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Preface

The main purpose of this book is to bring together a number of results concern-
ing the embedding of ‘finite-dimensional’ compact sets into Euclidean spaces,
where an ‘embedding’ of a metric space (X, o) into R” is to be understood as a
homeomorphism from X onto its image. A secondary aim is to present, along-
side such ‘abstract’ embedding theorems, more concrete embedding results
for the finite-dimensional attractors that have been shown to exist in many
infinite-dimensional dynamical systems.

In addition to its summary of embedding results, the book also gives a unified
survey of four major definitions of dimension (Lebesgue covering dimension,
Hausdorff dimension, upper box-counting dimension, and Assouad dimension).
In particular, it provides a more sustained exposition of the properties of the box-
counting dimension than can be found elsewhere; indeed, the abstract results
for sets with finite box-counting dimension are those that are taken further in
the second part of the book, which treats finite-dimensional attractors.

While the various measures of dimension discussed here find a natural
application in the theory of fractals, this is not a book about fractals. An
example to which we will return continually is an orthogonal sequence in an
infinite-dimensional Hilbert space, which is very far from being a ‘fractal’. In
particular, this class of examples can be used to show the sharpness of three of
the embedding theorems that are proved here.

My models have been the classic text of Hurewicz & Wallman (1941) on
the topological dimension, and of course Falconer’s elegant 1985 tract which
concentrates on the Hausdorff dimension (and Hausdorff measure). It is a
pleasure to acknowledge formally my indebtedness to Hunt & Kaloshin’s 1999
paper ‘Regularity of embeddings of infinite-dimensional fractal sets into finite-
dimensional spaces’. It has had a major influence on my own research over the
last ten years, and one could view this book as an extended exploration of the
ramifications of the approach that they adopted there.

xi



xii Preface

My interest in abstract embedding results is related to the question of whether
one can reproduce the dynamics on a finite-dimensional attractor using a finite-
dimensional system of ordinary differential equations (see Chapter 10 of Eden,
Foias, Nicolaenko, & Temam (1994), or Chapter 16 of Robinson (2001), for
example). However, there are still only partial results in this direction, so this
potential application is not treated here; for an up-to-date discussion see the
paper by Pinto de Moura, Robinson, & Sanchez-Gabites (2010).

I started writing this book while I was a Royal Society University Research
Fellow, and many of the results here derive from work done during that
time. I am currently supported by an EPSRC Leadership Fellowship, Grant
EP/G007470/1. T am extremely grateful to both the Royal Society and to the
EPSRC for their support.

I would like to thank Alexandre Carvalho, Peter Friz, Igor Kukavica, José
Langa, Eric Olson, Eleonora Pinto de Moura, and Alejandro Vidal Lépez, all of
whom have had a hand in material that is presented here. In particular, Eleonora
was working on closely-related problems for her doctoral thesis during most of
the time that I was writing this book, and our frequent discussions have shaped
much of the content and my approach to the material. I had comments on a
draft version of the manuscript from Witold Sadowski, Jaime Sanchez-Gabites,
and Nicholas Sharples: I am extremely grateful for their helpful and perceptive
comments. David Tranah, Clare Dennison, and Emma Walker at Cambridge
University Press have been most patient as one deadline after another was
missed and extended; that one was finally met (nearly) is due in large part to
a kind invitation from Marco Sammartino to Palermo, where I gave a series of
lectures on some of the material in this book in November 2009.

Many thanks to my parents and to my mother-in-law; in addition to all their
other support, their many days with the children have made this work possible.
Finally, of course, thanks to Tania, my wife, and our children Joseph and Kate,
who make it all worthwhile; this book is dedicated to them.



Introduction

Part I of this book treats four different definitions of dimension, and investigates
what being ‘finite dimensional’ implies in terms of embeddings into Euclidean
spaces for each of these definitions.

Whitney (1936) showed that any abstract n-dimensional C" manifold is C"-
homeomorphic to an analytic submanifold in R*"+!. This book treats embed-

dings for much more general sets that need not have such a smooth structure;

one might say ‘fractals’, but we will not be concerned with the fractal nature
of these sets (whatever one takes that to mean).
We will consider four major definitions of dimension:

®

(i)

(iii)

The (Lebesgue) covering dimension dim(X), based on the maximum
number of simultaneously intersecting sets in refinements of open covers
of X (Chapter 1). This definition is topologically invariant, and is primarily
used in the classical and abstract ‘Dimension Theory’, elegantly developed
in Hurewicz & Wallman’s 1941 text, and subsequently by Engelking
(1978), who updates and extends their treatment.

The Hausdorff dimension dy(X), the value of d where the ‘d-dimensional
Hausdorff measure’ of X switches from oo to zero (Chapter 2). Hausdorff
measures (and hence the Hausdorff dimension) play a large role in geo-
metric measure theory (Federer, 1969), and in the theory of dynamical
systems (see Pesin (1997)); the standard reference is Falconer’s 1985
tract, and subsequent volumes (Falconer, 1990, 1997).

The (upper) box-counting dimension dg(X), essentially the scaling as
€ —> 0 of N(X,e¢€), the number of e-balls required to cover X, i.e.
N(X, €) ~ e%®X (Chapter 3). This dimension has mainly found appli-
cation in the field of dynamical systems, see for example Falconer (1990),
Eden et al. (1994), C. Robinson (1995), and Robinson (2001).
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(iv) The Assouad dimension da(X), a ‘uniform localised’ version of the box-
counting dimension: if B(x, p) denotes the ball of radius p centred at
x € X, then N(X N B(x, p), r) ~ (p/r)X for every x € X and every
0 < r < p (Chapter 9). This definition appears unfamiliar outside the
area of metric spaces and most results are confined to research papers
(e.g. Assouad (1983), Luukkainen (1998), Olson (2002); but see also
Heinonen (2001, 2003)).

For any compact metric space (X, o) we will see that
dim(X) < du(X) = dp(X) < da(X),

and there are examples showing that each of these inequalities can be strict. We
will check that each definition satisfies the natural properties of a dimension:
monotonicity (X C Y implies that d(X) < d(Y)); stability under finite unions
(d(X UY) =max(d(X),d(Y))); and the dimension of R” is n (a consistent
way to interpret this so that it makes sense for all the definitions above is that
d(K) =n if K is a compact subset of R” that contains an open set). We will
also consider how each definition behaves for product sets.

Our main concern will be with the embedding results that are available
for each class of ‘finite-dimensional’ set. The embedding result for sets with
finite covering dimension, due to Menger (1926) and Nobeling (1931) (given
as Theorem 1.12 here), is in a class of its own. The result guarantees that when
dim(X) < d, a generic set of continuous maps from a compact metric space
(X, o) into R**! are embeddings.

The results for sets with finite Hausdorff, upper box-counting, and Assouad
dimension are of a different cast. They are expressed in terms of ‘prevalence’
(a version of ‘almost every’ that is applicable to subsets of infinite-dimensional
spaces, introduced independently by Christensen (1973) and Hunt, Sauer, &
Yorke (1992), and the subject of Chapter 5), and treat compact subsets of
Hilbert and Banach spaces. Using techniques introduced by Hunt & Kaloshin
(1999), we show that a ‘prevalent’ set of continuous linear maps L : # — R
provide embeddings of X when d(X — X) < k, where

X—X:{X]—.le X],XQGX}

and d is one of the above three dimensions (see Figure 1). Note that if one
wishes to show that a linear map provides an embedding, i.e. that Lx = Ly
implies that x = y, this is equivalent to showing that Lz = 0 implies thatz = 0
for z € X — X. This is why the natural condition for such results is one on the
‘difference’ set X — X; but while dg(X — X) < 2dg(X), there are examples of
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B X R

— L
embedding

L71

Figure 1 The linear map L : # — R¥ embeds X into R¥. The inverse mapping
L~! provides a parametrisation of X using k parameters.

sets for which dy(X) = 0 but dg(X — X) = oo (and similarly for the Assouad
dimension).

Where the embedding results for these three dimensions differ from one
another is in the smoothness of the parametrisation of X provided by L~!. In the
Hausdorff case this inverse can only be guaranteed to be continuous (Chapter 6);
in the upper box-counting case it will be Holder (Chapter 8); and in the Assouad
case it will be Lipschitz to within logarithmic corrections (Chapter 9). Simple
examples of orthogonal sequences in £2 (or related examples in ¢, the space of
sequences that tend to zero) show that the results we give cannot be improved
when the embedding map L is linear.

Chapter 4 presents an embedding result for subsets X of RV with box-
counting dimensiond < (N — 1)/2. The ideas here form the basis of the results
for subsets of Hilbert and Banach spaces that follow, and justify the development
of the theory of prevalence in Chapter 5 and the definition of various ‘thickness
exponents’ (the thickness exponent itself, the Lipschitz deviation, and the dual
thickness) in Chapter 7.

Part II discusses the attractors that arise in certain infinite-dimensional
dynamical systems, and the implications of the results of Part I for this class of
finite-dimensional sets. In particular, the embedding result for sets with finite
box-counting dimension is used toward a proof of an infinite-dimensional ver-
sion of the Takens time-delay embedding theorem (Chapter 14) and it is shown
that a finite-dimensional set of real analytic functions can be parametrised using
a finite number of point values (Chapter 15).

Chapter 10 gives a very cursory summary of some elements of the theory
of Sobolev spaces and fractional power spaces of linear operators, which are
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required in order to discuss the applications to partial differential equations.
It is shown how the solutions of an abstract semilinear parabolic equation,
and of the two-dimensional Navier—Stokes equations, can be used to generate
an infinite-dimensional dynamical system whose evolution is described by a
nonlinear semigroup.

The global attractor of such a nonlinear semigroup is a compact invariant
set that attracts all bounded subsets of the phase space. A sharp condition
guaranteeing the existence this global attractor is given in Chapter 11, and it is
shown that such an object exists for the semilinear parabolic equation and the
Navier—Stokes equations that were treated in the previous chapter.

