members of S N E7 then there are E), E' € & with
t € E and t € E'. Choose points s € EN B[sj,2R] and s’ € E' N Bls;, 2R).
Then

d(t,t") <d(t,s) +d(s, &) +d(&,s') +d(s',t) < p+2R+ 2R+ p,

O as required for (iii).
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Remark. T'll write {€; : ¢ = 0,1,...} instead of {A; : 4 = 0,1,...}
for the partitions to emphasize the ‘bottom up’ idea. Each &; will
be coarser than the preceding &; 1 Similarly, I'll write Wy, Wy, ... for
the weight function and pg, p1,... for the upper bound on max{diam(FE) :
E € &;}. Ony near the end of the proof will these quantities be trans-
lated to ‘top down’ notation.

Proof (of Theorem <25>). Find the smallest m for which F' is D,,-
separated and then build F' up to a D,,-packing set T;,, D F. (Except in
trivial cases there exists such an m in N.) Define Ry = D,,, /2.

Start by defining a partition €y := {Es : s € T),} of T by taking Ej
to consist of those t in T for which s is the nearest point in F, with some
suitable tie-breaking rule. Because T}, is a D,,-packing and Ry = D,,/2
we have d(t,T,,) < D,, for each t in T and, for each s € T),,

B[s,Ro] C Es C B[s,2Ry] AND diam(Es) < pg := 4Ry.

Define Wy(Es) := uB]|s, Ry]. The balls {B[s, Ro| : s € T;,,} are disjoint; the
sum of the weights is < 1.
For i =1,2,..., define R; := 3'Ry = D,,,_;. Successively define

(82', Wz) = COARSEN(Ei_l, Rl) for i = 1, 2, e, M.

Notice that the ET constructed by Lemma <27> with R equal to R,, con-
tains a closed ball of radius 2R,, = diam(7"). Thus &, = {T'}.

By construction the {&;} partitions are nested and satisfy the inequali-
ties

pi := max{diam(F) : F € &} <4R; 4+ 2p;_1.
More specifically,

p1 =4R1 + 2py = 2° Ry + 2° Ry,
po = 4Ry + 2p1 = 2°Ry + 23Ry + 2'Ry

pi = 4R +2pi_1 = 2°R; + 2°R; 1 +2'R; o +--- +2T1R, + 2'72R,
<4R; (142/3+2%/3% + .- +2'/3") <12R; = 6Dy
As before, let F;(t) denote the member of &; that contains a given ¢

in T. If t € T}, then Lemma <27>(iii) ensures that W;(E;(t)) > uBlt, R;],
so that

R0 (1/Wi(Ei(1))) < (Ri — Ri1)W ™" (1/pBlt, Ri]))

IN

R;
/ O~ (1/uBlt,r])) dr for i > 1.
R;_1
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Similarly, RoyWo(Eo(t) < ORO L (1/uBlt,r])) dr. Summation over i

gives, for 0 < k < m,

Zn:ok Dust™ (W(;?(t))> = 3/0Rm_k v (w@,q) dr.

Now let me translate into ‘top down’ notation. Define .Al- = Em_q, A
nested sequence of partitions of 7" such that Ay = {T} < A1 < ... < A,
where < indicates that the partition on the right is a reﬁnement of the
partition on the left. Each A in A,, contains exactly one point from 7},
and AJ’ (t) = Em,j(t) with

max{diam(A4) : A € A;} = ppm—; < 6D; for 0 <j <m.

To construct a nested framework on T, choose a point t4 € ANT,, for
each A in A;, following the procedure described in Section 11.2 to ensure
that T; C Tj4q for 0 < j < m. Transfer the weights from the members
of the partitions to the elements of the framework: w;{ta} = Wp,—;(A)
for A in A;. In particular, if A = A;(t) for ¢t in T}, then L;jt = t4 and
inequality <29> translates into

m 1 Dy /2 1
Z, DJ-\I'_1 — | < 3/ p! dr for 0 <k <m.
j=k w;(L;t) 0 uBlt, r]

Talagrand and admissible partitions

In a truly amazing feat, Talagrand (1987) verified Fernique’s gaussian con-
jecture. (Read Section 2.16 of Talagrand (2021) for a fascinating account
of how he succeeded.) Unfortunately, I was unable to follow the details of
his 1987 argument. Fortunately, Talagrand (1992) came up with a much
simpler argument, which is described in my Chapter 12. Eventually—
compare with Talagrand (1996, 2001)—he decided to completely elimi-
nate majorizing measures from the story, replacing them by admzissible
partitions. He showed that boundedness of sample paths of a centered
gaussian process implies the existence of at least one nested sequence

A = {A; : i € Np} of finite partitions of T' (in the sense of Section 11.2)
for which:

(Tal.i) |A;|, the number of sets in A;, is at most n; = 22" for each i in N.

He referred to this constraint as admissibility.

(Tal.ii) If A;(t) denotes the member of A; that contains a given point ¢ of T’

then, for some universal constant C,

<30> supser Z 2@/2d1am A;i(t)) < CPsupser Xt

See Chapter 12 for the delicate details.
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Remarks.

(i) The 2'/2 in inequality <30> corresponds to W5 *(n;) = /log(1 + n;) =~
2i/2, /log 2, especially for larger i.

(ii) The sequence n; = 22" increases very rapidly because n;1; = n?, a
relationship that greatly simplifies some calculations. For example,

(g + g1+ +m) /g =1+n, P40t 4 <2,

so that Zle n; < 2ny,.

(iii) The concept of an admissible sequence of finite partitions lies at the
center of what Talagrand (2021) called his generic chaining method.

(iv) Most of the magic of admissible partitions comes from the fact that

Ly ! (221) increases at a geometric rate. In general, it seems that the
key idea is that W~ (|A;|) should increase slowly enough that it doesn’t
overwhelm diam(A;(¢)). A geometric rate of increase does simplify the
argument.

It is relatively easy to establish upper bound analogs of <30>, even
without a gaussianity assumption, using more general ORLICZ functions
and a nested sequence of finite partitions A = {A; : i € No} of T. To
shed more light on the role played by the n;’s, I'll initially impose only the
mild constraint that |A;| > 2% (not < 2%'), which excludes some trivial
cases. Other constraints will be added later. The main argument will be
very similar to the one for tail probabilities in §10.6. I'll leave some as-
sertions in a slightly raw state to simplify comparisons with a theorem of
Talagrand (2021, page 43).

Section 11.2 showed how to build a nested chaining framework on A,
with sets T;, consisting of a single point from each A in A;, and maps
liq T, — T;—q. If A;(t) denotes the A in A; for which ¢ € A then
Ap(t) D A1(t) D ... and L;t € A;(t) for each i. Consequently,

d(Lt, Li_1t) < 6;(t) := diam(A;—1(t)) for each i < m and t in T,,.

Theorem. Let {X; : t € T} be a DOOB-separable stochastic process in-
dezed by a metric space (T, d), for which || Xs — X¢|y < Kod(s,t) for
all s,t € T, for some ORLICZ function ¥ = e — 1 inY.,,. Suppose T'
is equipped with a nested sequence of finite partitions A = {A; : i € Ny},
and corresponding nested chaining framework, with N; := |A;| = |T;| > 2°
for each i. Then:

(i) There exists a constant Co = Co(V, Ko) and an event G}, with PGY, <
2e9() /9K on which
X&) - X(Lt) < Co Y &) (T (Ni)+7)  forallt €T,
k<i<m

for each m that is > k and each r > 0.
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(ii) For another constant C1 = C1(¥, Ky),
PmaXtGTm ‘X(t) — X(th)| S Clﬁk,m

O where Bl 1= maxeer,, Yo pq 6i(t)VH(N;).

Remark. If sup,, Bi,m — 0 as & — oo then X has uniformly continu-
ous sample paths.

Proof. Again let me assume Ky = 1. From Section 11.2 we have
Miem := maxier,, | X () — X (Lyt)]

m
< maxer,, Zi:k—s—l 5i (t)M; where M; := maxger, Ai(s).

Define Gy, := N> {M; < n;}, for some positive n; (to be defined soon).
Because M; is a maximum of at most NV; random variables, each with W-
norm at most 1, inequality <8> gives

, . o—9(n:) A
PG, < Zi>k P{M; > n;} < Zi>k 2N;e 9\ for n; > 0.

If we choose 7; so that g(n;) = log(1 + N;) + log(2%) + g(r) then

N
o—9(Mi) < = 9(n) « 9,—9(r) yok
> ., 2Nie <D 2<1 AT 2¢79(r) /2k,

Multiple appeals to inequality <4> show that n; < Cj (\I/_l(Ni) + r) SO

that the inequality asserted by (i) holds on Gj.
For assertion (ii), first note that

€k,m 1= MAX¢eTy, Zi>k 0i(t) < Brm/ min{ ¥~ (N;) 1 i > K},
which is bounded above by B /P! (25+1). The bound from (i) gives
P{M,m > Co (Brm + T€km)} < 26_9(7)/2’“ for each r > 0.
Integrate.
P (Mim — CoBrm)™ /(Cor.m)
= /000 P{(Mk.m — CoBrm) " /(Coerm) > r}dr

o
< / 2¢79) /2F dr < const,
0

which rearranges to give

O PMim < CoBrkm +P Mim — CoBrm)™ < C1Bkm.
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Remark. Assertion (ii) could also be proved by a method similar to
the one used to prove Theorem <21>: see Ledoux (2014).

From majorizing measures to admissible partitions

The equivalence between MM’s and partitions holds in greater generality
than suggested in Section 11.7. It has nothing to do with stochastic pro-
cesses, it works for more general ORLICZ functions in Y.,,, and the sizes of
the partitions need not be controlled by the magical 2%'.

It is easy (see Problem [5]) to construct a majorizing measure, sup-
ported by a countable subset of T', from the framework described in Theo-
rem <32>.

It takes more effort to argue in the other direction, to construct a suit-
able nested sequence of partitions from a majorizing measure. The next
Theorem, which I write in a form that emphasizes the role of ¥~1(|A;]), is
a minor extension of an argument due to Talagrand (2001, Theorem 2.2).

To simplify notation, let me assume that the metric on 7T is rescaled
so that D := diam(7") = 1. It also helps to work with a slightly different
functional, obtained by inserting an extra factor of r in the definition <2>
of F,(t,V):

Eu(t, U) = /01 TH1/Gy(r)) dr where Gy(r) :=ruB[t,r] for t € T.

It is an easy exercise with Y., to show that Cy := fol UL(1/r)dr is fi-
nite (Problem [1]) and for some other constant C, which also depends only
on VU,

Fu(t,U) < F(t,0) < C, (Fu(t,0) + Cy).

It is largely a matter of taste whether one works with the original F,, or
its modification F, when p is a MM.

Theorem. Suppose ¥ = eI —1 € Y., and pisa MM onT. If X > Cy
there exists a nested sequence A = {A; : i € No} of finite partitions of T
with Ag = {T'}, and constants C1 = C1(\, ¥) and Cy = Co(A\, V) such that:

(i) =1 (|A;]) < C1A® for i € N.
(it) 3 ;en diam(A;(8))N < Cgﬁu(t, U) for each t € T.
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Remark. Of course, if IEH(t, U) is uniformly bounded over T then so
is ) ey A'diam(A;(t)) . T prefer the statement used in the Theorem
because it emphasizes the pointwise nature of the argument.

Proof. Most of the argument will work for any A that is > 1. Only at
the end will it be useful to require A > C,, to ensure that g(xkA?), with
k = U~1(1), increases at a geometric rate, making it easy to create nested
partitions. B o

The main idea is to initially construct partitions Ay = {T'}, A1, Aa, . ..
which are not necessarily nested, but for which |A;| < 1/y; for cunningly
chosen constants 1 = yo > y1... | 0. The procedure is the same for
each ¢ > 1. Thus it simplifies notation to consider the construction of a
generic finite partition A from a generic y in (0,1). Later everything will
acquire an extra subscript i.

Construction of a generic A for a fixed y in (0,1).

The partition is built in two stages: first slice T" into regions Fi, Fo, ..., Fy
for which G¢(6;) ~ y if t € Fj, where 6; := 277 for j = 1,2,.... (Don’t
forget that diam(7") = 1.) The number of regions created in the second
step is controlled by a trick similar to the one used in Example <14>.

For the first step, it is helpful that Gy(r) := ruBlt,r] < r is a strictly
increasing, right-continuous function of r with G¢(0) = 0 and G(1) =
1. Thus G¢(-) is a probability distribution function on [0,1]. As G¢ can
have jumps it need not have an inverse. The next best thing is its quantile
function (UGMTP p4l):

Q:(y) :==inf{r € [0,1] : G¢(r) > y} for0 <y <1.

The function @ is increasing, with Q;(0) = 0 and @Q¢(1) = 1 and, by right-
continuity of G, we have

Gi(r) >y it 2> Qy) for 0 <r,y <1,

an equivalence that will be important for the construction of the ﬁi’s.
These properties of G imply

L = G(261) > G1(01) = G1(202) > G(02) = G¢(203) > ... L 0
Accordingly

J(t) := the j in N for which G¢(26;) >y > Gy(5;).
is a well-defined map from 7" into N. If £ denotes the largest positive inte-

ger for which 2§, > y then the sets Fj :={t € T : J(t) = j} for 1 < j </
define a partition of T.
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As (T, d) is totally bounded (Example <14>), the set F; has a finite
49 -packing set S; := {{, : @ = 1,...,k} and a corresponding partition
{Eq : a = 1,...,k} of F; for which d(t,&,) = d(t,S;) < 49, for each ¢
in E,. By this construction, diam(E,) < 84;.

Remark. You might prefer to write E, ; for o = 1,...,k;. However,
that would lead to an orgy of subscripts in the next segment of the
Proof.

Now we can use the neat MM trick. The balls B[y, 20;] are disjoint.
(It doesn’t matter that they might extend beyond F}.) Thus

123 Bl 20 = 30 Ge,(26)/(26) > ky/(20)),

implying k& < 24;/y. The partition A of T made up of all the E,’s from
all the nonempty Fj’s consists of fewer than » ;.\ 2d;/y = 2/y sets. Most

importantly, if ¢ € T and ﬁ(t) denotes the member of A that contains ¢
then

diam(A(t)) < Z 85;{G1(26;) > y > Gy4(5;)}
= Zje,\, 80;{26; > Qi(y) > 6;} by <35>
< 8Q:(y).

Construction of fL using a cunningly chosen y;.

Requirement (i) suggests that we generate A; for i € N from the sequence
yi = 1/U(kAY), where k := ¥~1(1) to ensure that yp = 1 > y; > ....
Everything now gets an extra subscript i: we have [A;| < 2¥(kA?) and
diam(A4;(t)) < 8Q¢(y;)-

For each positive real number R, if kA™ < R < kA™T! then

ZieN KA{R > k\'} = Zizl KA < KA /(A= 1) < AR/(A —1).
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When applied with R = ¥~1(1/G4(r)) this elementary inequality gives
. ~ . 1
ZieN rkA'diam(A4;(t)) <8 ZZEN /4,)\2/0 {r < Qu(y:)}dr

!
—8Y X /0 [Gi(r) < ik dr

1
_ 8/0 S AN /G > aX Y dr

8\ !

gﬁ ; T H1/Gy(r)) dr.

That is, except for the annoying fact that the {f[z} need not be nested, we
have (ii). The final step in the argument will eliminate this deficiency.

Creating nested partitions from the ﬁi’s.

Consider the finer partition A; that consists of all nonempty subsets of T’
expressible as Ny<; Ay with Ay € A,. That is, A; is the coarsest partition
that is a refinement of each flg, for £ < i. And, of course, A;;1 is a refine-
ment of A;, so that A= {A; : i € Ng} is a nested sequence.

Assertion (ii) of the Theorem is undisturbed if A replaces A, because A;(t)
is a subset of A;(t). However, we do need to worry about assertion (i).
Fortunately, the exponential growth in the ORLICZ function ¥ = e9 — 1 will
come to the rescue. By 2¢g(z) < g(Cyx) for all > 0.

The exponential rate of growth of g controls the size of A;:

il < TT,. Mel < 2T, w(5X) < 2 exp (9(rA) + - + g(k))) .

If we choose A > C, then repeated appeals to the bound for 2¢(x) give
g(kXY) < g(kA™1)/20=¢ for 1 < ¢ < i. The sum in the exponent is less than
g(kATY). Thus

! (JA;]) < €,y max (g_l (log(1 +2)) , g~ log (1 + egw“>)> — O()).
O T leave to you the pleasure of finding a suitable C'.

<36> Example. Suppose ¥(z) = exp(z®) — 1 for some o > 1. That is, g(z) =
z* and g(Ar) = A%g(z) for all x > 0. Theorem <34> provides nested
partitions for which there is a constant C such that

| < T(CA") < exp ((CA™)") = 21082 )C"A™

If we choose A = 21/% then there exists some positive integer p for which

logy |An| < 277P. Tt takes only a little relabelling to get an admissible

sequence in Talagrand’s sense: define A,, to be the trivial partition {7’}
O for n < p and to be the old A,_, for n > p.
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An illuminating example

The following example is based on an analogous construction by Fernique
(1975, Exemple 5.5.2). It highlights some subtle differences between the
packing/covering condition,

D
/ U tpack(z, T) dx < oo with D = diam(7),
0

and the more refined majorizing measure type of condition.

Suppose T' = Ng and {X; : t € T} is a set of independent random
variables with X; ~ N(0,02). Specify the variances by partitioning T
into consecutive blocks Fy = {0}, E, E», ... on each of which the o?’s are
constant: make |E;j| = n; := 2% for j > 1, then define 0 = 72 = 0 and
of = 7']-2 := 277 when t € E; for j > 1. Equip T with the metric d(s,t) :=
| Xs — X¢||,. That is, for s # t,

d(s,t):\/ag—l—crf:,/T]?—i—T,? if s € Ej and t € Ej,.

We then have diam(7) = 1 and diam(E;) = v/27;.

Remark. The choice 0p = 0 ensures that 0 € B[t, 0] for every t,
which greatly simplifies MM calculations.

Slightly inconveniently, with the natural choice Ws(z) = exp(z?) — 1 for
ORLICZ function we then have || Xs — X¢||y, = V/8/3d(s,t).

To avoid a plethora of V/2 factors in what follows, let me define A\ :=
V2. so that, for j > 1 we have 7; = A7 and diam(E;) = A7 and n; =
exp(c1A%) where ¢; := log 2, implying

U, (ny) = y/log(1 +nj) ~ /el \.

Regarding control of sample paths, the short version of the story is:
P sup, X; is finite, the majorizing measure, weighted partition, and ad-
missible sequence approaches work, but the packing condition <37> fails.
Keep reading for the explanations.

Paths bounded but not continuous

Define Z; = X;/o; for t > 1. You know from §3.4 that Y; := max;cp; | Z|
is highly concentrated around its expected value, which is close to

V2logn; = /2 x27log2 = ca/7; where ¢y := y/2log 2.

Each random variable max;e, |X;| = 7;Y; should be highly concen-
trated around cp, which suggests sup,cr | X¢| might also be concentrated
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around ¢y (cf. §6.1). With a little luck the supremum over 7" should be in-
tegrable. A simple integration of tail probabilities confirms this suspicion:

Psup,; | X¢| = / P{sup,; | X¢| > =} dx
0
<er +/ S P{Z| > v/} do
Cc2
> 2 /(9,2
<ca+ ZjeN n; /C2 2exp (—x /(27; ) d.

For the jth term in the sum, make the change of variable x = ¢z + 7y and
note that n; = exp (C%/(2TJ2)) to bound the term by

00 2 2\2 00
Tj/ exp (C2 - W) dy < Tj/ exp(—y?/2) dy.
0 0

2 2
274 27']-

The sum in the bound for Psup,c7 | X¢| is less than a constant multiple of
the sum of a geometric series. That is, the expected value is finite.

The X process does not have continuous sample paths. For example,
d(0,E,) — 0 as n — oo but sup;cp |X;| concentrates near co, which does
not converge to | Xo| = 0.

Failure of the packing argument

If s and ¢t are distinct points in that E; then d(s,t) = A'™J = 7;_;. Thus
PACK(r,T) > |E;| = nj for r < 7j_1 and

Tji—1 . .
/ ’ \Ilz_l(PACK(r, T))dr > (1j—1 — T5) \I’z_l(nj) > AT (A= 1)/ V.

J

The sum over j is divergent. Inequality <37> does not hold.

Majorizing measure

With y; denoting the uniform distribution on Ej, define = 37, .y, (12)" ™ pi.

We need to show that F,(t) := fol W, (1/uBlt,r]) dr is uniformly bounded.
If t € Ey there is no difficulty because {0} = 1/2 implies F,(0) <
vy 1(2). The calculation becomes more interesting for a ¢ in some E; with

j > 1. By inequality <6>, there is a constant C' for which

Wy (1/uBltr]) < Wy (1/uft)) = Uy (27 ny) < 097 = ON,

And for 7 > 7; = A7, the ball BJ[t,r] contains 0. Thus

Fu(t) < /0 CNdr + /1 ;1 (1/p{0}) dr < C + 051 (2),

J

implying that p is a majorizing measure.
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Weighted partitions

As you might expect from Section 11.6, a suitable set of partitions should
bear a strong similarity to the majorizing measure p. Indeed, we can take
A; to consist of all singleton sets {t} for t € G; := Uj<;E; together with

the set G¢, then take w;(A) = pA for each A in A;. As the singleton sets
all have zero diameter, we have

8; = max e 4, diam(A) = diam(G¢) = diam(E;;1) = A"

Now consider the sum Y52, §; ¥~ (1/w;{A4;(t)}) from Theorem <21>.
There is no point in replacing “¢ = 1” by “¢ = k + 1” because there is no
hope for getting small oscillations. Suppose t € E;. Then

{t}y ifj<i /(20 n) if j <4
&@:{G§H§>i with - pds(t) = &ﬁm )ﬁj>w

For some constant C,

U5 (2 ng) = \flog(1 + 27+1n;) < CP2=CN anp U;1(2) < CVi
Hence
>0yt (1/pdit) = YNy ({5 < it} + 4 > i} /G
ieN €N

<C A7 Y P
sz \[ + Z =j
which is uniformly bounded over j in Np.

Admissible partitions

It is less obvious how the admissible sequence of partitions should be cho-
sen. Again write G; for Uj<;F;. Define Ag = {T'} and, for i € N, define A;
to consist of all the singleton sets ¢ for t € G;_1, together with each of the
sets B; for ¢ < j < 21, together with G%;. That is,

A; = {{t} 1t e Gz;l} U {Ei, .. .,Egi,Ggi} for i € N,
which obeys the size constraint: |A;| = (14+n1+---+n;i—1)+(GE+1)+1 <n;
with equality only at ¢ = 1.

Remember that ;' (n;) = O(\). T claim that these partitions satisify
the condition

SUp;er Z Ndiam(A;(t)) < oo,

from Theorem <32>.
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The inclusion of the Fj, ..., Es; provides a small “buffer region” be-
tween two desirable forms for the set A;(t). For each fixed ¢ in Ej,

{t} with diameter 0 if j <
Ai(t) = { E; with diameter A1 if i <j <2i .
G, with diameter A2 if 2 <

Written another way,
diam(A;(t)) = 0{j < i} + A9 {j/2 <i < j} + X"H{i < j/2}).
It follows, for this particular ¢ in Ej, that
) 1—j . . YN\ i .
Zie Ndiam(A;(t)) = A Z {j/2§z§]})\ —i—ZieN)\ {i <j/2}
<A ’/\”1/( -D+1/(A-1),

which is uniformly bounded over j in Ny.

11.10 A comparison of chaining methods

Why did the chaining with weights (or admissible partitions) in Section 11.9
work but the approach based on packing/covering numbers fail? Each

of the chaining arguments effectively make use of chaining frameworks
{(T},¢;)} via an inequality

My.m /Ko < max

teT, i=k+1 d(tha L’Lflt)Al(L,Lt)

They differ in the way they bound the expression on the right-hand side:

packing: ka 0i maxser; Aq(s),
(2

m m

) -~ 1

weighted: ?61%;{ 5wt (wi(Lit)> + | E di maxser; Ri(s),
=k+1 1=k+1

admissible: maxer,, Z dlam i(t)) maxger, Ai(s).

For the last two cases, the frameworks are only implicit; they would be
obtained by applying the method from Section 11.2 to the nested sequence
of partitions. For weighted partitions the only ambiguity comes from the
choice of a point f; from G¢. For concreteness, let me choose it to be the
smallest ¢ (under the usual ordering on Ny) in G§. Thus T; = G; U {f;} for
i > 1. Similarly, we could use T; = G;—1 U {fi, ..., fo;} for i > 1.

Consider the weighted case. (The analysis for the admissible case is
similar.) The sketch indicates the path from a ¢ in E4 up to 0. (Shading
of a box corresponding to a single £ indicates that all the singletons be-
long to the T; corresponding to that row in the picture. Also, there is not
enough room to show all the edges in the tree.)
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T <
=Gr <
\ ¢
~—.G, <
\_Gs <
\Tt
In general, if t € E; with j < m then for i < m we have
Lit = fifi < g} + t{i = j} + t{i > j},
d(Lit, Li—1t) = d(fi—1, fi){i < g} +d(@, fim){i = j} + 0{i > j}
< é; = Al_i,

Wt (1fwn(Lat)) = \flog(1 +21) {i < 5} + y/log(1 +2+1ny) {i > j}.

As in Section 11.9 these calculations show that the terms making the im-
portant contributions to Y, &; W5 (1/w;(Lit)) depend on ¢.

Now notice that sup,er d(t,T;) < 6; and |T;| < n;y1 when T; = G; U
{fi}. That is, T; provides a d;-covering for T. We could use the method
from §10.6 to bound P maxcr,, | X (t) — X (0)]:

m

il

m
PMom < Zi:l P max,er | X (s) — X (£i_15)|

<3 D (n) =Y AT log(T 4 n)
< ZZl ATTONT & o as m — oo,

the same sort of packing failure as before. In effect, the method has failed
because it ignores the fact that the links that make the most important
contributions to the bound change from one ¢ to the next. Put another
way, it failed because it was giving the same weight, 1/|T;|, to each node
in T5.

11.11 Problems

[1] Suppose U =e9 — 1 € Y,,,. Show that fol U~1(1/r)dr < co. Hint: Change
of variable r = e~* then use the fact that g(x) > (coz)® for all x large
enough.

2] Ledoux and Talagrand (1991, Lemma 11.9) Suppose p is a majorizing
measure on a metric space (T,d) and F' = {&,...,&} is a finite sub-
set of T'. Argue as follows to show that there is another probability mea-
sure pg, with po(F) = 1, such that
s 5/2
/ U (1/poBlg;, r]) dr < 2/ U (1/uBl&;,r]) dr  for each & in F.
0 0
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for each &; in F' and each § > 0. That is, ug is a majorizing measure for
the metric space (F,d).

(i) Show that there is a measurable map 7m : T — F for which d(¢,7(t)) =
min; d(t,&;) for each ¢ in T'. Define pp to be the image of p under the
map 7. (That is, ugA = pr A for each subset A of F.)

(ii) Consider a fixed &; in F. For t € B[¢;, r] show that
d(&i, m(t)) < d(&i,t) +d(t,w(t))+ < 2d(&;, t) < 2r.

Deduce that B[¢;,7] C 71 B[&;, 2r] and hence uB[&;, r] < poBl&;, 2]

(iii) Make a change of variable to obtain the asserted inequality.

(3] Suppose p is a MM on (7',d) and ¥ =e9 — 1 € Y,,,. For each i € Ny let T;
be an §;-packing set for T, where §; = D/2!. Use Problem [2] to find a
probability measure v; on T; for which uB[¢,r] < v; B[, 2r] for each r > 0
and £ in T;. Define v = Zz‘eN 27 %y;. Show that v is a MM that concen-
trates on the countable set Ty, := U;T; by the following steps.

(i) If t € T and r > 0; show that there is a £ in T; with d(¢,£) < r and
v;B[t,5r) > v; B, 4r] > uB[E, 2r] > uBlt, r].

(ii) Deduce that

0i—1 di—1 )
/ Ot (1/vBlt,5r]) dr < / v~ (2'/y;Blt, 5r]) dr
52' 61‘
0i—1 )
< Ut (2'/uBlt,r]) dr
0;

) 0i—1
< Cyb W (2) +Cg/ U~ (1/uBlt,r]) dr
d;
(iii) By summing over i and making a change of variable, show that
56, 8k
1/5/ UL (1/vBlt,r]) dr < Cp + cg/ v (1/vBlt, 1)) dr
0

0;

where Cj, 1= 370, 6; U~ 1(2).
(iv) Show Cyp > Cy > --- — 0 as k — oo.
(v) Deduce that v is a MM on T

[4] Suppose {(T},4;) : i € No} is a chaining framework and w; : T; — (0,1] is a
weight function with 0 < w;(t) <1 for each ¢ in 7;. Assume

(a) maxser, d(s,li—15) < ¢; for each 1.

(b) ¥ €Y.y and >, 6; ¥ (2'w;(T;)) < oo, where w;(T;) := > seT, Wi(8).
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(¢) Bk := sup,,~p Maxier,, Z:‘Zk—&—l §; U (1/w;(Lit)) < oo.

Let v; be the measure that puts mass w;(s) each s in 7;. Argue as follows
to show that p = ZieN 2*1'1/1/1/2'7} is a MM concentrating on the count-
able dense set T, = U;T;.

(i) Show that d(t, Lit) < Dy := Zz‘zk 0; <ooifte Ty, and k < m.
(ii) Deduce that uB[t, Di] > 2 Fwy,(Lyt) /wi(T}) so that

U~ (1/uBlt, Di]) < C, (\I/_l(kak(Tk)) + gt (1/wk(th))> for t € T,.

(iii) If t € T}, and k < m deduce that

Dy_1
/D U (1Bt ) dr < 81 Cy (97N 2E0T) + 0 (1 /md Lit}))

(iv) Sum over k to complete the proof. (In fact you should have proved some-
thing stronger than the MM assertion.)

Suppose (T, d) is a totally bounded metric space equipped with a nested
sequence of finite partitions, A = {A; : ¢ € Np}, with corresponding chain-
ing framework {(7;,¢;—1) : i € N}. As in Theorem <34>, assume N; :=
|A;] > 2¢ and U~L(N;) < C)? for some ORLICZ function ¥ = €9 — 1 in Y.
Suppose also that

sup;er ZZEN Si(H)A! < 0o where 0;(t) := diam (A;—1(t)) .

Let u; be the uniform distribution on 7;. Argue as follows to show that w :
> ien 27 pi is a MM that concentrates on the countable dense set Toe =
U; 1.

(i) By Example <15> it suffices to consider ¢ in some T,,. For r > §;41(¢)
show that uB[t,r] > 27%/N; > N; 2. Deduce that, for some constant C,

3i(t) .

/ U1/ uBlt,r]) dr < §;()UH(N?) < Co; ()N
Si+1(t)

(ii) Sum over 4 then complete the argument.

As in §10.7, suppose {X; : t € T'} is a stochastic process and ¥ = e9 — 1 is
an ORLICZ function in Y,,, for which:

(a) [|Xs — X¢lly < Kod(s,t) for all s,t € T.

(b) {(Ti,4;) : © € Np} is a chaining framework, not necessarily nested,
on T for which to each € > 0 there exists a finite k(e) such that
PMp,m < eif m >k > k(e).
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Show that there is a finite N(¢) for which: to each finite subset F' of T
there exists an Fy C T with |Fy| < N(e) and a map « : F' — Fy such that

Pmaxser | X(s) — X(v9)] <e.

Argue as follows. Consider any fixed, finite F'.

(i) Show that d,, p := max{d(s,T;,) : s € F} — 0asm — oo. Choose
T+ F — Tpy, so that d(s, m,8) = 0, p. Define v := Ly o mp,

(ii) For m > k > k(e/2) show that

Pmaxscr | X(s) — X(vs)| < Pmaxser | X (s) — X(mms)| + PMym
< Kobm,r ¥ (|F|) +€/2,

which is smaller than € if m is large enough.

Remark. Similar results can be proved using other measures of close-
ness, such as the one corresponding to convergence in probability.

[7] (based on Fernique, 1975, Ex 5.2.2) Suppose {X; : t € N} is set of inde-
pendent random variables with X; ~ N(0,02) with oy # 0. (Similar to the
setting in Section 11.9 except that the variances are not specified and that
the Xy = 0 is not included.) Define M,, := max;<,, X; and My, := sup, X;.
Suppose PM, < oo.

(i) For each R > 0 and each n € N show that

P{Mw < R} <P{M, < R}y =] _ (1 @(R/ov))

< exp (— Ztgn @(R/UQ) .

(Here, as in Chapter 3,7&)(:10) =P{Z >z} for Z ~ N(0,1). You might find
it useful to know that ®(z) > exp(—x?)/3 for z > 0.) Deduce that there
exists an R for which ), .\ ®(R/oy) < 1.

(ii) Define a sub-probability measure 1 on Ng by p{0} = 1/2 and p{t} =
®(R/ay)/2 for t > 1. Show that there exists a MM v on Ng with u < v.
Hint: The MM argument in Section 11.9.

(iii) Does it really matter that v lives on Ny rather than on N7 For example,
could v be used a smoother as in Section 11.47 Note that max (0, M) =
M almost surely.