Chapter 12 provides a method for bounding the upper box-counting dimen-
sion of attractors in Banach spaces. While there are powerful techniques avail-
able for attractors in Hilbert spaces, these are already presented in a number
of other texts, and outlining the more general Banach space technique is more
in keeping with the overall approach of this book (the Hilbert space method is
covered here in an extended series of exercises). In particular, we show that any
attractor of the abstract semilinear parabolic equation introduced in Chapter 10
will be finite-dimensional.

Before proving the final two ‘concrete’ embedding theorems in Chapters 14
and 15, Chapter 13 provides two results that guarantee that an attractor has zero
‘thickness’: we show first that if the attractor consists of smooth functions then
its thickness exponent is zero, and then that the attractors of a wide variety of
models (which can be written in the abstract semilinear parabolic form) have
zero Lipschitz deviation. This, in part, answers a conjecture of Ott, Hunt, &
Kaloshin (2006).

Most of the chapters end with a number of exercises. Many of these carry
forward portions of the argument that would break the flow of the main text, or
discuss related approaches. Full solutions of the exercises are given at the end
of the book.

All Hilbert and Banach spaces are real, throughout.
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Finite-dimensional sets
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Lebesgue covering dimension

There are a number of definitions of dimension that are invariant under home-
omorphisms, i.e. that are topological invariants — in particular, the large and
small inductive dimensions, and the Lebesgue covering dimension. Although
different a priori, the large inductive dimension and the Lebesgue covering
dimension are equal in any metric space (Katétov, 1952; Morita, 1954; Chapter
4 of Engelking, 1978), and all three definitions coincide for separable metric
spaces (Proposition III.5 A and Theorem V.8 in Hurewicz & Wallman (1941)).
A beautiful exposition of the theory of ‘topological dimension’ is given in the
classic text by Hurewicz & Wallman (1941), which treats separable spaces
throughout and makes much capital out of the equivalence of these definitions.
Chapter 1 of Engelking (1978) recapitulates these results, while the rest of his
book discusses dimension theory in more general spaces in some detail.

This chapter concentrates on one of these definitions, the Lebesgue covering
dimension, which we will denote by dim(X), and refer to simply as the covering
dimension. Among the three definitions mentioned above, it is the covering
dimension that is most suitable for proving an embedding result: we will show
in Theorem 1.12, the central result of this chapter, that if dim(X) < n then a
generic set of continuous maps from X into R?**! are homeomorphisms, i.e.
provide an embedding of X into R?**+!,

There is, unsurprisingly, a topological flavour to the arguments involved
here, and consequently they are very different from those in the rest of this
book. However, any survey of embedding results for finite-dimensional sets
would be incomplete without including the ‘fundamental’ embedding theorem
that is available for sets with finite covering dimension.
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1.1 Covering dimension

Let (X, o) be a metric space, and A a subset! of X. A covering of A C X isa
finite collection {U;}’;_, of open subsets of X such that

AcC U U;.
j=1

The order of a covering is the largest integer n such that there are n + 1
members of the covering that have a nonempty intersection. A covering § is a
refinement of a covering « if every member of 8 is contained in some member
of o.

Definition 1.1 A set A € X has dim(A) < n if every covering has a refine-
ment of order < n. A set A has dim(A) = n if dim(A) < n but it is not true that
dim(A) <n — 1.

Clearly dim is a topological invariant. We now prove some elementary
properties of the covering dimension, following Munkres (2000) and Edgar
(2008).

Proposition 1.2 Let BC A C X, with B closed. If dim(A) =n then
dim(B) < n.

Proof Let a be a covering of B by open subsets {U;} of X. Cover A by the
sets {U;}, along with the open set X \ B. Let 8 be a refinement of this covering
that has order at most . Then the collection

B ={UepB: UNB#{)
is a refinement of « that covers B and has order at most 7. O

The assumption that B is closed makes the proof significantly simpler, but
the result remains true for an arbitrary subset of A, see Theorem 3.2.13 in
Edgar (2008), or Theorem III.1 in Hurewicz & Wallman (1941). However, the
following ‘sum theorem’ is not true unless one of the spaces is closed: in fact,
dim(X) = n if and only if X can be written as the union of n + 1 subsets all
of which have dimension zero (see Theorem III.3 in Hurewicz & Wallman
(1941)).

! n the context of metric spaces it is somewhat artificial to make the definition in this form, since
(A, o) is a metric space in its own right. But our main focus in what follows will be on subsets
of Hilbert and Banach spaces, where the underlying linear structure of the ambient space will be
significant.
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Proposition 1.3 Let X = X; U X,, where X and X, are closed subspaces
of X with dim(X,) < n and dim(X;) < n. Then dim(X) < n.

Of course, it follows that if X = X;U---U Xy, each X; is closed and
dim(X;) < n forevery j =1,...,k then dim(X) < n. In fact one can extend
this to countable unions of closed sets, see Theorem III.2 in Hurewicz &
Wallman (1941) (and Theorem 3.2.11 in Edgar (2008) for the case n = 1).

Proof We will say that an open covering « of X has order at most n at points
of Y if every point in Y lies in no more than n + 1 elements of «.

First we show that any open covering « of X has a refinement that has order
at most n at points of X;. Any such covering of X provides a covering of X,
which has a refinement 8’ that has order at most n. For every V € 8/, there
exists an element Uy € « such that V C Uy. Then

B={Uy: VeB}UU\X :Ueca)

is the required refinement of «. We can repeat this argument starting with the
covering S of X, and obtain a covering y that refines B and has order at most
n at points of X».

We now define a further covering of X, which will turn out to be a refinement
of o of order at most n. As a first step in our construction, define a map
f 'y — B by choosing, for each G € y, an f(G) € B such that G C f(G)
(this is possible since y refines 8). Now for each B € g, let

d(B)={G ey : f(G)= B},

and let § be the union of all the sets d(B) (over B € B).

Now, § is a refinement of «, since d(B) C B for every B € 8, and S is a
refinement of «. Also, § still covers X since y covers X and every G € y is
contained in some B € § (as y refines 8). All that remains is to show that §
has order at most 7.

Suppose that x € X withx € d(By) N --- N d(By), with all the d(By) distinct
(thus By, ..., By are distinct). It follows that for each j =1,...,k, x € G;
where f(G;) = Bj; since By, ..., By are distinct, so are Gy, ..., G¢. Thus

xeGN---NGy C dB)N---Nd(By) C ByN---N By.

If x € X; then k < n + 1 because § has order at most n at points of X;; and if
x € X, then k < n 4+ 1 because y has order at most n at points of X,. Il

We do not prove a result on the covering dimension of products here,
although it is the case that dim(X x Y) < dim(X) + dim(Y) (Theorem II1.4 in
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Hurewicz & Wallman (1941)): this can be proved as a corollary of a characteri-
sation of the covering dimension in terms of the upper box-counting dimension,
see Exercise 3.4.

1.2 The covering dimension of 7,

It is by no means trivial to show that the covering dimension of R" is n. Note
that it suffices to show that dim(/,) = n, where I,, = [—%, %]” denotes the unit
cube in R”, since as remarked after Proposition 1.3, the covering dimension is
in fact stable under countable unions of closed sets.

We refer to Theorem 50.6 in Munkres (2000) for a direct proof of the upper
bound on dim(7,) (see also Exercise 1.2 for compact subsets of R?). One can
also deduce the upper bound from the general fact that the covering dimension is
bounded by the Hausdorff dimension (Theorem 2.11); it is very simple to show
that the Hausdorff dimension of a subset of R” is bounded by n (Proposition
2.8(iii)).

While the proof of the upper bound is more notationally awkward than tech-
nically difficult, the proof of the lower bound involves the powerful Brouwer
Fixed Point Theorem (see IV (C) of Hurewicz & Wallman (1941) for a proof).

Theorem 1.4 Any continuous map f : I, — I, has a fixed point, i.e. there
exists an xo € I, such that f(xg) = Xxo.

We give a proof of the lower bound (essentially the ‘Lebesgue Covering
Theorem’) adapted from Hurewicz & Wallman’s book, for the two-dimensional
unit cube I, = [—%, %]2. The general result (for 7,,) is not significantly more
involved, but the argument can be somewhat simplified in this case without
losing its essential flavour. (An alternative proof of a similar two-dimensional
resultis given as Theorem 3.3.4 in Edgar (2008).) Before the proof we introduce
some notation.

Given aset U C (X, o) we define the diameter of U, written |U]|, as

|U| =diam(U) = sup o(uy, us).
uy,urelU
(We only use the notation diam(U') when |U| would be ambiguous.) The mesh
size of a covering of A is the largest of the diameters of the elements of the
covering.
For two sets A, B C X we write

dist(A, B) = sup ;ng o(a, b)

acA be
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for the Hausdorff semidistance between A and B. Note that if B is closed then
dist(A, B) = 0 implies that A € B.

Theorem 1.5 Let I, = [—3, 31* C R2. Then dim(f) > 2.

Proof We want to show that any covering « of I, with sufficiently small mesh
size contains at least three sets with nonempty intersection. To this end, take
a covering « with mesh size < 1 so that no element of the covering contains
points of opposite faces.

The first step is to construct a refinement & of « consisting of closed, rather
than open, sets. To do this, observe that every x € I, is contained in some
U, € a, and we can find an open set V, such that x € V, C V, C Uy. Since I,
is compact and {V, : x € I} is an open cover of I, there is a finite subcover
{Vi,}. We take & to be the collection of all the closed sets {Vx] }. By construction
this is a refinement of o consisting of closed sets.

We now show that & contains at least three sets with nonempty intersection,
from which it is immediate (since & is a refinement of «) that o contains at
least three sets with nonempty intersection.

Let I'; denote the side of I, with x = —%, '} the side with x = %, I', the
side with y = —%, and I'} the side with y = % Let L, denote the union of
those elements of & that intersect I';; L, the union of those elements of & that
are not in L and intersect I'»; and let L3 be the union of all the other elements
of @ (those that intersect neither I'y nor I';). See Figure 1.1(a).

If we define K| = L N L3 then K| separates I'; and I'| in I, i.e. there exist
open sets U; and U; such

L\ K, =U UUj, uinu; =9

and I'y C Uy, T’} C Uj. The set K = L; N L, N L3 separates ' N K; from
I, N K in K;. One can then find a new closed set K, with K, N K; € K3,
that separates I'; and I'} in I, i.e. such that there exist open sets U, and U,
such that

L\ K, =U, UUj, U,NU, =0

and I’y C U, ') C Uj. These constructions are illustrated in Figure 1.1(b). (If
the ‘proof by diagram’ of this last step is unconvincing, see IV.3 A) in Hurewicz
& Wallman (1941), or Exercise 1.3.)

Now for each x € I, let v(x) be the 2-vector with components

diSt(X, K,) X € U,',
vi(x) =10 x € K;,
—dist(x, K;) x e U,
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(b)

Figure 1.1 (a) A covering of I, divided into sets L; (lightly shaded), L, (more
heavily shaded), and L3 (not shaded). (b) K (lightly shaded) separates I'; and I'}
in I; K (a subset of K, shaded more heavily) separates K; N T'; and K; N T’ in
K1; K (the dark line) separates I'; and I'} in I, with K, N K| € Kj.

and set f(x) = x + v(x); note that f(x) € I, and that f is continuous. It
follows from the Brouwer Fixed Point Theorem (Theorem 1.4) that f has
a fixed point, i.e. there exists an xy € I, such that f(xg) = xo. In particu-
lar, this implies that dist(xo, K;) = dist(xo, K») = 0,1i.e.that K; N K, C K =
Ly N L, N L3 is nonempty. Since each of the original elements of & is contained
in only one of the L;s, there are three elements of & that contain a common
point. O

1.3 Embedding sets with finite covering dimension

We now prove the fundamental embedding result that any space with covering
dimension 7 can be topologically embedded into R*"*!; note that this charac-
terises sets of finite covering dimension as homeomorphic images of subsets of
finite-dimensional Euclidean spaces. The embedding result in the compact case
(which we treat here) is due to Menger (1926) and Nobeling (1931); we follow
the presentation of Hurewicz & Wallman (1941, Theorem V.2) and Munkres
(2000, Theorem 50.5). A similar result is possible in the general (non compact)
case, see Theorem V.3 in Hurewicz & Wallman (1941).

The proof uses the Baire Category Theorem, which we state here for con-
venience. For a proof see Munkres (2000, Theorem 48.2), for example.
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oo

Theorem 1.6  Let (X, ) be a complete metric space, and {X ;}5

2a countable
collection of open and dense subsets of X. Then

X;

e

1

J

is a dense subset of X.

We begin with a useful characterisation of the covering dimension of com-
pact sets.

Lemma 1.7 A compact set A C (X, o) has dim(A) < n if and only if it has
coverings of arbitrarily small mesh size and order < n.

Proof First we show that if « is a covering of A then there is an n > 0
such that every subset of A with diameter less than 7 is entirely contained
in some member of « (the largest such 5 is called the ‘Lebesgue number’ of
the covering o). If not, there exists a sequence {A;}32, of subsets of A with
diameters tending to zero not wholly contained in any member of «. Choose
xj € Aj; since A is compact, there exists a subsequence (which we relabel)
such that x; — x*. Of course, x* € U € «. But since U is open, B(x*, §) C U
for some § > 0, from which it follows that A; C U € « for all j sufficiently
large, contradicting our initial assumption.

So now take an initial covering o of A. By assumption there exists a covering
B of A of mesh size < n and of order < n; we have just shown that each element
of this covering B lies entirely within an element of «. It follows that 8 is a
refinement of « of order < n, and so dim(A) < n.

Now suppose that dim(A) < n. Consider the collection of all open balls
in A of radius €/2. Since A is compact, there is a covering of A by a finite
collection of these balls. It follows from the fact dim(A) < n that there is a
refinement of this covering (still consisting of sets whose diameter is no larger
than €) of order < n. |

We say that a continuous map g : X — R is an e-mapping if
diam[g~'(x)] <€  forall  x e g(X).

We will show that for each n € N, the set of all 1/r-mappings is open and
dense, and our embedding result will then follow using the Baire Category
Theorem (Theorem 1.6) and the following simple lemma.

Lemma 1.8 If (X, o) is compact then g is a homeomorphism of X into RF if
and only if g is a 1 /n-mapping for eachn € N.
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Proof 1f g is a 1/n-mapping for each n € N then diam[g~'(x)] = O for every
x € g(X), i.e. g7(x) consists of a single point, so that g is one-to-one. But
a one-to-one continuous mapping of a compact set is a homeomorphism, see
Exercise 1.4. The converse is clear. O

Lemma 1.9 Let (X, ¢) be compact. Then for each € > 0 the set F. of all
e-mappings is open in C(X, RF).

Proof Suppose that g € C(X, R¥) is an e-mapping. Since X is compact so is
X x X, and since

{(x,x") € X x X with o(x, x") > €}
is a closed subset of X x X, it too is compact. It follows that
n =inf{|g(x) — g(x")| : x,x" € X with o(x,x') > €} > 0;

if n were zero then g could not be an e-mapping. If f is any mapping with
o(f,g) <n/2and f(x) = f(x') it follows that |g(x) — g(x")| < n, and hence
that o(x, x’) < €, i.e. f is also an e-mapping. O

The density of F; is much more delicate, and requires the following geo-
metric result, for which we follow the presentation in Munkres (2000). Given a

collection {xi, ..., x¢} of two or more points in R, the affine space gen-
erated by {x,...,xt}, A(x1,...,x;) is the collection of all points of the
form

k k
Zajxj with Za,-:l.
j=1 j=1

It is easy to check that this is the same as the affine space through x; spanned
by {x; — x1}5_,, i.e. all points of the form

k
X1 4+ ch(xj —Xl)
j=2

for all ¢; € R (one could also form the same space by taking any x; and
considering all points of the form x; + > i €j(xj — x;)). We say that the
points {x, ..., x,}in RY are in general position in RY ifno x ; lies in the affine
space generated by any subcollection of the {x;} consisting of < N elements
that does not contain x;.

An equivalent and more elegant definition makes use of the following
concept. We say that a set {y;, ..., y} of k points in R are geometrically
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independent if

k
Zajyj=0 and Zajzo,
j=1

thena; = 0 for j = 1,..., k. A set of points in R" are in general position if
any k of these points, k < N + 1, are geometrically independent. Note that if
the points {y, ..., yx} are geometrically independent then so are the points
{(yi+2,..., % +z}forany z € RV,

(For later use we note that the simplex spanned by {x1, ..., x;} is the convex
hull of {xi, ..., x;}; or equivalently the affine combinations Zle a; x; with
Zile a; =1landag; > Oforeveryi =1, ..., k. If the {x; }’;zl are geometrically
independent then the dimension of the simplex is (by definition) k — 1. A
polyhedron is a finite union of simplices in some R"; its dimension is (by
definition) the maximum of the dimension of these simplices.)

We now show that near any collection of points in R", there is a set of points
that are in general position.

Lemma 1.10 Given points xi,...,x, € RY and § > 0, there exist points
Vis ooy Yn € RY such that |x; — vi| < 8 and the {yi, ..., y,} are in general
position in RV,

Proof We prove this by induction. Suppose that we have a collection of
k — 1 points, {yi,..., yx—1}, in general position in RY. There are a finite
number of subcollections of the y;s consisting of < N elements, each of which
generates an affine subspace of dimension < N — 1. The measure of each of
these subspaces is zero; and so is the measure of their union S. So there certainly
exists a yr € B(xg, )\ S. The set {yi, ..., y¢} is in general position: indeed,
if we choose < N + 1 of these y;, either none of these is y; in which case
the induction hypothesis guarantees that they are geometrically independent,
or one of them is y;, which we have just constructed to ensure geometric
independence. [l

Proposition 1.11 Let (X, o) be a compact metric space of dimension < n.
Then for each € > 0, F, is dense in C(X, R¥"+1),

Proof Take f € C(X,R?*!) and n > 0. We will construct a g € .%, such

that o(f, g) < 1.
Since X is compact, f is uniformly continuous and so there exists a § < €
such that

o(x,x) <4 = o(f(x), f(x") <n/2. (1.1)
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Since X is compact and dim(X) < n, there exists a covering {U j};':l of X of
order < n such that diam(U;) < § for all j. It follows from (1.1) that

diam(f(U;)) < n/2 1.2)
for each j.
Now use Lemma 1.10 to select points {p;}’;_, in R2+1 guch that
dist(pj, f(U;)) <n/2 (1.3)
and the {py, ..., p,} are in general position in R+

For each point x € X and 1 <i < r define
w;(x) = dist(x, X \ U;).

Clearly w;(x) > 0 if x € U; and w;(x) = 0 if x ¢ U;. For each x at least one
of the w;(x) is positive, since X C U;U;; and no more than n + 1 are positive,
since the covering {U,} is of order < n. Set

w;(x)

wi(x) = —Z;=1 wj(x);

as with w;(-), ¢;(x) > 0, since ¢;(x) # 0 iff x € U;, for each x € X at least if
and only if one and no more than n + 1 of {¢;(x)} are nonzero, and

Z(pj(x)z 1 forevery x € X.
j=1
We now set”
gx) =Y ¢i(x) pi. (14)
i=1
Since the only nonzero terms in the sum are for values of i for which x € U;,

it follows from (1.2) and (1.3) that for such values of i, |p; — f(x)| < n and
hence

<Y @®lpi— fl <n

i=l

> i) (pi — fx)

i=1

lg(x) = f(x) =

forall x € X.