11.12 Notes

While writing this Chapter I benefitted greatly from reading the exposi-
tions by Ledoux (1996, Chap 6) and van Handel (2016).

Garsia, Rodemich, and Rumsey (1970) developed a smoothing argu-
ment for functions on the real line, with LEBESGUE measure acting as the
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smoother. Garsia (1972) simplified the argument and extended it to es-
tablish a sufficient condition for a gaussian process indexed by the unit
hypercube in multidimensional euclidean space to have continuous sam-
ple paths. Preston (1972) extended that method to gaussian processes in-
dexed by compact metric spaces. (According to mathgenealogy.org, Garsia
was Preston’s advisor.) I have not tried to work through all the earlier pa-
pers cited by these authors, even though I suspect the smoothing idea has
a longer history. Compare with Bednorz (2006, 2007).

See the most informative book review by Ledoux (1999) for an account
of the early history regarding majorizing measures and gaussian processes,
with particular reference to the role played by Xavier Fernique.

For Section 11.9, the idea to use constant variances over large blocks
came from remarks made by John Hartigan during a seminar.
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Chapter 12
Majorizing measures for
gaussian processes

SECTION 12.1 introduces a functional that underlies the remarkable prop-
erties of centered gaussian processes with bounded sample paths. Using
special properties of that functional, it then derives a strengthened ver-
siton of the SUDAKOV minoration, which plays a key role for developing
lower bounds to complement the chaining upper bounds.

SECTION 12.2 constructs nested partitions with weights for centered gaus-
siamn processes with bounded sample paths.

SECTION 12.83 describes the effect on the majorizing measure lower bound
if a centered gaussian processes has uniformly continuous sample paths.

SECTION 12.4 constructs admissible partitions for DOOB-separable gaus-
sian processes with bounded sample paths.

SECTION 12.5 briefly describes why a thorough understanding of the gaus-
sian case is a good starting point for further exploration of Talagrand’s
amazing discoveries.

Introduction

Broadly speaking, Chapter 11 established the equivalence of three meth-
ods (majorizing measures, weighted frameworks, admissible partitions) to
establish maximal inequalities for a stochastic process whose increments
are controlled by an ORLICZ norm. This Chapter will focus on the com-
panion lower bounds for gaussian processes.

Throughout the Chapter, X := {X; : t € T} will always be a centered
gaussian process with bounded sample paths, which is at least DOOB-
separable. As explained in §9.6, there is no loss of generality in assum-
ing T to be countably infinite, an assumption that will be implicit for
the whole of this Chapter. The index set T will always by equipped
with the natural metric, d(s,t) := || Xy — X¢||5. The diameter of T', the
supremum of d(s,t) over all pairs of points s and ¢ in T, will always be
denoted by diam(7") or abbreviated to D.

For such a T, Problem [1] shows that boundedness of sample paths is
equivalent to finiteness of P sup;cr X;. Consequently, the functional

S(A) :== Psup;cq Xt for ACT

is well-defined and finite.

280
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Remark. As explained in §9.7, there is no loss of generality in assum-
ing d(s,t) > 0 for s # t.

The functional § is the key to the whole analysis. It works its magic
through the following strengthened form of the SUDAKOV minoration,
which encapsulates everything we need to know about gaussianity.

Lemma. Let {X; :t € T} be a centered gaussian process with F(1') < oo.

If {&1,. .. &} is a d-separated subset of T and Bj C BI¢;,06] for each j,
then

5 (Ujgk Bj> > CodL (k) + minj<, §(B;)  where £(k) := \/logk

with Cy := C,,q — 46, which is > 0 if 0 is small enough.

Remark. I write {;, instead of the more natural ¢;, to avoid subse-
quent confusion with the points in a chaining framework.

Using just this Lemma we will be able to recursively construct two
slightly different nested sequences of finite partitions A = {A; : i € Ng}
of T'. The easier construction, in Section 12.2, leads to weighted frame-
works like those in §11.5; the other, in Section 12.4, involves some extra
subtleties in building admissible sequences like those in §11.7.

Of course there is some redundancy in proving two separate results
equivalent to the existence of a majorizing measure (MM). However, I
think it worthwhile to see both constructions as a way of comparing the
advantages of (and the technical difficulties involved in) both approaches.

The Proof of the Lemma requires two gaussian facts from §6.1:

GSUD (SUDAKOV minoration) Suppose W := (Wi, Ws, ..., W) has a cen-

tered MVN/ distribution with P|W; — W;|? > &2 for all distinct i
and j. Then Pmax;<; W; > C,40L (k) with C,,4 a universal (posi-
tive) constant and £ (k) := (log k)/2.

GCONC (SUBGAUSSIAN max) Suppose M := sup,cg Ys, where {Y; : s € S}

is a centered gaussian process with S at worst countably infinite. If
both PM and 02 := sup,.p var(Y;) are finite then M — PM has a
subgaussian distribution:

PeMM—PM) ~ exp(O'Q/\Q/Q) for all real M.

Proof (of Lemma <2>). Inequality <3> is trivial if k equals 1, so as-
sume k > 2.

Define W; := X¢; and Y; := X; — W for t € B; and

Mj := supscp, Y = supyep, X¢ — Wj.
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Notice that PM; = Psup,cp, Xi — PW; = §(B;) and
var(Y:) = || Xy — W2 = d(t,&)? < (06)*  for all t in Bj.

Thus PeAM;i—8(Bi) < (A00)*/2 {51 all real A, by GCONC. The usual
JENSEN trick then leads to a maximal ineualty for M := max; |M; — §(B;)|:

APM < P < 3 p(e/\(Mj*S(Bj)) i e*A(Mj*%(Bj))> < 2he(V09)*/2,
J

Take logs then (assuming A > 0) divide through by A. The choice A =
V/2'L(2k)/(05) minimizes, leaving

PM < 206+/2log(2k) < 4654 (k).
Similarly, from P|W; — W;|? = d(&;,&;)? > 6% for i # j we get
Pmaxigk Wj > Chud(;fa(ki) by GSUD.

Roughly speaking, sup;¢ B X; = W; + M; should be close to the cor-
responding W; + §(B;) for each j, by virtue of GCONC. The supremum
of Xy over U;B; should then be close to the maximum of W; + §(B;).
More precisely,

SUPyey; B, Xt = MaxX; supyep, Xy
= max; (W + §(B;) + M; — §(B;))
> max; (W] + minj g(BJ) — M) = max; Wj + minj S(B]) — M.
Take expected values.

5 <Uj§k Bj> = Psup;ey, g, Xi > max; W; + min; §(B;) — PM.

Inequalities <4> and <5> then deliver the asserted inequality.

From functional to nested partitions with weights

The Proof of the following Theorem comes from Talagrand (1992) via the
exposition by Ledoux (1996, Chapter 6). Once again, the index set T is
assumed countable and equipped with the metric d(s,t) := || X — X¢|l,.

Theorem. Suppose {X; : t € T} is centered gaussian process for which
J(T) := Psup,er Xy is finite. Define 6 := min(C.,./5,1/3) and §; := DO".
Then there exists a nested sequence of finite partitions A = {A; : i € No}
with Ay = {T'} and maxycy, diam(A) < 2§;, and weight functions w; :
Ai = (0,1] with wi(A;) := 3 g0, wi(A) < 2%, for which

C3(T) > ZZN 5;\/1og(1/w;i(A;(t))  for each t € T,

where A;(t) denotes the member of A; that contains t and C is a constant
that depends on the choice for 0.
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This Theorem complements the main result from §11.5, which was
written using a weighted chaining framework. You might find it instruc-
tive to rewrite that result using weighted partitions.

Remark. As noted at the start of §11.6, the existence of such a weight-
ing scheme implies existence of a MM p on T for which C1§(T) >

SUp;er f0d1am(T) U, (1/Blt,r]) dr with C; a universal constant.

The proof of Theorem <6> will consist of recursive appeals to a greedy
procedure (WPARTITION, with the leading W to suggest weights) that par-
titions a set into smaller pieces (of diameter at most 2§) using a localized
version of the functional,

<7> f(S,7) :=sup,eg§ (SN B[s,r]) for each subset S of T

The starting point is a set A with weight W. The 7 provides some wiggle
room when the supremum is not achieved at some s in S.

1: procedure WPARTITION(A, 0, W, n)

2: Initialize: j =1, S1 = A.

3: loop

4: Find a &; in S; for which the set B; := S; N B[¢;, §6]

satisfies §(B;) > f(S;,00) —n.

5: Define E; := S; N B[¢;, 6. % The jth child of A.
6: Attach weight w(E;) := W/j? to the set Ej.

7 Define Sj+1 = Sj\Ej.

8: If Sj41 is empty then

9: Exit the loop.

10: else

11: Increase j by 1 (and continue with the next iteration).
12: end If

13: end loop

14: end procedure

BIE,.60]

}
partof B [2;1 ,6]

After the loop exits we are left with a J-separated set of points &1,...,&s
from A (so that J < PACK(d, A) < o0), a weighted partition Fy,..., E;
of A, and sets Sj11 = S;\Ej with A =51 D5, D--- D S; = Ej for which

§j € Bj == 8; N B[g;,00] C Ej == S; N B[g;, 6]
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The greed ensures that
n+3§(Bj) > f(S5;,00) > F(S; N Bs, §6]) for each s in S;.
Most importantly, for 1 < a < J, Lemma <2> gives

§ (Uj<aBj) = Cpdr/loga’ + minj<, §(B;))
> 2712046/ log @2 + minj<q f(S;,00) — 1
<8> = C16V/log(W/w(Ey)) + supgeg, & (Sa N BIE,00]) —n

where Cy := 271/2Cjy. This inequality will provide an upper bound for F(E")
for a partitioning set E” generated in a later iteration of WPARTITION.

Remark. For <8> to hold when « equals 1 then we must have w(E;) =
W. The choice w(E;) = W/j? then gives a bound Yo jw(ky) <2W
(Compare with .y j72 ~ 1.65.) That was my reason for allow-
ing w;(T;) > 1in §11.5 and for inserting the 1/3 into the definition
of 0. Talagrand (1992, p. 122)’s argument seems to corresponds to
weights w(E;) = W/(j + 1) and Ledoux (1996, p. 243)’s to w(E;) =
W/(2j%), presumably to ensure dojw(Ey) < W.

Proof (of Theorem <6>, based on Ledoux 1996, pp. 242—244).
For reasons that will become clearer towards the end of the proof, define
n; = &(T)/2¢ for i € N.

The construction consists of recursive appeals to WPARTITION, starting
from Ag = {T'} and wo(T) = 1.

(i) Let A; consist of the sets By, Es, ..., Ej, with weights w; (E;) = j 72,
generated by WPARTITION(T, 01, wo(T),n1).

(ii) Then partition each A in A; by WPARTITION(A, d2, wi(A),n2).

(iii) And so on. In general, WPARTITION(A, d;+1,w;(A),ni+1) applied to
each A in A; generates A;1.

By construction, w;;1(Air1) < 2w;(A;) and hence w;(A;) < 2° for
each 1.

Consider a fixed t in 7. To simplify notation write A; instead of A;(¢)
for j = 0,1,.... Suppose 4,11 = Ej, (the ath child of A;) and 412 = Ej
(the Bth child of A;11) as generated by

WPARTITION(AZ', (52'4_1, wl(Al), ni+1) with 51'—1—1 = D9i+1 = 95,,
WPARTITION(A; 41, 8iv0, wir1(Ait1),Miv2)  with 810 = 6%6;.
The primes identify quantities involved in the construction of A;;; and
the double primes identify quantities involved in the construction of A; o.

(Some such notation is needed, for example, to distinguish between the E;
that is a member of A;;1 and the E; that is a member of A;1.)
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The construction gives the following pattern of inclusions and inequali-
ties:
A; DS D A= E, > B!, =5, nB[E, 0%
U
Sh D Aie = Ej = S5n BlEE, 0%5);

and

§A; > C16i41\/log (wi(A;) fwis1(EL)) +§B), by <8>;
ni+1 + F(BL) > sup 3(S, N BIE,6°6]) > FE;  because £5 € S C S,
§es,

It follows that
Niv1 + 3 (Ai) > Crdip1v/pir1 + T (Aiv2)
where pit1 = log (wi(A;) /wit1(Ait1)) -

If you write out <9> for ¢ = 0,2,...,2m, add, cancel a bunch of
terms, then let m tend to infinity (and remember that Ay(t) = T') you
should get

T>+Zj oddn‘j ZClzj odd(sj”pj'

A similar summation over i = 1,3,5,... gives
Al + Z] even > Cl Z] even 5] pj )

Replace F(A1) by the larger F(T') then add the sums for even and odd j
to deduce (remembering that n; = F(7)/2%) that

BF(T) =28(T)+ ) i =Ciy  GiVpi

This inequality does not quite match the inequality asserted by Theo-
rem <6>, which has /log(1/w;(A;(t)) in place of \/p;(t). That problem
is easily fixed because wg(Ag) = woT =1 and

i wo(T) wi(A1) wi—l(Ai—1)> ( 1 )
i(t) =1lo . =log| —— ).
Zj:l pi(t) & <w1(A1) wa(A3) w;(A;) & w;(A;)
Using the inequality (>, ai)1/2 <> a3/2 for a; € RT and making an
interchange in the order of summation we then get

Zie 6iv/log(1/wi(Ai( Z \/Z {7 <i}pj( )
= ZjeN V Pilt) ZieNo odi =i
=Y Wm0/,

[0 It is now just a matter of juggling some constants.
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What a beautiful argument! Fernique was correct: existence of a MM is
both necessary and sufficient for a (DOOB-separable) centered gaussian
process to have bounded sample paths.

Uniformly continuous gaussian sample paths

As you saw in §10.7, if the increments of a DOOB-separable process are
controlled by an ORLICZ norm ||-|| then a sufficient condition for the
process to have uniformly continuous sample paths is the existence of a
MM p for which

§
sup/ U (1/uBlt,r])dr =0 as 0 — 0.
teT JOo

For gaussian processes this condition, with the ORLICZ function ¥(x) spe-
cialized to Wy(x) := exp(2?) — 1, is also necessary.

Theorem. If X = {X; : t € T} is a centered gaussian process with
bounded, uniformly continuous sample paths (for d(s,t) = || Xs — X¢[|,)
then there exists a MM p on T for which

5
SupteT/O ng(l/uB[t,T})drﬁo as & — 0.

Proof. The argument will combine the virtues of packing numbers and
majorizing measures.

The boundedness implies §(T") < co. The SUDAKOV minoration ensures
that T is totally bounded. The assumed uniform continuity implies

osc(d, X, T) := sup{|Xs — X¢| : d(s,t) <6} =0 as 6 — 0.

Define §;, := 27%. By dominated convergence (with 2sup,c |X¢| as the
dominating function) we have

By := Posc(0g, X, T) — 0 as k — oo.

Total boundedness implies that PACK(d, T') is finite for each positive 4.
As in §10.4, there exists a nested sequence of finite subsets {T} : k € N}
with Tj a dg-packing set, |Ti| = Ni < PACK(dg,T'). Also there exists a
map 7 : T — T}, with sup,ep d(s, 7,(s)) < 0. The sets {s € T': 7,(s) =t}
for t € T} form a partition & of T" with each E in £ containing exactly
one point, 7 (E), from T}.

From the fact that sup,cp d(s, 7% (E)) < 6, we get

S(E) := Psupeg X = Psupep(Xe — Xo (m)) < B for £ € .
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Theorem <6> then provides a probability measure pp on E for which

diam(E)
sup / W5 (1/upBlt,r]) dr < CBy,
tecE Jo

where C' is a constant that doesn’t depend on E or k.
I claim that the probability measure

1
W=D e 2k Ny, 2 pee, M

is a MM with the property asserted by the Theorem. The proof is easy.

For any given positive € first choose k = k(€) so that S < e then
choose § := ¢/¥5 (28 Ny,). Consider any point ¢ in 7. To simplify notation
write Ej, for the member of €, that contains ¢ and abbreviate pg, to py.
For r < § use the fact that uB[t,r] > (28 Ny) "' B[t,r] and the inequality
Uy (ww) < U5 () + U5 H(v) for u,v > 0 to deduce that

/06\If21(1/,uB[t,r])dr < /0(S ;! (/j;%) dr

) )

g/ W;1(2ka)dr+/ U, (1/ s Blt, 7)) dr.
0 0

< 0L (2FNL) 4 CB 4+ 0051 (1) < (24 O)e.

For the final bound it helps to consider two cases: if 6 < diam(E) then <11>

bounds the second integral by Cf; if § > diam(E) then féﬁam(E) codr <
C B and the integrand for fdfam(E) ...dr is less than W;l(l) because over

that range we have B[t,r] D E, implying u;B[t,r] = 1.
To check that p is actually a MM just note that fOD ...dr is smaller

than D /0 times f05 ...dr when the integrand is a decreasing function of r.

From functional to admissible partitions

This Section shows how to construct suitable admissible partitions from
the functional §. I have cobbled together a proof from several different
arguments used by Talagrand (see Notes), rearranged to emphasize the
similarities with the proof in my Section 12.2. My treatment corresponds
roughly to Talagrand (2021, pp 47-58).

Remark. The Section has gone through many versions, as each fix led
to new, more subtle errors. I would be very pleasantly surprised if it
were now error-free, even though I am confident that the underlying
idea is sound.
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<12> Theorem. Let {X; : t € T} be a centered gaussian process for which
§(T) := Psupyer Xy is finite. Then there exists a nested sequence A =
{A; i € No} of finite partitions, with Ag = {T} and |A;| < n; := 22" such
that, for some universal constant C and X := v/2,

C3(T) > ZiENo diam (A;(t)) A for each t € T,
O where A;(t) denotes the member of A; that contains t.

The construction in Section 12.2 gave a very tight control over the di-
ameters of the individual members of A;, with the weights providing only
an indirect control for the |A;|, the number of sets in A;. By contrast, Ta-
lagrand’s generic chaining involves the strict bound n; = 22 on the size
|A;| but only indirect control over the diameters of the members of the
partitions.

Despite these differences, the two partitioning methods have much in
common. Brutally speaking, the new procedure could be implemented by:

(i) Generate the sets Fy, ..., Ey using WPARTITION(A,...).
(ii) Discard all the weights.

iii) Replace E,, by U;>, F; if J is larger than some magic number m.
(i) Y UjzmEj g 8
and label the new E,, as BIG. (The sets that are not BIG are called
SMALL, of course.) Then discard the individual Ej sets for j > m.

Needless to say, it makes more sense to start from a clean definition,
although the brutal description does explain why some of the arguments
in this Section share similarities with the arguments in Section 12.2. The
main differences comes in:

(a) The key role that is played by the BIG sets.

(b) The choice § := min (Cy.4/5, (2\) 7). The C,,q/5 term will let us
invoke Lemma <2> and the (2A)~! will ensure that },(A\0)" con-
verges.

(c) The use of a quantity p(A) > diam(A)/2 for the each set in each A;,
so that the desired inequality becomes CF(T) > sup;er >, p (Ai(t)) AL

Again the localized functional, f(S,r) := supscg § (S N Bls, r]) will guide
the greedy construction of the partitions using the following procedure,
which assumes that we have already assigned the value p(A) for the the

set that is to be partitioned. The parameter m plays the role of a generic n;.
Again the small n provides wiggle room below a supremum.

1: procedure APARTITION(A, m, 1)
2: Initialize: j =1, S; = A, and define p := p(A).
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3: loop
Find &; in S; for which the set B; := S; N B[¢;, p6?]
satisfies §(B;) > f(S;, pf?) — n.

o

5: If j is equal to m then

6: Define E,, := S,, and p(E,,) := p and label E,, as BIG.
e Exit the loop.

8: end If

9: Define E; := S; N B[&;, pf] and p(E;) = pb.

10: Define Sj+1 = Sj\Ej.

11: If Sj41 is empty then

12: Exit the loop.

13: end If

14: Increase j by 1 (and continue with the next iteration).
15: end loop

16: end procedure

For future reference, here are the most important facts about the out-
put from APARTITION summarized in the form of a Lemma.

<18> Lemma. The subset A of T, with p := p(A), can be partitioned into sub-
sets E1,...,Ey, for J <m, such that:

(i) If j < m then Ej is SMALL with p(E;) = pb and E; C AN B¢, pb)]
for some &; in A.

(ii) If J =m then E,, is BIG with p(E,,) = p and

<14> S(A) > Cypb+/logm ,
<15> n+F(A) > Cypb/logm + f(Em, pd?),
O where f(Ep,r) = sup{F(En,NB[{,r]): & € En}.

Proof. The facts about the the pf separated ¢;’s and the greedily cho-
sen B;’s are hidden inside the two inequalities for the BIG sets. The first is
effectively just the SUDAKOV minoration (GSUD). The second comes from
Lemma <2>:

S(A) > Cy(pb)+/logm + minj<p, §(B;) which is > Cypl+/logm

> Cypb/logm + minj<,, (f(S;, p0%) — 1)
= Cyppb/logm + f(Ep, pb?) — 1.
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Remark. Lemma <2> is invoked only when F,, is BIG. Notice that
the §(B;)’s need not decrease monotonely but the the f(S;, p6?)’s
do. I have separated out the role for GSUD in order to emphasize the
places where the full force of Lemma <2> is needed.

Proof (of Theorem <12>). Again define n; := F(T)/2*! for i € Ny
and choose § := min (C..q/5,(2X) ') as in (b) on the previous page.
Make recursive appeals to procedure APARTITION, starting from Ay = {T'}
and p(T') := D. For the sake of a uniform notation, define ng := ny. (The
first step doesn’t fit neatly into the general pattern because |Ag| = 1.)

o Let A; consist of the sets F1, Fo, ..., Ejy, with J < ng = ni, gener-
ated by APARTITION(T', ng, o).

e Then partition each A in A into the new sets Fq, FEo, ... generated
by APARTITION(A, n1,1n1). Each of the (at most) ny sets in A is
partitioned into (at most) n; subsets to create an Ag consisting of
at most n% = ng subsets, as required by admissibility.

e And so on: in general, APARTITION(A, n;,n;) applied to each A in A,
generates the sets for A; 41 and [A;j+1] < nilA;i| < nf = Miy1.

As before, consider a fixed ¢t in T and the sets 4; := A;(t) € A;
for which t € A;(t). The sequence {A; : i € Np} can consist of both
SMALL sets and BIG sets. To simplify notation I'll treat Ag = T as small.
Lemma <13> gives:

o If A;1 is SMALL then p(A;y1) = p(4;)0 and A; 41 C A; N B[, p(A;)b]
for some & in A;.

e If A4 is BIG then p(A;+1) = p(A;) and
<16> 3(141) > Clp(AH_l))\iJrl,
<17> i+ F(Ai) > Cip(Aig )N + f(Aig1, p(Aig1)0?),
where C; := A1 Cy+/log 2.

If every A; is SMALL then p(4;) < D' for every i so that
T Nip(Ay) < i <2D <2y
D i, APA) <Y DON) < 2D < 2v27§(T),

the final inequality coming from Problem [2].

Things become more interesting if some of the sets are BIG. The argu-
ment then involves a close cousin of the odd/even subsequencing idea used
in the Proof of Theorem <6>. To make it easier to spot any errors I had
to break the argument into a short sequence of claims followed by proofs
and consequences.
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Claim (a):
There can be no infinite subsequence of consecutive BIG A;’s.

Proof of (a):
Suppose A; is big for o < j < w, so that p := p(Aa—1) = p(Aa) = -+ =
p(Ay). Inequality <16> with i = w — 1 and monotonicity of § then imply

F(T) > F(Au-1) > C1Ap (A) = CLAp,

an inequality that prevents w from being too large.

Remark. Note that argument would not work if we replaced p(A;)
by the smaller diam(A;)/2. It was important that p(4;) = p(A,) for
a—1<1<w.

Consequence (a):

It follows that each stretch of consecutive BIG A;’s must be finite and sep-
arated from the next stretch of BIG’s by at least one SMALL set. Moreover,
one stretch of SMALL A;’s might be infinite, in which case there are no
more BIG sets. The pattern could look like:

smally big; small; bigs smally bigg smalls bigy

588 bbb 58888 bb 588 b $Ss bb
\ { 4 4
wl1] wl2] wl[3] wl4]

The index w[¢] gives the position of the last BIG A; in bigy, the ¢th block
of BIG sets.

The contribution from smally can be handled in the same way as the
case where all A;’s are SMALL.

Claim (b):
If A; is BIG for o < j < w and SMALL for w < j < 8 then Z]@:a )\jp(Aj) <
CoNp(A,) for some constant Cj.

Proof of (b):
> V) = (A Y N < p(A)NH (A= 1),
J . wyj—w Jj—w
Doy MPA) D0 NN (A0,
The last sum is < A“p(A,,) because we chose 6 to make OX < 1/2.

Consequence (b):
The contributions from any bigy plus the following small, are bounded

O above by Co\p(A,) with w = w[/].
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Thus it remains only to control the sum

S, (ALl where L= (¢ big, # 0},

If |L| < 3 then three appeals to inequality <18> would suffice. If |L| > 4
we can use a trick that is similar to the odd/even decomposition used to
prove Theorem <6>.

Claim (c):
Ife,0+1,0+2¢+3 €L then

i + §(Aug) = CLAF (A i) + F(Aujers)-

Proof of (c):
To slightly simplify notation I’'ll assume ¢ = 1. The proof for general ¢ is
similar.

It is just a matter of pulling together the various inequalities derived
in the previous few pages. Define i := w[2] — 1 and i’ := w[3].

S... bbé S... bb s... bb s... bb

w(1] w2 =i+1 w[3] =1 wl(4]

Because there is at least one SMALL between each big block we must have
w14+ 2 < w2l =i+1 < w[3] —2and w[3] = ¢ < w[4] — 2. Most
importantly, A1 is a SMALL set contained within a ball of radius at most
p(Ai)0 < p(A;41)60% with center in Ay, a subset of A;,1. Thus

o] + (Aun)
> + §(4) by monotonicity of § and n,p; > n;
> Crp(Ai ) A 4 sup{F(Aiy1 N BIE, p(Aig1)0%] : € € A}
> C1p(Au) NP+ § (A1)
The second inequality comes from <17> with f(A4;11, p(A;+1)0?) replaced

by its definition. Monotonicity gives § (A;11) > § (Aw[4})7 completing the
argument

Consequence (c):
The case where L is infinite is the most interesting. The argument for fi-
nite L is similar.

Successive appeals to inequality <20> gives

o) + §(Aup) — §(Aup) = CLAEp(A, ),
Mopa) + §(Au) — §(Au) = CLAPlp(A, ),
Mofr) + §(Aur) — F(Aupo) = C1ABlp(A),
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and so on. If we add these inequalities the sum on the left-hand side tele-
scopes, leaving

F(Aup) + (Mop) + N +---) = C1 (A“mp(Aw[z}) + XPlp(As) + . )
It follows that, for some constant Cs,
Co3(T) > Z(eLg /\"J[g]p(Awm) where Ly :={£ € L: ¢ =2(mod 3) }.

Similar arguments bound the sums over the similarly defined subse-
quences Ly and L. After combining the three bounds then invoking in-
equality <16> to take care of p(Aw[l]))\“’m we arrive at the inequality as-
serted by Theorem <12>.

Beyond gaussian

Even though this Chapter has established lower bounds only in the gaus-
sian case, I believe it does point the way to other applications of Tala-
grand’s general method. As explained by Talagrand (2021, pp. 47-49), the
key requirement of his approach is existence of an analog of Lemma <2>
for analogs of the functional §.

Problems

(repeated from Chapter 6) Suppose {X; : i € N} is a gaussian process with
X; ~ N(0,0?). Define M,, := max;<, X; and My, := sup;en X;. Show that
My, < oo almost surely if and only if PM,, < co. Argue as follows for the
nontrivial implication. Suppose P{My, < oo} = 1.

(i) Show that there exists an R € R for which

®(1) > P{My > R} > P{M, > R} > P{X,, > R} = ®(R/o,).

Deduce that o := sup,, o, < R.

(ii) Choose any constant 7o for which 1 > 2e~76/2 + &(1). Write m,, for PM,,.

Use the concentration inequality from §6.1 to show that
P{M, > mn —oro} > 1—2¢"0/2> &(1) > P{M, > R}.

Deduce that m,, — org < R for all n.

(iii) Deduce that PMs < R+ org < co. Hint: 0 < | X4+ M, | X1| + Mw.
(iv) Extend the argument to a two-sided equivalence: P{sup; |X;| < oo} = 1 iff

2]

P sup; | X;| < oo. Hint: sup, |X;| = max (sup; X;, sup,;(—X;)).

Suppose (X1, X2) has a centered bivariate normal distribution for which
| X1 — X2l = 0 > 0. Show that P max(X;, X2) = §/v27. Hint: First
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show that 2max (X, Xo) — X1 — X2 = | X7 — X2|. Also note that P|Z| =
2/V/2r it Z ~ N(0,1).

Suppose {X; : i € N} is a centered gaussian process with F' := P sup;cy X
finite.

(i) Show that Psup; ; |X; — X;| = Psup; ; (X; — X;) = 2F. Hint: The first

equality comes from the fact that both X; — X; and X; — X; appear in
sup; ; (X; — Xj). Then note that sup; ; | X; — Xj| is an increasing limit of

max_|X; — X;| = max (X; — X;) = max X; + max(—Xj).
(1.5)€ln])? (1.5)€ln]? i€[[n] Jj€ln]

Use the fact that {(—Xj;) : j € N} has the same distribution as X.

(ii) Define D := sup; ; | X; — Xj||,. Show that F' > D/+/27. Hint: Problem [2].

[4]

12.7

Under the conditions of Theorem <10>, prove that U5 ' (PACK(6, T, d)) —
0asd—0.

Notes

My exposition is based largely on papers by Talagrand (1992, 1996, 2001)
and the three versions of his book on generic chaining: Talagrand (2005,
Sections 1.3 and 2.1), Talagrand (2014, Chapter 2), and Talagrand (2021,
Chapter 2). In particular, Lemma <2> comes from Talagrand (1992) via
Talagrand (2021, Proposition 2.10.8).

The highly informative book of Ledoux and Talagrand (1991) provided
welcome backup, particularly for the insights it gave into earlier ways of
handling chaining ideas. And again I also benefitted greatly from reading
the expositions by Ledoux (1996, Chap 6) and van Handel (2016). See
Chapter 11 for further references.

The proof for Theorem <10> is based on Ledoux and Talagrand (1991,
Thm 12.9), a version of a more involved result presented by Talagrand
(1987, page 122-124). My rearrangement of their argument avoids the
need for an appeal to Ledoux and Talagrand (1991, Cor 3.19).
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Chapter 13
Symmetrization

SECTION 13.1 presents a collection of examples, some classical and some
of more recent provenance, that introduces several of the key ideas be-
hind the symmetrization method.

SECTION 13.2 explains why it helps to create “independent copies” of ran-
dom processes by means of explicit product space constructions.

SECTION 13.3 explains why empirical processes (my main motivating ap-
plication) should be thought of as sums of independent stochastic pro-
cesses.

SECTION 138.4 describes a symmetrization method for bounding the ex-
pected value for the supremum of an empirical processes, introducing
the idea of controlling a centered sum of processes X;(t) — PX;(t) by a
sum of processes $;X;(t) with s; a random +1-valued sign variable.

SECTION 13.5 extends the ideas from § 13.4 to control oscillations for em-
pirical processes. The argument involves a small calculation known as
the “square-root-trick”.

SECTION 13.6 shows how to strengthen the results from Section 13.5 to
obtain oscillation control for empirical processes.

Symmetry?

In general, the word ‘symmetrize’ refers to some operation that replaces
an object by a more symmetric object. For example, a classical method
due to Steiner (Billingsley, 1968, §19) can be used to prove an isoperimet-
ric inequality for measurable subsets of R¥, by using a succession of trans-
formations that bring the set ever closer to a ball.

A different sort of symmetrization has long been a useful probability
tool. For example, as you saw for the PISIER-MAUREY method in §6.3,
if X and Y are independent with each N (0, I,,) distributed then, under
mild assumptions on the function f,

PAX)=PAX)) < pAFX)=FY)) for all real A.

The distribution of f(X) — f(Y) is symmetric around the origin. However,
symmetry was not the main reason for making the transformation; it was
merely a step that put the problem into a form that was easier to analyze
by means of a path argument.

In fact many arguments traditionally referred to as ‘symmetrizations’
do not depend on symmetry for their effectiveness. They actually involve

296
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a more general idea. Suppose, for example we wish to bound PW for a
random variable W defined on a probability space (2, F,P). We can some-
times argue using some combination of two general strategies:

(i) RANDOMIZE: Inject more randomness into the problem, to create a
new random variable W*, which is easier to analyze than W and for
which PW < PW™.

(ii) coNDITION: For some random object Y to decompose the analyis
into two or more steps by conditioning on Y: if Y has distribution @
then PW* = QYP(W* | Y = y). The hope is that the analysis of the
conditional expectation will be easier than the original problem.

Typically the new W* is created on a larger probability space, often by
taking a product of the original P with some new probability measure. In
such situations the conditioning argument can usually be recast as an ap-
peal to a FUBINI theorem, a simplification that avoids dubious arguments
involving abstract KOLMOGOROV-style conditioning on sub-sigma-fields.
The next Section will explain.

The following Examples illustrate how these ideas can solve some non-
trivial problems. Even if you are not interested in these particular applica-
tions, I urge you to at least take note of how the same ideas seem to pop
up in apparently unrelated problems.

The first Example does not involve any RANDOMIZE step because the
problem already comes in a form amenable to analysis. However the anal-
ysis does preview an idea that appears in many RANDOMIZE arguments.

Example. A famous result of Cramér (1936) asserts that a sum X + Y
of independent random variables can have a normal distribution only if
each of X and Y also has a normal distribution (possibly degenerate). As
a first step in the proof, one needs to show that X has tails that decrease
rapidly.

With no loss of generality, assume that Y has a zero median, that is,

P{Y>0}>1/2 and P{Y <0}>1/2.

Also assume, for simplicity, that X + Y has a N(0, 1) distribution. Then,
for t > 0,

exp(—t2/2) > P{X +Y >t} > P{X >,V >0}
> 1pP{X >t} by independence.

A similar argument gives a similar bound for the lower tail. If you read
the previous display in reverse order it will look like an instance of RAN-
DOMIZE.

See UGMTP §8.8 for an explanation of how this tail bound leads to

O Cramér’s result.
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Remark. Cramér proved his result in response to a conjecture by Paul
Lévy, asserting (roughly speaking) that a sum of independent random
variables is approximately normally distributed if and only each sum-
mand either contributes a very small amount to the sum or (if not
small) is itself approximately normally distributed. See Problem [1]
for a result along these lines. See Le Cam (1986, §2) for a most enter-
taining account of the history.

In the statistical theory of experimental design, randomization is actu-
ally a key ingredient in the statistical interpretation and not just a device
for bounding one expected value by another. Nevertheless, it does point
the way for the use of a RANDOMIZE step in other fields.

Example. Fisher (1935, §§13-21) discussed in detail the analysis of an
experiment on plant growth made by Charles Darwin. The data consisted
of observed heights for 15 pairs of plants, one self-fertilized the other cross-
fertilized, each pair being grown under conditions that Darwin had tried
to make as similar as possible. Nevertheless, there were probably small
differences between those conditions.

Fisher criticized Darwin’s procedure because he had not randomly as-
signed (“as by tossing a coin”) the locations where each member of the
pair had been planted. He commented (§20):

Randomisation properly carried out, in which each pair of
plants are assigned their positions independently at random,
ensures that the estimates of error will take proper care of all
such causes of different growth rates, and relieves the experi-
menter from the anxiety of considering and estimating the in-
numerable causes by which his data may be disturbed. The
one flaw in Darwin’s procedure was the absence of randomisa-
tion.

Such an experimental design is now referred to as the ”"method of paired
comparisons”. Fisher also asserted (§21) that

... the physical act of randomisation, which, as has been shown,
is necessary for the validity of any test of significance, affords
the means, in respect of any particular body of data, of exam-
ining the wider hypothesis in which no normality of distribu-
tion is implied.

In other words, the randomization turns some systematic effects into ran-
dom noise, so that the probabilistic analysis leads to conclusions similar to
those obtained under a model with normal errors. He didn’t seem to give
any theoretical justification for that claim.

Subsequently, several authors tried to justify Fisher’s assertions. Sup-
pose D; denotes the difference in heights (cross- minus self-) within the ith
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pair, for ¢ € [[n]] with n = 15. The typical statistical model treats the D;’s
as independent N (u,0?) random variables, with u representing the hy-
pothetical mean difference between treatments. A formal test of the null
hypothesis ;1 = 0 would compare the observed value

Zi Dz/\/ﬁ
(>2i(Di = D)?/(n - 1))

with the percentiles of a standard t-distribution on n — 1 degrees of free-
dom.

If there were literally no difference between the treatments, the magni-
tude y; := |D;| would be determined by the locations within pots, and the
sign would be determined by the randomization. We would then find our-
selves in the situation where the observations had the same distribution as
$1Y1, . - -, 5pYn for independent random variables for which P{s; = +1} =
1/2 = P{s; = —1}. Any statistical test based on T" could just as easily be
based on the one-to-one transformation

vnT > i SilVi 2\1/2
S = = = = Z 5;W; where w; := yz/(z y2)12,
_ 2 i i7"t
Vn—1+T \/Ziy?

By construction, ), wi2 = 1. If the normality assumption held, S would
have a symmmetric distribution with S? distributed BETA(1/2, (n — 1)/2).
Normal approximation for T is essentially equivalent to BETA approxima-
tion to the distribution of S? conditional on the {w;} weights.

As one measure of similarity between the distributions one can com-
pare the moments of S? with the corresponding moments of a beta dis-
tribution. For a most informative account of this idea see the discussion
paper by Box and Andersen (1955).

T := e

In §4.3 you saw how a result of Isaac Newton implies log-concavity of
the Poisson-Binomial distribution. The next Example shows how the same
fact can be established by a coupling argument involving RANDOMIZE and
CONDITION. Notice the similarity to the method of paired comparisons in
the previous Example.

Example. Suppose S = X + --- + X,, for independent {0, 1}-valued X;’s
with P{X; = 1} = p; for 0 < p; < 1. That is, X; ~ BER(p;). In §4.5 it was
shown that the distribution of S is log-concave (and hence unimodal):

(P{S=k})? >P{S=k—-1}P{S=k+1} fork=0,1,...,n.

The RANDOMIZE/CONDITION method will give another simple proof of this
result.
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For the RANDOMIZE step make an “independent copy” of the X;’s.
That is, create Y;’s such that X1,..., X,,,Y1,...,Y, are mutually inde-
pendent and Y; ~ BER(p;). Define T'=Y; + --- + Y},. By independence,
inequality <4> is equivalent to

P{S=kT=k}>P{S=k—1,T=k+1} fork=0,1,...,n.

The verification of <5> will be greatly simplified by conditioning on
the random variables W; := X;+Y;. The triples (X;,Y;, W;) fori=1,...,n
are independent with W; ~ BIN(2, p;) and

P{X;=Yi=1|W;=2}=1=P{X; =Y, =0| W =0},
P{X;=1,Y,=0|W; =1} =1/2=P{X,; =0,Y; =1 | W; = 1}.

Remark. The random variables S and T are said to be coupled, That
is, we have defined them on a new probability space where a condi-
tioning argument can simplify the analysis.

For each w in {0, 1, 2}" write P, for the conditional probability mea-
sure P(- | W = w). It will suffice if we can show

Pu{S=kT=k}>P,{S=k—-1,T=k+1} for each w,

with strict inequality for at least one w with P{W = w} > 0. To that end
define Ny := > .. {W;=a} for a € {0,1,2} and Z := )", X;{W; =1}.
Under P, this Z has a BIN(Ny,1/2) distribution and we have S = Ny + Z
and T'= Ny + (N1 — Z)

For the quantity on the right-hand side of <6> to be nonzero we must
have 2k = 2Ny + N7 and Ny > 0, which forces N1 = 2/ for some positive
integer £. The desired inequality becomes

Pu{Z =10} >P,{Z=0-1} with > for at least one 4.

The strict inequality holds for each ¢ in N because the BIN(2¢,1/2) distri-
bution has a unique mode at /.

Conditional symmetry has long been a standard tool in the study of
empirical distribution functions.

Example. Suppose F), is the empirical distribution function based on a

sample x1,...,x, from a distribution function F' on the real line, and G,

is the empirical distribution function based on a sample y1,...,y, from

a distribution function G. For a one-sided test of the null hypothesis that

F = G one could use the SMIRNOV statistic, S;F = max,er (F(z) — Gn(2)).
At least when F' has no jumps—which rules out ties in the observations—

the exact distribution of S can be calculated by means of a conditioning

argument (Gnedenko, 1968, Section 68). Write z; < -+ < 29, for the
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ordered values of the combined sample of x;’s and y;’s. Calculate the con-
ditional probability

pr(2z) = P{F,(x) — Gn(x) > k/n for some x}.

Given z = (z1,..., 22n), the step function F,, —G,, has jumps of size 1/n at
each z;, with n jumps up and n jumps down. The sample path starts from
(0,0) and ends at (z25,,0). All (277) orderings of jumps are equally likely;
the conditional distribution of the x; sample given z puts equal weight on
each subset of size n. To calculate pp we have merely to count how many
orderings will give a path that reaches the level k/n. Write 7 = 7(z) for
the first ¢ on such a path for which F,(z;) — Gn(2;) = k/n.

A reflection of the path segment from 7 to za,

2kin - 1 about the horizontal line through (27, k/n) defines

<8>

a one-one correspondence between paths that reach
k/n and the set of all step functions from (0, 0) to
(22n, 2k /n) with jumps of size +1/n at the z;. There
are exactly ( n2_"k) such step functions, one for each

choice of the n — k positions of the —1/n jumps.

2 2
pk(z):(n_nk>/<:) for every z and kK =0,1,...,n.

The conditional probability does not depend on the configuration of the
z;’s. When we average out over the distribution of z, whatever it might
be, we get the same ratio for the unconditional probability,

P{F,(2) — Gn(x) > k/n for some z} — <n2_” k) / <2”>

n

The analogous one-sample problem, involving F,, — F' instead of F,, —
G, does not lend itself to such a simple combinatorial analysis. However,
as you will see in Example <8>, it is possible to use the two-sample pro-
cess to derive bounds for F,, — F.

The combinatorial idea in the previous Example has a much more
powerful analog in the modern theory for more general empirical mea-
sures.

Example. In an exceedingly famous paper, VC71=Vapnik and Chervo-
nenkis (1971) described a method for establishing an analog of the classi-
cal GLIVENKO-CANTELLI theorem. What follows is a rewrite of their argu-
ment using the notation that later became popular in the empirical pro-
cess literature.
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Suppose (A, A, P) is a probability space and &1,&s,. .. are indepen-
dent random elements of A, each with distribution P. Define the empir-
ical measure P, = P, , on S by putting mass n~! at each of the points
&1(w), ..., &n(w). By the strong law of large numbers, for each A in A,

P,A:=n"1 Zl{&(w) € A} - PA  almost surely as n — oo.

VC71 were able to extend this result to a convergence assertion holding
uniformly over a subcollection D of A.

To avoid measurability difficulties of the kind discussed in Chapter 9,
let me assume that D is countable: D = {D; : j € N}.

Remark. I would argue that existence of a DOOB-separable version
(see §9.6) of the process {P,D : D € D} justified the simplifying as-
sumption that D is countable. However authors such as Dudley (2014,
p267) would not accept this argument. Similar measurability issues
greatly complicated the development of limit theory for general em-
pirical processes. See Giné and Zinn (1984, §2) for one particularly
careful attempt to spell out the measurability assumptions.

More recently, Ledoux and Talagrand (1991, pp44—45) have elimi-
nated the difficulty by defining

Psup,cp | X¢|P := sup{Pmax;cr | X;|? : F a finite subset of T'},

which is equivalent to working with an essential supremum (see §9.4),
a close cousin of DOOB-separability. That is, a maximal inequality
over an infinite set T should be interpreted as a uniform bound that
holds for all finite subsets of T, a bound that does not blow up as the
size of F' increases.

Define W(w) := suppep |PrwD — PD|. VCT71 used a symmetrization
argument to bound P{W > €}. For the RANDOMIZE step, generate inde-
pendent observations &1, &2, ...,&2, on P, with P, = P, , putting mass
1/n at & (w),...,&(w) and a second empirical measure P, = N,W putting
mass n~ ! at &,41(w), . .., (w). Define Py, = Puw— ﬁn’w. The random
measures P, and 15n are mutually independent. A simple argument will
show that, for all n large enough,

P{WW > e} <2P{W° > ¢/2} where W*°(w) = suppeop |P7‘;WD|.

It is just a matter of keeping track of the first D; that makes W bigger
than e. Define

T(w) :=1inf{j € N: |P,,D; — PDj| > €},

with the usual convention that 7(w) = oo when W(w) < e. The event
{W > ¢} is a disjoint union of the events {7 = j} for j € N. For each
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such j, the event {7 = j} (which depends only on &1, ...,&,) is indepen-
dent of the event B; := {w : |PnwDj — PD;| < €/2} and on the inter-
section {7 = j}B; we have |P; ,D;| > ¢/2. Note that Var(ﬁn,ij) =
n_l(PDj)(PDj) < (4n)~1, so that

c 2 2
PB; <(1/4n)/(e/2)” <1/2  when n > 2/€*, by CHEBYSHEV.

For such an n we then have

P{W > ¢} = ZjeN P{r=j}< ZjeN P{r = j}2PB;
<2 ZJEN P{r = j,|PywD; — PDj| > €} B, by independence

< QZjeN P{r =4, W°>¢/2} <2P{W° > ¢/2}.

The process Py := P, — ]Sn is easier to analyze than P,, — P because
it has simple conditional distributions. The VC71 method effectively con-
ditions on P,, + P, in the sense that we treat the locations of the obser-
vations in the double sample as given but without their identification as
members of the P, or the P, sample. That is, we work with the condi-
tional distribution under which each of the (2:) subsets of {& : i € [[2n]]}
is equally likely to correspond to {&1,...,&,}. After conditioning, the
analysis reduces to a combinatorial problem similar to taking a sample
of size n from an urn containing n red balls and n black balls.

The key VC71 insight was similar in spirit to the simplification for the
classical case described in Example <7>. For a given w, if D; and D;, are
two members of D for which

pattern; := {i € [[2n]] : {;(w) € D;} = {i € [2n]] : &i(w) € Dy} =: patterny,.

then we must have P, ,D; = P; , Dy for every possible partition into two
subsets of size n. When we are taking the supremum over all members
of D we need not consider both D; and Dy. Indeed,

SUPpeDd |P12,wD‘ = SUPpeo, ’PiwD|

for any D,, that picks out all possible patterns from {&;(w) : ¢ € [[2n]]} .
(The subset D, is allowed to depend on w, of course.)

VC71 had noticed the possibility that, for some D, it is possible that
there might always exist a D,, whose size is bounded by p(n), for a fixed
polynomial p. (They cited the classical case of intervals (—oo,a] on the
real line as an example.) Such a D is called a VC-class of sets. When
combined with a hypergeometric tail bound for the conditional distribu-
tion, the polynomial bound on |D,| leads to a most satisfactory upper

O bound for P{W > €}.
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Remark. Admittedly the distribution of each P;A in the previous Ex-
ample is symmetric but that is not the whole reason for the method’s

success. For example, Devroye (1982) was able to sharpen the VC in-

equalities by constructing P, from an independent sample of size n?,

so that the variability of P, — P, was only slightly greater than the
variability of P, — P. For that construction the distribution of P, f —
P, f is no longer symmetric, but it is still more tractable than the dis-
tribution of P, f — Pf. Massart (1986) took the idea even further by
taking the second sample to be of size mn, where m was a parameter
that could be optimized over.

Example. VC81=Vapnik and Chervonenkis (1981) extended their result
for sets to the analogous results for uniformly bounded collections of A-
measurable, real-valued functions, {f;(:) : ¢t € T} on A. The following
discussion translates some of their arguments into the more familiar nota-
tion.

Again they considered samples of observations &1, ..., &, from a fixed
probability measure P on A. They assumed 0 < fi(a) < 1 for each t. For
each realization (&;(w) : @ € [[n]]), each ¢ defines a point in the unit cube:

ztw = (fi(&i(w)) i € [[n]])) € G := [0, 1]".

Thus A, = {zw : t € T} can be thought of as a random subset of C,,.
They equipped the cube with its £*° metric, p(z,y) = max;<y, |z; — yi|. By
using a symmetrization argument similar to the one for VC71 they showed
that sup, |P,f — Pf| — 0 in probability iff P log, COVER(€, A, pn, p)/n — 0
for each € > 0, where COVER(€, A, 5,, p) denotes the smallest number of p
balls whose union constains A, . See Pollard (1984, §IL.5) for an exposi-
tion of a slight variant of the VC81 result.

Symmetrization for general stochastic processes

Consider a stochastic process X = {X; : t € T'} defined on a probability
space (2,F,P). That is, for each ¢ in T' we have an F\B(R)-measurable
map from € into R. As in Example <8>, to avoid measurability difficul-
ties, assume 7' to be at worst countably infinite. (Again such an assump-
tion could be justified by an appeal to the results from §9.6.) Suppose we
want to bound PV (sup, | X; — PX;) for some ORLICZ function ¥ (see Chap-
ter 5.) N

_ Symmetrize by means of an independent copy {X;:t e T}. That is,
X has the same distribution as X and it is independent of X.

Remark. As explained in Section 2 of 9, the distribution of X could
be defined as the probability measure P on the cylinder sigma-field C(RT)
by PB := P{w : X(-,w) € B}. As noted in that same Chapter, this
definition could also be applied with uncountable T but then other
measurability problems arise: even for processes as simple as the em-
pirical distribution function for sampling from UNIF[0, 1], the cylinder
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sigma-field is not large enough for the traditional analysis of many
interesting functionals. It can be difficult to pin down the notion of
“identical distributions” for random objects that don’t have distribu-
tions that live on BOREL sigma-fields.

We might try to apply a JENSEN inequality,
P (sup, | X (t,) — PX;|) = PW (sup, | X(t,w) - PX(t,w))

% PU (supt | X (t,w) — f(@‘“)‘) )

by arguing that independence of X and X means that the PX (t,w) in-
side the ¥ acts only on “the part of w that controls the randomness of X;
but really has no effect on the X; part” and hence “it can be pulled out-
side the supy | ...| then outside the ¥ and then combined with the first P”,
whatever that means. To eliminate the handwaving many authors would
adorn the innermost P (or the more traditional E) with some subscript
to suggest that it should be treated as an expectation conditional on the
value of X (-,w). Such an argument seems to me a particularly clumsy way
of invoking independence. B

Alternatively, to manufacture an independent copy X of X we could
work with the product space RT x RT equipped with its product sigma-
field C(RT) ® G(RT). Under the product measure P @ P the coordinate
maps X and X are independent, each with distribution P. We could then
replace <11> by

P (sup, | X (t,w) — PXy|)

— Py <supt |z (t) — p%(t)\) < PTy <P5 sup, |z(t) — :z(t)|)

< P*P™ (sup, |z(t) — Z(t)|) by JENSEN

— PU (Supt X (1, w) — X(t,w)\) .
An appeal to FUBINI is usually much cleaner than a hand-waving condi-
tioning argument.

Inequality <12> has an analog for tail probabilities, whose proof re-

quires a litle more work: it replaces the appeal to a JENSEN inequality by

a direct independence argument analogous to the one described in Exam-
ple <8>.

Theorem. Let {X,(w):t € T} and {X;:t € T} be independent stochastic
processes with T countable. Let o, R1, and Ry be positive constants.

(i) If aP{X; < Ry} > 1 for each fized t in T then

P{sup,cr X¢ > R1 + Ra} < aP{sup;cr (X — X)) > Ry}
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(i) If aP{|X;| < Ry} > 1 for each t in T then
P{sup; | X;| > R1 + Ry} < aP{sup, | X; — X;| > R.}.

Proof. For asssertion (i) suppose T' = {t; : j € N}, as in Example <8>,
and define 7(w) := inf{j € N : X(¢;,w) > R1 + Ro} with 7(w) = oo if
supjen X (tj,w) < Ri + Ra. Then the events {7 = j} and {)?(tj) < Ry} are
independent and X (t;,w) — X (tj,w) > Ry on their intersection. Thus

P{sup;cr Xt > R1 + Ro} =P{r < o0} = ZjeN P{r=j}
< O‘Z P{r=j X(t i) < Ra} by independence
< Oézj P{r=j, X(t;) - X(t;) > R}
< azj P{T = j, sup;er(X: — X;) > Ry}
< aP{sup;er(X; — X;) > Ry} by > {r(w) = j} <1 for each w.

The argument for assertion (ii) is almost the same except that we
should define 7(w) := inf{j € N : |X(¢j,w)| > Ri + Ra} and use the
inequality | X;| — |X| < [X; — Xi|.

Remark. Assertion (ii) of the Theorem is also valid if X; takes values
in some R¥, or even if it takes values in some general normed linear
space (provided you take care of a few measurability issues).

Empirical processes?

My interest in symmetrization began when I first tried to understand the
argument used by VC71=Vapnik and Chervonenkis (1971). Their results
would now be called uniform strong laws of large numbers (or Us-
LLNs for short).

Amongst other innovations, Dudley (1978) extended the VCT71 ap-
proach to establish a uniform central limit theorem (ucLT)for an em-
pirical process v, based on a sample &1,...,&, from a probability mea-
sure P on (A, A) and a collection of sets D of A:

V(D) := /i(PoaD—PD) i= n~V/? Zi({fi(“’) € D}—PD) for D € D.

That is, he proved convergence in ditribution (in the sense described in
Chapter 9) for v, as a random element of a space of bounded real func-
tions on D. He subsequently (Dudley, 1981) generalized his UCLT by re-
garding v, a stochastic process indexed by various subsets F of £L2(A, A, P):

f)=n"12 Zi(f(g,-) - Pf) for f € F.
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Empirical process ideas soon became popular as tools for analyzing
asymptotic problems in Statistics. For example, the ideas could be applied
to a regression problem with observations y; = (z;,60) + u;, for i € [[n]],
with observed vectors x; in some euclidean space, an unknown 6y, and
unobserved errors u;. They also worked (Pollard, 1990, §11) for an even
more complicated problem with censored observations and an estimator 8
chosen to minimize ;. ly;” — (;,0)|, a problem very difficult to analyze
using classical methods but easily handled by an empirical process analy-
sis with F replaced by a set of functions {f;(-,0) : i € [[n]],0 € ©} and a
normalization different from the n='/2 for Dudley’s theorems.

The customary n~/2 standardization also turned out to be irrelevant
for a problem analyzed by Kim and Pollard (1990), which involved a pro-
cess {Gn(t) — PG, (t) : t € T} with T C R¥ and

Gn(t) == n~1/3 ZKH f <£¢(w),90 + tn_1/3) ,

for a collection of functions {f(-,) : § € ©} indexed by a subset © C R¥.

Such examples persuaded me to follow the leads of Alexander (1987)
and BLM=Boucheron, Lugosi, and Massart (2013, Chap 11) in focussing
on general sums of independent processes X; := {X;(t,w) : t € T} for
i € [[n]]. That is, any standardization (such as an n~/2 factor) is ab-
sorbed into the definition of the X; process. For example, X;(t,w) :=
n-1/3f (&i(w), b0 + tn_1/3) for <15>; and for Dudley’s ucLT (for func-
tions) we would have X;(t,w) := n=V/2f (&(w),t) where {f(-,t) : t € T} is
a (countable) collection of measurable maps into A.

Following BLM T’ll also use the name “empirical process” for any (cen-
tered) sum ), X;(¢,w) of independent stochastic processes, despite the
fact that there need be no underlying “empirical measure” P, constructed
from observed (a.k.a. “empirical”) data. When I feel the need for an ex-
plicit P, I'll add the qualifier “traditional”. Despite the risk of confusion,
the generalization seems worthwhile because the traditional techniques
largely carry over to the independent process setting. To avoid measura-
bility difficulties I’ll again assume that the index set T is countable.

Typically one chooses the standardization to control ), var(X;(t))
for each t, with some sort of central limit effect in mind, which then has
the side effect of making each individual X;(¢) small in some probabilistic
sense.

As Alexander (1987, §2) noted, the limit theory takes a slightly simpler
form (particularly for processes centered to have zero expected values) if
the enwvelope functions

Ei(w) := super | Xi(t, w)|

satsify something like a LINDEBERG condition or some other condition that
makes max; F; small in some probabilistic sense.
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<17> Example. Consider the traditional case where £1,&s, ... are independent
observations from some distribution P on a set Aand F := {f; : t € T} is
a collection of measurable functions on A for which F(-) := sup;ep |fi(+)]

belongs to £L2(P). The traditional empirical process

Un(t,w) :=n"1/? Z

corresponds to X;(t,w) = n~Y2f,(&(w)), with envelope E; < n~1/22F(&(w)).
In that case

(Fil&w) - P)

i<n

P{maxj<, E; > n} < nP{2F > n'?n} < PF*{2F > n'/?n}/n?,

0 which tends to zero for each fixed n > 0 as n — oo.

Remark. If {¢,,; : i € [[n]], n € N} is a triangular array of random
variables, independent within each row and satisfying the mild regu-
larity assumption that max; P{|¢, ;| > €} — 0 for each € > 0, then
classical theory (see Petrov, 1975, §IV.4 and Le Cam, 1986) tells us
that ), &, ~» N(0,1) iff for each € > 0 we have:

(a) P{max; &, | > ¢} — 0asn — .
(b) Zi P (fn,i{‘gn,i, < 6}) — 0.
(c) >_;var (&n,iflén,i| < €}) — 1.

13.4 Maximal inequalities for empirical processes: norm-like

Let me start with a simple example that expands on the symmetrization
idea introduced in Section 13.2. The conditioning appears in the thin dis-
guise of an upper bound expressed as a product integral. The following
Theorem involves a general ORLICZ function W. On a first reading you
might find it easier to assume W(r) = r.

<18> Theorem. Suppose:

(i) S(t,w) = > Xi(t,w) where {X;(t,w) : i € [[n]],t € T} isa
collection of independent stochastic processes with T countable.

(ii) X;(t) € LY(P), for each i in [[n]] and each t in T, for a given OR-
LICZ function W.

Then, for every probability measure Q on B, := {—1,+1}",
<19> P (supt‘S(t,w) - PS(t)D < PYQ°U (2 suptlz,sixi(t,w)‘)

O where Sp = S°(t,w,s) =), 5,X;(t,w).
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Remark. If you worry about integrability issues you could initially re-
place T by a finite set. The general case for countable T" would then
follow by taking a supremum over an increasing sequence of finite sub-
sets of T'.

Proof. Make independent copies {(X; (t,w) : i € [[n]),t € T} on a new
probability space (€2, F,P) and define S, (t,&) := ZZX (t,&). Then PS(t) =
PS(t) for each t and the expression on the left-hand side of <19> equals

(%) :== P¥V (SupteT ‘S(t,w) — PYS(t,®) D
< P¥sup, ¥ (ﬁa
< PP sup, ¥ (|0 Xl w) - Xi(t,0) ).

the final inequality coming from the JENSEN inequality and the fact that
suptP( )< PSUPt( -)-

The final bound would be unchanged if we swapped some X; with the
corresponding X For example, under P ® P the joint distribution of

Z‘ Xi(t,w) — Xi(t, @) D because V¥ is increasing
7

X17X27X37 v 7Xn—17XTL7X17X27X3 v 7X7’L—17Xn

is the same as the joint distribution of

X17)?27)’Z37 e 7)?n—17Xna)?17X27X37 st 7XTL—17),Z7’Z'
Equivalently, in <20> we can just replace Xo — X, by —(Xy — )N(Q), and
X3 — X3 by —(X3 — X3), and so on. In general we have

(x) < pwp® supyer ¥ (’Z 51( (t,w) — Xi(t,@)> D

for every choice of s := (s1,...,6,) from B,,. Integrate with respect to Q to
get

(%) < QPP supyer ¥ (|3 51 (Xiltw) - Xi(t,@)) )
< PPQU (supt‘z 5, X;(t w))—i—supt‘z 5; X, )D

Invoke the convexity inequality V(A + B) < $W(24) + %\I/(QB) to split the
upper bound into a sum of two terms then discard unnecessary P and P to
end up with the asserted inequality.

Remark. The split into two equal contributions from the X; and )N(z
processes is not essential; it just makes for a neater-looking bound.

The simplest choice for Q in the previous Theorem is the uniform dis-
tribution over B,,, in which case the coordinates sy, ..., s, become inde-
pendent random variables with Q{s; = +1} = 1/2 = Q{s; = —1}. The ran-
dom variable s; X;(¢,w) has a symmetric distribution under P ® Q. From
now on, with Q uniform on B,,, I'll refer to s1,...,5, as sign variables,
as in §7.1.
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Remark. Maybe someone will one day come up with a clever trick
involving a different Q. For example, if ¢ were replaced by a double
indexing 14, j, it might be helpful to have Q invariant under a fancier
group of transformations of the index set.

Theorem <18> is useful because it lets us break the analysis of the
empirical process into two steps, the first—effectively a conditioning step—
involving only the randomness in S° provided by the sign variables un-
der Q. Moreover, for each fixed w, the S° process involves the {X;}’s only
through the set of n-dimensional vectors X (t,w) := (X;(¢t,w) : i € [[n]]),
that is, S°(t,w,s) = (X(t,w),s) where (-,-) denotes the usual ¢? inner
product.

With Q uniform, for each pair of vectors z,y in R™ and each real A,

Qele)—(s) < N Tilwi—9)?/2 _ Nla—yl3/2

where | - |2 denotes the usual 2 norm on R™. That is, under Q, the in-
crement has a subgaussian distribution, in the sense of §7.1. Using the
ORLICZ norm characterization of subgaussianity from §7.2 we also have

[{z,8) — (¥:,9) ||y, 0 < Kolz —yl2 where Wo(r) := exp(r?) — 1,

for Ky a universal constant (smaller than v/6).

Remark. [ write [|...[|y, o instead of ||...[|y,, as a reminder that the
calculation takes place in £¥2(Q) with w held fixed.

In particular, under Q the process {S7 : ¢t € T'} has subgaussian increments
controlled by a random semimetric p,(s,t) := |X(s,w) — X (t,w)|2 for
s, telTl:

S° — 82 € suBG(pu(s, t)?).

As t runs over the index set T the X (¢,w) vectors trace out a subset
Xy = {X(t,w) : t € T} of R™. The Supt‘So(t,w,s)‘ in <19> could be
rewritten as sup,cy, [(z,5)[. We might reasonably hope to control this
process for fixed w using the chaining methods described in Chapters 10
and 11, leaving a function of w that can be bounded more easily (we also
hope) than the expression on the left-hand side of <19>.

For example, suppose X, has ¢?-diameter D(w) and, for simplicity, as-
sume 0 € X,. With §; := D(w)/2 fori = 0,1,... suppose we have a
{6;}-packing framework, in the sense described in §10.4, rooted at 0. Then
the chaining argument from §10.6 gives

D(w) .
HSUszDCw ‘<x75>’ H\IIQ’Q < J(w) = C/O v (PACK(Ta xwa92)> dr,
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with C a universal constant. As shown in §7.2, if the upper bound in <23>
is finite then it implies a host of weaker (but more easily interpreted) in-
equalities for S° as an element of £P(Q): for each p > 1 there is a con-
stant C), for which

HSprexw ’<$75>| Hp7Q < ij(w)ﬂ
from which we get
Psup, [Si(w) — PSP < 01/7 P(CpJ(w))?

for some new constant C’I’). Of course the inequality is useful only if J be-
longs to LP(P). See Pollard (1989) and Kim and Pollard (1990), where
very similar bounds were applied to derive limit theorems for statistical
models.

Maximal inequalities for empirical processes: tail-probabilty

The symmetrization method used to prove Theorem <18> can also be
applied to tail probability bounds. This time the s;’s will be built into
the whole construction—which might remind you of the paired compari-
son method described in Example <2>—and not just added in as an af-
terthought justified by the symmetry.

Again, as a measure-theoretic precaution, assume that 1" is at worst
countably infinite. and start from a set of independent processes X; :=
{X (t w) : t € T} for i € [[n]], living on (2, F, P), with independent copies

={X ( w) 1t € T} for i € [[n]], living on some (€2, F,P). For each s in
= {—1,4+1}" and each i in [[n]] define a pair of new processes by

Y;,Y; Yi(t,w,@,s),Y;(t,w,0,8) : t €T
( )= ( )
= {s; = +1}(Xi,)~g-) +{si = —1}()Zi,Xi).

The processes Y; and Y _each have the same distribution as X; and _
all 2n processes Y1,...,Y,, Yl, .. Y are independent under Q ® P ® P.
Most importantly, for each ﬁxed s the sum processes

S(t,w,@,8) =Y Yi(t,w,&,5) AND S(t,w,@,8) = > Yiltw,@,s)

are also independent, with each having the same distribution as the pro-
cess S(t,w) = >, X;(t,w) under P. That is, 8 and 8 are independent
copies of S for which

()-8t =Y s (X (t,w) — fg(t,a)).
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Theorem. Suppose S(t,w) := >, X;(t,w) for independent processes
{Xi(t,w) : i € [[n]], t € T} with T countable. Define S°(t,w,s) =
> 5 Xi(t,w). Let o, Ry, Ry be positive constants and Q be the uniform
distribution on By, := {—1,4+1}". Then:

(i) If aP{S(t,w) —PS(t) < Ro} > 1 for each t € T then

P{3t € T: S(t,w)—PS(t) > Ri+ Ry} < 2aP“Q*{3t : §°(t,w,5) > R1/2).

(i) If aP{|S(t,w) — pu(t)| < Ra} > 1 for each t then

P{sup, |S(t,w)—PS(t)| > R1+Ra2} < 2aP¥Q*{sup, |S°(t,w,s)| > R1/2}.