2 In fact g maps X into an n-dimensional polyhedron. Since no more than 1 4 1 of the gs are
nonzero at any one time, for every x € U; the image g(x) is contained in some fixed simplex
S; of dimension < n. Then g(X) C U;_,S;, where the right-hand side defines a polyhedron of
dimension < n. This remark will prove useful later in the proof of Theorem 2.12.
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Now if g(x) = g(x’) then

g(x) — g(x) =Y [pe(x) — i) pic =0,

i.e.

chpkzo with ch=2<pk(x)—2q)k(x/):1—1:0,
k=1 k=1 k=1 k=1

We have a vanishing linear combination of the pys, with coefficients that sum
to zero. Since no more than n 4+ 1 of the ¢;s are nonzero for each x € X,
no more than 2n + 2 of the ¢;s are nonzero. Since the {p;} are in general
position in R?**!  any subcollection of the {p;} with < 2n + 2 elements
must be geometrically independent: it follows that ¢;(x) = @(x’) for every

k=1,...,r. In particular, since x € U; for some i, ¢;(x) > 0; therefore
@;(x") > 0, and hence x’ € U; too.
Thus x, x” € U;; since diam(U;) < § < € it follows that g € .%.. O

We can now use the Baire Category Theorem to show that a ‘large’ class of
functions in C(X, R?"*!) are homeomorphisms. In common terminology, we
show that in fact such functions are ‘generic’, meaning that they are a dense
G (a countable intersection of open sets).

Theorem 1.12  Let X be a compact metric space with dim(X) < n. Then
there is a dense Gy of functions in C(X, R¥*) that are homeomorphisms of
X into R*'*1,

Proof Foreach j € N,.%;; is open and dense in C(X, R*"*1). It follows from
the Baire Category Theorem (Theorem 1.6) that N;.%,; is a dense G in this
space. But by Lemma 1.8 this is precisely the collection of all homeomorphisms
of X into R*+1, O

An example due to Flores (1935) shows that this result cannot be improved:
the collection of all faces of a 2n + 2-dimensional cell (see Section V.9 in
Hurewicz & Wallman (1941)) that have dimension < n form an n-dimensional
space which cannot be embedded into R* (see also Exercise 1.11.F in
Engelking (1978)).

1.4 Large and small inductive dimensions

The small inductive dimension, ind(-), is defined as follows, where we use U
to denote the boundary of U:

(i) the empty set has ind(¢})) = —1;
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(i) ind(X) < n if for every point p € X, p has arbitrarily small neighbour-
hoods U with ind(dU) <n — 1;
(iii) ind(X) = n if ind(X) < n but it is not true that ind(X) <n + 1.

The argument showing that the small inductive dimension and the covering
dimension are equal in separable metric spaces is outlined in Exercises 1.5—
1.7.

The large inductive dimension, Ind(-), is defined similarly, but with (ii)
replaced by

(ii") Ind(X) < n if for every closed set A C X and each open set V C X that
contains the set A there exists an open set U C X such that

AcCcUcCV and Ind(dU) <n — 1.

The large inductive dimension and the covering dimension coincide in any
metric space (in fact, in any metrisable space), see Theorem 4.1.3 in Engelking
(1978); clearly ind(X) < Ind(X) always.

Exercises

1.1 Suppose that for every open cover {Uy, ..., U, »} of X, there exists a
cover of X by closed sets {F1, ..., F,42}, with F; € U; and H?Z%Fj = 0.
Show that dim(X) < n. [Hint: first show that the assumption implies that
the same is true with the {F;} open.] (Theorem 3.2.1 in Edgar (2008)
shows that in fact the assumption here and dim(X) < n are equivalent.)

1.2 Find a covering of R? of order 3 and mesh size no larger than 1. Deduce that
any compact subset X of R? has dim(X) < 2. [Hint: any open covering of
X has a Lebesgue number that is strictly positive, see the proof of Lemma
1.7.]

1.3 Let A;, A, and B be mutually disjoint subsets of a space X. We say that
B separates A; and A; in X if there exist two disjoint sets U; and U,
open in X, such that

AiclU;,, Ay,CcU,, and X\BCU UU,.

Now let A be a closed subset of X, C and C’ a pair of disjoint closed
subsets of X, and K a closed subset of A that separates AN C and A N C’
in A. Show that there exists a closed set B that separates C and C’ in X
and satisfies AN B C K.

1.4 Show that a one-to-one continuous mapping of a compact set is a homeo-
morphism.
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1.7

Exercises 19

Assume that if M is a subspace of (X, o) with ind(M) < 0 then given any
two open sets U; and U, that cover M, there exist disjoint open sets V|
and V, with V| C U; and V, C U, such that V; and V, still cover M. Use
induction to show that if {Uj, ..., U,} is an open cover of M then there
exists an open cover {V1, ..., V,} of M such that

V; CU; and Vinv,=¢ for i#j;

i.e. that ind(M) < 0 implies that dim(M) = 0.

As mentioned immediately before the statement of Proposition 1.3, a
fundamental result in the theory of the small inductive dimension is that
a set A C (X, ) has ind(A) < n if and only if it is the union of n + 1
subspaces of dimension < 0. Use this result along with that of the previous
exercise to show that dim(A) < ind(A).

Deduce from the following three facts that dim(X) = ind(X) for any sep-
arable metric space (reference is given to the relevant results in Hurewicz
& Wallman (1941)):

(i) any separable metric space X with dim(X) < n can be embedded
into //lz"nH N I,+1, the set of points in /5,41 at most n of whose
coordinates are rational (Theorem V.5);

(i1) ind(A5,+1) = n (Example IV.1); and

(iii) A € B implies that ind(A) < ind(B) (Theorem IIIL.1).
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Hausdorff measure and Hausdorff dimension

The Hausdorff dimension, which we denote by dy, is one of the most widely
used definitions. It finds extensive application in geometric measure theory
(see Federer (1969), for example), and in the theory of dynamical systems (see
Pesin (1997), Boichenko, Leonov, & Reitmann (2005)). Much of its power
is due to the fact that it is defined in terms of Hausdorff measures, naturally
linking dimension and measure.

It occupies an intermediate position between the covering dimension and
the box-counting dimension (dp), with dim(X) < dg(X) < dg(X) (Theorem
2.11 and Lemma 3.3(v)). Since dim(X) < dy(X) we can use Theorem 1.12 to
guarantee that any set with finite Hausdorff dimension can be topologically
embedded into a Euclidean space. However, we will see at the beginning of
Chapter 6 that there are examples of sets with finite Hausdorff dimension that
cannot be embedded into a Euclidean space using any map that is linear.

2.1 Hausdorff measure and Lebesgue measure

Although we will ultimately consider subsets of Banach spaces, we begin in a
relatively abstract way by defining the s-dimensional Hausdorff measure .7,
and the Hausdorff dimension dy, for subsets of a metric space (X, o).

An outer measure ¢ on X assigns a nonnegative real number to every subset
of X, with the properties

i) n@) =0;
(i) if A C B then u(A) < u(B); and
(i) if {Aj}?Q | are subsets of X then

[e ]

Ap | = way. @.1)
j=1

n

Tt

J

20
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We do not distinguish in what follows between ‘outer measures’ and ‘mea-
sures’; strictly speaking a ‘measure’ is only defined on a o-algebra of mea-
surable sets (sets for which u(E) = w(E N A) + w(E \ A)), but any measure
can be extended to an outer measure, and any outer measure gives rise to a
measure when restricted to the o -algebra of measurable sets (for more details
see Chapter 1 of Mattila (1995), or of Rogers (1998)). A probability measure
on (X, o) is a measure u with u(X) = 1.

We now define an approximation to the s-dimensional Hausdorff measure,
and show that it is an outer measure. For a subset U of X, we recall that
|U| = SUP, yer o(x,y);for A C X,s > 0,and § > 0, we define

o0
S (A) :inf{Z|U,»|s X CUX,U; with U] < 5}

i=1

Note that any sets {U;} are allowable in this cover of X (they need not be open).
Lemma 2.1 J7 in an outer measure on (X, ) for each § > 0.

Proof Fix § > 0. Clearly (i) 545’ (%) = 0 and (ii) %’f;”(A) < J¢(B) when-
ever A C B. To prove (iii) let {A; }°°_1 be a collection of subsets of X. Given

€ > 0 there exists a sequence {B(')}"O1 of subsets of X such that

AjC UBS”, IBY| <8, and > [BY|' < 5 (A)) + €27
i=1 i=1

It follows that

oo [e.¢] oo [e.¢]

U UB(’) and o [ ] A Z 1B <e+Z%Y(A)
j=1 j=1 j=1 j=1 j=1

Since this is valid for any € >0, (U2, 4;) < Y72, #(A)) as
required. O

One obtains the s-dimensional Hausdorff measure by refining the cover
involved in the definition of 7;°, i.e. taking the limit as § — O:

(X)) = ;ing)%’gs(X).
The limit exists (it may be infinity) since %’ (X) increases as § decreases. It

follows immediately from Lemma 2.1 that J#* is an outer measure; in fact
more is true.

Theorem 2.2 J#” is a metric outer measure, i.e.

(AU B) = #°(A) + #°(B) (2.2)
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whenever dist(A, B) > 0.

Proof We have already remarked that .7 is an outer measure, so we have
only to prove (2.2). Let A, B be subsets of X such that dist(A, B) > 0 and let
8 < dist(A, B). It is easy to see that

(AU B) = A (A) + A (B).
Taking § — 0 yields 57°(A U B) = J7°(A) + J7°(B), as required. O
Aset A C X is said to be ¢ -measurable if for each £ C X
H(E) = °(ENA)+ S°(E N A°).

Since J#* is a metric outer measure, it follows (for a proof see Theorem 1.5 in
Falconer (1985)) that every closed subset of X is .#*-measurable; and hence
that every Borel subset of X is ##*-measurable. In particular, if {A ; } are disjoint
Borel sets then

a0 [Ja; | = 2@,
j=1 j=1

i.e. equality holds in (2.1).

We end this section with the result that for subsets of R”, J#™" is a constant
multiple of n-dimensional Lebesgue measure. We will require the fact that the
volume of any subset of R” is no larger than the volume of a ball with the same
diameter; for a proof see Section 2.2 in Evans & Gariepy (1992). We use .£"
to denote n-dimensional Lebesgue measure.