Proof. For a fixed s, build independent copies as in <25> through <27>
theri invgkNe Theorem <13> with X; replaced by S; — P.S; and X; replaced
by Sy — PS; to get
P{3t:S(t,w) — PS(t) > R1 + Rz}
< aP“P{sup, : S(t,w) — S(t,0) > Ry}
= aP“P“{sup, : 8(t,w,®,s) — S(t,w,@,s) > Ry}
= aP“P®{sup; : Z,ﬁi (Xi(t,w) - )?At,fu)) > Ry} by <27>.

Bound the event in the last line by

{suptz 5; X;(t,w) > R1/2}+{suptz Xi(t,w) > Ry/2},

then integrate through with respect to Q (using the fact that —s has the
same uniform distribution as s under Q) to arrive at (i).
The argument for (ii) is similar.

Oscillation control for an empirical process

From now on, Q will always denote the uniform probability measure on the
discrete cube By, := {—1,+1}". Under Q, the coordinates s, ... s, become
independent sign variables.

The main Theorem in §9.8 established a result slightly stronger than
the following assertion:
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Let {v{™ : t € T, n € N} be a sequence of stochastic processes
defined on a probability space (Q,F,P) and indexed by a to-
tally bounded semimetric space (T, p). Let v be a tight prob-
ability measure that concentrates on Uc(T, p), the set of all
bounded, uniformly p-continuous real functions on T. Then
v 5 (in the sense defined by §9.7) if:

(0SC.i) WJV(n) ~ 70, for each finite subset J of T (fidi

convergence).

(OSC.ii) For eachn > 0 and € > 0 there ezists a § > 0 such
that lim sup,, P*{0sc(6, v, T, p) > n} < .

Here osc(d,z, T, p) := sup{|z(t1) — z(t2)| : t1,t2 € T and p(t1,t2) < 0} for
each bounded, real-valued function x on 7. In Chapter 9 the use of p was
implicit in the definition of the oscillation of a function; in this Section we
must specify that p is being used because there will be several semimetrics
floating around.

Symmetrization helps with verification of (OSC.ii) for a centered em-
pirical processes (™ (t,w) := S(t,w)—PS;, where S(t,w) := > ien) Xi(tw).
Consider just a single n. As before, let X (¢,w) be the random element
of R™ with ith component X;(t,w). Define new processes indexed by T :=
TxT:

V(r,w) = X(t1,w) — X(t2,w) for 7= (t1,t2) €T,
U(r,w) :== Z'V;(T,UJ) AND U°(T,w,s) = Z.%’Vi(ﬂw)7
so that v (t;,w) — v (ty,w) = U(r,w) — PU;, for 7 := (t1,t3) € T and
0sc(8, 1™, T, p) = sup{|U(r,w) — PU,| : 7 = (t1,t2) with p(t1,t2) < &}.

That is, the oscillation condition (OSC.ii) involves a maximal inequality
for a new empirical process

{U(r,w) : 7:= (t1,t2) € T(§)} for T(0) := {(t1,t2) € T: p(t1,t2) < 0}.

For each given n > 0 and ¢ > 0 we need to find a § > 0 for which
P{supr(s) |Ur — PU;| > n} <e.

Remark. Verification of conditions for ~» from §9.7 involves a whole
sequence of maximal inequalities for different v(")’s: in that setting
we need to find a single J that works for all n large enough.

Under mild assumptions Theorem <28>(ii) will reduce the problem to
an analogous problem involving the symmetrized process U°. First note
that, for each fixed 7 in T(J),

() P{IU> — PU| > n/5} < var(U2) = 3 var(Vi(r)) < PV 3.
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If we assume that

P|VT’% = Zz P’Vi(tl,tg)’2 < p(tl,tg)z for all T = (tl,tg) eT

then any 0 less than 7/+/50 will make the tail probability less than 1/2, in
which case (by Theorem <28>)

P{supr(s [Ur — PU-| = n} < 4PQ{supr(s) |U°(7, w,5)| > 2n/5}.

Remark. Clearly the weaker assumption var(U,) < p(t1,t2)?, with 7 =
(t1,t2), would also suffice for <33>. The whole symmetrization argument
would also work if we replaced the X;’s by the centered processes, X;(t,w) —
PX;(t), in which case var(U,) = P|V,|3. However, centering is not harmless:
it would interfere with the sorts of combinatorial arguments that you will
learn about in Chapters 14 and 15.

In the early empirical process literature, where X;(t,w)) = n= "2 f,(&(w))
for independent observations on P, the usual choice for the semimetric p was
|| ft, = ftallo ps the £L2(P) distance, so that <32> was built in. Giné and
Zinn (1984) seemed to prefer || fr, — fi, — (Pt; — Pts)|l, p, although they of-
ten required some sort of comparability with the £2(P) distance. See their
Theorem 3.1 and Remark 3.3 for example.

Under Q the process {U? : 7 € T} has subgaussian increments: for all
real A and o := (s1,$2) and 7 := (t1,t2) in T,

QeMUs—7) < N du(em)?/2 for d,(o,7) == |V(o,w) — V(1,w)|2.

If we wanted to control sup{|U?| : 7 € T(4)} by one of the chaining argu-
ments from Chapters 10 and 11 we would need to bound the diameter of
the subset V,, := {V(7,w) : 7 € T(J)} of R™

D(w) := diam(V,,) := sup{dy(o,7) : 0,7 € T(J)}.

Remarks. There is no avoiding the task of bounding D(w) because
Q{sup,ey, [(v,5)] > D(w)/4} > co for some positive universal con-
stant ¢p. See Problem [2].

As the next Theorem will show, under mild assumptions, we can do
even better than bounding D(w): we can ensure that V,, lies inside a ball
{v € R" : |v|]a < C4} for suitably large C, with high probability. The
key new idea will be another symmetrization argument, slightly different
from the one used for Theorem <28>. This time we symmetrize norms of
sums using Theorem <13> together with a simple inequality that some-
how acquired the name square-root trick: for A = (ai,...,a,) and
B = (b,...,b,) in R™,

Aly— |Bly | = LAE=1BB] 2 p? 2 4 2
‘| |2 | |2} |A‘2+‘B|2 —’Ziaz ’L’/ Ziaz—i_ AN

The Y, a? + b? contribution makes the trick work.
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<36> Theorem. Let {X;(t) : t € T} fori € [[n] be independent processes
with T' countable and envelope functions E;(w) := sup;er | Xi(t,w)|. De-
fine processes {V; : 7 € T(d)} and T(J) as in <29> and <31>. Then
P{sup,ct(s) |V (t,w)|2 > C0} is less than

<37> P{max E;(w) > 0} + P{PACK(6, T, p.,) > m} + 4dexp (logm — $(R5/6)?)

O for constants R > 0, each 0 > 0, and each m € N, if C := 2(v/2 +4 + R).

Remark. The choice of the constants will depend on the details for
particular applications. For example, to establish convergence in dis-
tribution for Doob’s heuristic (§9.1) I claim that R = 1, 0 = n~1/2,
and m = [2/6%] would work for all n large enough. You might find it
helpful to use the results from §10.6 and Theorem <36> to provide a
complete justification for Doob’s idea. For something more challeng-
ing, try to prove Giné and Zinn (1984, Thm 8.10).

Proof. The calculations will involve constants C' = 2(v/2 +4 + R), C; =
V2 +4+R, Cy =4+ R, C3 = R. The reasons for these choices will become
clearer in the five main steps of the argument.

Use the envelope functions to split each X;(¢,w) into a bounded part,
Yi(t,w) := X;(t,w){E;(w) < 0} plus a remainder for which a crude bound
will suffice. Define W(r,w) := Y (t1,w) — Y (ta,w) for 7 := (t1,t2) € T(9).
Then |Y;(t,w)| < 20 and W, = V; on the event {max; E;(w) < 0}, so that

P{sup, |V (r,w)|2 > Cé} < P{sup, |W(r,w)|2 > Cé}+P{max; E;(w) > 6}.

The rest of the argument can then focus on W and Y. Equivalently, to
cut down on notation I'll just forget about the first term in <37> and as-
sume straight off that | X;(¢t,w)| < @ for all ¢ in T.

Remark. As shown by Talagrand (2021, §6.8), it sometimes pays to
split X;(t,w) at levels that depend on .

For each s in B,, split the vector V(7,w) into another sum of two ran-
dom n-vectors, V¥ (7,w,s) and VO(7,w, s), defined by

VE(1) = V¥(r,w,s) = Vi(r,w){s; = +1} for each i in [n]],

7

VE(r) =V (r,w,s) = Vi(r,w){s; = —1} for each i in [[n].

7

Remark. For each fixed s the processes VP( -, w,s) and VO(-,w,s)
depend on different blocks of V;(-,w)’s. Replacement of s by —s (which
has the same distribution under Q as s) would interchange the roles
of V® and V©. These facts underlie the two important properties <41>
and <42> stated below.
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To avoid notational confusion with expressions like ||...|2 —|...|2]|, define
random variables

Ny = |V(r,w)l2, Nrg:= [VE(1,w,5)|2, Nro = VE(1,w,5)|a.

By assumption <32> we have PN2 < §2 for all 7 in T(§) and by construc-
tion, for all w and s,

<38> V(r,w)=Vor,w,s) + Vo (r,w,s),
<39> NZ = N2, + N2, and max(NT@, NT’@) <N, <Ny + Noo,
<40> Yo sVilrw) = N2 - N2,

and:
<41> for each fixed s, the processes V¥ and V© are independent under P;
<42> |[VO(-,w,s)|2 has the same distribution as |V©(-,w, s)|s under P ® Q.

The main argument will involve several steps using facts <38> through <42>.

(i) Control V by V®: By <38>, for each fixed s in B,,,
P{sup, N; > Co} < P{sup, N.g > C0/2} + P{sup, N; o > C§/2}.

Notice that only the right-hand side depends on s. Integrate with respect
to Q on both sides of the inequality then invoke <42> to deduce that

P{sup, N; > C¢} < 2QP{sup, N, ¢ > C16} where C1 := C/2.

(ii) Symmetrize V®: Fix s. Note that
P{N.c > 0v2} < PNZ_/(20%) < PNZ/(26%) < 1/2.

Thus, by <41> (with s still fixed) and the symmetrization bound from
Theorem <13>(i) with Cy := C} — V/2:

P{sup, Nr.g > C10} < 2P{sup, (NT,@ - NT,@) > Cy6).

(iii) Approximate by a p, packing set: For each fixed w let S, be a
d-packing set for 7" with cardinality PACK(J, T, p,,). Then (see §10.4)

min{p,(t,s):s € S,} <4d for each ¢ in T

Consequently, for each 7 = (t1,t2) in T there exists a 0, = o(T,w) =
(s1,82) in Sy, := S, x S, for which

|VT - VUT‘Q < ‘Xt1 - X51]2 + ‘th - X52|2 < 24.
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For each s the approximating V,,_ also has a decomposition, V(o ,,w,s) +
VO (or,w,5). As the same s is used to split both V, and V, we get

|‘/‘rEB - VUE?—‘% + ‘VTG - Vo'eq—g = |‘/7'EB + ‘/T@ - VO'E?— - Vo?—’%
= |V, =V, |3 < 462
Take square roots to deduce that
max ([VE — V2o, [VE — VEl2) <28,

implying max (|N-¢ — Ng, ol |[Nre — Ng, o|) < 26 for each 7in T.
As 7 ranges over T(d) the approximating o(7,w)’s range over a finite
subset S, (d) of S, x S,. Thus, for each s,
sup,et(s) (Nrw — N o7| < 46 + maxyes,5) [ Now — Nosl,
{w supr(s) Nre — Nrg| > C26} C {w : maxges,, [Nog — Noo| > Csd}
where C3 := Cy — 4.

(iv) Use the square-root trick: For each o, with w and s held fixed,
inequality <35> followed by <39> and <40> give

IS V0 - Vo)
VR0 + V()

For each ¢ in S, the previous inequality together with the HOEFFDING
inequality and the fact that >, V;(o,w)? < 462", Vi(o,w)? = 460?N2 give

[ Nowo — Noo|

= 5iVi(0)?/No.

Q| Now —Nowo | > C36} < Q{1 siVi(o,w)?| > 30N}
< 2exp (~3(C30N,)?/ Y Vils,w)*) < 2exp(—4(C39/0)?).

(v) Combine (i)—(iv): A simple union bound on the set where the size
of S, is at most m will now complete the Proof:

P{sup,ct(s) Nr > C0} < 2QP{sup, Np.oy > C16} by (i)
< QQP{SupT (NT,EB - NT,EB) > 025} by (ii)
< 2PQ{maX0€Su |NU,69 - NJ,®| > 035} by (iii)
< 2PQ ({18 > m} + {18l < m} D" {INee =Nyl > Cad})
< 2P{|Sy| > m} + 4m2P{]Sw\ < m} exp(—%(ng/Q)Q) by (iv).

[0 The asserted inequality follows.
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13.7 Problems

[1] Suppose {X,,} and {Y,,} are sequences of random variables for which X,
is independent of Y, and X,, +Y,, ~ N(0,1).

(i) Show that there is a sequence of real numbers {a,} for which the sequence
{X, + a,} is tight, that is, for each e > 0 there exists a constant K for
which

limsup P{X,, +a, ¢ [-K., K|} <e¢

Hint: Let a,, be a median of Y, that is P{Y,, > a,} > 1/2 and P{Y,, <
an} > 1/2. Show that

P{X,+a, > K} < 2P{X,—a, > K,Y,—a, <0} <2P{X,+Y, > K} — ®(K).

Argue similarly for the lower tail.

(ii) Let Ny € N be a subsequence (Billingsley, 1968, §29) along which X,, + a,,
converges in distribution to some X. Show that Y, —a, converges in distri-
bution to some Y along the same subsequence. Hint: Pet(Xntan)peit(Yn—an) _,
e~t"/2 along Nj.

(iii) Use Example <1> to deduce that X has a normal distribution, possibly

degenerate.
2] Suppose W := ). s;a, for a fixed vector a = (a1,...,a,) in R" and in-
dependent sign variables s1,...,5,. Argue as follows to prove that there

exists a universal constant ¢y > 0 (depending neither on a nor on n) for
which Q{|W| > |ala/2} > ¢ for each a in R™.

(i) Show that QW? = |a|3 and QW* =", a} + 621§i<j§n a?ajz < 3lal3.
(ii) Without loss of generality suppose |a|]s = 1. Show that

VQWH QW] > 172} > QWH{|W| > 1/2} = QW2—QW*{W? < 1/4} > 3/4,

which rearranges to Q{|W| > 1/2} > (3/4)2/3.

(iii) Suppose X is a bounded subset of R” with ¢? diameter R. Deduce from
part (i) that Q{sup,cy |(z,5)| > R/4} > ¢o Hint: If 21,29 € X and W :=
(xj,s) for j = 1,2, show that max(|W],|Wa|) > |W; — Wa|/2.

(3] As in Theorem <28>, suppose X1, ..., X, are independent stochastic pro-
cesses, each indexed by a countable set T' = {t; : j € N}, but now also
assume that PX;(t) = Ofori € [[n]] and¢ € T. Define S;(t,w) :=
> j<i Xj(t,w) and M;(w) = sup, [S;(t,w)| for i € [[n]]. For some posi-
tive constants 7 and a suppose aP{|Sy(t;) — Si(t;)| < n} > 1 for each
i € [[n]] and j € N. Argue as follows to show that

P{max; sup, | X;(t)| > 4n} < 2aP{max; |S,(t)| > n}.
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(i) Define §(w) := inf{i € [[n]] : M;(w) > 2n} and, for each ¢ in [[n]], define
7i(w) = inf{j € N : |Si(¢tj,w)| > n}, with inf () = +oco. Show that
P{max; M; > 2n} is less than

P e ® = 1 = SHIS(E)] > 2011806 — Si)| < m}
< aP{max; |S,(t)| > n}

(ii) Define Sp(t,w) = 0. Show that sup, | X;(t)| < M; + M;_; for each i.

[4] Suppose {X;(t,w) : i € [[n],t € T} is a collection of independent
stochastic processes with 1" countable and ¥ is an ORLICZ function. De-
fine p;(t) := PX;(t). Starting from inequality <19> show that

U (sup] 32, Xitt:) — 0] ) < Poag0 (2ou] 3, 0Xi(t.) /)

where v, := N(0,1,) and Kk := v,|g;| = \/2/7. Hint: Start with a fac-
tor v, |gi|/k inside the sum. Note that s;|g;| ~ N(0,1) under Q ® ~,.

Remark. This trick gains us very little if we just use the subgaussian
tail bound for the increments of the process W := {{g,z) : = € X, }.
In a similar setting Giné and Zinn (1984, Prop 3.4) did reap some
benefits by assuming nice limiting properties for a sequence of empical
processes then invoking a gaussian comparison inequality.

Talagrand (2021, p. 176) has pointed out that the subgaussian
process S° := {(s,z) : x € X} has “better tails” than W. It helps
greatly to apply some truncations to the x’s before gaussifying. More
precisely, it pays to apply the chaining method described in §11.7 to
the truncated S° process.

[5] Let B = (b;j) be an n x n symmetric (real) matrix with zeros on its di-
agonal and s = (s1,...,8,) be a vector of independent sign variables
under the uniform distribution Q on {1, 4+1}["]. Define W := §'Bs =
Zi’ j $;5;b;bj. Show that there exists a universal constant C' for which

Wiy, o < ClB|g, where |B|; == (3, ; b?,j>1/2 and Wy (r) = e — 1,
by the following steps.

(i) With ~, := N (0, I,,) and kK = 7y,|gi|, as in the previous Problem, show that

Qe|W|/C = Q exp (‘Zi,j ('Yn’gi|//€)5i(”yn‘gj’/H)ﬁjbi,j/CD
< Tn €Xp (‘Z” gigjbi7j/01’> where C; := Ck?
< ynexp (¢'Bg/C1) + ymexp (—g'Bg/C1) .
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(ii) Let B have spectral representation B = LOL’, with L orthogonal and
O := diag(y,...,0,). (The columns of L are the eigenvectors correspond-
ing to the eigenvalues {6;}.) Show that

Zi f; = traceB =0 AND ZZ 02 = trace(B'B) = ||B||Z.
(iii) Show that, provided max |26;/C1| < 1/2,

Y exp (9'By/Ch) = mmexp (¢'Og/Ch) = [ [ v exp(big?/C1)
= exp (—% Zz log(l — 291/01)>
< exp (% > 26,/C1+ 403/0%) = exp (2 1B /012) .

(iv) Take a peek at §5.1 then choose C as a suitable multiple of || B||,, to com-
plete the argument. Note: |—B||, = ||B||,.

13.8 Notes

Judging by the many results I have seen attributed to Paul Lévy, he de-
serves a lot of the credit for the use of symmetrization ideas in probability
theory. See, for example, the discussions of Lévy’s work by Le Cam (1972,
p. xvii) and Loeve (1973, p. 4). Unfortunately I do not know his work well
enough to give precise citations.

There is a story behind the use of sign variables to symmetrize an em-
pirical process. When I first tried to understand the VC71 technique (as
described in my Example <8>) I got stuck in their section 4, where they
stated an exponential bound for tails of a HYPERGEOMETRIC distribution,
with the comment “This estimate can be derived by a simple but long
computation and so we omit the proof”. I knew that the HYPERGEOMET-
RIC came from sampling without replacement, which I thought might be
replaced by another sampling method: include each member of the pop-
ulation into the sample with probability 1/2, independently across mem-
bers, thereby replacing the HYPERGEOMETRIC by a Bin(2n,1/2) distribu-
tion at the cost of creating samples of random size. Unfortunately, at that
time I didn’t know about the standard inequalities described in Chapter 3.
In particular, I didn’t know how to bound Binomial tails until I read Dud-
ley (1978), when I became aware of the BERNSTEIN inequality. That dis-
covery made Pollard (1981) possible. Subsequently (Pollard, 1982) I real-
ized that the sampling idea could be taken further, which led me to the
method described in Section 13.5. Some of my friends later informed me
that I had reinvented “Rademacher” variables, which were well known in
the BANACH-space literature (cf. Marcus and Pisier, 1981, page 3 and Ka-
hane, 1968, §1.7). Also I learned that Koltchinskii (1981, Lemma 2) had
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come up with an equivalent symmetrization idea. The obvious similar-
ity to the paired-comparsion method, described in Example <2>, only
dawned on me many years later. Belatedly I came to understand how
much modern theory relies on classical exponential tail bounds (such as
those described in Chapters 3 through 8).

The original idea for the square root trick, for traditional empirical
processes indexed by collections of sets, came from Le Cam (1983, §3).
Giné and Zinn (1984, Lemma 5.2) extended the idea to traditional em-
pirical processes indexed by uniformly bounded collections of functions.
Alexander (1987, §VII) realized that the result could be extended to un-
bounded processes by means of a truncation of the envelope variables.
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Chapter 14
VC Sets

SECTION 14.1 presents a simple concrete example to illustrate the use of
the combinatorial method for deriving bounds on packing numbers.
SECTION 14.2 defines the concept of a VC-class of subsets D of some set A,
which leads to a polynomial bound for the numbers of subsets of the
form F N D for D € D, for each finite subset F' of A. The slightly
sharper concept of shatter-dimension is obtained by restricting atten-
tion to a single F. Several Examples illustrate how shatter-dimension
can be bounded and used, with control of packing numbers as the prime
application.
SECTION 14.3 derives the basic polynomial bound using the downshift method.
*SECTION 14.4 interprets subsets of the discrete unit cube as the vertex sets
of graphs. The shatter dimension gives a surprising upper bound for
the number of edges of the graph. The method of proof again relies on
downshifting.
*SECTION 14.5 presents Haussler’s refinement of the arguments from Sec-
tion 14.2, leading to a sharper bound for packing numbers.

14.1 An introductory example

For my purposes, the combinatorial argument often referred to as the VC
method—in honor of the important contributions of Vapnik and Cher-
vonenkis (1971, 1981)—is of use mainly as a step towards calculation of
packing/covering numbers. The method is elegant and leads to results

not easily obtained in other ways. The basic calculations occupy only a
few pages. Nevertheless, the ideas are subtle enough to appear beyond the
comfortable reach of many would-be users. With that fact in mind, I offer
a more concrete preliminary example, in the hope that the combinatorial
ideas might then seem less mysterious.

<1> Example. Consider the set J of all closed half-spaces in R?. Let F be a
set of n points in R?. How many distinct subsets can H pick out from F?
That is, how large can the set Hp := {FN H : H € H} be? Certainly

324
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its size (= cardinality) can be no larger than 2" because F' has only that
many subsets. Even better, a simple argument will show that

|Hp| := cardinality of Hp < p(n) :=1+6n(n —1).

®
® I_o
Ho .
(]

Indeed, consider a particular nonempty subset Fy of F' picked out by a
particular half-space Hy. (That is, Fy := F N Hy.) There is no loss of
generality in assuming that at least one point of Fy (call it ) lies on Ly,
the boundary of Hy: otherwise, without affecting Fj, we could replace Hy
by a smaller H; whose boundary runs parallel to Ly through a point x¢ of
F{y that is closest to L.

For each z in F' define H(x) = {H € H : z lies on boundary of H}, so
that Hp\{0} = UgerH(x) and |Hp| < |F| x maxgep |H(z)).

Consider any H(zp). As seen from xp, the other n — 1 points of F' all
lie on a set £(xg) of at most n — 1 lines through zp. Augment £(x¢) by
another set £'(zg) of at most 2(n — 1) lines through xg, one in each angle
between two lines from L(xg). The lines in £(zg) U £'(xg) define a collec-
tion of at most 6(n — 1) closed half-spaces, each with zy on its boundary,
that accounts for all possible nonempty subsets of F' picked out by H(z).
The extra 1 takes care of the empty set.

Remark. Apparently (Dudley, 1978, page 921) the bound can be re-
duced to n? — n + 2, which is sharp in the sense that it is achieved
whenever the n points are in general position, that is, no straight line
runs through more than 2 of the points. Dudley also described several
precursors for the key combinatorial bound (my Theorem <4>). For
my purposes the sharper bound is not needed. Indeed any polynomial
would suffice for the consequences described below.

The slow increase in |Hr|, at an O(n?) rate rather than a rapid 2"
rate, has a useful consequence for the packing numbers when H is equipped
with an £1(P) metric, for some probability measure P on the plane. The
LY(P) distance between two Borel sets B and B’ is defined as P|B — B'| =
P(BAB’), the measure of the symmetric difference. The two sets are said
to be e-separated (in £L!(P)) if P(BAB') > e. As in Chapter 10, the pack-
ing number PACK (e, 3, P)—or PACK(e, H, L1(P)) if there is any ambiguity
about the norm being used—is defined as the largest IV for which there
exists a collection of NV closed half-spaces, each of the (g ) pairs > € apart.
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Example. Here is an argument, due to Dudley (1978, Lemma 7.13), to
show that the packing numbers PACK(e, H, P) are bounded uniformly
over P by a polynomial in 1/, for 0 < e < 1. The result is surprising
because it makes no regularity assumptions about the probability mea-
sure P.

Suppose the half-spaces Hy, Ha, ..., Hy are e-separated in £!(P). By
means of a cunningly chosen F', the polynomial bound on |Hg| will lead
to an upper bound for N. The trick is to find a set F,, := {{1,...,&m} C
R2, with m = [2log N/¢], from which each H, picks out a different subset.
Then H will pick out at least N subsets from F},, implying that

N < p(m) <14 6m(m—1) < 48¢ 2 (log N)?.

Bounding the log N by a constant multiple of N'/4 and solving the result-
ing inequality for N, we get an upper bound N < O(1/€)*. With a smaller
power in the bound for log N we would bring the power of 1/e arbitrarily
close to 2.

Remark. As shown in Example <14>, the bound for the packing
numbers for H can be sharpened to C(e~!log(1/¢€))?, with C a univer-
sal constant, at least when 0 < ¢ < 1/2. With a lot more work, even
the log term can be removed—see Section 14.5. At this stage there is
little point in struggling to get the best bound in e. For many appli-
cations, the qualitative consequences of a polynomial bound in 1/e¢ are
the same, no matter what the degree of the polynomial.

How do we find a suitable F},,? We need to place at least one point
of F,,, in each of the (g ) symmetric differences H; AH;. It might seem we
are faced with a delicate task involving consideration of all possible config-
urations of the symmetric differences, but here probability theory comes to
the rescue.

As described in the Preface of the wonderful little book by Alon and
Spencer (2000), the probabilistic method can prove existence by artifi-
cially introducing a probability measure into a problem:

In order to prove the existence of a combinatorial structure
with certain properties, we construct an appropriate proba-
bility space and show that a randomly chosen element in this
space has the desired properties with positive probability. This
method was initiated by Paul Erdos, who contributed so much
to its development over the last fifty years, that is seems ap-
propriate to call it “The Erdos Method.”

Generate F), as a random sample of size m from P. If m > 2log N/e,
then there will be a strictly positive probability that the sample has the
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desired property. Indeed, for fixed o, 8 with 1 < a < g <1,

P{H, and Hp pick out same points from F,}
= P{no points of sample in H,AHg}

(1= P(HLAHg))™

<(1— ™ < exp(—me).

Add up (1;/ ) such probability bounds to get a conservative estimate,
P{some pair H,, Hg pick same subset from F;,} < (g) exp(—me).

When m > 2log N/e the last bound is strictly less than 1, as desired.

Notice how probability theory has been used to prove an existence re-
sult, which gives a bound for a packing number, which will be used to de-
rive probabilistic consequences—all based ultimately on the existence of
the polynomial bound for |Hp|.

Remark. The argument in the Example implicitly assumed that the &;’s
sampled from P were all distinct, which need not be true if P has
atoms. Thus |F,,|, the size of F,, might be smaller than m. To be
more precise I could have written N < p(|F,,|) < p(m) < .... The
added rigor is hardly worth the trouble; usually ties cause only no-
tational difficulties. Section 14.2 will eventually avoid the issue alto-
gether by working with the n-tuple (&1, ..., &,), which might contain
repeats, instead of the set {&1,...,&,}.

VC-dimension, shatter-dimension

The argument in the previous Section had little to do with the choice of
H as the set of all closed half-spaces in a particular Euclidean space. It
would apply to any collection D of (measurable) subsets of any probability
space (A, A, P) for which the size of Dp := {FN D : D € D} is bounded
above by a fixed polynomial in |F|.

Unfortunately, for more complicated D’s it can be difficult to derive
such a polynomial bound directly although it is easier to prove existence
of a finite k such that |Dp| < 2! for every finite subset F of A with |F| >
k. (Traditional terminology refers to this situation by saying that “D can-
not shatter F”.) Such a D is usually called a VC-class of sets in honor of
Vapnik & Cervonenkis. This property is equivalent to the finiteness of the
VC-dimension for D, defined as follows.

Definition. A collection D of subsets of a set A, with |D| > 2, is said to
have VC-dimension d (written vepim(D) = d) if both the following condi-
tions hold.
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(i) There exists at least one subset Fy of A for which

|Fo|=d anp |{FonD:D e D} =2%

O (i) {FND:Dc DY <2 for every finite subset F of A with |F| > d.

Remarks.
(i) If D1, Dy € D with D; # Dy then there exists an a in A for which
{a} N Dy # {a} N Dy. Thus veoim(D) > 1if |D| > 2.

(ii) Empirical evidence shows that it can be quite difficult to rapidly con-
vey the meaning of “VC-class” to a seminar audience.

(iii) Some authors use the term shatter dimension instead of VC-dimension.
Motivated by the extension of the concept to classes of functions, and
beyond, I feel a better name would be surround dimension. In fact
that is the term used in the next Chapter. I chose the name SDIM,
which will appear in Definition <8>, because the initial ‘s’ could be
interpreted as a reference to either ‘shatter’ or ‘surround’.

The key fact about VC-classes is often called the VC Lemma or the
Sauer/Shelah Lemma, although credit should be spread more widely. (See
the Notes in Section 14.7.)

<4> Theorem. If D is VC-class of subsets of some A with vcpim(D) = d then,
for each finite subset F' of A with |F| = n,

O 1Dp| = |{FND:DeD} <Bnd):= (g) + G) TR <Z>

This Theorem asserts an upper bound that holds uniformly over all sub-
sets F' of size n. It will follow from a sharper result (Theorem <9>) that
provides an upper bound for each individual F'.

Remark. Typically Theorem <4> is invoked to provide an upper
bound for the size of D by showing that D is not large enough to
shatter subsets of size greater than some (smallish) d. That is, part (ii)
of Definition <3> provides the means for controlling |D|.

Clearly (n,d) is a polynomial of degree d in n. More precisely, it
equals 2" if n < d and, if n > d,

d

_ _ _ !
B(n,d) Zk:On(n D.o.(n—k+1)/k
d k ok /11
<, (/A d k!
<5> < (en/d)* because (n/d)¥ < (n/d)? when n > d > k.
The upper bound can be improved slightly:

<6> B(n,d) < Bi(n,d) :==15nc/d!  ifn>d+2,
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a result apparently due to Vapnik and Cervonenkis. As Dudley (2014,
Proposition 4.3) noted, the £ bound is “not far from optimal” because
the (Z) contributes an n/d! as the leading term in the polynomial 3(n, d).
Compare with: 31(n,d) ~ 0.6d~'/2(en/d)? by the STIRLING approximation
from §2.5.

Vapnik and Chervonenkis (1971, §6) realized that the concept defined
by Definition <3> needs sharpening if we seek necessary and sufficient
conditions for uniform laws of large numbers. For example, suppose we
have independent random elements &1, ..., &, of A with & ~ P; for some
probability measure P; defined on a suitable sigma-field A on A. Define
independent {0, 1}-valued stochastic processes

X;(D,w) :={&(w) € D} for D € D and i € [[n]).

Remark. To avoid measurability difficulties you could require that
each process {X;(D, ) : d € D} be boOB-separable or, essentially
equivalently, just suppose D to be a countable subset of A

Let Q denote the uniform distribution on the discrete hypercube {—1,1}".
Then, as shown in §13.4, for each ORLICZ function we have

PU <sup 1> Xi(D,w) — R-D|) < PYQY (2 sup ZﬁiXi(DvW”) :

DeD DeD

The Q integral on the right-hand side of the inequality in <7> can also be
written as QU (sup,ey,, [(s,#)|) where X, denotes the set of all members
of another discrete hypercube, €, := {0,1}", of the form

z(D,w) = (Xl(D,w), e ,Xn(D,w)) for some D in D.

Suitable bounds on the ¢ packing numbers for X, would lead to empirical
process maximal inequalities via chaining arguments.

To make the right-hand side of <7> small we do not need a bound on
the Q integrals that holds uniformly over all w.

Remark. As X, is finite and D need not be, there will typically be
many different D’s that contribute the same z(D,w).

You should also take note of a subtle difference between the set
{X;(D,w) : i € [[n]]} and the vector z(D,w) for fixed w: even when
the set {&;(w) : i € [[n]]} has size < n, each z(D,w) vector still has
length n but with repeated coordinates. The possibility of repeated
coordinates caused some confusion in the early empirical process liter-
ature.

Corresponding to Definition <3> for VC-classes we have an analogous
property for shatter-dimension for subsets of C,,. Instead of subsets of
a finite F' we now deal with subsets J of the index set [[n]] and the projec-
tions they define on C,, by

z[J]) = (z;:i € J)e{0,1}/ for each z := (x; : i € [[n]]) in C,.
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Remark. Here I am borrowing from the most convenient notation
used by the R statistical language. Similarly, if M is an n x N matrix
and I C [[n]], J C [[N] then M[I, J] denotes the |I| x |J| subma-
trix (M; j :i € 1,j € J) and M[—I,J] denotes the (n—|I|)x|J| subma-
trix (M, ; :i ¢ I,j € J), and so on. If there is no constraint placed on
the rows (or columns) just insert a “” symbol. For example, M|[I,-] is
shorthand for the |I| x N matrix M[I,[[N]]. The downside of this no-
tation would be the [[[...]]] mess created if I wanted to maintain my
former convention that (1,2,3) is a row vector of length 3 and [1, 2, 3]
is a column vector of length 3. Accordingly, from now on I'll hap-
pily write things like (1, w) for a column vector whose first element
equals 1 with the remaining coordinates coming from a vector w.

<8> Definition. A subset X of the discrete hypercube C,, := {0,1}" is said to
have shatter-dimension d (written spim(X) = d) if both the following
conditions hold.

(i) There exists at least one subset Iy, of size d, of [[n]] that is shattered
by X, meaning that

I =d axp |{z[ly] : x € X} = 2%

O (i) {z[I]: = € X}| < 2U! for every subset I of [[n]] with |I| > d.

Remark. A collection of subsets D of A has vepiM(D) < d iff for
all n and all a := (aq,...,ay) in A™, the collection Xp , of all vec-
tors in {0,1}" of the form ({ay € D},...,{a, € D}) for D € D has
SDIM(Xp o) < d.

The sDIM point of view will become useful in Chapter 15, when
we deal with empirical processes indexed by collections of functions
(or sums of more general independent stochastic processes).

The following result, which mirrors the bound from Theorem <4>, will
be proved in Section 14.3 by means of a general combinatorial technique
known as shifting or, in this case, downshifting.

<9> Shatter Theorem. If X C C, := {0,1}" has spmm(X) =d > 1 then

O 1X| < B(n,d) == (g) + <T> Fot (Z) < (en/d).

Classical results about VC-dimension—as described, for example, by
Dudley (2014, Chap 4) or Pollard (1984, §I1.4)—usually have simpler analogs
for shatter-dimension. The proofs typically require only minor modifi-
cations of the proofs for VC-classes. For example, the next result corre-
sponds to Dudley (1978, Theorem 7.2).
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Example. Suppose X C €, := {0,1}" and L is a k-dimensional sub-
space of R", with k& < n. Suppose also to each z = (x1,...,z,) in X there
exists an £ = ({1,...,4,) in £ such that x; = 1iff ¢; > 0, for i € [[n]].
Then a simple piece of linear algebra will show that spim(X) < k. Indeed,
suppose J is a subset of [[n]| of size k + 1. Then £; := {{[J] : £ € L} is
a subspace of dimension at most k& within the (k + 1)-dimensional vector
space R’. There must exist a nonzero vector z in R’ that is orthogonal
to £, that is, Y ;. ; zif; = 0 for all £ in L.

Without loss of generality there is at least one ¢ in J at which z; < 0.
(You might need to replace z by —z.) The equality

0= (tzdz = 0} + (—)(—2){z < 0})

ensures there can be no £ in £ for which ¢; > 0 iff z; > 0, for i € J. From
the assumed relationship between X and £ it then follows that there can
be no x in X for which z; =1 iff z; > 0, for i € J.

The natural metric for C,, is the HAMMING distance, defined as
S0 = Y Al =Y ol rayee,

For empirical process purposes it sometimes help to work with a weighted
version of that metric, with the weights coming from some probability
measure 4 on [[n]:

Hulz,y) = Ziq{nﬂ{xi # yitui = (2,y) = Y lei — yilus
where J(z,y) :={i € [n]] : ©; # y;}.

The next Example derives a bound on packing numbers due to Dudley
(1978, Lemma 7.13). (He worked with VC-classes of sets.) It involves two
key ideas that will be applied many times in this and the next Chapter.
The second idea is a small inversion trick that will eliminate many messy
calculations. For future reference it is recorded here as a Lemma. Prob-
lem [5] steps through the simple proof.

Lemma. The function G(r) := €"/r forr > 0 is convex. It achieves its
minimum value of e at r = 1. If G(r) < w then e < w and " < cowlogw
where co == (1 —1/e)~1 ~ 1.58.

Example. It is a straightforward exercise to extend the argument from
Section 14.1 to a general subset X of €, := {0,1}" with spmmM(X) = d.
This time I'll be slightly more careful when controlling a log N term, in
order to obtain Dudley’s bound on PACK(e, X, $),). For chaining purposes
it suffices to have a bound only for small enough ¢, say 0 < e < 1/2.
Suppose {2, : « € [N]|}, for some N > 2, is an e-separated subset
of X, that is, $,(va,28) = pJ(za, ) > e for 1 < a < g < N. Consider
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the random projection into {0, 1} defined by a vector J := (Jy,...,J,,) of
independent observations on u. For fixed a < 3,

P{z4[J] = 2g[J]} = P{ no J;’s land in J(z,x3) }
= (1 — pJ(zq,25))" < exp(—me)

As before, if m := [2(log N) /€] then
N
P{z4[J] = 23[J] for some a < 8 } < (2> exp(—me) < 1,

implying existence of a realization of J for which all the z,[J]’s are dis-
tinct. It follows (via <5>) that N < (em/d)?. Thus

1/d

le/d/egm§1+2logN:e+2logNS3dlogN ’
€ € €

the final inequality coming from the asumptions ¢ < 1/2 and N > 2.

Equivalently G(log N*/) < 3e¢/e, which Lemma <13> converts to the

assertion that

PACK(e, X, 9,) Y% < (co(3e/e) log(3e/e))  for 0 < e < 1/2.

The upper bound comes tantalizingly close to (C/€)SP™M®X) which
looks a lot like a packing number for a unit ball in an euclidean space of
dimension spim(X). As you will see in Section 14.5, such an aesthetically

[J pleasing bound can be established with a lot more work.

Remark. For each p > 1, note that (3, |z; — yi|pui)1/p = 9, (z,y)l/7.
Thus the bound derived in the Example also leads to ¢ packing num-
bers for X that increase like a power of 1/e for smallish e.

A subset X of €, can be hard to visualize for n larger than 2 or 3.
However, if |X| equals N then its elements can be identified with the columns
of an n X N binary matrixz M, a matrix with distinct columns whose el-
ements all belonging to {0,1}. The arguments in the rest of the Chapter
will be much easier to follow when written in matrix form. From now on
I’ll treat the general X C C,, and its corresponding n x N binary matrix M
as essentially the same object, writing spim(M) to mean spiM(X), and so
on.

<15> Example. Let Q be the set of all closed quadrants with a north-east ver-
tex in R%, that is, sets of the form {(u,v) € R? : u < a, v < b} with
a,b € R. You should check that vepmm(Q) = 2. (Hint: If a quadrant () con-
tains the northernmost point and the easternmost point of a finite set F',
why must @ contain all of F'?) The maximum number of subsets that Q
could pick out from an F of size |F| = 3 is seven. (That maximum is
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achieved when the three points lie on straight line running from north-
west to south-east.)

Q]Il
Qo 1.1,1
d . / [ — (@L.LD 01011
[ & Qo M=1]10 0 1 1 1
E® Qoio (0,1,0)\3\‘ (1.10) 00001
/] | 8 | a
Q

e 00,0)¢ (10.0)

From the three points &1, &, &3 of R? shown in the picture, Q picks out
only five subsets. The corresponding subset X consists of five of the eight
‘vertices’ of the discrete hypercube C3, which are labelled in the picture to
match the columns of the corresponding 3 x 5 binary matrix M.

For the moment you should ignore the 12 lines (7 dotted and 5 dark)
that I added to the picture of C3 and its subset X. In Section 14.4 the
members of X will become the set of vertices of a graph with edges defined
by pairs z,y in X for which $(z,y) = 1. (The five dark lines in the middle
picture identify the 5 edges of the corresponding graph.) That Section will
establish a most surprising relationship between spim(X) and the largest
possible number of edges, which will play a key role in Section 14.5.

Remark. For the Q in the previous Example there is a polynomial
upper bound, of order O(n?), for the size of |Qr| that hold for ev-
ery F of size n. If we replace Q by the collection X of all compact
convex subsets of R? then the sDIM(-) situation changes: if F con-
sists of n points spread around a circle then X picks out all 2" sub-
sets (consider the convex hull of Fj for each subset Fy of F'). Thus
veDIM(K) = oo. However, if F consists of n points spread along a

single line then X picks out only (";1) subsets. Less obviously, for ob-
servations &1, . .., &, from the uniform distribution on the unit square,

SDIM(X,,)/n is small with high probability. See Pollard (1984, p 23).

Proof of the Shatter Theorem

The downshift method offers a particularly clean way to visualize the
Proof of Theorem <8> when the subset X of {0,1}" is represented by the
columns of an n X N binary matrix My. (The argument will involve a
sequence of binary matrices, My, M, ....)

Remark. Apparently the shifting method has become a standard com-
binatorial tool (Frankl, 1987).

Definition. Let M be any n x N binary matriz with distinct columns. A
downshift of the ith row is the result of applying the following operation
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to M. For each j € [[N]], if M[i,j] = 1 change it to a 0 unless the re-
sulting column would duplicate an existing column of M. The downshift is
said to succeed if it changes the row M]i,-| in at least one position.

The idea is to cycle through the rows, downshifting as we go, creat-
ing new binary matrices My, Mo, ... until eventually we reach a matrix
for which no more successful downshifts (of any row) are possible. As each
successful downshift reduces the total number of 1’s in the matrix it takes
only finitely many steps to reach that goal. The following Example illus-
trates the procedure for a small M.

Example. To make it easier to keep track of which downshifts succeed
and which are blocked, I'll write beside each M; the matrix M; consisting
of the vectors from C,, that are missing from M;. (I found this trick help-
ful when working through an example on the blackboard.)

Start with an My consisting of 8 of the 16 vectors in Cy4.

010101°01 00110011
00010T1T1T1]| — 10001110
Mo=|6g 0001111 Mo=10 1101001
00101011 00010T1T11

A downshift of row 1 of My changes columns 4 and 6 but column 2 is
blocked by column 1 and column 8 is blocked by column 7. The [0]s in
the matrix M; indicate which new columns appear and the [1]'s in the ma-
trix M indicate the columns that disappear from Mj.

01 010 010 o1 1] o 1 1 [1] o 1 1
000 1 0 1 11 — 1 000 1 110
M=t 00011 11 Mi=1l09 1101 001
001 0 1 0 11 0001 0 111

Effectively, the downshifting has swapped two columns from My with two
columns from M.

A downshift of the second row of M7 then swaps two columns be-
tween M, and M. This time column 1 blocks a downshift of column 4
and column 5 blocks a downshift of column 7:

010000 0 1 1 011101 1
M_00010@1@ M—100111
2loo0o001 1 1 1 2710 1 10100 1

001010 1 1 0001011 1
Then downshift the third row of Ms:

010000 0 1 1011 10 11
Ve |00 0100 1 0 F._|1 10011 11
5710000 1 1 [0] [0] 57 lo 11 [ 11o1

001010 1 1 000 1 0 1 11
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Every potential downshift of the fourth row of Mj is blocked. No more
downshifts—for any row of Ms—can succeed.

For future reference, note that no column of M3 contains more than
two 1’s.

Now back to the proof of Theorem <9>. First some useful terminol-
ogy. If M is an n x N binary matrix with distinct columns and I C [[n]],
say that M shatters I if M[I,-] contains all members of {0,1}/ amongst
its columns. Note that if spim(M) = k then M cannot shatter any I with
|I| > k.

In general, the downshifting operation has two important properties:

(i) No new shattered sets of rows can be created by a downshift.

Proof. For notational convenience, suppose that M* is created

from M by a downshift of the first row and that M* shatters some I.
We may assume 1 € I because if 1 ¢ I we have M[I,-] = M*[I,],
ensuring that M also shatters I. Again for notational convenience,
we may suppose that I = [[k]] for some k.

The assumption about M* tells us that for each u in {0, 1}/\{1}
there must exist jo, j1 in [V]] for which M*[-,j1] := (1,4, v1) and
M*[-,j0] := (0,u,vp) for some vp,v;. Downshifting creates no new 1’s,
so M[-,j1] = M*[-,j1]. And for column j; to have survived the
downshift the change must have been blocked by the presence of (0, u,v1)
amongst the columns of M. Thus M also shatters I.

(ii) If no downshifts can succeed for a binary matrix M then it is hered-
ttary. That is, if x is a column of M and if y is obtained from x by
changing some of its 1’s to 0’s then y is also a column of M. Con-
sequently, if z[i] = 1 for each i in I, for some I C [[n]], then M
shatters I.

Proof. Suppose M[i,jo] = 1. The downshift on row i must be

blocked from changing M]i, jo] by another column for which M[—i, j1] =
M]|—i, jo] and M[i,ji1] = 0. Then argue that each possible change

to M[, -, 71] must be blocked. And so on. And so on,

With these two facts in hand the rest of the argument is straightfor-
ward. Suppose we start with My and after a R downshifts end up with
an Mp (with all columns distinct) for which no more downshifts can suc-
ceed. Suppose for some j the column {7 € [[n]] : Mg[i,j] = 1} = I. By
property (ii), the submatrix M|I,-] must contain all the vectors in {0,1},
that is, M shatters I. And spmmM(Mp) < spmm(My) = d by property (i).
Taken together, these facts tell us that [{i € [[n]] : MRgli,j] = 1}| < d for
each J. All the columns of Mp must belong to {z € €, : Y. z; < d}, a set
of size 3(n,d).
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Subsets of a discrete hypercube as graphs

The results in this Section provide the first steps towards a surprising and
elegant result: if X C €, := {0,1}" and pu is a probability measure on [[n]]
then PACK(e, X, $,,) increases like (1/€)SP™(X) as ¢ N\, 0. This slight im-
provement on Example <14> comes via the trick of regarding X as the
vertex set of a graph with edge set € (or £(X) if we wish to distinguish
between various graphs) defined as all the pairs {z,y} from X for which

N(z,y) = Zie[[n]]{xi #yiy =1

For such an edge, write = L y if z[i] # yli].
There is a most surprising general relationship between the shatter
dimension of X and the number of edges in the corresponding graph.

Theorem. (Haussler, 1995, Lemma 2) If spim(X) < d then |E(X)| < d|X|.

The proof will make use of the following helpful fact about the effect of
a single downshift operation on the set of edges.

Lemma. If (X*,€*) is obtained from (X, &) by means of a single down-
shift then |E] < |E¥].

Proof. As before, the members of X correspond to columns of some bi-
nary matrix M. Without loss of generality suppose o acts on the first row
of M. The proof will work by constructing a one-to-one map (also called
an injection) S : E\&* — €*\& to show that |E\E*| < |€*\&|, which will be
mostly an exercise in careful bookkeeping.

Suppose ¢ = {x,y} € E\&*. Then z & y for some j in [n]]. Without
loss of generality suppose z[j] = 1 and y[j] = 0 (and z[—j] = y[—j]
to ensure H(x,y) = 1). If j were equal to 1 the vector y would block o
from changing x, thereby implying that {z,y} € &*, contradicting the
assumption that e ¢ £*. Thus j # 1.

To simplify notation we may assume j = 2, so that z = («,1,u) and
y = (,0,u) for some o in {0,1} and u in {0,1}"~2. If a were equal to 0
then neither x nor y would be affected by o, again violating the assump-
tion that {z,y} ¢ £*. The proof will involve only four members of C,:

T Yy w z
1 1 0 0
1 0 1 0
uou U U

Note that if w € X then ox = z and if w ¢ X then ox = w. Similarly, if
z € X then oy = y and if z ¢ X then oy = z.

We cannot have {w, z} C X, for that would force x = oz € X N X* and
y = oy € X N X*, contradicting the assumption ¢ ¢ £*. Thus we have only
three cases to consider, in each of which S(e) := ¢* := {w, z}:
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(i) or = w and oy = z, implying w, z € X*\X, so that {w,z} € E*\E.

(ii) oz = w and oy = y, implying w € X*\X and z € X* N X. Again
{w, z} € EX\E.

(ili) oz = x and oy = z, implying w € X N X* and z € X*\X. And yet
again {w, z} € E*\¢E.

The function S is one-to-one because ¢ can be uniquely recovered from e*
O by changing the initial 0’s in v and w back to 1’s.

Proof (of Theorem <19>). Let M and € be the n X N binary matrix
and the edge set corresponding to X. As in the Proof of Theorem <9>,
apply a sequence of downshifts until arriving at a hereditary binary ma-
trix MT, with column set XT and edge set &F, for which no more down-
shifts can succeed. By repeated appeals to Lemma <20> we know that |€]| <
|€T| and, from Section 14.3, that spiM(MT) < spm(M) < d. As M1 is
hereditary, it follows that the number of 1’s in each column of Mt must
be < d.

Consider an edge {z,y} from &f. There must exist some i € [[n]]

for which z ~ . Without loss of generality, we may suppose z[i] = 1

and y[i] = 0. That is, the edge ¢ is obtaining by connecting z to some y

defined by changing one member of {j : z[j] = 1} to a 0. There are at

most d ways to choose such a y. Put another way, every edge in &' ap-

pears on the list of pairs obtained by working through the set of N mem-

bers of X and pairing each with one of at most d other vertices, which
O gives |ET] < Nd.

The final paragraph of the previous Proof effectively bounded the size
of €T by assigning an orientation to each edge: if ¢ = {z,y} and >, z[i] =
1+ >, yli] we could define HEAD(¢) :=  and TAIL(¢) = y, giving the edge
an orientation from tail to the head. The bound Y, z; < spm(XT) then
gives

indegree(z) := |{¢ € E' : HEAD(¢) = x}| < spmv(X).

The proof in the next Section requires a similar ordering for the original
graph (X, &). The existence of such an ordering can be deduced from The-
orem <19> via the classical Marriage Lemma (UGMTP Problem 10.5):

<21> Marriage Lemma. Suppose for each s in a finite set S we are given a
nonempty subset K of some finite set X such that

| Usea Ks| > |A] for each nonempty subset A of S.

Then there exists a one-to-one function ¥ mapping S into K with ¢(s) €
K, for each s € S.
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Corollary. (Based on Haussler (1995, Lemma 3), using Alon and Tarsi
(1992, Lemma 3.1) to orient edges.) If spim(X) < d. then there exists an
orientation TAIL(¢) — HEAD(e) of each ¢ in E(X) for which

|Z {HEAD ¢)==x} <d foreach z in X.

Proof. Apply the Marriage Lemma with € playing the role of the set S.
We want a map HEAD from & into the set X that allows as many as d
edges to map to the same vertex. As that Lemma produces a one-to-one
map we need K to contain d copies of each x in X. That can be arranged
by defining

X=X [ld]] :=A{(z,7) : x € X, j € [[d]]}.
If e = {z,y} € E(X) define

K(e) = {(z,5) : j € [} U{(y,5) : 5 € [[d]}}-

If) # A C &(X) define Xy := UA, the set of all z in X that appear as a
vertex of at least one edge in A, and

€0 :=E&E(Xo) :={{z,y} : z,y € Xy and H(x,y) = 1}.

Then we have A C &( and spiv(Xp) < spm(X) < d, so that [Eg| < d|Xp| by
Theorem <19>, and U,ea K (¢) = Xo x [[d]]. It follows that

|A| < |€0] < d|Xo| = | Ueen K (¢)],

as required by Lemma <21> to provide the one-to-one map ¢ : € — K.
If e = {xo,y0} € € then 9(e) equals either (xo,j) or (yo,j) for some j
in [[d]]. Strip off the j to define HEAD(e) then take TAIL(e) as the other
vertex of e.

Finally, argue for any given z in X that an edge ¢ has HEAD(¢e) = =z
iff e = {z,y} for some y € X with H(z,y) = 1 and ¥(¢) = (z,5) for
some j in [[d]]. For each such j there can be at most one edge ¢ for which

O (e) = (x,5). Thus ) e {HEAD(¢) = 2} < d, as asserted.

Remark. We could also reinterpret HEAD and TAIL from Corollary <22>
as functions from €& into [[N]] for which

|Z {HEAD =j}| < spmm(M) for every j in [N]].
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Haussler’s improvement of the packing bound

For the case of a weighted HAMMING distance with uniform weights Haus-
sler (1995) improved the bound on packing numbers from Example <14>
by using a more subtle randomization argument to remove the log(3e/¢)
factor. The rearrangement of Haussler’s argument presented in this Sec-
tion resulted from discussions I had in 1994 with Aad van der Vaart and
Jon Wellner. For their version see van der Vaart and Wellner (1996, §2.6).

Theorem. Let X be a subset of C,, := {0,1}" with spmM(X) < d and let p
be a probability measure on [[n]]. Then

PACK (€, X, $9,,) < Ha(e) := Cd(2e/e)* for0 <e< 1.
for a universal constant C.

Actually it suffices to prove the Theorem for the special case where pu
is the uniform distribution: as shown by Problem [6], simple approxima-
tion arguments then take care of the general case.

As Haussler’s argument is quite subtle, let me sketch the main idea be-
fore launching into the Proof of the Theorem. For a fixed € in (0,1) let M
be an n x N binary matrix whose columns form an e-packing of X under
the 9, metric (for p uniform on [[n]]):

n~t Zie[[nﬂ{M[i,j] # Ml[i,k]} >e  forall j # k.

We need to show that N < Cd(2e/e)?.

As each M]i, j] takes values in {0, 1} we could also write the indicator
{M]i, j] # M[i, k]} as |M[i,j] — M[i, k]| or as |M[i, 7] — M[i, k]|*>. For some
parts of the argument the quadratic expression will be the most useful.

The central idea involves a small integer m (whose value will be chosen
during the Proof of the Theorem) and the strange quantity

D= Z\K\=m Zie[[n}]{i ¢ K}Pvar<M[i73] | MK, 3])
_ Z|1|:m+1 Ziem {i € I}Pvar (M[i,g] | M[I\{i},g]),

where J is distributed uniformly on [[N]]. The summation Z| K|=m means

that K ranges over all (") subsets of [[n]] of size m. Similarly, I ranges
over all (mrjrl) subsets of [[n]] of size m + 1. Of course K corresponds
to I\{i} and I corresponds to K U {i}.

The key to the Proof will be an inequality

(2 )iz o= (M)inets- i),

m+1
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with the lower bound coming from

<28> Zi¢K Pvar (M[z, J | MK, H]) > ine (1 — B(m,d)/N) for each K
and the upper bound coming from

<29> > Pvar(M[i,H] | M[I\{i},g]) <d  for each I.

Once we have these inequalities the rest will be easy.

Proof (of Theorem <23>). The argument consists of three steps: prove
the lower bound <28>; prove the upper bound <29>; choose an appropri-
ate value for m then invert an inequality to bound N.

Step 1: lower bound for fixed K

Define Z := {M[K,j] : j € [N]]}, a subset of {0,1}* with spim(2) < d,
and J(z) == {j € [IV]] : MK, j|] = z} for each z in Z. We can regard Z :=
MK, J] as a Z-valued random vector with P{Z = 2z} =0, :=|J(2)|/N.

In order to exploit the e-separation property <24> of M we will need
a second random Xariable, d, with the same distribution as J and coupled
with J so that P{J =k | J € J(2)} = 1/J(z) for each k in J(z). This can
be achieved by generating (d, 5), for each z in Z, as pair of independent
observations each uniformly distributed on J(z).

Remark. More formally (and less intuitively), we could define a prob-
ability measure P on [[N]] x [[N]] by

11
[7(2)] I (2)]

. , |/ (2)]
P{jak} T Zzez{j’ke J(Z)} N
then take J and J as the coordinate maps on [N] x [N]).

The random vectors X := M][-,J] and X := M]|-,J] both take values
in {0,1}" and X[K] = X[K] = z when Z = z. They are coupled: not
independent but conditionally independent given Z. (Compare with the
Poisson-Binomial Example in §13.1.) For each i € [n]]\ K,

var (X[z’] | X[K] = z)
—P(X[i? | 2 =2) = P(X[i] | Z = 2) x P(XIi] | Z = )

= %P((X [i] — X [z])2 | Z = z) by conditional independence.
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Thus the expression on the left-hand side of <28> equals

Dk 2 f var (X[i] | X[K] = 2)
=130 L 0P(X, Xl - X)? 2 = <)
=43 0:P(n9,(X,X) | Z =2)
= Zzez m%P({g #£de| Z = z) because M is e-separated

= 1ne X" (TEUNA=1/17()) = bne (1 - 12I/N),

The second equality comes from the fact that X[K] = X[K] = z when
Z =2z AsZ C {z[K]: 2 € X} and spim(X) < d, we have |Z| < B(m,d) by
the Shatter Theorem.

Step 2: upper bound for fixed [

The subset Y := {M][I,j] : j € [N]]} of {0,1} has spmm(Y) < d. We can
regard Y := M]|I, ] as a random element of Y with distribution P{y} :=
P{Y = y}. (The precise form of P will not matter.) For each i in I, the
random vector Y[—i] takes values in Z_; := {y[—i] : y € Y}, a subset
of {0,1}\M#}, The left-hand side of <29> equals (in R notation)

S Y var( ] | Y[—i] :z> where p_;(z) := P{Y[~i] = z}.
i€l zeZ_;

As in Section 14.4, the set Y can be thought of as the vertices of a
graph with edge set & defined by pairs ¢ = {y,y'} for which H(y,y") = 1.
In particular, ¢ € &; when y[i] # y/[i]. By Corollary <22> the edges can be
oriented by maps TAIL and HEAD such that

|Z {HEAD e) =y} <d for all y in Y.

If z € Z,i then the set Y_;(z) := {y € Y : y[—i] = 2z} contains at most
two members. There are ony two cases to consider:

e If |Y;(2)] = 1 the conditional distribution of Y[i| given Y[—i] = z is
degenerate, so var(Y[i] | Y[—i] = z) = 0.

o If |Y;(2)| = 2, say Yi(z) = ¢ := {yo,y1} with yo[—i] = y1[—i] = 2z and
yoli] = 0 and y;[i] = 1, then ¢ € &; with Pe = P{yo} + P{y1} and

P{Y[i] = 1| Y[~i] = =} = P{y:}/Pe.

That is, Y[i] | Y[—i] = z ~ BER(p—i(2)), with var(Y[i] | Y[—i] = 2)
equal to

P{yi} P{yo} < mn( {y1} P{yo}> < P{HEAD(Q)}'

Pe Pe Pe ' Pe Pe
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In my opinion, the use of HEAD(¢) in this way is the cleverest part of Haus-
sler’s proof. The expression on the left-hand side of <29> equals

>, PVl = zhvar (Y[z’] | Y[—i] = z)
< Zie[ Zeegi(Pe) x (P{HEAD(¢)}/Pe)
= Zee& P{Y = HEAD(¢)} = Pzeee{Y = HEAD(¢)}.

The final sum is at most d because ) ..{Y = HEAD(¢)} < d for every
possible realization of Y.

Step 3: choose m

We now know that inequality <27> holds, so that

(1 )nett-smaym) < (")

which rearranges to

We could try to optimize over m immediately, as Haussler (1995, page 225)
did, to bound N by a function of €, d, and n, then take a supremum over n.
However, it is simpler to note that all the conditions of the Theorem ap-
ply if n is replaced by gn, for some positive integer ¢, and each x in X is
replaced by the concatenation of ¢ copies of . (The new vectors are the
columns of the (¢gn) x N binary matrix obtained by stacking ¢ copies
of M.) Letting ¢ tend to infinity (with m fixed) eliminates n from the
bound, leaving

N < (em/d)" <1 - dﬂf%) o

As a function of m, the first factor is increasing and the second is de-
creasing. If we treated m as a continuous variable and ignored the differ-
ence between m and m+1 the minimizing value would be 2(d+1)/e. That
suggests we choose m = [2(d 4 1) /e, which gives the bound

d
V= <2e(ij 1)> 2(d2f$ 1—)2d < (2e/e)(1 7)™
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Remark. For comparison’s sake, note that Haussler got

N <e(d+1) (2e(n+1)/(ne + 2d + 2))".

14.6 Problems

1] With points x1,xa,. .., T2 in R™ define y; := x; — xpyo for 1 <i <mn+ 1.
(i) Use a linear dependence argument to show that there exist constants {«;},
not all zero, for which 37! ay; = 0.
(ii) Define 8; :== «; for 1 < i < n+ 1 and SB,42 := _Zie[[n+1]} «;. Show that
Dicfns2) Pi = 0 and 3 iepy, ) Biwi = 0.
(iii) Define A := {i € [n+2]] : B; > 0} and B := {i € [n+ 2] : 8 < 0}.
Show that ¢ := > ;4B = —> ,cpBi > Oand w := Y . 4(Bi/c)x; =
Y icp(=Bi/c)x;. Deduce that w € co({)x;:i € A} Nco({)x; : i€ B} #0.

2] Let Hy denote the set of all closed half-spaces in R?. Show that vepmv(Hy) =
d + 1 by the following arguments.

(i) Show that H,; shatters the set F' = {0,e1,...,¢e4}, where e; is the unit
vector with +1 in the ith position. Hint: Consider closed halfspaces of the
form {2 :60 -z >r} with € {1, +1}4,

(ii) Suppose F = {z; :i=0,1,...,d+ 1} is a set of d + 2 distinct points in R
If H picks out a subset Fg := {x; : i € K} from F, show that that the
convex hull of F is a subset of H, which is disjoint from the convex hull

of FKC.
(iii) Show that » ;4,1 @i(%; — 29) = 0 for some constants «; that are not all
zero. Define ag = — > ;4,1 @;. Show that

Z a;z; =0 AND E a; =0
0<i<d+1 0<i<d+1

Define J = {i € [0 : d+ 1] : a; > 0}. Show that the convex hulls of the
subsets F; = {x; : i € J} and F§ have a nonempty intersection. Thus H,4
cannot pick out the subset Fj from F.

(3] Suppose D, Dy, ..., D, are ve-classes of subsets of X.

(i) Show that each of the following is also a VC-class: {D° : D € D} and
D1 U Dy and {Dl UDy: D,; € Dz} and {Dl NDy:D,; e @Z} Hint: Use the
polynomial bounds on the numbers of subsets that can be picked out.

(ii) (Dudley, 1978, Proposition 7.12) Write A(Bj, ..., By) for the algebra of
subsets of X generated by subsets By, ..., By of X. For each finite k, show
that U{A(D1,...,Dg}: D1,...,Di € D} is also a VC-class.

(iii) Suppose vepim(D;) < d for each i. Let By, denote the class of all sets ex-
pressible by means of at most k union, intersection, or complement sym-
bols. Find an increasing, integer-valued function (k) such that the VC-
dimension of By, is at most [(k)d.
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Remark. As the Remarks following Definition <8> noted, the facts
in the previous problem also apply to the shatter dimension of sub-
sets of {0,1}", because shatter dimension is a special case of VC-
dimension.

[4] Show that the function h(r) := (en/r)" is nondecreasing on the range
1 <r < n. Hint: Show that log h(r) has derivative log(n/r).

[5] Lemma <13> stated an inversion inequality for the function G defined

on (0,00) by G(r) = €"/r: if G(r) < w then e < w and e" < cywlogw
where ¢y := (1 —e~1)~! ~ 1.58. Follow these steps to etablish that inequal-
ity.

(i) Show that G is convex, with min,~o G(r) = G(1) =e.

(ii) f w > G(r) then w > e. If w = e then 7 must equal 1 and " = e =
w log w.

(iii) If w > e then there is a unique R in (1, 00) for which G(R) = w and
{r>0:G(r) <w} C(0,R].

(iv) Suppose G(r) < w = G(R) with R > 1. Define S :=log(R). Then

logw =R —log(R) =¢® =S =¢°(1-1/G(S)) > R(1 —1/e).
Consequently e” < e® = RG(R) < cowlogw.

[6] Suppose we know that Theorem <23> holds when g is uniform on [[n]]
Follow these steps to extend to the case where u is any probability mea-
sure [[n]].

(i) Suppose the columns of an n x N binary matrix M, with spim(M) < d, all
belong to X and they are e-separated for £,:

mln]7,gkz ,u,{M i,7] # MJi, k]} > e.

Let v denote the probability measure with v{i} = ¢;/K, where ¢; € N and
>, 4i = K. Show that

37 M, 5] # MUKy = S v M) # MUK < 3 (s~ vl

(ii) Let B denote the (Kn) x N matrix obtained by adding ¢; — 1 copies of the
row M]i, -], for each i. Show that spmm(B) = spmm(M) and

()Y, o (BU) # B K = S0 (M 5] M3 )

(iii) Appeal to Theorem <23> for B and the uniform distribution to complete
the argument.
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14.7 Notes

The bound stated in Theorem <4> appeared in the paper by Sauer (1972),
who remarked that “a referee of this paper wrote that these results have
also been established by S. Shelah”, citing two works as “to appear”. In
an online blog (http://leon.bottou.org/news/vapnik-chervonenkis_sauer),
Bottou made a case that the credit should go to Vapnik and Cervonenkis,
who first published a short summary (Vapnik and Cervonenkis, 1968) of
their result and then a longer version (Vapnik and Chervonenkis, 1971).
Dudley (2014, page 211) (see also Dudley 1978, Section 7) noted that the
1971 bound was a little weaker than the Sauer result.