Theorem 2.3 For any bounded subset A of R",

. Z0%
z(A)sszn(z),

where Q, = 1"/*/T(n/2 + 1) is the volume of the unit ball in R".
Theorem 2.4 If A is a bounded subset of R" then
JON(A) =27"Q, L (A).
Proof First, given any € > 0 cover A by sets {U;} such that
DU < A(A) + €.

Using Theorem 2.3,

LA <Y L) <Y Q, (%) <27 Q,[A"(A) + €],
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which implies that £"(A) < 27", 7" (A). The lower bound relies on the
Vitali Covering Theorem, and since we only make use of the upper bound in
what follows we refer to Falconer (1985) for both the covering theorem (his
Theorem 1.10) and the proof of the lower bound (his Theorem 1.12). O

2.2 Hausdorff dimension

We now show that there is a ‘critical value’ of s at which the s-dimensional
Hausdorff measure switches (as s is decreased) from being zero to being
infinite — this will be how we define the Hausdorff dimension.

Proposition 2.5 Let A be a subset of (X, o). Take s’ > s > 0: if *(A) < o0
then ' (A) = 0, and if #° (A) > 0 then 7*(A) = oo.

Proof The two statements are equivalent; we prove the first. If 777°(A) < oo
then for any 6 > O there is a cover of A by sets {B;} with diameters < § such
that

D IBjI < A (A) + 1.
Jj=1
It follows that for s’ > s

o0 oo
DOIBIT <8 TN IBS <8 A (A) + 11,
Jj=1 Jj=1
and hence /7 (A) = 0. ]
We can now define the Hausdorff dimension.
Definition 2.6 For any A C (X, o), the Hausdorff dimension of A is
du(A) = inf{d > 0: #?(A)=0).
In the light of this definition, the following simple lemma will be useful.

Lemma 2.7 If A C X and s > 0 then 7°(A) = 0 if and only if for every

€ > 0 there is a countable covering of A, {Uj}‘;":l, such that

o0
DUl <e. (2.3)
j=1

Proof Suppose that 7*(A) = 0. Then for any § > O there is a cover of
A by sets {U;} with |U;| < § such that (2.3) holds; in particular one such
cover exists. Conversely, given any § > 0, choose € > 0 such that €!/5 < §,
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and find a covering that satisfies (2.3). Then this must be a covering by sets
with |U;| < 8 that satisfies (2.3), and hence #°(A) < € for every € > 0, i.e.
H(A) = 0. g

We now prove some basic properties of the Hausdorff dimension.

Proposition 2.8
(1) IfA, B C (X, 0)and A C B then dy(A) < duy(B);
(ii) the Hausdorff dimension is stable under countable unions: if X; C X

then
o.¢]
dy (U Xk) = sup du(X,); 2.4)
k=1 k
(iii) if U is an open subset of R" then dy(U) = n, in particular dg(R") = n;
and

Gv) if f 1 (X, 0x) = (Y, oy) is Holder continuous with exponent 6 € (0, 1],

oy (f(x1), f(x2)) < Cox(x1, x2)°,
then du(f (X)) < du(X)/6.

Proof (i) The proof is immediate from the definition.

(i1) If sup, du(Xy) = oo then it follows from (i) that dy(X) = 0o. So we can
assume that sup; dy(Xy) < oo, and take s > sup, du(Xy): then J°(X;) =0
for every k, and since 7 is an outer measure (2.1) 77 (U, X;) = 0 and hence
dy(X) < s, from which (2.4) follows.

(iii) By considering U = U?iﬂU N B(0, j)] and using (ii), it suffices to
show that dy(U) = n for any bounded open set U. Certainly U is contained
in some cube C with sides of length R. Given § > 0, choose k € N such that
k > R./n/8, and divide C into k" subcubes with sides of length R/k (and so
with diameters «/nR/k < 8); then 5"(C) < R"k"(k~'/n)" < R"n"/? and it
follows that 72" (C) < oo, whence dy(C) < n. It follows from part (i) that
dy(U) < n. To show the lower bound, it follows from Theorem 2.4 that
H"(U) > 2" #"(U) > 0, and hence dy(U) > n.

(iv) Take s > dy(X). Then for any € > 0 there exists a cover {U;} of X with

Z|u,~|s <e.
J

Then { f(U;)} is acover of f(X)and | f(U;)| < C|U;|, from which it follows
that

S IFWHIT < Ce.
J
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Lemma 2.7 guarantees that .7#*/%(f(X)) = 0, and hence dy(f(X)) < s/6. [

Note that it is immediate from (ii) that the Hausdorff dimension of any
countable set is zero. In subsequent chapters we will frequently have recourse
to the example of an orthogonal sequence in a Hilbert space,

{aje;}72, U {0}

where |a;| — 0 and {e j};’.‘;l is an orthonormal set. In the light of this remark,
any such set will have zero Hausdorff dimension.

2.3 The Hausdorff dimension of products

It is generally hard to find lower bounds on the Hausdorff dimension, but the
following powerful theorem (‘Frostman’s Lemma’) is very useful for this. We
will only prove the implication in one direction, which is easy. The argument
to prove the converse is very involved, see Mattila (1995, Theorem 8.8; he also
gives a proof, due to Howroyd (1995), valid in compact metric spaces).

Theorem 2.9 Let X be a closed subset of R". Then 5¢°(X) > 0 if and only
if there exists a probability measure u supported on X such that

w(B(x,r)) <cr’ for all xeX, r>0.

Proof We only prove the ‘if” part. Take any cover {B,, (x;)} of X withr; < §;
then

I=pX)=n (UX n Br,.<x,»)> <D u(XNB,() <c) .

Taking the infimum, it follows that J7*(X) > 1/c. O

Using this result we can show that dy(X x Y) > duy(X) + dy(Y). While the
result remains true in greater generality, since we use Theorem 2.9 we state
it for subsets of Euclidean spaces. We take the norm on R” x R™ to be the
standard norm on R"*™,

Proposition 2.10 Let X C R" and Y C R™ be closed sets. Then
du(X x Y) = du(X) + du(Y).

Proof Givens < dy(X)andt < dy(Y), #*(X) > 0 and 7' (Y) > 0. It fol-
lows from Theorem 2.9 that there exist probability measures u and v supported
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on X and Y respectively such that
wWBEx, rNX)<car' and v(B(y,r)NY) < cr'.

Since B((x, y),r) C B(x,r) x B(y, r), the measure u x v on R” x R"™ satis-
fies(u x V(X x Y) = u(X)v(Y)=1and

(1 x V)(B((x,y), r)N(X x Y)) < w(Bx,r) N X)v(B(y,r)NY) < cier’™.
It follows that 5257 (X x Y) > 0, and hence dy(X x Y) > s. O

The reverse inequality does not hold in general, as the following example
shows (Theorem 5.11 in Falconer (1985)). Let mg = 1, mg+1 = k Zﬁ:o mj.

Let X consist of those numbers in [0, 1] that have a zero in the rth decimal
place for my + 1 <r < my,; and k even, and let Y consist of the numbers in
[0, 1] with a zero in the rth decimal place for my + 1 < r < my; and k odd.

Each of these sets X and Y has Hausdorff dimension zero. For X, consider
the first my; decimal places, with k even; X can be covered by 10" intervals
{1;} of length 10~ where

ng = (my —my) + (mg —m3) + -+ -+ (mg — my_y).
Then
Z|11|1/k < 10" x lo—mk+l/k < 102§:0n1,- x lo_z_ki:(]m./ _ 1’
J

by the choice of my. It follows that diy(X) = 0. A similar argument shows that
dy(Y)=0.

However, any z € (0, 1) can be written in the form z = x + y withx € X and
y € Y,and the mapping f : X x ¥ — Rgivenby (x, y) — x + yis Lipschitz.
It follows that

I =du(0,1) < du(f(X xY)) <du(X xY)

using Proposition 2.8(iv).

2.4 Hausdorff dimension and covering dimension

We are now in a position to show that the Hausdorff dimension bounds the cov-
ering dimension. The proof given here, which works directly with the covering
dimension, rather than the small inductive dimension as in Theorem VII 3 of
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Hurewicz & Wallman (1941), is due to Edgar (2008, Theorem 6.3.11). A sim-
ilar argument, valid in any separable metric space, is given by Charalambous
(1999).

Note that an immediate consequence of this result is that dim(X) < n for
any compact subset of R”, since Proposition 2.8(iii) shows that dy(R") = n,
and dy is monotonic (part (i) of the same proposition), so that dy(X) < n for
any subset of R”.

Theorem 2.11  Let X be a compact metric space. Then dim(X) < dy(X).

Proof We use the characterisation of covering dimension from Exercise 1.1.
Let n = dim(X), so that it is not true that dim(X) < n — 1. Then there must
exist an open cover {U; };‘:1' of X such that for any closed sets { F;} with F; C U;
that still form a cover of X, N/ F; # 0.

Now define

§;(x) =distx, X\U;)) i=1,....n+1

and 8(x) = §1(x) + - - - + Su+1(x). Then each §; is Lipschitz continuous, and
hence so is &:

16i(x) =8I =elx,y) and  [8(x) —5()| = (n+ Do(x, y).

Since the {U;} form a cover of X, x € U; for some i, and so §;(x) > 0; it
follows that §(x) > O for every x € X, and so since X is compact, there exist
b > a > Osuchthata < é(x) < b forevery x € X. Define h : X — Rl by

h(x):(al(x) SH(x) 5n+1(x)>.

s s s
The function % is again Lipschitz, since
8;() ;0| 18(0)8;(x) — 8(x)8;(y)]
5x) s | 8(x)8(y)
< a2 [B)I8;(x) = 8;()] + 8IS — 8(x)]]
<a’b(n+2)o(x, ),

and so

|h(x) — h(y)| < a"*b(n + 2)V/n o(x. ).
Now, since & is Lipschitz, dy(h(X)) < du(X) (Proposition 2.8(iv)). The
proof is concluded by showing that 4(X) contains the simplex

n+1
T={(t,....ths1) ER"™ : ; > 0and Zti =1},

i=1
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which clearly has dy(T) > n since it is bi-Lipschitz equivalent to an open

subset of R". To this end, take a point t = (¢, ..., #,4+1) € T and consider the
sets
S
Fi=ixeX: (X)le' .
8(x)

Each F; is closed, F; C U;, and the {F;} form a cover of X since

n+1

D I8i(x)/8(x)] = 1.

i=1
Since ﬂ;’:llF,- # (), there exists an x € X with §;(x)/3(x) > t; for each i. But
> [8i(x)/8(x)] = 1and ), t; = 1, whence it follows that §;(x)/8(x) = f;, i.e.
that 2i(x) =t,and so (X)) 2 T. O

Of course, this inequality can be strict, since dim(X) is an integer-valued
definition of dimension, and there exist sets for which dy(X) ¢ N. However,
we always have equality for some homeomorphic image of X:

Theorem 2.12 If (X, o) is compact and dim(X) = n then there is a homeo-
morphism h : X — R2"*! such that dy(h(X)) = n.