In his online blog (https://gilkalai.wordpress.com/) for 28 Septem-
ber 2008, Kalai presented another version of the VC Lemma then com-
mented:

It was mentioned (with an algebraic proof by Frankl and
Pach) in Gowers’ blog and also, in another context, in Kowal-
ski’s blog. Sauer proved it in response to a problem of Erdos.
Shelah (with Perles) proved it as a useful lemma for Shelah’s
theory of stable models. (At some later time, Benjy Weiss
asked Perles about such a result in the context of ergodic the-
ory and Perles who forgot that he proved it once proved it
again.) Vapnik and Chervonenkis proved it in the context of
statistical learning theory.

Steele (1975, 1978) generalized the result described in Theorem <4>
to matrices whose entries come from a finite alphabet. Haussler and Long
(1995) generalized further.

I learned about the downshift method for proving Theorem <4> from
Michel Talagrand. Ledoux and Talagrand (1991, pp. 411-412) used the
set-theoretic version of the downshift method, attributing it (page 420) to
Frankl (1983). Independently, both Alon (1983) and Frankl (1983) used
the shifting method to prove a result that implies Theorem <4>. Frankl
(1995, page 1298) noted that the shifting technique was introduced by
Erdés, Ko, and Rado (1961).

The results in Sections 14.4 and 14.5 are based on Haussler (1995),
who acknowledged (page 220) Linial for the downshifting method of proof
for Theorem <19>, with the comment that the result had already been
proved by Haussler, Littlestone, and Warmuth (1994). For an illuminating
Bayesian interpretation of the probability method used to prove Theo-
rem <23> see Haussler (1995, Section 3).

Truly a star-studded set of authors who played a role in the develop-
ment and exploitation of a beautiful inequality.
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Chapter 15
Fat shattering/surrounding

SECTION 15.1 recalls (from Chapter 13) how symmetrization arguments
generate “signed-sum” processes of the form {(s,x) : x € X} with X
a subset of some euclidean space and s a vector of independent sign
variables.

SECTION 15.2 extends the combinatorial ideas from VC-classes of sets to
subsets X of euclidean spaces, using an analog of the VC-dimension or
shatter-dimension from Chapter 14.

SECTION 15.3 refines tha concept of shatter/surround dimension from Sec-
tion 15.2. The strengthened idea (sometimes called “fat shattering”)
replaces a single shatter dimension by shatter function, spim(0,X), de-
pending on a sensitivity parameter §.

SECTION 15.4 proves a key Lemma that relates ¢}, separation properties
of finite subsets of euclidean spaces to counts of “lattice cubes” sur-
rounded by lower-dimensional projections.

SECTION 15.5 derives a bound on ¢}, packing numbers for X C [0,1]", to
introduce some of the key ideas needed for more general X.

SECTION 15.7 expands the method from the previous Section to prove the
result for subsets of Eip balls by means of facts about weak-L? spaces.

SECTION 15.8 describes an iterative technique that enables integral condi-
tions on square-roots of log packing numbers to be replaced by integral
conditions on square-roots of the shatter function.

Signed-sum processes

If X is a subset of some R™ and s := (s1,...,8,) is a vector of independent
sign variables (that is P{s; = +1} = P{s; = —1} = 1/2) then the collection
of all sums (s,z) = >, s;2;, for z € X, defines a very simple signed-

sum stochastic process. Such processes often result from symmetrization
arguments used to prove maximal inequalities, as in §13.4:

Theorem. Suppose S(t,w) = > ey (Xi(t,w) — PXi(t)) for a collec-
tion of independent stochastic processes {X;(t,w) : i € [n],t € T}
with X;(t) € LY(P) for each t. Then (under some assumptions needed

to ensure measurability) Psup,er [S(t,w)| < 2PQ° sup v, |(s, )|, where Q
denotes the uniform distribution on {—1,+1}" and X,, denotes the set of
all z in R™ of the form (Xi(t,w),..., X, (t,w)) for somet in T.

348



15.2

<2>

§15.2 Surround dimension 349

Signed-sum processes are eminently suited for control by chaining ar-
guments because their increments have simple subgaussian distributions:

QeMlsm)—(sw) < Nlr—yl3/2 for each A in R.

Here | - |2 denotes the usual ¢2 norm, |wl|y = (Z»w?)lﬂ. As this Chapter

(2
will show, the chaining bounds become even more useful if we work with

1/p
more general norms ¢, defined on R™ by ||, := (Eie[[n]] pilxi [P ) for

some probability measure p on [[n]] and some p > 1.

Remark. Most of the results in this Chapter could be extended from
subsets of R™ to collections of real-valued functions on some set A.
However, once we focus on a given vector (aq,...,a,) in A" every-
thing quicky reduces to subsets of R™.

This Chapter will focus on methods for bounding the packing numbers
of sets like X,,, under various metrics, with an eye towards chaining argu-
ments. Better chaining bounds might be established using the methods
described in Chapters 11 and 12. Talagrand (2021, Chap 6) would be a
good place to start exploring this possibility.

Surround dimension

The shatter-dimension, spmm(X), for X C {0, 1}", was defined in §14.2 as
the largest d for which there exists an I C [[n]] with |X[I]| = 2¢. That
is, for each pattern v in {0,1} there exists an = in X for which z[I] = u,
meaning that x; = w; for every ¢ in I. For spiM(X) much smaller than n
the concept turned out to be very useful because the e-packing numbers
(with respect to some weighted HAMMING distance) could be controlled by
a polynomial in 1/e of degree bounded by a constant multiple of spim(X).

The spim idea can be extended to more general subsets X of R™ if we
replace the equalities by sets of inequalities.

Definition. Suppose X is a non-empty subset of R™ and I is a non-empty

subset of [[n]] and r € RT and u € {0,1} .

(i) Say that an x in X picks out the pattern w around r if x; > r; when
u; =1 and x; < r; when u; = 0.

(i) Say that X[I] surrounds r if each pattern u € {0,1} around r can be
picked out by some member of X[I].

(71i) The surround-dimension, sDiM(X), equals the largest d for which there
exists an I with |I| = d and an r € R such that X[I] surrounds .

The initial ‘s’ in spiM now stands for ‘surround’. As you will soon
see, some of the arguments from Chapter 14 carry over to this extended
spiM( - ) concept, with useful consequences for signed-sum processes.
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Remark. If X C {0,1}" then the sDIM(X) as in Definition <2> agrees
with the shatter-dimension defined in §14.2—it suffices to consider the
vector r = (1/2,...,1/2) for such an X.

The set X[I] surrounds r iff it puts at least one z[I] in each the
211 orthants define by r:

(ri;o0)  ifu; =1

Qur = H; where H; := { (—o0,rs) fu=0 "

iel

To avoid trivialities we could require that X contains at least two
points, which ensures that spimM(X) > 1.

<3> Example. Let H be a d-dimension subspace of R™, for some d < n. Here
is an argument to show spm(H) < d.
Suppose I C [[n]] and r € R, with |I| > d. As H[I] is a subspace of R
with dimension at most d there must exist some nonzero vector z in R!
such that (z[I],2) := ) ,c;xi% = 0 for all x € H. The vector z defines two
patterns, u,v:

u; =1iff 2, >0 AND wv; =1iff z; <O0.

That is, w is the indicator function of {i € I : z; > 0} and v is the indica-
tor function of {i € I : z; < 0}. The set X cannot pick out both of these
patterns: if z,y € X and

xi>ri>yiifzi>0 AND mi<ri<yiifzi<0

then x; —y; has the same sign as z;. However, orthogonality of the vector z
to both z[I] and y[I] would give

B Zie[ “ili = Zie[ zilwi = i) = Zie[ zilys =),
O implying >, zi(@; — yi) = 0.

The extended definition of spim still enjoys the polynomial bound that
makes the concept of a VC-class of sets so useful.

<4> Lemma. If X is a subset of R" with spiM(X) < d and R € R™ then X
picks out at most B(n,d) := (5)+ (1) +- -+ () < (en/d)? distinct patterns
O around each R in R™.

Proof. Let M be the n x N binary matrix whose columns list all the dis-

tinct patterns around R. For each nonempty subset I of [[n]] the patterns

picked out by X[I] around R[I] appear (possibly repeatedly) as columns

of M[I, -]. If |I| > d then at least one member of {0, 1}/ fails to appear

as a column of M[I, -]. By the Shatter Theorem from §14.3 we have im-
O ply N < B(n,d).
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For subsets X of {0,1}" you saw in §14.2 how an upper bound on spim(X)
controls the packing numbers for X under various weighted HAMMING dis-
tances. Something very similar holds for subsets X of [0, 1]™ when weighted
HAMMING distances are replaced by the weighted ¢, distance, for u a prob-
ability measure on [[n]] and p > 1:

. 2\ /P
2= vl = (X0, il —wll) " formy e R
Note that |z — y[p, < |z — y|1,, for z,y € [0,1]", implying, for X C [0,1]",
<5> PACK(€, X, £y 1) < PACK(e?, X, 01,,) for all € > 0 and pu.

<6> Theorem. Suppose X is a subset of [0,1]" with spimM(X) < d. Then there
exists a universal constant C = 105.2 for which

PACK(e, X, £2)1/4 < C(1/eP)log(1/P) < C(1/€)®  for 0 < e < 1/2.

O for each probability measure p on [n]] and each p > 1.

Proof. By inequality <5> it suffices to consider just the p =1 case.
Suppose z1, ...,y are é-separated members of X (with § = €P), that
is, [xq —xgl1,u > 0 for 1 < a < B < N. Define

Ja,8li] := {w € R: min(z,[i], z5[i]) < w < max(z,[i], zg[i])}
={w: z.[i]| <w < agli]} U{w : 25[i] <w < z,[i]}.

L Jopli] @
® o Q«—p
O f
® ° 5
°
\ i \ !
1 2 1 n

For z, and zg to pick out different patterns around some r € R" there
must be some 4 for which r; € J, g[i].

With m = [2(log N)/é], let Jq,...,9m, R1,..., Ry be independent
random variables with J; ~ p and R; ~ UNIF(0,1) for each j. For each
pair of distinct indices «, 8 from [[N]] and j € [[m]],

PURG € Jaslil} = Dy PUI = DPAS € Jaslil
=" wilzali] - wslill > 0.
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By independence, it follows that
P Njepmy {Rj & Japldj]} < (1—08)™ < exp(—md).

A union bound then gives
N
PUa<s NjemtiRj ¢ Japlls]} < <2> M0 < Lexp (2log N — md) <

The complementary event, No<gUjefm) {1 € Ja,5[J5]}, has nonzero proba-
bility. On that event, for each a < 3 there exists a j with R; lying strictly
between z,[J;] and x[J;]. Thus there exists a realization of J, R such that
the z,[J]’s for « € [[N]] pick out N distinct patterns around R[J]. B
Lemma <4> we must have N < 3(m,d) < (em/d)?.

The rest of the argument (invert the inequality to bound N) is exactly
the same as for {0,1}" in §14.2.

The bound asserted by the Theorem tells us something useful only
when 6 := d/n is small. Indeed, if X C [0, 1]" we always have

PACK (€, X, 1) < PACK(e, [0, 1], £1) < (2/€)" for 0 < e <1/2.
That is, log PACK(e, X, £1,) < nlog(2/e) whereas, the bound from the Theo-
rem is log PACK(e, X, £1,) < nf (log Cs- + plog(2/e)).

Remark. To derive the bound on PACK(e, [0, 1]™, £8), partition the
whole cube into at most [1/€]|™ cubes of side < e. Each smaller cube
has (f)-diameter < e. An e-packing can put at most one point in each
smaller cube.

The presence of an arbitrary probability measure p in Theorem <6>
brings a surprising bonus.

Corollary. Suppose X C [],[ai, b;] for some vectors a,b in R™ with a; < b;
and spiM(X) < d. Define E := (b; — a; : © € [[n]]). Then for each probability

measure fi on [[n]] we have
PACK(6|E’p7u,x,€;Z)1/d < C_ss€ Plog(e™?) for 0 <e<1/2.
Proof. Suppose we have vectors z1,...,zy in X with

|Ta — 2lpu > €|Elpu forl<a<pB<N.

Define Y = {yo : a € [[N]J}, where y,[i] := (za]i] — a;i)/E; € [0,1] for

each i € [[n]. If I C [[n]] and r € RI and Y[I] surrounds r[I] then X[I] sur-

rounds R[I], where R := (a;+ E;r; : i € [n]]). Thus spmm(Y) = spm(X) < d.
Define a new probability measure v on [[n]] by v; := w,EV/|E|} ..

Then, for 1 <a < g < N,

o —yslb, =D vilwalil — xslillP/ B} = |wa —xslb ./ |EI, > €.

0 Thus N < PACK(e,Y,£0) < CgoePlog(e7P).
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Even though the spiM concept has proven quite useful for asymptotic
analysis in various statistical estimation problems, it does suffer from a
regrettable lack of “robustness” against small changes in the vectors.

Example. Consider the rather trivial subset X of R™ consisting of the
vectors z; := t1 for 0 < ¢t < 1. That is, 24[i] = t for every i. Note that
|zs — ¢|pu = |s — t| for each p > 1 and each probability measure p. The
set X is just a thinly disguised version of the unit interval [0, 1].

It is easy to show that spmm(X) = 1 and

1/(2¢) < COVER(e, X, £5) < 2+ 1/(2¢) < 3/(2¢) for 0 <e<1/2,

the upper bound coming from the set {z; : t = 1/2 + 2ke, k € [[k.]]},
where k is the smallest integer for which 1/2 4 2ke > 1 —e.

Arbitrarily small perturbations can increase the surround dimension
to n with insignificant effects on the packing numbers for e. Here is an
example. Use {0y : k € [2"]]} = {—1,+1}" to make small perturbations:
with 0 < 6 < (1/3)" define T;, := {t(k) : k € [2"]]} where t(k) := 1/2 + k2.

Replace X by X = {7; : 0 <t < 1} where

~ x4+ 00, ifteT,
Tt i — . .
Ty otherwise

Then SDIM(fXV:) = n because the set X surrounds %]l.

Let S¢ be an e-covering set for [0, 1], under the usual euclidean dis-
tance, with |Se| < 2/e If € > 0 then {z; : t € S.} is a 2¢ covering of X. And
if € < 0 then {F; : t € Sc UT,} is e-covering of X of size less than 3/e.

Fattening up the concept of surround dimension

We need to strengthen the concept of ‘surrounding’ if we wish to avoid the
sort of instability illustrated by Example <8>. The following Definition
has the desired effect. It also comes closer to capturing the essential prop-
erty for existence of good maximal inequalities. (See Notes.)

Definition. Let X be a subset of R™ and § be a strictly positive number.

(i) Suppose I C [[n]] and r € RL. Say that an x in X picks out a pattern
u € {0,1} around r at level § if x; > r; + 6/2 foru; = 1 and
x; <1i—0/2 for u; = 0.

(i) If r € RY, say that X surrounds r at level § if each pattern around r
can be picked out (at level §) by some member of X.

(11i) Define spm(d, X) to be the largest d for which there exists an I C [[n]]
with |I| = d and an r in R such that X surrounds r (at level §).
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Analogs of spim( -, X) for general collections of function seem to have
first appeared in the machine learning literature in the 1990’s, sometimes
under the name fat shattering. A similar idea had already appeared in
a completely different context (Talagrand, 1984, §9) as a condition for es-
tablishing pointwise compactness of a set of real-valued functions. See the
Notes.

The most elegant results concerning the connections between spim( -, X)
and packing numbers were worked out in three papers: Mendelson and
Vershynin (2003), Vershynin (2005) and R-V = Rudelson and Vershynin
(2006). The following Theorem, based on Corollary 5.4 of R-V, gives the
flavor of the Mendelson-Rudelson-Vershynin (M-R-V) results. The papers
contain many other interesting results.

<10> Theorem. Suppose p > 1 and X is a subset of R™ contained within an Eip
ball {y € R™ : |y — yolop,u < R}, for some yo in R™, some radius R, and

some probability measure 1 on [[n]]. Then
log PACK(t, X, 1) < C1p°spiv(Cat, X) log(CsR/t)  for 0 < t < 2R,

O where C1,Co, C3 are universal constants.

Remark. As |z —y|,, < 2R for z,y € X, there is no need to consider
values of ¢ that are > 2R.

A general yo will needed in Section 15.8. As neither the packing num-
bers nor spmM( -, X) are affected by translation of X, for the Proof of The-
orem <10>, in Section 15.7, there will be no loss of generality in assuming
that yo = 0 and |z|2,,, < R for each z in X.

The Proof will involve some subtle arguments, including the “M-R-V
trick” (Section 15.4) of relating packing numbers to the number of lat-
tice cubes—unit cubes centered at points with integer coordinates—
surrounded by the packing set. This idea will play a role similar to Lemma <4>
in Section 15.2. In order to preview the method in a much simpler set-
ting, Section 15.5 will apply the lattice-cube argument with the Eip ball
replaced by [0, 1]™.

The Proof of the more general result will involve weak ¢? spaces. 1
found this part in the R-V argument the most challenging, probably be-
cause I knew very little about such spaces when I first looked at the pa-
per. Fortunately, it turned out that the necessary details (which are sum-
marized in Section 15.6) were actually not so complicated.

15.4 Lattice cubes surrounded by well separated vectors

The M-R-V idea is elegantly simple. If a subset X of R™ surrounds a point r
in R’ at level § then for each pattern v € {0,1}! there exists an x in X
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with z;/0 > y;+1/2 if u; =1 and z;/0 < y; —1/2 if u; = 0, where y := /4.
That is, the rescaled set X/§ := {x/d : x € X} surrounds the set

cuber(y) == Hie[[yi —1/2,y; +1/2] c RY,

in the sense that X[I] puts at least one point in each of the 2/l orthants
that share a single vertex with the cube. The cube lies inside the convex
hull of those 2M! points.

For the purposes of a counting argument it helps if we restrict atten-
tion to lattice cubes, cuber(¢) with ¢ € Z!. (V and R-V used the name
“integer cell” and required vertices in Z'.)

Definition. For W C R", define L(W) to be the set of all pairs (I,(),
with ) # I C [[n]] and ¢ € Z!, for which W surrounds cuber(¢), that is,
for each pattern w in {0,1} there is a w in W such that w; > ¢; + 1/2 if
u; =1 and w; < ¢ —1/2 if u; = 0.

Remark. Following R-V, we could also allow I = (3, defining its contri-
bution to L(W) as 1 for every nonempty W. That choice makes some
of the formulas more elegant but I always worry about nasty surprises
that might lie hidden behind such conventions.

Now suppose X is a bounded, convex subset of R” with W C XK. If
0 # I C [[n]] and W surrounds cube;({) then that lattice cube must lie in-
side the convex set K[I], the projection of K onto the coordinate space R’.
Each such cube has |I|-dimensional LEBESGUE measure, mycubes(¢), equal
to 1; and two distinct lattice cubes can at worst intersect in a set of zero my
measure. It follows that

my(K[I]) > #{¢ € Z' : W surrounds cuber(¢)}.

If |[I| > spm(1, W) then W cannot surround any cubey(y) with y € R’,
let alone any lattice cubes. Only subsets I with 1 < |I| < spmm(1, W)
contribute to the union that defines L(W). Thus

> .

2 pprcip, n<soniq ™ KD 2 #LOV)

This inequality together with the following Lemma will provide the main
technical tool needed in the next two Sections.

Lemma. If, for some p > 1 and some probability measure p on [n]], a
subset W of R™ contains vectors wy, ..., wy that are very well separated,
in the sense that mingzp |we — walp, > 10, then 1+ #L(W) > NV (),
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Proof. Think of the w;’s as the columns of an n x N matrix W, that is,
w; = W[+, j]. The projection of w; onto R’ then becomes W|I, j] for each
subset I of [[n]], and the separation assumption becomes

<18>

Z,< wi|Wli, o] = Wii, g]|P > 10P foralll <a < < N.

The asserted inequality for #L(W) is trivial when N = 1. For the pur-
poses of an inductive proof, suppose that N > 2 and that the analogous
assertion is true for 1,2,..., N — 1. The inductive step will depend on a
cunning way of finding two disjoint subsets, Jg and Jg of [N]] for which

1Jol? + e’ > N where 6 := (2p) L.
The strict inequality ensures max(|Jo|, |Js|) < N, which will allow us to
invoke the inductive hypothesis for the submatrices W[-, Jg] and W|-, Jg].
The argument will consist of three steps:
1. Show that there exists iy € [[n]] and an integer ¢ such that
<17> P{X <l0—1/29 +P{X >0+1/2} > 1,
where X := WTip, J] with J is uniformly distributed on [/V]].
2. Use ip and £ to define the two candidates, W< and W, for atten-
tion from the inductive hypothesis:
Jo = {j € [N]: Wlig, jl < €= 1/2} with WS = W[, Jo],
Jo = {j € [N]: Wlig, ] > £+ 1/2} with W® = W[, Jg].
3. Use <16> to show that
<19> L+ #L(W) > 2+ #L(W®) + #L(W®),

which will complete the induction.

Step 1. Once again, the existence of suitable subsets can be proved by
the probabilistic method. Let J and J be random variables corresponding
to a sample of size 2 without replacement from the uniform distribution
on [[N]]. (Equivalently, the pair (d,J) is uniformly distributed over the

set [[N]]? minus its diagonal.) By construction P{J # J} = 1 so that
inequality <15> implies P) . w;|WTi,d] — Wi, d]|P > 10P. Take P inside
the sum to see that there must exist at least one ig for which

P|Wlio, d] — Wi, d]|P > 10P.

That is P|X — X|P > 107 for X := Wli,d] and X := W[io,d]. The
probability measure p plays no further role in the proof.
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To prove existence of the desired ¢ we can use a “separation lemma”
(Rudelson and Vershynin, 2006, Lemma 3.3), whose proof (Problem [11])
requires only elementary probability calculations: If Y is a random vari-
able with zero median and P|Y'|P > 2.5 for some p > 1 then

P{Y <A—1} +P{Y > \}! > 1 where 6 :=1/(2p).

for at least one real number \. Here you should read P{...}? as a proba-
bility raised to the power 6.

Remark. R-V worked with inequalities involving LORENTZ spaces of
functions. As I was not able to understand the advantages of such
generality I have restricted their proofs to the more familiar setting
involving ¢P-style norms on R™. (As they acknowledged, on p. 627,
their main interest was the case of LP spaces of functions.)

The random variables X and X are not independent but they do have the
same marginal distribution. Define Y := (X — M)/2 and Y := (X — M)/2,
with M a median for X. Then we have

4V, =2V, +2 HY/H > HQY - 217” - HX - )ZH > 10.
P P P
The random variable Y has a zero median and P|Y [P > (10/4)? > 2.5.
Thus <20> holds for some A. Equivalently,
P{X <R-1/2}°+P{X > R+3/2}? >1  for R:= M +2(\ — 1) +1/2.

The gap of width 2 gives us enough wiggle room to squeeze in the inte-
ger {:= [R], giving <17>

Step 2. As J is uniformly distributed on [N]],

P{X <{-1/2} =P{J € Jo} =|Jo|/N,
P{X>¢+1/2} =P{J € Jg} = |Jg]|/N.

Thus <17> implies inequality <16>.

Step 3. An appeal to the inductive hypothesis for both W< and W fol-
lowed by an appeal to <16> gives

(L+#LW)) + (L+#LW)) = [Jo|” + o] > N7

which means that to complete the Proof it now suffices to prove <19>.

Clearly L(W) D L(W®) U L(W®). If we just add up the number of lat-
tice cubes (I,¢) in L(W®) and L(W®) we double count the cubes in B :=
L(WS)NL(W®). To offset this double count we can construct a one-to-one
map (I,¢) — (I*,¢*) from B into E := L(W)\ (L(W®) UL(W®)). And to
pick up the extra 1 we can show that ({ip}, ¢) belongs to E.
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By construction, Wlig,j] < £ —1/2if j € Jg and Wig,j] > £+ 1/2
if j € Jg. These inequalities ensure that ig ¢ I if (I,() € B: if §;, > ¢
then no j in Jg can pick out a pattern u with u[ig] = +1, and simi-
larly with Jg if ¢;, < ¢. In particular, ({ig},¢) ¢ B, but it does belong
to L(WW) because neither Jg nor Jg is empty. Now define I* := I U {io}
and ¢*[i] := ([i]{1 € I} + ¢{i = ip}. (That is, ¢* extends the domain
of ¢ to I by defining (*[ig] := ¢.) To show that (I*,(*) € L(W), consider
any pattern u* from {—1,+1}/". As the subpatterm u = u*[I] belongs to
{~1,+1}! and (I,¢) € B, there exist columns j$ € Js and j© € Jg for
which W1, j$] and W|[I, j®] both pick out pattern u (at level 1). And by
definition of Jo and Jg,

Wlio, j5 1 +1/2 <€ < Wlig, jy] — 1/2.

It follows that (I*,(*) € L(W).

Packing for subsets of [0, 1]”

This Section is intended only as a warm-up for the more subtle calcula-
tions needed to prove Theorem <10> in Section 15.7, by deriving a result
similar to Theorem 1 of Mendelson and Vershynin (2003).

Theorem. If X is a subset of [0,1]" with spiM(e, X) < d for some e > 0
then, for each p > 1 and each probability measure u on [[n]],

PACK(Ce, X, 1) < (cp(1 /1)

where C' and ¢ are universal constants.

Proof. Let me start by sketching how the bound from Section 15.4 gets
into the argument, even though the resulting inequalty will need some
fine-tuning to match the result asserted by the Theorem.

Suppose x1,...,zN are Ce-separated in X, that is,

|Ta — x|pu > Ce forl<a<pB <N.

Define wy := 10x4/(Ce) for 1 < a < N and X := [0,10/(Ce¢)]™. Then

W = {wi,...,wy} satisfies the assumptions of Lemma <14>. Note that
m;X[I] = (10/(Ce))l!l and there are (}) different I's with |I| = k. Thus
inequality <13> and the Lemma <14> together give

L+ o/icorsna =1+ Y, (1) oot
> 1+ #L(W) > NV,

Inversion of inequality <23> would provide an upper bound on N that
depended on n. Not very useful. We need to replace n by a quantity that
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depends only on N and e. A sampling argument, using the HOEFFDING
inequality (§7.3) will take care of the problem. (Compare with sampling
argument used to prove Theorem <6>.)

For an m still to be determined, let J := (J,...,J,,) be vector of inde-
pendent random variables taking values in [[n]], each having distribution pu.
For each pair o, f with 1 < o < f < N define g, gli] := |z [t] — z[i]|P. For
each k in [[m]] we have

PgaslIk] = 90,8 = |Ta — 935]5’# > 2§ := (Ce)? by <22>.

As 0 < gqp[i] <1 for each ¢ HOEFFDING gives
P{m~! Zk 9a,8(Tk) < pgap — 0} < exp (—2m2(52/m) .
Take a union bound over all (g ) pairs «, 8 to deduce that

PBa<f:m™')  gaps(k) < 1gas/2} < 5exp (2log N —2mb?)

which is < 1 if we choose m := [§72log N. Thus there exists a realization
of 3:= (Jy,...,9,,) for which

-1 ] )
m Zj \zalJj] — z5[3,]]P > (Ce)P/2  for1<a< B <N.

We are now almost back at <22>. The only changes are: X has been
replaced by Y := X[J] for some realization of J, a subset of [[0,1]™; and
u has been replaced by fi,, the uniform distribution on [[m]] (which can
also be thought of as the empirical measure, defined by Jy,...,7,,.) Most
importantly spiM(e, Y) < spim(e, X). Slight modifications of the argument
following <22> would now give an inequality very similar to <23> ex-
cept that n is replaced by m. From there, another inversion argument like
the one in §14.2 should bound NY¢ by a quantity like the one asserted by
Theorem <21>.

The details are not important at the moment, because this Section is
merely a warm-up for the Proof of Theorem <10> in Section 15.7. You
should just take away two ideas: Theorem <14> brings spim( -, X) into
the upper bound for N; and a preliminary sampling from p can replace n
by a smaller m.

Weak /¢ spaces

The argument for Theorem <10> will parallel the argument sketched in
Section 15.5 for subsets of [0, 1]™. The main difference will appear during
the step where a sampling trick replaces n by a much smaller m, because
the HOEFFDING inequality would no longer provide a useful bound.
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Remark. The ball {x € R™ : >, u;|z;|P < RP} lies inside [-R/k, R/K]",
where k := min; y; < 1/n. but a factor of at least nR would render
the HOEFFDING bound rather useless.

The trick is to work with “weak-£? norms” for ¢ = 3p/2. For a general
probability space (A, A, u) and an A-measurable real-valued function f
on A define

1
1F oo = (supgsg t2u{ | f] > £1) /.

The set Lgoop = {f : [[fllg00, < 00} is a vector space. Despite the use
of the familar symbol for a norm, |||, ., , is not @ normon L4 . See
Problem [13]. However (Garling, 2007 '§10. 2) for ¢ > 1 there does exist

a true norm p (or semi-norm, if we don’t work with p-equivalence classes)
o1 Lo for which (1 — 1/g)p(f) < [ fllym, < p(F)- Maybe || -]l .,
should be called a quasi-norm to remind us not to invoke a triangle in-
equality.

Quasi-norms provide a convenient way to control £P(u) and LP (i)

norms, by means of arguments involving tail probabilities. As before, p,,
denotes the empirical measure for a sample J = (J1,...,7,,) from u;

N | n
U@ =M Zke[[m]} x[Jk] for z € R™.

The following non-trivial facts about general quasi-norms—where x
is replaced by a general measurable function f and the Ji’s are replaced
by independent observations on a general p—can be proved by means of
standard probabilistic tricks. They will be invoked with p > 1 and ¢ =
3p/2 for the Proof of Theorem <10>.

o Moo = A Sfllg00, for each constant A > 0 and

<25> bpvq ||f”pu — ||f”q oo, — ||f||qu — Hf||2p,u, if 1 S b < q < 2p7

where by, ;== (1 —p/ q)l/ P Analogous inequalities (with the same b, 4)
hold with p replaced by fi,,. See Problem [14].

e There exists a universal constants ¢y, ¢y for which: If ¢ is a mea-
surable function on A with 1 > ||g||, , > 0 for some p > 1 and
= 3p/2, then

<26>  Pllgll,, < gl /8} < e~ 5hu % oo Problem (15
<27> P{llgll, ., <c2}>3/4  see Problem [16].

When p lives on [[n]] then |- ||, , means the same as | - |, and so on.
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<28>

<29>

Recall that the Theorem asserts that
log PACK(t, X, £)) < C1p*spiv(Cat, X) log(CsR/t) for t > 0.

The Proof will be similar to the one in Section 15.5 except that we no
longer have a useful upper bound on max; |z[i]| for x € X. For a given ¢,
we start from a ¢-separated set {x, : @ € [N]]} of X. That is,

|Ta —2glp >t AND  maxq |Talopu < R forl<a<pB<N.

We need to find universal constants for which log N < Cip?dlog(CsR/t),
with d := spm(Cat, X), a result that holds trivially if log N < d. Thus we
can assume log N > d.

The plan of attack involves three steps:

1. For some m (to be chosen) let y,, denote the empirical measure
defined by a vector I = (J1,...,J,,) of independent observations
from p. For a given t > 0 we hope to find a realization of J for which
there exists a subset J of [[N]], with |J| > N/2 such that

{za]J] : « € J} is t/8-separated in L}

m

When suitably rescaled this set will give a 10-separated set W in R™
for which spiM( -, W) can be bounded using spmm( -, X). Lemma <14>
will then give 1 + #L(W) > |N/2|%/24,

2. Find an upper bound for #L(W) by using upper bounds for the
LEBESGUE measure of £¢ balls in various dimensions, as in <13>.

3. Combine the bounds from the first two steps into an inequality that
can be inverted, as for Lemma <6>, to get the upper bound for log V.

Step 1: reduction to R™.
With g = (x4 — 25)/(2R) for some o < f3, inequalities <26> and |g]p,, >
t/(2R) give

P{|za — 2slq, m < t/8} < exp (—c1m(t/8R)).
A union bound over (g ) pairs then gives

P{3a < B:|2a — ¥slgun < t/8} < 3 exp(2log N — cym(t/8R)P).
The right-hand side is < 1/2 if

m := [(2log N)(8R/t)% /c1].
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Put another way, PG > 1/2 for G := Na<p{|Ta — 28lq,u, > t/8}
In order to show that a good number of z,’s lie in some £}, ball de-
fine

J:=J(J) :={a e [N]: |zalgu, < 2R},
Z(J) =Nt Zae[[NﬂﬂxaM’“m < coR}.

Note that 0 < Z < |J|/N <1 and PZ > 3/4, by multiple appeals to <27>
with g = z4/R. The elementary inequality

3/4<PZ<P{Z>1/2}+ (1/2)P{Z < 1/2}

implies P{Z > 1/2} > 1/2, so that PGN{Z > 1/2} > 0. (Compare with: if
min(PA,PB) < 1/2 then PAU B < 1.) The intersection G N {Z > 1/2} is
non-empty. Thus there exists some realization of J for which J(J) > N/2
and

<30> |Talgum < 2R for a € J(9),
<31> |Ta — 28|gum > t/8 for all & < 8 with «, 8 € J(J).

From now on J and J stay fixed.

Step 2: counting lattice cubes.
For each a in J define w,, := (80/t)x4[J] € R”. That is, wa[k] := (80/t)za[Ik]
for each k in [[m]]. Define W := {w, : a € J}.
Let v denote the uniform distribution on [[m]]. Then for distinct «a,
in J,

|wa—wpld, /(80/0)F =m™' Y |zalIk]—zsl0k]|? = lwa—25l] ,,, > (t/8)".
Thus |we — wglq > 10. Similarly
[walgw = (80/1)|%algu, < A= c280R/t.

That is, WC B :={y € R" : |ylq,, <A} ={y € R™ : >, |yx|? < mA?}, the
07 ball in R™ of radius m!/9\,

Consider a nonempty subset K of [m]], a pattern v € {0,1}¥ and
anr € RE. If w, picks out the pattern u around r at level 1 then z,
picks out pattern u around (¢/80)r at level ¢/80. Thus spim(1, W) < d :=
spim(t/80, X).

For ) # K C [[m]] the projection of B onto the R¥ coordinate sub-
space is also an ¢ ball of radius A, which has |K|-dimensional LEBESGUE
measure equal to A|K|V|K| where, by Problem [9], Vi, < 2Fco(qe/k)*/9. Tt
follows by <13> and Lemma <14> that

- Zlgkgd <7Z> Aok e (ge/k)T > 1 4+ #L(W) > (N/2)Y/



§15.8 Chaining bounds via surround dimension 363

(N/2)'20 < 1+ #L(W)

d
ST <Z‘) AV
< XB(m,d)Vy  with B(m,d) < (em/d)* as in <4>

< (8002R/t x (em/d) x ZCé/d(qe/d)l/q)d.

From <29> we have m/d < Cq(log N'/?9%)(8R/t)%P, for some universal
constant C'. Consequently, for some other universal constants £1, k2, . . .,

NY24d < g1 (R/t)(m/d) < ko(log NY/?99)(8R/t) P+

Equivalently, if A := log N'/24% then e /A < k3(8R/t)™*!. As asserted
in §14.2 (and proved in the Problems for Chapter 14), such an inequality
implies e < k4(8R/t)'% and

log N = 2qdA < log k4 4 32pgdlog(8R/t) < Cip*dlog(8R/t),

as needed for <28>.

*15.8 Chaining bounds via surround dimension

As you saw in §10.6, the integral fo(s K(t) dt with
K2(t) =logPACK(t,T,d)  or  K2(t) =logcovEer(t,T,d)

plays a central role in establishing maximal inequalities for stochastic pro-
cesses {X; : t € T'} with subgaussian increments controlled by a metric d
on T'. In particular, those methods apply to signed-sum processes indexed
by bounded subsets X of R", with Ei providing the metric.

Theorem <10>, for general p, provides a way of bounding ¢, analogs
of K(t). This assertion might seem implausible because, typically, appli-
cations involving LZ do not come with a some suitably small Ll‘i ball con-
taining X.

A neat counterintuitive trick (Rudelson and Vershynin, 2006, §6) over-
comes that deficiency. Suppose we wish to control

K(t,p) := (log COVER(t, X, /%)) 1/2

for some p > 1and t >0
by means of the function S(t) := spm(Cyt, X)'/2. The idea is:
(i) Cover X by Uj<nyBj where B; is an 6,2}7 ball of radius 3¢ and N :=
COVER(3t, X, (7).

(ii) Then cover each X N B; by a union of N; := COVER(t, X N Bj, )
balls of ¢, radius t.



364 Chapter 15: Fat shattering/surrounding

Remark. For the moment, do not worry about the use of the un-
known COVER(3t, X, KZ”). It will soon be replaced by another unknown
quantity.

By Theorem <10>,
log N; < C1p®spmm(Cat, X N Bj) log(3C3) < C?p?S(t)?,

for some new universal constant C. Together (i) and (ii) produce a cover-
ing of X by at most NM balls having ¢, radius ¢, where M := max; N;.
We now have a very neat recursive bound:

<32> K(t,p) < y/log N +log M < K(3t,2p) + CpS(t) for t > 0.

When iterated, this inequality can provide a bound on ), §;K(d;,p), the
sort of sum that was important in §10.6.

For a given dg > 0 and § = 1/3 and p > 1 define 6; := dpf’ and
pi := 2'p. Then, for i > 1,

K(di,p) < K(di—1,p1) + CpS(6;)
K(di—1,p1) < K(di—2,p2) + Cp1S(d;—1),
K(di—2,p2) < K(di—3,p3) + Cp2S(d;—2),

and so on. Repeated substitutions then give
i—1
<33> K(di,p) < K(do, pi) +C ijo p;S(di—;)

and, for each m in N,

Z 6;K (04, pi) < Z ;K (00, p;) + Z Z{j < i}0;p;S(6i—;)
=0 i=0 i=0 j=0
<34> <0 Y O'K(do,pi) + Y psd; Z;H 8 ;S(6;;).
i—0 =0

Inequality <34> can be simplified in various ways.

e The fact that |z|,, is an increasing function of p for each fixed  shows
that

m 60/3 1
S 5K (i) > / \/log COVER(t, X, £) dt.
1=0 5

The final integral is the kind of quantity that appears in chaining bounds
for the signed-sum process obtainable by the methods of §10.6.
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The final sum in <34> equals
bop Y (2/3V (81S(8) 4+ by Sy ).

which is less than

)
%50]7((518((51) bt 5m5(5m) <360p [ S(t)dt.

m

If X C [=Ro, Ro]™ and 69 = 2Ry then |z — y|p, < 2R for all z,y € X,
which would imply K(do, p;) = 0.

Note that 6o Y 1" 0°K (60, pi) < K(do,p) < 380K (00, p).

Clearly, integrability of spiM( -, X) could tell us useful about signed-
sum processes indexed by X.

Problems

Suppose X C R™ and (r,u) € R"® x {—1,+1}" and I := (i1,...,i) € [[n]*
with 0 < k < n. For J := (i1,...,0m), with 0 < m < k, suppose X[J]
cannot pick out pattern u[J] around r[J]. Show that X[I] cannot pick out
pattern u[/] around r[I].

The subgraph of a real-valued function f defined on some set A is defined
as subgraph(f) := {(a,7) € AXR: f(a) > r}. A collection F:= {f;:t € T}
of such functions is called a VC-subgraph class if D := {subgraph(f;) :
t € T'} has finite VC-dimension.

Suppose vepim(D) = d < oo and A = (ay, ..., a,) € Al"l with n > d.
Define X, := {(fi[a1], ..., filan]) : t € T'}. Show that spmm(X,) < d. Hint:
If I C [[n]] and r € R then X,[I] surrounds r iff for each u in {—1,+1}/
there exists a ¢t in T with minges ula] (filaa] — r[a]) > 0.

For each pair of real numbers a, b define a real-valued function f,;(y) :=
min (|y — al?, |y — b|?) for y € R. Then subgraph(f,;) = D, N Dy, where,
for each real c,

Dei={(y.r) €R®: ly—cl> = v} = {(4.,r) €R”: [yl* 2y +* —r > 0.

If you hunt through §14.2 and the Problems for Chapter 14 you will learn
how to show that {D. : ¢ € R} is a VC-class of sets and {f,5 : a,b € R}
is a VC-subgraph class of functions. Similar results hold for the minimum
of k quadratic functions on higher-dimensional euclidean spaces.

Suppose z; = (z;,7;) for i = 1,...,n are points in X x R for which z; =
9. Show that no set of functions can surround z. Hint: Without loss of
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generality, 7o > r1. Can there exist a function f for which r; > f(x1) and
ra < f(x2)?

[5] Show that spim(F) = sup,q spim(e, F).

[6] The traditional example where spim( -, X) has something to offer is the set
of all [0, 1]-valued non-decreasing functions on R. When translated into
the setting of Section 15.3 the example becomes: let X denote the set of
all z = (x; : ¢ € [n]]) in [0,1]" for which 0 <z <2y <.+ <z, <1

(i) Suppose I = (i1,...,iq) with 1 <43 < -+ < ig < n and X[I] surrounds
r = (r[i] i € I) at level 6. Show that there exists an x in X for which

rlia] + /2 < zfia] < xlia+1] < rliat+1] — 02 for most a.

Deduce that 0 < r[ig] + 6 < 7[iat+1] and hence d < 1 + 1/6. Thus
spM(6, X) < 2/6 for 0 < 6 < 1.

(ii) Show that spm(X) = n. Hint: Suppose 11 < 1o < -+ <1rp, < 1.

[7] Suppose H is a k-dimensional subspace of R™ and X C R™ with the prop-

erty: for each z in X there is an h in 3 for which max,¢[ [Ta — hal <
§/2. Argue as follows to show that spmm(d, X) < k.

(i) Suppose X[I] surrounds some 7 in R at level d, for some I in [[n]™. Then
for each u in {—1,+1} there exists an x in X for which ming uq (s —
o) > 6/2. Find an h in 3 for which € := max,e) [Ta — ha| < 0/2. Then
ming (he —74) > 6/2 —€ > 0.

(ii) Thus H[I] surrounds r in the sense of Definition <2>. It follows from Ex-
ample <3> that m = |I| < k.

[8] There in an important difference between the ¢ and ¢, norms on R, for
p > 1 and p a probability measure on [[n]].
(i) Recall that ||, := (3, |zs|?)"/?. Show that ||, > |z|, for ¢ > p. Hint: If
|z|, = R then ), |z;/R[P < 1, which implies ), |x;/R|? < 1.
(ii) Recall that |z|,, = (3, ,ui|xl-\p)1/p. Show that |z|, , < |z|q. for ¢ > p.
Hint: JENSEN.

(iii) Compare with: If u{i} = 1/n for each i in [n]] then |z|,, = n~""/?|z|,.

[9] (Based on Pisier, 1989, page 11.) Define a norm on R™ by ||z|| := (3, ol |P) P
where the o;’s are strictly positive constants and p > 1. Denote the corre-
sponding unit ball, {z € R™ : ||z|| < 1}, by B. Remember that m,, denotes
LEBESGUE measure on R".

(i) Show that e™* = [ e "{z < r}dr for z > 0.

(ii) Show that my,e~I?I" = IS emmm {2 < /Py dr = (m, B)T'(1 + n/p).
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(iii) Show that
mne_””:Hp = H 2/ e_ailxi‘pdxi =2" H Ui_l/pr(l +1/p).
3 0 3

(iv) Deduce that m,B = (01 ...0,) " YP(2T(1 + 1/p))"/T(1 + n/p).

(v) Show that T'(x + 1) > (x/e)*/co, where ¢y = e/+/2m = 1.085, for all > 0.
Hint: By the continuous analog of the STIRLING formula (§2.5),

logT(z 4+ 1) > f(z) := (z 4+ 1/2) log(1 + z) — (1 + z) + log V2.

Define g(z) := f(z) — xlog(z/e) + logeco = (x + 1/2)log(1 + =) — xlog =.
Show that g(0) = 0 and g(x) > 0 for z > 0. (The c¢g is just an artifact of
using a lower bound for I'(x + 1). Numerical evidence shows that it could
be replaced by 1 or even by a constant slightly smaller than 1.)

(vi) Use (v) and the fact that I'(z) <1 for 1 <z < 2 to deduce that

(01...00)YPm, B < 2"/T(1 + n/p) < 2"co(pe/n)™P.

*10] Prove the following assertions then explain how they are related.
(i) mo{(z1,...,2,) € R*: Y, |2;| < 1} = 22/nl. Hint: previous Problem.
(ii) For independent random variables Uy, ..., U,, each distributed UNIF(0, 1)
we have P{U; < Uz < --- < Up} =1/nl
(iii) The m,, measure of a pyramid in R™ having height h and base B is equal
to n_lhmn_lB.
(iv) The unit cube [0, 1]™ has 2n faces.

[11] Lemma <20> is equivalent to the following result. Let Y be a real random
variable with median 0. If  := 1/(2p) for some constant p > 1 and

*)  PY <A-1Y+P{Y>)Y<1 foreach \inR.

then P|Y|P < 2.5. Argue as follows.
(i) For each k in N, use (x) to show that

PIY >k <1-P{Y <k—-1} <P{Y >k—-1}<P{Y >k—1}
(ii) Deduce that
P{Y >k} <P{Y >k— 1} <P{Y >k -2} <... <P{Yy > 01"

(iii) Note that, by definition of a median, min (P{Y" > 0},P{Y < 0}) > 1/2.
Deduce that max (P{Y < 0},P{Y > 0}) <1/2.

(iv) Argue similarly with Y replaced by —Y then add the two tail bounds to
conclude that P{|Y| > k} < 2(1/2)(2p)k for k € N.
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(v) Show that
P E p
P|Y| < P{|Y| < 1} keN(k 1) P{k < ‘Y‘ <k 1}

<142 exp (ploglh+1) — (20) log(2) ) .

(vi) Show that the kth term in the last sum is a decreasing function of p, for
p > 1. Deduce that

P _ ok
PIVIP<14+2)  exp <10g(k +1)-2 1og(2)) <25,
[12] Suppose S has a BIN(m, §) distribution. Use the the BENNETT inequality
(or the tail bounds from §3.7) to show that
max(P{S —md >mt}, P{S —md < —mt}) < e Cmt if 2t > (1 —9),

for €' := thyenn(1/2)/4 ~ 0.216.

For the final four Problems, (A, A, 1) is a probability space and g,
denotes the empirical measure defined by independent &1, ..., &,
observations on p. That is, pupf = m™1 Y, f(&). When special-
ized to the case A = [[n]] these Problems cover some of the proba-
bility details omitted from Section 15.7.

[13] Suppose A = {0,1} and p{0} = 6 = 1 — pu{l1} for some 6 in (0,1). If
f(z):=(1Q+c){zr =0} +{z =1} and g(x) := ¢{z = 1} for some ¢ > 0 then

_ 1/ — (1 — o
£l = max (1, (1+c)f q) AND  [|glyn0 = (1 — 0)1/7,
so that
l4+ec  (1-0)Va
£+l 00 m =10 > Ul + ol 3 > S

which happens for 6 close enough to 0. Thus || - || ¢, 00, g is not a norm.

[14] For a measurable f on A and ¢ > 1 the £9(p) quasi-norm is defined as

17114 00, 1= (supeg tpa{|f] > t})"/7.
(i) Show [[Afll4 0 = Al fllg,00, for each positive constant A.

(ii) For 1 < p < ¢ < 2p show that

bpg 1 fllpye < 1l oo < IS

Hint: By (i), there is no loss of generality in assuming || f|, - ,
which case p|f|P = [ pt? p{|f] > t}dt <1+ [ ptP~ 1t 9dt.

ap S ”f”pr where by, 4 := (1 —p/q)\/P.

= 1,in
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[15] Suppose g is a measurable function on A for which 1 > |[g[y, , > 0 for
some p > 1. Show that there exists a universal constant C' for which

_ 6
P{Hqu,Mm S ||g||p7p, /2} S € Cm(Hg”p’p'/Al) ! fOI“ q = 3p/2

by justifying the following assertions.
(i) To simplify notation define 6 := [|g|,, , /4. By Problem [14],

(supjao t9{|g| > )Y > bpgd0 >0  because b,, = (1/3)1/? > 1/4.

Thus there exists some to > 0 for which ¢ := u{|g| > to} > (6/t0)9.
(ii) The inequality 1 > ulg|?? > t21{|g| > to} gives t;** > §. Combine with
the lower bound from (ii) to get 1/tg > 63 and 6 > % = 9%,

(iii) If 0/2 > g, .. then (6/2)7 > pum|g|? > tgum{lgl > to} and, by (i),
6/2>6/27> (0/2t0)? > pm{lg| > to}-

Consequently, P{[[g[l, ... < 6/2} < P{mum{lg| > to} < md/2}. As
the sum mum,{|g| > to} has a BIN(m, ¢) distribution, it follows by Prob-
lem [12] (with ¢ = §/2) that

P{llglly,,, <0/2} <P{mum{lgl > to} <md —mé/2}
< exp(—Cmé/2) < exp(—Cmb®/2),

as hoped for.

[16] Again suppose g is a measurable function on A with 1 > ||g[[5, , > 0 for
some p > 1 and ¢ = 3p/2. Show that there is a universal constant C' for
which P{||g|[, ... < C} > 3/4 by justifying the following assertions.

(i) For each j in N define
tj=2, Gy={lgl>t;}, 0;:=pG 0;:=t;"<(1/4).

The inequality 1 > u|g|?" implies &; < 6;.
(ii) Define Jp, := max{j € N : §; > (8m)~'} and A, :== {m G, +1 = 0} for
m € N. Then &, 41 < 0,11 < (8m)~!, which implies

PAn=1-0s,4+1)" > (1-@8m)™)" >7/8  forall m.
(iii) If D > 1/2, Problem [12] gives
J
> PlumG > (1+ D)o}

J J '
< ijl exp (—ChymD0O;) < ijl exp <—C[12]D4P(ij)mgj>

< ZieNo exp (—4iC’[12]D/8) because mf; > 1/8 and p > 1.
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If D is large enough, the final sum is < 1/8. (R says D = 77 suffices.)
(iv) Define B,, := Amﬁﬂj;”l {umG; < (1+D)§;}. The results from (ii) and (iii)
show that

PB, < PA;, + Zj:l P{unG;j > (1+ D)8;} < 1/4.
Thus PB,, > 3/4. On the event B,, we have
o0
pmg? = /0 gt g > 1} dt
< 4 T [fti+1 L . Tn
St + Zj:1 /ti qt? e {g >t} dt = t] + ijl 1 1mGj

Im (s .
<927 4 Zj:l 2U+Da(1 4 pD)2—2pi

< (C9:=21 (1+(1+D)Zl N2*p1/2>.

J€

R says C' < 66 if D = T77.

15.10 Notes

Precursors for many of the ideas explained in this Chapter appeared in a
pathbreaking paper by Vapnik and Chervonenkis (1981). These include:
maximal inequalities via symmetrization bounds; approximation using
£%° covering numbers; bounding of packing numbers by volumes of convex
sets; and sampling to reduce dimension.

More specifically, much of the Chapter could be thought of as an ex-
tension of Lemma 7.13 of Dudley (1978) for VC-classes of sets D, which
showed that the COVER(e, D, £L}(P)) < C (e ! log e_l)d for 0 < e <1/2,
where vepim(D) < d. That Lemma was the direct inspiration for Pollard
(1982a, Theorem 9), where I derived bounds on £2(P) covering numbers
for collections of functions of the form F(z){z € D} with F € L2(P)
and D ranging over a VC-class of sets D. I had studied such function
classes precisely because I needed them to establish a CLT for k-means
clustering on multi-dimensional euclidean spaces (Pollard, 1982b). (See
Problems [2] and [3].) The extension to collections of functions F with
supjeg |f| < F € L2(P) and {subgraph(f) : f € F} a VC-class of sets in
Pollard (1984, Lemma II1.25) was based on a clever extension of Dudley’s
sampling argument due to Le Cam (1983, §3). (See Problem [2] for the
definition of a VC-subgraph class of sets and the connection with spim.)
By the time I came to give my Iowa lectures it had become clear that: it
was not necessary to assume iid observations; and everything came down
to control of £ packing numbers for subsets X of R”. The published ver-
sion of the lectures (Pollard, 1990, §4) derived bounds on those packing
numbers by means of assumptions about the “pseudo-dimension” of X, a
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thinly disguised version of the concept of VC-dimension for a collection of
subgraphs. The more descriptive name “surround dimension” (SpiM) now
replaces the mysterious “pseudo-dimension”. The last four Sections of the
Towa lecture notes presented detailed accounts of how the ideas from Sec-
tion 15.2 can be applied to challenging statistical problems.

Nolan and Pollard (1987, Section 4), Pakes and Pollard (1989, Sec-
tion 2), and Pollard (1989) abstracted the covering number properties
(derived from pseudo-dimension assumptions) into the concept of a eu-
clidean class of functions, essentially defined by the property described
in Corollary <7>. These classes share many of the properties associated
in classical statistical theory with collections of functions indexed smoothly
by a finite-dimensional parameter. They have proved useful for applica-
tions to modern statistical asymptotic theory. See Kim and Pollard (1990)
for example.

I defer to Anthony and Bartlett (2002) regarding the history of “fat
shattering” in the machine learning literature, with which I am not very
familiar. They gave (p. 163) credit to Kearns and Schapire (1994) for
the fat shattering idea (although those authors did not actually use that
name) and (p. 267) to Alon, Ben-David, Cesa-Bianchi, and Haussler (1997)
for “the first uniform convergence result in terms of the fat-shattering di-
mension”.

As noted in Section 15.3, the spiM idea was also introduced by Tala-
grand (1984, §9) with his discovery that absence of a particular form of
“critical set” was the defining property of a condition that he called “sta-
bility”. He later (Talagrand, 1996, Def 2.1) called existence of such a set
a “witness of irregularity”. Talagrand (1987, page 842) described some of
the history from his perspective:

“The notion of stable sets was developed by D. H. Fremlin
and the author in the course of their study of pointwise com-
pact sets of measurable functions, as being the most natural
criterion for pointwise compactness. The author then under-
took in [9] (where more historical comments can be found) a
systematic study of this notion and its application to various
questions of measure theory, mostly Pettis integration. One
natural question about stable sets is as follows: Is the convex
hull of a uniformly bounded stable set still stable? This is far
from clear from the definition. To prove it, the author estab-
lished Theorem (11-1-1) of [9]. In the language of the present
paper, this result means that a uniformly bounded set of func-
tions Z is stable if and only if D,, goes to zero in probability.
Due to his ignorance of probability theory, the author became
aware that he had essentially solved the Glivenko-Cantelli
problem only after he discussed the material of [5] with Pro-
fessor Hoffmann-Jgrgensen.”
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Here [5] = Hoffmann-Jgrgensen (1985) and [9] = Talagrand (1984). In
probabilistic terminology, he had shown that the uniform (over a collec-
tion of functions F with envelope in £!(P)) SLLN for sampling from P fails
if and only if there exists some witness of irregularity: a nonatomic

set A with strictly positive P measure and some constants a < [ such
that F picks out all possible patterns from (almost all) finite subsets of A.
That is, if z1,...,2r € A and K C [[k]] then there is some f in F for which

>p forie K
Flzi) {Sa for i € K¢

He later (Talagrand, 1996, page 375) pointed out, in the context of uni-
form SLLNs, that witnesses of irregularity

“represent a strong pathology, and thereby are very easy to
detect. This strong pathology is concentrated on the set A in
the sense that [F] behaves wildly over all but exceptional fi-
nite subsets of A. This is in contrast with Proposition ..., that
implies that when [F] is not a GC class, some rather diffuse
pathology occurs.”

Talagrand (2003, page 1566) also gave credit to Alon, Ben-David, Cesa-
Bianchi, and Haussler (1997) for one of the equivalences established by
Talagrand (1996).
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16.1

Chapter 16
Concentration via
Talagrand’s inductive

method

SECTION 16.1 introduces the notation needed to state and prove Tala-
grand’s convex-hull concentration inequality.

SECTION 16.2 provides two examples (bin packing and spectrum of a ran-
dom symmetric matriz) of how Talagrand’s inequality can be used to
establish exponential upper and lower bounds on deviations from a me-
dian, a concentration inequality.

SECTION 16.3 notes a measurability difficulty, which several well-informed
authors suggested could be ignored.

SECTION 16.4 proves the convex-hull concentration inequality.

Introduction

Concentration of measure is the central phenomenon at the base
of the field of asymptotic geometric analysis. Since its discov-
ery as a general phenomenon in the end of the 1960’s, numerous
approaches have been found, all leading to the same type of be-
haviour: in high parametric families, under very weak assumptions
of various types, a function tends to concentrate around its mean
or median. This simple fact ...is applicable in a variety of cases
and has far reaching consequences. The concept of concentration
has first been put forward in Milman’s version of Dvoretzky theo-
rem [=Milman (1971)] ... Concentration proved to be a powerful
tool with numerous applications in geometry, analysis, probability
theory and discrete mathematics.

[Artstein-Avidan, Giannopoulos, and Milman (2015, p79)]

Clearly Milman’s work greatly influenced Michel Talagrand, who de-
veloped a host of new concentration inequalities. This Chapter will focus
on his convex hull inequality, established in §4 of his monumental paper
IHES = Talagrand (1995). It has turned out to be amazingly useful for a
wide range of applications.

The setting for the inequality involves a finite set X = {X; : t € T}
of independent random “objects” (also called random elements of the X;’s)
defined on some probability space (2, F,P), That is, X; is a measurable

375
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map into some probability space (X, A¢, Pr). We can also think of X as a
product-measurable map from € into X := [[,., X that is, {X € A} € F
for A € A := Qe As. Of course for X finite or countably infinite measura-
bility issues become irrelevant.

The convex hull inequality involves a strange-looking distance, between
points = of X and a (product-measurable) subset A of X, defined by

<1> D(x, A) := supyew infyea(w, h(x,y)) = supyew inf.epz,4) (W, 2),
where
<2> W= {w e [0,1]7 : jw]y <1} for |wly == (3, w?)l/Q,
<3> h(z,y) = (he(z,y): t€T) € Z:={0,1}" for z,y € X
with be(z, y) == {z¢ # e},
<4> h(z, A) :={h(z,y) :y € A} C Z.

Remark. Here, as usual, (-, -) denotes the inner product (w, h(x,y)) :
> ter Welws # yi}, which is sometimes called a weighted HAMMING
distance. The set W could be replaced by {w € [0,1]7 : |w|y = 1}
without changing the value D(x, A). I prefer <2> because convexity
of W builds a connection with minimax theory.

IHES p124 explained that it is the presence of the sup,cqy that
accounts for the strength of the Theorem.

<b5> Theorem. (Talagrand’s convex hull inequality) For independent X ’s
(as described near the start of the Section) and each non-empty, product-
measurable subset A of X,

<6> P{X € A}Pexp (:D(X,A)*) < 1.
Consequently,
<7> P{X € A}P{D(X,A) >r} <exp(—1%/4)

O for each r > 0.

Remark. Inequality <7> follows immediately from <6> via the
bound P{D(X, A) > r} < Pexp (D(X, A)%*/4 —r?/4).
Strictly speaking, some extra regularity assumptions should be
added to the Theorem to ensure measurability of quantities like D(X, A).
See Section 16.3 for details.

The Proof of the Theorem, in Section 16.4, will use another representa-
tion for D.
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Lemma. Define C.(A) to be the convex hull of h(x, A) in [0,1]T and write
P(A) for the set of all probability measures p on A that have finite sup-
port. Then

D(z, A) = supyew minee, (4)(w, 2)
=min{|z|2: 2 € Cx(a)}
= min{|ub(z, y)l2 : p € P(A)},

where ph(z,y) == (p{ly € A ye #a}:t€T) €0,1]7.

Remark. Equality <10> explains the name “convex hull inequality”.

Proof. We have min, ¢, 4)(w,2z) = min_ce,(4)(w,2) because the infi-
mum of a linear function over the compact, convex subset C,(A) of RT
(with T finite) is always achieved at an extreme point, that is, at a mem-
ber of h(x, A). Equality <9> follows.

As the set W is convex and C,(A) is both compact and convex, an ap-
peal to a general minimax theorem would show that

D(z,A) = min,ce, () SUp,,cw (W, 2).

For each z, the supremum of (w, z) over W is achieved at the unit vec-
tor w for which z = |z|ow, which gives <10>.

Actually, the appeal to minimax is unnecessary; a direct proof uses
only elementary convexity facts. (See Problem [1] for details.) First note
that, by CAUCHY-SCHWARZ, (w, 2z) < |w|2|z]a < |z]2 if w € W, which
implies D(z, A) < |z|2 for each z in C,(A). The reverse inequality is triv-
ial if 0 € C;(A). Otherwise the compact, convex set C;(A) has a unique
point closest to the origin. Call it zg. There is a unit vector wgy in ‘W for
which zp = |20|2wp. An elementary supporting hyperplane argument
shows that (wp, z0) < (woq, z) for each z in €,(A) and hence D(x, A) >
inf,ce, (wo, 2) = (wo, 20) = |20|2. Again assertion <10> follows.

Each point z of C,(A) is a finite convex combination Y__ b (z,y(®))
for points y(® in A. Define x to be the probability measure that puts
mass 0, at y(@),

If |T| = n then, for the purposes of an inductive proof, it is natural
(although not always the best strategy for applications where the specific
form of T plays a role in the argument—see Example <19>) to identify T
with [[n]] and take (2, ) equal to (X, A) with P = ®;<,P; on the product
sigma-field A and the X;’s as the coordinate maps. The inductive step will
build a new u in P(A) as a cunningly chosen mixture of two probabilities
(provided by the inductive hypothesis) that live on cross-sections of the
set A. Convexity ideas will play a major role. To emphasize this fact I'll
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write the arguments using the convex function (6) := 62 /4 for § > 0. For
example, from

wh(z,y) = (Woi(z,y), ..., Wbn(z,y)) € [0,1]"

we get,

1D(z, A)* = { min,epa) [0 (2, y)[5 = ming,epa) p(z, A, 1)
where p(a, A, 1) =) W(pfy € Q:ai # i)

and

H(D(@,4)) ob (nlverszitny)

. T A )
= Miluep(a) eﬂ( "= TLY,ep(A) Hi<n

a most convenient factorization when working with product-measures.

Remark. As noted previously, the explicit use of product-space rep-
resentations often eliminates unnecessary conditioning arguments,
replacing them by appeals to FUBINI. It also simplifies discussion of
measurability issues—see Section 16.3.

How to apply the convex-hull Theorem

Suppose f is a real-valued, product-measurable function defined on X
and X is a random element of X with independent components. Let M
be a median of the random variable f(X). That is,

min (P{X € A<},P{X € A>}) > 1/2
for Ac . ={zeX: f(x) <M} AND A>:={xecX: f(x)> M}

Suppose also that we hope to prove a concentration inequality
P{lf(X)—M|>r} < H(r) for r > 0,

with an H that decreases rapidly as r increases. Equivalently, we want
both P{f(X) > M +r} and P{f(X) < M —r} to be very small for large r.
In order to use the Theorem we will need to be able to control f(z) using
D(z,A<)ifx ¢ A< and D(x,A>) if x ¢ A>.

To that end it helps to consider a whole collection of candidates, By :=
{y € X : f(y) < A} replacing A in the Theorem. We need to control f(z)
for x ¢ B) by means of D(x, B)). For example, suppose there exists a
“well-behaved”, non-negative function 7(x) and a constant ¢ such that:
for every A\ with B) # 0,

fx) <A+ 7(x)D(z,B)) + ¢ if z ¢ B,.

(Compare with IHES inequality 6.2.) Of course the case x € B, presents
no challenge because then f(x) < A, by definition.
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For r1,79 > 0 we then have

P{f(X) = A+rira+c} SP{A+7(2)D(X,B)) + ¢ > A+ rira + ¢}
<P{7(X) >r}+P{D(X,B)) > ra}.

Muliply through by P{X € B,} to deduce via <7> that
<16>  P{f(X) < NIP{f(X) = Abrirate} < H(ry,r2) := P{(X) > r1}+e 72/4,

Two invocations of <16>, first with A = M and then A = M — riry — ¢,
give a pair of tail bounds for s > 0 and ¢ > 0:

<17> max| zP{f(X) > M +riry + ¢}, gP{f(X) < M —rir2 — c}| < H(r1,72),

For 7, “well-behaved” means P{7(X) > r1} decreases suitably rapidly as
r1 increases.

Remark. It might seem surprising that a one-sided inequality like <15>
could lead to two-sided tail bounds for f(X)— M. The presence of the
PA factor in inequality <7> makes this little trick work.

<18> Example. [Bin packing, Talagrand 1995, §6.] Suppose objects of indepen-
dent random weights X7, ..., X,, each with distribution P concentrated
on [0, 1], are packed into baskets with capacity 1. No objects may be split
and no basket is allowed to contain total weight > 1. Let f(Xy,...,X,)
denote the smallest number of baskets needed to hold all the objects. The
problem fits into the setting described in Section 16.1, with X = [0, 1]".
An argument based on <15> will show that f(X) concentrates its median.

For a given X with By = {y € X : f(y) < A} # 0, consider an z in B

and any y in By. Define J := {i € [[n]] : z; # y;} and I := [[n]]\J. Clearly
xy = (z; : i € I) = yr can be packed into at most f(y) baskets. For x; use
a greedy procedure:

(i) Start with each z; for ¢ € J in its own basket.

(ii) Repeat: while there are two baskets both < 1/2 full, combine them
into a single basket.

When this procedure concludes, at most one basket contains < 1/2 and &
baskets contain > 1/2 with

< Lo < Lo g
k< ZieJ 2%,{%1 > 1/2} = 2216[[71]] xz{xz 7é yz}
It follows that

f(x)Sf(y)+1+kS)\+1+22iﬂfi{$i7§yi}
<A+ 1+ 7(z)(ws, h(, y)), for 7(z) := |z]2, wy == x/[7]2.
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Take an inf over y in B) to obtain an instance of <15>:
f(@) <A+ 1+ 7(2)infyep, (w(z),b(z,y)) = A+ 1+ 7(2)D(z, By).