The proof is taken from Hurewicz & Wallman (1941, Theorem VIL4).

Proof Take s > n, and consider the collection K of all those functions f €
C(X, R¥*1y for which J7°(f(X)) = 0. The condition that JZ*(f(X)) = 0
means that for each i € N there exists a finite cover {X j}’;.z1 of X such that

k
S pE < 1/i. 2.5)

j=1

Let X denote a finite cover {X;}_, of X, and denote by G, the set of all
functions f € C(X, R*"*!) that satisfy (2.5) for this decomposition. Then

o0
k= U @&

i=1 | all possible X

Since each G?fx is an open subset of C(X, R?*1) 5o is the expression in square
brackets for each i. It follows that K is a G5 in C(X, R,

Now, as noted during the proof of the embedding theorem for sets with
dim(X) finite, the embedding map g defined in (1.4) maps X into an n-
dimensional polyhedron. Thus the set of maps f € C(X, R>**!) that map X
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into such a polyhedron is dense; for any such map,
du(f (X)) < du(polyhedron) < n.

Since all such maps must therefore lie in K, K; contains a dense subset of
C(X,R¥*1), so is itself dense.

We have shown that K is a dense G in C(X, R***!), and Theorem 1.12
guarantees that the set of maps Ex that are embeddings of X is also a dense
G;. It follows from the Baire Category Theorem (Theorem 1.6) that

Ex N ﬂ Kuvay)
jz1

is also a dense G;. In particular this set is nonempty, so there exists a homeo-
morphism f of X into R?**! such that .7#*(X) = 0 for all s > n, i.e. for which
du(f(X)) = n. 0

As a corollary, we give what amounts to an alternative definition of the
covering dimension. Itis immediate from this definition that dim is a topological
invariant, but in no way clear that dim must be an integer (cf. Prosser, 1970).

Corollary 2.13  If X is a compact space then
dim(X) = inf{dg(X") : X’ homeomorphic to X}.

Mandelbrot (1982) defined a ‘fractal’ as a set for which dim(X) < dy(X).
Luukkainen (1998) makes the nice comment that the result of this corollary
implies that ‘there is no purely topological reason for X to be fractal’.

Exercises
2.1 Let X be a subset of R”, and let f : X — R” satisfy
|f(x1) = f(x2)] < Clxy —x2/°,

with C > 0 and 6 € [0, 1]. Show that the Hausdorff dimension of the
graph

G={, fx)): xe X} Cc R"™

is less than or equal ton + (1 — 6)m.
2.2 Show that if J; are open subsets of [0, 1] such that

Yoll=1 and Y|l < oo, (2.6)

q
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2.5

Hausdorff measure and Hausdorff dimension

then [0, 1]\ UJ, has s-dimensional Hausdorff measure zero. (This result
has applications to bounding the set of singular times in weak solutions of
the three-dimensional Navier—Stokes equations, see Scheffer (1976).)
Define the ‘d-dimensional spherical Hausdorff measure’ of a set X by
FUX) = lim;_ o S (X), where

o0
%d(X) = inf {Zrid X C UB(x;,ri) i < 8} .

i=1
Show that diy(X) = inf{d : .#4(X) = 0}.
Suppose that X is a bounded subset of R” that is covered by a collec-
tion of balls {B(x, r(x))}xcx. Show that there exists a finite or countably
infinite disjoint subcollection of this cover, {B(x;, r(x;))}32,, such that
{B(x;, Sr(xj))}jo=1 still covers X. [Hint: set M = sup,.y r(x). Define

Xe={reX: QM<r =@M,

and given {xi, ..., X, } such that
kn
Urex, BCx, r(x)) € () B(xi, 5r(xi)), 2.7)
i=1
find points {x,, 41, ..., Xp,, } in

Nk—1
Xj ={x € X : Blx,r) N | B, r(x) = 0},
i=l
such that (2.7) holds with & replaced by k + 1.]
Suppose that f € Ll _(R™). For some 0 < d < n and some § > 0 define

loc

Sz{xeR”: limsupld/ |f(x)|dx>8}.
r—0 " JB(x,r)

Use the results of the previous two exercises to show that .77 4(8) = 0.

[Hint: first show that Z"(S) = 0.] (This result forms the final piece in

the proof of the partial regularity of the three-dimensional Navier—Stokes

equations due to Caffarelli, Kohn, & Nirenberg (1982).)
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Box-counting dimension

The study of the box-counting dimension forms the core of Part I of this
book. We concentrate on the upper box-counting dimension (Definition 3.1),
since this is the least restrictive definition of dimension that allows one to
obtain a parametrisation of a ‘finite-dimensional’ set, using a finite number
of parameters, that has a well-defined degree of continuity (Holder). But it
is also of interest since the upper box-counting dimension of many attractors
arising in the infinite-dimensional dynamical systems is finite. We explore the
implications of this fact in Part II.

As with the topological and Hausdorff dimensions, we give general results
for subsets of metric spaces; but as we switch to particular examples (and then
later embedding results) we specialise to subsets of Hilbert and Banach spaces.

3.1 The definition of the box-counting dimension

Let N(X, €) denote the minimum number of balls of radius € (‘e-balls’) with
centres in X required to cover X. We define the box-counting dimension of X
as

log N(X, €)

dpox(X) = !E’)I‘(l) s (3.1

—loge

essentially N(X, €) ~ e %X a5 ¢ — 0.

However, the limit in (3.1) need not exist in general, as the following
example shows (cf. Exercise 3.8 in Falconer (1990)). Form a Cantor-like set
C = ﬂ?‘;l C;, where C; is the set at the end of stage j of the following con-
struction: at stage 2j — 1 remove the middle half (i.e. the two middle quarters)
2/=! times, and at stage 2 j remove the middle third 2/~! times. By considering

31
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C,j_1, one can see that C requires
Nyj_y = 2¥+27'-2 intervals of length €)1 = 4@ =137
to cover it; by considering C5;, C requires
Nyj = 2272 intervals of length €)= 4= =D3=@'=1

for a cover. Thus
log Nyj—1 2/ +2/71 —2)log2 3log2
= — - — ,
—logerj—1 (27 —1Dlogd+ (2/-! —1)log3 2log4 +log3

while

log N»; 2/t —2)log2 2log?2
= — 4 — .
—logey; (27 —1)logd+(2/ —1)log3 log4 +log3

We therefore make the following two definitions.

Definition 3.1 Let (X, o) be a metric space,and A € X. Let N(A, €) denote
the minimum number of closed balls of radius € with centres in A required to
cover A. The upper box-counting dimension of A is

log N(A, €)

dg(A) = limsuyp ———, (3.2)
e—0 - IOg €

and the lower box-counting dimension of A is

dip(A) = liminf 22N A- )
e—>0 —loge

The inequality d g(A) < dg(A)is clear, with the above Cantor-like set show-
ing that it can be strict. The ‘box-counting dimension’ (3.1) only exists when the
lower and upper box-counting dimensions coincide; but since we will (almost)
always be interested in the upper box-counting dimension in what follows, we
will usually refer to the quantity dg(X) defined in (3.2) as the box-counting
dimension.! (We will see in Section 8.2 that sets with finite lower box-counting
dimension do not enjoy the same embedding properties as sets with finite upper
box-counting dimension.)

It is immediate from the definition that if d > dg(A) then there exists an €,
such that

N(A,€) <e? for all € < €, 3.3)
! In much of the dynamical systems literature the upper box-counting dimension is referred to as

the ‘fractal dimension’; although a little inelegant, ‘box-counting dimension’ is to be preferred
for obvious reasons.
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while if d < dg(A) then there exists a sequence €; — 0 such that
N(A,¢€) > ej_d.

We will often make use of these (particularly (3.3)) in what follows.

Note that we could just as well take a covering by open balls, since any
covering by open balls of radius € yields a covering by closed balls of the same
radius, and any covering by closed balls of radius € yields a covering by open
balls of radius 2¢. A number of other alternative, but equivalent, definitions are
discussed in Exercise 3.1.

Sometimes it is useful to be able to calculate the box-counting dimension by
taking the limit (superior) through a sequence {e;} of values of ¢, rather than
a continuous limit. The Cantor set example above shows that one cannot do
this without imposing some restrictions on &, such as those in the following

lemma, whose main application is to the geometric sequence &, = caX.

Lemma 3.2 [f ¢; is a decreasing sequence tending to zero with €1 > &y
for some a € (0, 1), then

dg(A) = limsup M and dig(A) = liminf M
k00 —log & k—o00 —log &x

Proof Clearly the right-hand side of (3.4) is bounded by dg(A). Given € with
0 < e < 1letkbesuchthat g <€ < g; then

log N(A, €) - log N(A, g+1)

—loge — log &
log N(A, £41)
—logery1 + log(ers1/ex)
log N(A, €k41)
~ —logers) + loga

. 3.4

and so (3.4) follows. The argument for dy g (A) is similar. O

3.2 Basic properties of the box-counting dimension

We now prove a number of properties of the box-counting dimension. In contrast
to the topological (and to a lesser extent Hausdorff) dimension, the proofs are
very straightforward.

Lemma 3.3 Let (X, 0) be a metric space, and A and B subsets of X.