The sup,,cyy takes care of every possible w;.
For r; > 0 and 79 > 0 inequality <17> gives

P{If(X) = M| >rry+1} <2 (P{T(X) >+ e—r§/4) .

Ifv:= PXZ-2 and r1 = 2v/nv + r for some r > 0 the BENNETT inequality
from §8.1 gives

Pir(X) 21} =P{)_ X! 2w+ r} <exp <—27;wa““ (7«)> |

nv

You can play around with various choices for r; and r to get a concentra-
tion inequality that you like.

Example. Define M,,«,, to be the set of all n x n symmetric matrices with
entries in the range [—1,+41]. For each X in M,,»,, write 65 (X) for its kth
largest eigenvalue. AKV = Alon, Krivelevich, and Vu (2002) used The-
orem <5> to establish a concentration inequality for 0;(X") with X" a
random member of M,,,,. They constructed X" from a vector of indepen-
dent random variables, X := (X[i,j] : 1 <i < j <n) with |X[i, ]| <1, by
defining

XB, 4] = X", = X[i,j] for1<i<j<n.

That is, X corresponds to the lower-left triangle of X5. The AKV result
asserts, for each k € [[n]], that

P{|0x(XD)—My| > 4kr} < de~ /2 for r > 0, M} a median of 6;(X").

We can regard the vector X as a random member of the set

X = [-1,+1]7 where T':= {(i,7) € [n]] x [n]] : 1 <i<j <n}
If we define 27[i, j] := 29[j,i] := z[i,j]forzinXand1 < i < j < n
then fi(z) := 0x(2") is a real-valued, product-measurable function on X

(
and 0,(X") = f(X). An analog of <15>,
fe(z) < XN+ 4kD(z, By) for D(z,By) :={y € X : fr(y) < A},

will lead to an inequality like <20>.
To prove <21>, suppose € X\By and y € B,. Define X := 2 and
Y = y", two members of M,,x,, for which

X = 0;(X)ujul AND Y = 0:(Y)uuj,
Zieunu (XJusu; Zieunn (V)i
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where both {u; : ¢ € [[n]]} and {w; : i € [[n]]} are orthonormal bases for R"
and 01(X) > 63(X) > --- > 0,(X) and 61(Y) > 02(Y) > --- > 0,(Y).

_ Define an n x k matrix S := [ug,...,u;] and an (n — k + 1) x n matrix
S = [U, ..., un]. Notice that STS = Iy and (SST) [i, j| = p]p;, where p}
denotes the jth row of S. Define non-negative quantities ax|[i, j] := |pil2|pjl2
for i,j € [[n]]. From the equality

k = trace(STS) = trace(SST) = Z,< |pil3

. 2 . .
we get X ey oxi I = (54 1mB)° = K. Thus Wi, ] = axli.j1/k
defines an n x n matrix of non-negative numbers with Z” Wi, j]2 = 1.

Remark. AKV defined afi, j] only for 1 < i < j < n. The argument
with ax is slightly simpler, at the cost of a slightly worse concentra-
tion inequality.

We can extract 6;(X) from S and 6;(Y) from S by using a neat AKV

trick. The subspace SPAN(u1, ..., u) of R” has dimension k and the sub-
space SPAN(uy, ..., uy) of R™ has dimension n — k 4+ 1. Their intersection
is a subspace of dimension > 1. Thus there exists a unit vector U in that
intersection:

<22> U= Sc= Zigk cu; = Sc = Zizk Cill;

with 1 = ‘U’g = ’C|2 = |a2 and

uTXu = ZM 0:(X) (U, u)? > 0(X) )
uTYu = ZM 0:(Y){u, i)” < 6,(Y) >

<U,UZ'>2 = gk(x)7
(U, )2 = 0, (Y).

i<k
i<k
Note that ufi] = ple, which implies [u[i]| < |pil2|cla < |pila. Thus
0 (X) — 6 (Y) <u™(X=Y)u

= >, ulil(X(i. ] - YEi. ] )uls

<>, Wbl X 5] = Y )] Juli)

<3, XL A) £ Y01 il Loz

=2k o WX ) # VI )

<Ak Wl X ) # Y1)

The third inequality comes from the fact that max<| X[, 411, [Y[i, 7] |> <1
The fourth inequality comes from the symmetry of X, Y, and W.
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Replace X by 2™ and Y by y~ and Wx([i, j] by w,[i, j] for (i,j) € T to
deduce that

fr(@) < fr(y) + 4k({we,y)  forall z,y € X.
Take an infimum over y in By := {y € X : fx(y) < A} to conclude that
fr(x) < XN+ 4kinf cp, (wy, y) < A+ 4kD(z, By).

That is, <15> holds with ¢ = 0 and 7(z) = 4k for all z in X. It follows
that, for all A with By # 0,

P{X < AYP{X > A+4dkr} <e /" forallr>0,
[J which is close to <20>.

For further illustrations of the amazing power of Theorem <5> see:

(i) §87-13 of Talagrand (1995).

(ii) At least §4.2 of the beautiful book by Ledoux (2001). It might also
help to start with Ledoux (1996), the paper that first got me inter-
ested in concentration inequalities, even though it uses a different
method (see Chapter 17) to prove the convex-hull inequality.

(iii) Chapter 6 of another beautiful book, by Steele (1997).

(iv) §§7.6, 7.7 of Alon and Spencer (2000), a cornucopia of clever ways to
apply the probabilistic method. Their Theorem 7.7.1 seems closely
related to <15>.

*16.3 Measurability woes

For A at worst countably infinite, the function D(x, A) defined by <1> is
clearly measurable. (Just replace W in <1> by a countable, dense subset.)
But an infimum over an uncountably infinite A would raise the measura-
bility issue. Some distinguished probabilists have suggested that, at least
for typical applications of Theorem <5>, the difficulty can be ignored.
(Some symbols in the following quotations have been modified to match
my notation.)

It should be observed that the function [D(z, A)] need not be mea-

surable even when A is measurable. This is the reason for the up-

per integral and outer probability in Proposition 2.1.1. below. On

the other hand, measurability questions are well understood, and

are irrelevant in the study of inequalities. Since it would be dis-

tracting to spend time and energy on routine considerations, we
have felt that it would be better to simply ignore all measurability
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questions, and treat all sets and functions as if they were measur-
able. This is certainly the case if one should assume that [Q] is
Polish, u is a Borel measure, and that one studies oniy compact
sets, which is the oniy situation that occurs in applications. The
reader will keep in mind that in the sequel, when measurability
problems do arise, certain integrals (resp. probabilities) have to
be replaced by upper integrals (resp. outer probabilities) just as
in the statement of Proposition 2.1.1. (The reader who desires to
have a proof of our statements without measurability assumption
should be warned that it does not work to try to extend the proofs
we give by putting outer integrals rather than integrais—the rea-
son being that Fubini theorem fails for outer integrals. Rather
one has to derive the general result from the special case of well-
behaved sets by approximating general sets from inside by well-
behaved sets.)

[Talagrand (1995, p81)]

Note that various measurability questions may arise in the subse-
quent statements. These are actually completely unessential and
will be ignored below (start for example with finite or Polish prob-
ability spaces [X;]).

[Ledoux (2001, p72)]

...one needs to recall some elementary facts about sections and
projections in products of measure spaces.

One purely technical issue that requires mention here concerns
the measurability of functions like [D(z, A)] that contain suprema
and infima over possibly uncountable sets. Under pathological cir-
cumstances, such functions and the sets derived from them can be
nonmeasurable. Since the only product spaces that are of interest
to us are either finite or equivalent to products of the unit inter-
val, there are standard approximation techniques that can be used
to avoid any measurability issues that might arise in the deriva-
tions given in this chapter. We will follow Talagrand (1995) in the
custom of not commenting further on measurability.

[Steele (1997, p119 then p121)]

So what should we think? Are the measurability issues irrelevant, or
are they elementary and and easy to handle, or is there something subtle
happening? How does an assumption that each P; is defined on the BOREL
sigma-field A; of a Polish space (= a complete, separable metric space) X;
take care of the problem? Representation <10> offers a clue.

In what follows, proofs for all assertions about Polish spaces can be
found in both Dudley (2006, Chap 13) and Cohn (2013, Chap 8). For
example, every finite (or countably infinite) product of Polish spaces is
also Polish and the product of their BOREL sigma-fields coincides with the
BOREL sigma-field on the product space.

First note that, for a non-empty subset A of 2 and an = in €2,

D(z,A) =0 iff zeA iff 0 € h(x,A).

Moreover, the function D( -, A) can take only finitely many distinct values
because h(z, A) uniquely determines the convex hull C,(A) which uniquely
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determines D(z, A): there exist nonnegative values 5(.S) for each non-
empty subset S of Z := {0,1}" such that

D, A) = 37, o0, BB, 4) = S},

And for each such subset S, we have h(z, A) = S iff: z € h(x, A) for all z
in S and z ¢ h(z, A) for all z in Z\S. To prove measurability of D(-, A)
we therefore have only to prove measurability, for each z in Z, of the set

H, ={zecQ:zeh(x,A)} =Uyca{zr € Q: h(z,y) = 2},
which is closely related to the set
Gz :={(z,y) € A xQ:b(z,y) = 2}

Indeed, H, = m G, where 7; denotes the projection map, 7(z,y) := .

To handle the set G, think of each pair (z,y) in Q2 := Q x Q as a set
of pairs (z;,v;) € X7 := X; x X;. The set A; := {(z;,y;) € X7 : x; = y;} is
BOREL-measurable and
G, = Hz’e[[n]} E; where F; := {Ez _X2\A; ifn=0

Thus G, is BOREL-measurable.

Now comes the most subtle part. The projection m G, need not be
BOREL-measurable. However, it is an analytic set (Dudley p494, Cohn p248),
which must be measurable with respect to the sigma-field Fp generated
by F together with all B C 2 for which there exists an F € F with
PF = 0. What is more, P has a unique extension to a probability mea-
sure on Fp. (The new probability space is called the completion of (P, F),
UGMTP p34.) Consequently, the distance function D(-, A) is Fp-measurable
for each BOREL-measurable A. These facts are not elementary. Henri Lebesgue
originally got it wrong, his “fruitful error”. See Dudley (2006, p500) for
the history.

Remark. It might seem that we could eliminate all measurability dif-

ficulties by requiring all the probability measures in the Proof (in Sec-
tion 16.4) to be completion-measurable, in the sense described in the
previous paragraph, and even allow A € Fp. Almost. We still need A
to be a BOREL set because projections of Fp-measurable sets need

not themselves be completion-measurable. Think of LEBESGUE mea-
sure my on [0, 1]2. Let B be an arbitrarily bad subset of [0,1]. Then
G := {0} x B is LEBESGUE-measurable (a subset of the my-negligible
set {0} x [0,1]) but its projection m G equals B.

It is not at all surprising that topological assumptions are needed to
protect probability arguments from measurability surprises. Blackwell
(1956) succinctly explained the problem. The general theory of stochstic
processes in continuous-time depends heavily on the desirable properties of
analytic sets (Dellacherie and Meyer, 1978, §IV-51). The comments at the
start of this Section make much more sense when read with this history in
mind.
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Proof of the convex hull Theorem

Remember that we are now assuming Q = []
reasons explained at the end of Section 16.1.

Talagrand’s method uses induction on n. To keep track of what is as-
sumed and what requires proving we should add subscripts. For exam-
ple, <13> becomes ¢(Dy (7, A)) = min,ep(a) pn(, A, p) for each non-
empty, product-measurable subset A of €2,,; and Theorem <5> asserts
that, for n € N, that

X; and P = ®i§n]:)ia for

i<n

(PnA)Pe¥Pn(®A] <1,

The most surprising part of the argument will involve a concave in-
creasing function on R,

G(n) == info<p<1 ((1 —0) + 6n)
=m-n){0<n<1/2}+i{n>1/2} <y  forn>0,

and a function defined on [0, 1] by

_ Jexp|G(log(1l/r))| forO0<r<1
Lir) = {exg([l/él) ° | forr =0 '

As shown in Problem [4], this L is continuous and concave on [0, 1]. Per-
haps more surprisingly, some of these helpful properties are shared by
more complicated, convex 1 functions. See Problem [3] and the Notes.

Start the induction: the case n = 1.
For A C Xy and x € X; we have 0 € $H(x,A) iff € A, which implies

$(D(z, 4)) = {x ¢ A}p(1). Thus
Pe?P@A) — 4 (1 — p)e?™ where p := P A.

At p = 1 the convex function v(p) := p~! takes the value 1 and has
derivative —1, whereas the linear function p + (1 — p)e!/* takes the value 1
at p =1 and has slope 1—e¥()_ which is greater than —1. Inequality <24>
holds for n = 1.

The inductive step.
For an n > 2 suppose

(Pp_1B) P, _1e¥Pralzl=nl.B)) < 4 where x[—n] := (z1,...,Zn-1),

for product-measurable subsets B of 2,,_1. B
To prove <24> it will suffice to consider mixtures p1 := Op; + O,
with @ :=1—-6 € [0,1] and p, = v, ® §, and p,, = vy, @ 0y, Here, for
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u € {z,m}, the probability measure ¢, is a point mass at some u in X,
and v, € P(A,), where

Ay i={veQu_1: (v,u) € A} for u € X,,.

For each u, the probability measure v, ® J, concentrates on A, x {u}, a
subset of ,,. The choices for the coordinates z and m will depend on the
values R(u) := Pp_1A, and R* :=sup,cy R(u).

£
g T

mr-------

For a given x in €, the task of finding a good bound for D, (x, A)
would be easy if we could choose z equal to x,, and m so that R(m) = R*.
That might not be possible. For example, no probability measure concen-
trates on a set A, x {u} if A, = 0. Instead we can proceed as follows.

(i) Choose any m with R(m) > 0, with the idea of eventually optimizing
over m to replace R(m) in an upper bound by R*.

(ii) If R(zn) = 0 choose 0 equal to 0, so that 4 = vy, ® 6, and the
meaning of p, is moot.

(iii) If R(xy) > 0 choose z equal to z,. Leave # as a parameter to be
optimized over.

This strategy will bound D, (x, A) by an expression involving m and v,
as well as v, and 6 if R(x,) > 0. Then we will need to optimize.
Consider an z in €, for which R(z,) > 0. By <13>,

Y(Dp(x, A)) < po(x, A p) = Zzgn¢(ﬂ{y €0y a; # yl})

The ith term depends on i only through the distribution of y; under u.
For y,, that distribution is 89, 4+ 09,,, so that the nth term equals

D [(00: + 00m){yn # wa}] < b(0)
because z = x, and {y, = m} < 1. The sum for i < n equals
ZKH (0 [(QVZ + Q_Vm){yi # xl}]
< Zi<n 0 (v{yi # xi}) + 00 (vm{yi # 2:}) by convexity
=0pn_1 (;U[—n], A, I/Z) +0p,_1 (:c[—n], A, ym).
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Take minima over v, in P(A;) and v, in P(A4,,) to deduce, for fixed z
with R(z,) > 0 and z := z,,, that

Y(Dp(x,A)) < 0Dy (x[fn], Az) +6D,,_; (z[fn], Am) + ¢(§)
for every 6 in [0, 1]. Exponentiate then integrate to get

P, et (Pn(@A)=¥(0)

< Pn_leHDn_l (x—nyAz)eH_Dn—l(x—nyAm)

0 0
< (Pn,leD"*(””*"’Az)) (Pn,leD"*(x*"’AmU by HOLDER

< (1/R(2))’(1/R(m))’ by <27>.

As the inequality holds for all m with R(m) > 0 we may replace 1/R,, by
inf,, 1/R(m) = 1/sup,, R(m) = 1/R*, leaving

P,_1e?(Pn@A) < ¥O0)(1/R(2))?(1/R*)*°
= (1/R*) exp[(1 — 0) + Olog(R*/R(2))].
Take the infimum over 6 in [0, 1] to deduce, for R(z,) > 0 and z = x,,

P,_1e?Pn@A) < (1/R*)eCos(f/E2))  with G defined by <25>
= (1/R*)L(R(xy)) with L defined by <26>.

If R(zy,) =0 a similar argument gives

P, 1e¥Pn@A) < W inf(1/R(m)) = (1/R*)L(0)

Thus <29> holds for all values of R(z,). Consequently,
P, e¥Pn(@A) — p p  c(Dn(z,4))
< Po(1/R7)L(R(2n))
< (1/R*)L (P,R(zy)) by concavity of L
_ (1/R*)6G(log(R*/PA)
< (1/R*)elos(F/PA) because G(n) < n for all n > 0.

The final expression equals 1/PA, which completes the inductive step and
the proof of Theorem <5>.

Problems

Suppose K is a compact, convex subset of R” and 0 ¢ K. Define r :=
inf{|z]2 : 2 € K}. Argue as follows to show that there exists a unit vec-
tor wg for which zg := rwg € K and (wp, z) > r = (wp, 20) for all z in K.
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(i) The continuous function z — |z|2 achieves its infimum r over K at some zp.
Define wg = r~!zy. Then for each z € K and each € € (0, 1),

72 < (1 — €)z0 + ez* = 72(1 — 2e + €%) + 2¢(1 — €) {20, 2) + €*|2]3,

implying 2er? < 2¢(29, z) + O(€?). Cancel a factor of 2er then let € — 0.

Remark. In fact, K needn’t be compact, just closed, and zq is the
unique closest point of K to 0. If there were two distinct points, zq
and Zp, with |zg|2 = |Zg]2 = r then we would have |(zo + Zo)/2|2 < 7.

2] Suppose A is a non-empty subset of S := [0, 1]", with convex hull co (() 4),
and x € S\co (() A). Show that

d(z,co(()A)) ==inf{ly —z|a:y€co(()A)} < D(z,A).
Argue as follows.
(i) |2 — il < b, y) for each i if 2,y € [0, 1]"

(ii) Suppose b = py with p € P(A), a point of co (() A). That is, if u puts
mass 0, at y(@) then b; = Y a Hayga). Then

|z — b3 = ZZ |1 (i — yi)|* < Zi(u!wi —yil)? < Zi(ﬂhi(wvy))Q'
Take an infimum over p in P(A).

(3] Suppose 1 is a twice-differentiable convex function on R* with (0) =
(0) = 0 and (6) > 0 for all § > 0. For each n in R™, define

G(n) = info<p<t (¥(1 — 0) + 6n) for n > 0.

(i) Explain why G is a concave, increasing function on R* with G(n) < n and
G(0) =0.
(ii) For n > 1&(1), show that the infimum in the definition of G (n) is achieved
at = 0. Deduce that G(n) = ¢(1) for all n > ¥(1).
(iii) If n < 1&(1), show that the infimum in the definition of G(n) is achieved
when 6 equals the g(n) defined by ¥(1)(1 — g(n)) = n.
(iv) Deduce that G(n) = ¢ (1 — g(n)) + ng(n), where

() = solution to 1) (1—g(n)=n for0<n< w(l)
o for 2 4(1)

Show that the function ¢ is non-negative, decreasing and continuous on R,
with g(0) = 1.



§16.6 Notes 389

(v) Show that G(n) = g(n) and
Gln) = g(n) = 1/ (1 —g(m) ~ for 0<n < (D).

(vi) For a positive constant r*, define £(r) := log(r*/r) and L(r) := exp (G(&(r))
for 0 < r < r*. Define L(0) := exp(1(1)).

(vii) Show that L is continuous on [0, 1] with
£(r) = Ly 2 [g(6))? + 3(€(r)) + ()] for 0 < <.

(viii) Show L is concave on [0,1] if g(n)% + §(n) + g(n) < 0 for 0 < n < ¢(1).
[4] Suppose ¥(6) = 6% /4 for § > 0. Show that g(n) = (1 —2n)* and
Gn) = (n—n"){0 <y <1/2}+ 1{n>1/2}.

Then show that L (as in (vi) of previous Problem) is concave.

Remark. Talagrand (1991, §2) slightly improved on Theorem <5> by
using a more complicated convex function, equivalent to

<30> be(l—0) = <910g0(0+0)log<f12>)/c

for a constant ¢ > 0. This function is also convex and increasing. It is
the largest solution to the differential inequality

<31> (1 —0) for all 0 < 6 < 1,

<7
02+

subject to ¥(0) = 1/1(0) = 0. Talagrand (1995, §4.2) later commented
that “when one tries to improve upon ..., the best possible function
...can be computed exactly, leading to the formula [for ¢.]”. The
method of Problem [3] gives a concave L(r). For further gory details
see Pollard (2007).

16.6 Notes

The story behind Theorem <5> seems to start with a very short paper
(Talagrand, 1988) with P the uniform distribution on {—1,+1}". Johnson
and Schechtman (1991) (=J-S) extended the convex-hull result to general
product measures. They followed Talgrand’s inductive method, adding
the comment that “the difference is only on the calculus level”. Talagrand
(1995, p125) later acknowledged that the J-S paper “played an important
role in the development of [Theorem <5>| and of the present paper.”
Talagrand (1996a, §1) introduced the idea of using a probability mea-

sure p from P(A), instead of collections of 6,’s, to avoid a lot of messy
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double subscripting. He also avoided a more complicated convex-hull con-
struction from Talagrand (1995, §4.1).
One mildly amusing part of the history is the inequality

info<p<1 exp ((1 — 0)%/4 — flog(r)) <2—r for 0 <r <1,

which Talagrand (1995, p125) (=IHES) took from the J-S paper. There
it was derived by explicit minimization of an expression generated by the
inductive step in the argument. Talagrand (1996b, p16) later described it
as the “key to the proof of [Theorem <5>]” while noting that “The proof
is elementary calculus and need not be reproduced here”. Steele (1997,
p131) commented that “Exploration is needed to decide upon a proper
bound, but in a finite time we are led to [inequality <32>]. Calculus and
care suffice to prove [inequality <32>], so we skip its proof”.

On my first attempts to understand the IHES paper I found the role of
62 /4 rather mysterious. The introduction of the function 1. (as in <30>)
added to the mystery. Eventually I learned a valuable lesson: weighted
HAMMING distances arise naturally in many interesting problems; and
maxima of weighted HAMMING distances are closely related to distances
from the origin to convex hulls.

Talagrand (1991) realized that a larger convex 1) would result if the
1/PA bound were relaxed to 1/(PA)® for some o < 1. He asserted that
a function like 1. would be required. Fortunately he decided that a brute
force calculation would be “unkind to the reader, as it does not explain
how the [¢).] was discovered”. He then argued by analogy with <32>, real-
izing that to get

info<g<i exp(ap(1 — 0) — ablog(r)) <1+a —ar

he would need to solve log(r) + ¢(1 — #) = 0. He showed that equation
implied

ath(11) + a(1 = p)i(n) = log (1 +a — aexp(~(1) )

which led to an equation for @ZJ whose solution gave an expression like the
1. . He repeated the argument in the IHES paper.

While studying the proof of the convex-hull inequality in the IHES pa-
per I decided that the main difficulty was the justification of the inequal-
ity

P? exp[Gllog(R*/R.)] < exp[Gllog(R*/P:R.)],

which suggested that r — exp[G(log(R*/r) might be concave. For the
special case 1(0) = 6?/4, that thought (and Talagrand’s kindness to the
reader) led me to the differential inequality condition <31> for concavity.
By solving that inequality I rediscovered the . function.
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Index

Symbols and acronyms

= equals by definition

~ means ‘has distribution’

1,=(1,...,1)eR"

|A| or #A = the size (aka cardinality) of a finite set A
N = the natural numbers and Ng = NU {0}

Z = the integers

R = real line and C = complex numbers
[n]={keN:1<k<n}forneN

lab) ={k€Z:a <k <b} forabeZ

R™ .= R[] n-dimensional euclidean space

RT  the set of all real-valued functions on T'; §9.3
z[I]: if © = (z1,...,2,) and I = (2,1,3,3) then z[I] = (z2,21, 3, z3); §14.2

Ag(p) =P{S =k} for S ~ PBIN(p) and p = (p1,...,pn); §4.1
B(X) = the BOREL o-field on a topological space X
BER(p) = probability measure P with P{1} =1 — P{0} =p
Bn,d) = (5) + (1) +--+ (§); §14.2
BIN(n, p) = the Binomial distribution
BL(X,d) the set of bounded, LIPSCHITZ-continuous functions on X; §9.2
-+ lsps [ norms on BL(X, d); §9.2
B(T) = set of all bounded real-valued functions on T’ §9.7
CLT = central limit theorem
(0, 1] = the set of all continuous functions on [0, 1]; §9.3
DJ0, 1] = functions right-continuous with left limits; §9.1
d,, = uniform metric on sets of bounded functions; §9.1
() :=2(e® — 1 —x2)/2?; §8.1
Er(p) =P{S >k} for S ~ PBIN(p) and p = (p1,...,pPn); §4.1
f(x) =e* —1—2; §2.2 and §8.1
G(A) :=Psup,c 4 X¢ for A C T and {X; : t € T'} centered gaussian; §12.1
I'(-) = the Gamma function; §2.5
h(z) = (1 + x)log(1 4+ x) — x, the convex conjugate of f
£, = weighted HAMMING distance; §14.2
$H(x,y) = vector of indicators {x; # y; }; §16.1
HEAD, TAIL = functions to provide an orientation for the edges of a graph; §14.4
HYPER(n,R,B) = HYPERGEOMETRIC distribution; sample w/o replacement
L(W) = a set of lattices cubes; 15.4

2, | - |pu = space of functions (norm) on R™; §15.2



Lg.00,u = weak L7 space; §15.6

q,00,11 | -

lg,00,n = weak L9 space quasi-norm; §15.6

LY = space of functions f with ||f||g, < oo; §5.1

MM = majorizing measure; §11.1
MGF = moment generating function

MVN = multivariate normal distribution, N(u, V)
| f|ly = ORLICZ norm of a function f; §5.1
0sc(+,z,T) = oscillation of a function x on a set T; §9.7

PBIN(p1, . ..

,Pn) = Poisson-Binomial distribution; §3.7 and §4.1
PGF = probability generating function

Yhenn (1) = 20 (2) /22, named after George Bennett; §2.2 and §8.1
R = a language for statistical computing, https://www.r-project.org
SDIM = shatter (or surround) dimension; §14.2 and §15.2

SLLN = strong law of large numbers

SUBGAMMA = distributions with MCF < exp (aA?/(1 — 8))); §3.6
SUBG(72) = subgaussian distribution; MGF < exp(A\272/2); §7.1

SVD = singular value decomposition (of a matrix); A =", o;u,;}

uc(T, p) = all bounded, uniformly continuous real functions on (7, p); §9.7
UCLT = uniform central limit theorem; §9.7

UGMTP = A User’s Guide to Measure Theoretic Probability (Pollard, 2001)
USLLN = uniform strong law of large numbers; §9.7

vepIM = Vapnik-Cervonenkis dimension; §14.2

‘9, 1éoo =
1éexp =

Concepts

admissible partitions, 249, 287
analytic set, 384

binary matrix, 332, 350
hereditary, 335
bounded difference condition, 166

chaining
admissible partitions, 249, 263
comparison of methods, 270
Fernique’s approach, 257
framework, 227
via nested partitions, 265
weighted, 257

concentration

gaussian LIPSHITZ functionals, 129

bin packing, 379

inequalities, 375

ordered eigenvalues, 380
concepts named after humans

FENCHEL-LEGENDRE conjugate, 21

BOHR-MOLLERUP theorem, 32
HOEFFDING inequality

394

ORLICZ functions: convex, increasing functions with ¥(0) = 0; §5.1
ORLICZ functions with exponential rates of growth; §5.3

independent summands, 161
martingales, 166
STIRLING formula
for T'(x), 32
for factorials, 23
BENNETT inequality
for BIN(n,p), 176
independent summands, 175
martingales, 180
BERNSTEIN, 56
BERNSTEIN inequality, 174
BROWNIAN
bridge, 199
motion, 204, 225
CHEN-STEIN method, 170, 184
DONSKER
class, 215
theorem, 214
DOOB
separable, 208
DVORETZKY cross-sections, 144
ERDOS-RENYI random graph, 184

FERNIQUE comparison inequality, 126



Chatterjee’s method, 146
gaussian
isoperimetric inequality, 137
stochastic calculus method, 133
gaussian process
concentration of max, 281
concentration of supremum, 125
continuous paths, 286
extended SUDAKOV inequality, 281
functional §(-), 280
path method, 127
weighted partitions, 282
GORDON inequality, 139, 143
HAMMING distance, 167, 331
HAMMING DISTANCE weighted, 376
HOEFFDING inequality
for sampling, 61
ISSERLIS/WICK formula, 149
1TO formula, 134
KIM-VU method, 182
KULLBACK-LEIBLER distance, 26
LIPSCHITZ
continuous, 201, 208
LUXEMBURG norm, 100
MCDIARMID inequality, 167
Mills ratio, 44, 71
ORLICZ
norm, 100
space, 99
space, linear functionals on, 114
ORLICZ function, 99
of exponential growth, 105, 250
PISIER-MAUREY method, 130
Sauer/Shelah /VC Lemma, 328
SLEPIAN inequality, 138
SMIRNOV statistic, 300
STEIN
i-b-p trick, 128
SUDAKOV minoration, 126
VC class of sets, 303
VC-dimension, VC-class, 327
WIENER measure, 205
YOUNG inequality, 111
conditional variance, 180
conjugate convex functions, 21, 40, 109
convergence in distribution
traditional, 200
with stars, 210
convex hull inequality, 375, 376
coupling
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of Poisson-Binomials, 300
of random vectors, 340
covering number, 230
comparison with packing, 230
d-net, 230
cross-section, 386
cumulants, 40

decoupling, 177

discrete hypercube, 329
orientation of edges, 338
subgraph, edges, 336

Doob’s heuristic, 199

empirical measure, 359
empirical process, 306
classical, 199, 212, 300
envelopes, 307
general sense, 307
oscillation control, 312
essential supremum/infimum, 205
exponential tilting, 20

falling factorial function, 78
fat shattering, 354

hereditary, see binary matrix

increments

controlling by ORLICZ norm, 250
integration-by-parts trick, 128
inversion of e"/r < w, 331, 363
isonormal gaussian process, 151

Kolmogorov’s extension theorem, 203
lattice cube, 355

majorizing measure, 249, 281

as smoother, 254

as weighted chaining, 259

Fernique’s conjecture, 249
Marriage Lemma, 337
martingale

differences, 179
martingale differences, 164
maximal inequality, 223

via 1/SDIM, 363

via ORLICZ norms, 108

via packing numbers, 234
measurability

projections, 384
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measurable cover, 206
median

POISSON-BINOMIAL, 93
method of paired comparisons, 298
metric entropy, 231
metric space

totally bounded, 230
MGF

convexity of log MGF, 19
minimax theorem, 377
mode(s)

BINOMIAL, 83

POISSON-BINOMIAL, 84

Newton’s log concavity, 80
normal
hazard rate, 44, 47
Laplace bounds, 44
maxima of independent, 45
Stein’s approximation, 49
subgaussian tail, 42

orthant, 350

oscillation, 212
of a sample path, 223
continuity of sample paths, 239
stochastic equicontinuity, 224

packing number, 231
comparison with covering, 231
é-packing, 231
d-separated, 231
from shatter dimension, 331
Haussler’s improved bound, 339
packing framework, 232
subsets of Elzf’ ball, 354
subsets of unit cube, 351
unit balls in R™, 231
versus majorizing measure, 286
via SDIM, 349, 354, 361
via conditional variance, 339
patterns, 349
Polish space, 383
polynomials with real roots, 77
predictable stopping time, 180
probabilistic method
Erdés, 326
probabilistic method of Erdds, 356
project onto random subspace, 332, 351,
361

quasi-norm

for L4 00,u, 360
R matrix notation, 330

semimetric, 212
separation lemma, 357
shatter, see surround
Shatter Theorem, 330, 350
shatter, shatter-dimension, 328, 330, 349
to orient edges, 338
shifting, downshifting, 330
control of edge set, 336
proof of Shatter Theorem, 333
to orient edges of a graph, 336
sigma-field
cylinder, 203
sign variables, 158, 309, 320, 348
signed-sum process, 348
singular value decomposition, 177, 178
soft maximum, 146
special functions
measurable cover, 206
square root trick, 314
standard distributions
BINOMIAL, 58
Gamma and chi-squared, 55

hypergeometric
as POISSON-BINOMIAL, 81
HYPERGEOMETRIC
BINOMIAL tail bound, 61
POISSON, 53

Poisson-Binomial, 299
POISSON-BINOMIAL
BINOMIAL tail bound, 60
SUBGAMMA, 55
SUBGAUSSIAN
characterization, 159
via sign variables, 158
sum of bounded rv’s
BINOMIAL tail bound, 60
stochastic process
DOOB-separable, 208
asymptotic equicontinuity, 214
control of increments, 224
fidis, 203
independent copy, 304
oscillation, 212
sample path, 202
subgaussian, 43, 157
signed sums, 349



subsets picked out, 324
surround, see shatter
surround, surround-dimension, 349
symmetrization
gaussian, 130

tail bounds
from MGF, 38
tightness
asymptotic, 214
probability measure, 212
tricks

Taylor representation, 17
decoupling, 177

M-R-V, see fat shattering
restoring symmetry, 63
Rio’s X", 57

upper/lower integral, 206
volume of unit P ball in R™, 366

weak convergence, 201
weak L7 space, 354, 360
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