(i) If A C B thendg(A) < dg(B);
(i) dg(A) = dg(A), where A denotes the closure of Ain (X, 0),
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(iii) dg(A U B) < max(dg(A), dp(B));
av) if f: (X, 0x) = (Y, oy) is Holder continuous with exponent 0,

oy(f(x1), f(x2)) < Cox(x1,x2)"  forall — x;,x,€X

then

dg(f(A)) = dg(A)/0;

(v) du(A) < dig(A) < dp(A); and
(vi) if I, = [0, 11" C R" then dig(1,) = dpox(1,) = ds(1;) = n.

Proof (1) If A C Bthen N(A, €) < N(B, €) and the result is immediate.

(ii) Any finite cover of A by closed balls must cover A, and hence dg(A) <
dg(A). Equality follows using (i), since A C A.

(iii) Clearly N(AU B, €) < N(A, €) + N(B, €); the result is again immedi-
ate from the definition.

(iv) Given d > dg(A), choose ¢ sufficiently small such that N(A, €) < e
forall 0 < € < €. Cover A with no more than € ~¢ balls of radius €. The image
of this cover under f provides a covering of f(A) by sets (not necessarily
closed) of diameter no larger than C (2€)?; but these are certainly contained in
closed balls of radius 2C(2¢)?. So

N(f(A),2CQe)") < e = N(f(A),8) <29(5/2C)™ " = 5797,

and hence dg(f(A)) < dg(A)/6.
(v)If s > dig(A) then there is a sequence €; — Osuchthat N(A, €;) < ei_s;
thus

i (A) < N(A, €)(2€)) <2' < 00,

and hence 77*(A) < 2' < oo, from which it follows that dy(A) <s. So
dy(A) < dig(A); that dg(A) < dg(A) is immediate from the definitions.

(vi) I, can be covered by k" cubes of side 1/k. The sequence &, = 1/k satis-
fies the requirements of Lemma 3.2, and so dg(1,) < n. We have already shown
that dy(1,,) = n (Proposition 2.8(iii)), and so dg(l,) > dyg(I,) > du(l,) > n.
It follows that dg(1,,)) = dpox(I,) = dig(1,) = n. O

Note that it follows immediately from parts (i) and (vi) of the above lemma
that any compact subset A of R” has dg(A) < n, and that if this A contains an
open set then in fact dg(A) = n.

In Part II of this book we will be particularly interested in sets X that are
subsets of Banach (or Hilbert) spaces. In this case, one can often view X simul-
taneously as a subset of different spaces. Since the quantity N(X, €) depends
on the norm in which one chooses the e-balls, the box-counting dimension will
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vary depending on the space in which one views X as lying. In the final chapter
of this book, the following simple observation will prove useful: if %, and %,
are two Banach spaces with X C %) C %,, then

lullz, < cllullz, = dp(X; %) < dp(X; %) (3.5

(the proof is immediate since Ng,(X, ce) < Ng, (X, €)).

3.3 Box-counting dimension of products

In Proposition 2.10 we saw that the Hausdorff dimension obeys?
du(X x Y) = du(X) +du(Y),

and showed by example that this inequality could be strict. Here we show that
the lower box-counting dimension behaves similarly, but that for the upper
box-counting dimension the inequality is reversed.

Proposition 3.4 Let (X, ox) and (Y, oy) be metric spaces, and X x Y the
product space equipped with the metric

00 ((x, ¥), &, ) = [ox(x, &) + oy (y, n)*1"/* (3.6)
for some o € [1, 00), or
00o((x, ), (€, 1)) = max(ox(x, &), oy (y, n)). (3.7

Then
dg(X x Y) <dp(X)+dp(Y) and dig(X xY) > dig(X)+die(Y).
(3.8)

Consequently, if the box-counting dimensions dyox(X) and dyox(Y) are both
well defined then so is dyox(X X Y) and

dbox(X X Y) = dbox(X) + dbox(Y)~ (39)

Proof For the upper bound, take dy > dg(X) and §y > dg(Y); then there
exists an €y > 0 such that

N(X,€) < e and N, e) <€ 0 <€ < €.

It follows that X x Y can be covered by € ~®x+%) balls of radius 2'/*¢, and
hence dg(X x Y) < dg(X) + dg(Y).

For the lower bound, take s < dig(X) and t < d g(Y). Then there exists an
€o > 0 such that for all € < ¢, there are at least ¢ * disjoint balls of radius €

2 One can obtain an upper bound on the Hausdorff dimension of a product if one is prepared to
involve the upper box-counting dimension: dy(X x Y) < duy(X) + dp(Y), see Exercise 3.5.
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with centres in X, and at least ¢ " disjoint balls of radius € with centres in Y.
There are certainly, therefore, more than € ~¢*" disjoint balls of radius 2'/%¢
in X x Y, and hence dig(X x Y) > dig(X) + dig(Y).

Finally, (3.9) follows immediately from (3.8) if dig(X) = dp(X) = dg(X)
and dLB(Y) = dB(Y) = dB(Y). Il

Both inequalities can be strict. The example at the end of Section 2.3 can be
used to show this for the lower box-counting dimension, since ng/my; — 0 as
k — oo implies that dig(X) = dig(¥Y) =0, and dig(X x Y) > dy(X x Y) >
1 (cf. Edgar, 1998, p. 43). The construction of an example for the upper box-
counting dimension seems to be more delicate: in this case one can take X
and Y to be ‘inhomogeneous’ Cantor sets like the example used in Section
3.1, chosen in such a way that N(X, €) is large (i.e. ~ €~ with d large) when
N(Y, €) is small and vice versa; see Sharples (2010) for details.

3.4 Orthogonal sequences

Now, following Ben-Artzi, Eden, Foias, and Nicolaenko (1993), we investigate
the box-counting dimension of ‘orthogonal sequences’. In fact we consider a
class of examples that are bona fide orthogonal sequences in the Hilbert space
¢2, and behave very much like orthogonal sequences in the sequence spaces £”
with 1 < p < oco. These examples will be used later to show that the estimates
in various embedding theorems are sharp.

Let {e;}72, be the standard basis for these spaces, so that
e =1(0,...,0,1,0,...) is the sequence with 1 in the ith place and O in
every other place.® Let {a;}2, be a sequence of nonzero real numbers such
that |a,| > |ay,4+1| > 0 and lim,_  |a,| = 0. We consider the compact set
A ={ay, az, ...} U{0}, where «; = a;e; for every i =1,2,... Since A is
countable, it follows that dy(A) = 0 whatever values are chosen for the q;.

Lemma 3.5 In every €7, 1 < p < 00, the (upper) box-counting dimension
of A is given by

1
dg(A) = lim sup —2" (3.10)
n—o00 _10g|an|
o0
= inf{d : Z|a,,|d < ool (3.11)

n=1

3 This is not in fact a basis for £°°, but only for cg, the subspace of £°° consisting of sequences
that tend to zero.
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Furthermore,
L logn
dig(A) = liminf ————. (3.12)
n—oo —log|a,|
We will use (3.10) and (3.12) immediately to consider some simple exam-
ples. The alternative form of (3.10), (3.11), will be useful later.

Proof First we prove (3.10). Given any € with 0 < € < |a|, let n = n(e) be
the integer such that

la,| > € > |ayq1l.

The set A can be covered by n + 1 e-balls, one centred at the origin and the
other n centred at {«y, ..., a,}. Thus

log N(X, €) -

i logn(e) + 1 . logn
imsup ——— < limsup ——.

dg(A) =1li
B( ) mer e—0 _loglan(e)| T s _10g|an|

es0  —loge
The upper bound in (3.12) follows similarly.
To prove the reverse inequality, for any n large enough that |a,| < 1, let n’
denote the integer n’ > n for which

|an| = |an+l| == |an/| > |an’+l|7

and set €(n) = %(Iay,/| + |ay41]). It follows that any two elements from
{1, ..., ay} are at least |a,/| > 2e(n) apart (in any £7 norm), and hence
N(A,e(n)) >n'.

Since n’ > n, |a,| = |ay|, and |a,/| < 4€(n), it follows that

logn - logn <logN(A,e(n))

—logla,| = —loglay| = —log(4e(n))
and hence that

. logn . log N(A, €(n)) . log N(A, €)
lim sup < limsu < _—

—F < — = < = dg(A).
n—oo 10g lan| n—oo 10g(4€(n)) e—0 - 10g(4€)

Again, the lower bound in (3.12) follows similarly.

We now show that the right-hand sides of (3.10) and (3.11), which we call
dy and d, respectively, are equal. Take d > d,, so that Y -, |a,|? = M. Then
since |ay,| is nonincreasing, this implies that n]a, |? < M for any n, from which
it is easy to see that d; < d, and hence d; < d,. Conversely, if d > d; then for
all n sufficiently large, logn/(—log|a,|) < d, and so |a,| < n~'/“. It follows
that for any d' > d, Y oo lan|¥ < oo. Thus dp < d’ for all d’ > d,, and so
d» < d;. It follows that d; = d. O
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As a simple application of this result, consider the set
H, = {O} U {niaen}ziy

Then

d L logn . 1
s(H,) = limsup = —. (3.13)

n—o00 ozlogn o

More strikingly (since all these examples have zero Hausdorff dimension), the
set

Hlog = {0} U {en/logn}nOO:Z

has
logn

dg(Hiog) = lim sup ———— = +-o0.
n—oo loglogn

By combining these two examples, one can obtain a set with dg(H) = oo but
dig(H) < oo: the idea is to choose the coefficients {a, } such that lans1] < lan|
and there exist sequences n; — 0o such that a,, = 1/n; and m; — oo such
that a,,, = 1/logm;. In more detail, define

e(x) = [e"],
where | x| is the greatest integer < x, and then set

ay =ay =1,
az = 1/(log3),

a4:a5:...:ae(4)= 1/4’
aey+1 = 1/log(e(4) + 1),
Aedy2 =+ = Aeedy) = 1/(e(4) +2),

Qe(eay+1 = 1/ log(e(e(4)) + 1),

etc. Then

N . logn
dg(H) = limsup ——— = oo,
n—>oo T 10g |an|

but

. I
dip(H) = liminf —2"  —
" Zlog [a,
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Exercises
Show that

log M(A,
dB(A) = lim sup Og—(f)
€0 —loge

if M(A, €) denotes:
(1) the minimum number of closed balls of radius € with arbitrary centres
that are required to cover A;
(i1) the largest number of disjoint balls of radius € with centres in A; or
(>iii) for a subset of R”, the number of boxes of the form

[mie, (m + De] x -+ x [myue, (m, + e, mj € Z,

that intersect A (hence the name ‘box-counting dimension’).
Suppose that X is a compact subset of R". Define

ZL"(O0(X,
¢(X) = liminf 2 0X-€)
e—0 loge

where .Z" is n-dimensional Lebesgue measure, and
O(X,¢e)={y e R": dist(y, X) < €}.

Show that dg(X) = n — c(X).
Show that for any compact metric space X with dim(X) < n there exists
a homeomorphism / : X — R?***! such that

dim(X) = dim(h(X)) = du(h(X)) = dip(h(X))
and deduce that
dim(X) = inf{d;g(X’) : X’ is homeomorphic to X}. (3.14)

[Hint: let K, consist of all mappings f € C(X,R**!) such that
dis(f(X)) < n. Show first that for each k € N the set

Kor={f € CX,R*™) . N(f(K),€) < e "/k for some € > 0}

is open, where N, (X, €) is the number of open balls of radius € that covers
X. Then use the characterisation

dig(X) = inf{r : for every n > O there exists an € > 0
such that N,(X, €) < ne™"}

to deduce that K, is open. Finally follow the argument of Theorem 2.12 to
show that K, is also dense and conclude the proof as there.] This result is
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3.5

3.6

3.7

Box-counting dimension

due originally to Pontrjagin & Schnirelmann (1932); the relatively simple
proof outlined here is due to Prosser (1970).

The result of the previous exercise remains true if one replaces the
lower box-counting dimension by the upper box-counting dimension in
(3.14). (Luukkainen (1981) pointed out that the argument of Pontrjagin &
Schnirelmann (1932) can also be used to obtain this result.) Combine this
with Proposition 3.4 to show that dim(X x Y) < dim(X) + dim(Y).

Let (X, ox) and (Y, oy) be metric spaces. For A € X and B C Y show
that dy(A x B) < dy(A) + dg(B).

Unlike the Hausdorff dimension, the box-counting dimension is not sta-
ble under countable unions. To try to rectify this, one can introduce the
modified (upper) box-counting dimension,

(o]
dup(X) = inf {supds(X;): X C Ux} .
i i=1
Note that dy(X) < duyg(X) since dy(X) < dg(X) and the Hausdorff
dimension is stable under countable unions (2.4). Let X be a compact
subset of a Hilbert space H, and suppose that

dg(X NU) = dg(X)

for all open subsets U of H that intersect X. Use the Baire Category
Theorem (Theorem 1.6) to show that dyig(X) = dg(X).
Set

23(X) = sup(D_ |B|* : {B;) are disjoint balls with centres in X}

and define
Zy(X) = }in% Z5(X).
To obtain a measure, define
oo
P5(X) = inf {Z PyX): X C U X; } ,
i i=1

the s-dimensional packing measure. The packing dimension of X is defined
as

dp(X) = inf{s : 2°(X) = 0}.

(The definition is due to Tricot (1980).) Show that dp(X) = dyp(X) (a
result due to Falconer (1990)). (For more on the packing dimension see
Section 5.9 in Mattila (1995), and Howroyd (1996).)
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An embedding theorem for subsets of RY in
terms of the upper box-counting dimension

In this chapter we prove an embedding theorem for subsets of RY in terms
of the upper box-counting dimension: X C R" can be ‘nicely’ embedded into
R¥ for any integer k > 2dg(X). The proof forms a model for those that follow
for subsets of infinite-dimensional spaces (Theorems 6.2, 8.1, and 9.18), and
motivates the definitions of ‘prevalence’ in Chapter 5 and of various ‘thickness
exponents’ in Chapter 7.

The idea is to show that ‘almost every’ linear map L : RY — R* is one-to-
one on X with L~'|,x Holder continuous. As remarked in the Introduction,
since L is linear, L : X — R is one-to-one if and only if Lz = 0 implies that
z=0forz € X — X, where X — X is the ‘difference set’

X—-X={x—y:x,ye X}

Embedding results for linear maps therefore rely essentially on properties
of X — X rather than on properties of X itself. For the upper box-counting
dimension, however, dg(X — X) < 2dg(X). This follows since dg(X x X) <
2dp(X) (Proposition 3.4) and X — X is the image of X x X under the Lipschitz
map (x, y) = x — y; part (iv) of Lemma 3.3 shows that such mappings cannot
raise the box-counting dimension.

If X and Y are Banach spaces, we denote the space of all bounded linear maps
from X into Y by Z(X, Y), and abbreviate Z(X, X) to .Z(X). We can view
any linear map L € Z(R", R¥) as a collection of k linear maps L; : RY — R,
so that

Lx = (Lix, Lyx, ..., Lix);

and each L; is equivalent to taking the inner product with some /; € R"; we
write l;‘ for the linear map from R" into R given by x > (/;, x).
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—a(z/|z[) \

’\ A e/l

Figure 4.1 The shaded region indicates those / € By with e + (I - x)| < €.

We will consider a restricted set E of linear maps, namely those of the form
E = {(l*,,l;:/) lj S BN},

where By = By(0, 1) is the unit ball in RV. Note that any L € E has norm at
most \/N .

Identifying E with (By)¥, we define a probability measure 1 on E to be that
induced by choosing each /; according to the uniform probability measure A on
By (X is the Lebesgue measure .2V normalised by Qy), i.e. 1 is the product
measure ®’;=1A on (By)~.

The following estimate lies at the heart of the proof of the embedding
theorem of this chapter (Theorem 4.3).

Lemma4.1 Forany o € R* and x e RV,

k
WL €E: |a+ Lx| <€) < N2 (%) , 4.1)

where c is an absolute constant.

Proof Leta = (oy,...,a;). Then

u{LeE: |a+Lx|<e€} < mw{L € E: |aj+ L;x| <¢€}

MleBy: laj+(1-x)| <e€},

k
Jj=l
k
j=1
using the product structure of 1. Now,

Qy_, [mina/bxe/lxl.D
Qy /

MleBy: la+(U-x)| <e€}= (1 — r2)=D/2 qp.

max(—a/|x|—€/|x|,—1)

see Figure 4.1.
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Since the integrand is bounded by 1 and the range of integration is no larger
than 2¢/|x]|,

QN71 2¢e

MleBy: la+(-x)|<e}=< :
Qy  |x]

Since Q, = n"/?/T'(n/2 + 1) and

2 z B
r@ == (g) (1+0G™)

(Stirling’s Formula) one can deduce that

Ml €By: la+(-x)|<e)< c’Nl/Z%, 4.2)

and the inequality (4.1) now follows. [l
The other key element of the proof is the Borel-Cantelli Lemma.

Lemma 4.2 (Borel-Cantelli Lemma)  Let u be a probability measure on E,
and suppose that {Qj}j?ozl are subsets of E such that Zj’ozl u(Q;) < oo. Then
w-almost every element x of E lies in only finitely many of the Q , i.e. for each
such x there exists a j, € Nsuchthatx ¢ Q;j forall j > j,.

Proof Consider
2= mr(:ozl U?in Qj'

Then 2 consists precisely of those x € E for which x € Q; for infinitely many
values of j. Now, for any n we must have u(2) < M(U‘J’.‘;n 0;) =< Z;’in n(Q@ ).
Since Z;’il w(Q;) < oo, it follows that Zj‘;n w(Q;)— 0 as n — oo, and
hence w(2) = 0. [l

We now put these ingredients together. Note that the following theorem only
has any content if dg(X) < (N — 1)/2.

Theorem 4.3  Let X be a compact subset of RN, If k > 2dg(X) then given
any o with

2d
O<a<l——

k

and any linear map Lo € LR, R¥), for w-almost every linear map L € E
there exists a C = Cy, such that L' = Lo + L satisfies

lx —y| < C|L'x — L'y|* for all x,y €X; (4.3)

in particular, L' is one-to-one on X with a Hélder continuous inverse.
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With Ly = 0 the theorem says that p-almost every L’ € E satisfies (4.3); but
the slight strengthening here is the key idea in the notion of ‘prevalence’ which
is defined in the next chapter and allows for similar results when X is a subset
of an infinite-dimensional space (Theorem 8.1). We prove a generalised version
of this theorem for subsets of R" using a wider class of mappings from R"
into R¥ (but without the Holder continuity of the inverse) in Lemma 14.4. The
proof of the result in this form is due to Hunt & Kaloshin (1999), but earlier
results along these lines, using density instead of prevalence, can be found in
Ben-Artzi et al. (1993) and Eden et al. (1994).

Proof Take a fixed Ly e LRV ,RF). We try to bound the measure of
linear maps L that are ‘bad’, i.e. do not satisfy |(Lo+ L)z| > |z|'/*
some z € X — X. To do this, we consider a collection of subproblems on
a family of subsets Z, of X — X that are bounded away from the origin:
define

for

Z,={ze X—-X:|z| =27"}
and set
0,={L € E: |(Lo+ L)z| <27 for some z € Z,}.

This Q, is essentially the set of ‘bad’ linear maps for which (4.3) (with C = 1)
does not hold for some (x, y) with |[x — y| > 27",

We now use the fact that dg (X — X) < 2dg(X). Choose and fix d > dg(X);
then Z, C X — X can be covered by a collection of no more than N := 224/«
balls of radius 277/¢, {B(z;, 27"/%)}, whose centres zj liein Z,.

LetY; = Z, N B(z;, 27"/%) Now note that if

(Lo + L)z, > 27%(1 + 2vk + 2|| Lol))
then
I(L + Lo)z| > 27"/% forevery z € Y;.

Define M := 1+ 2k + 2||Lo||. It follows that if |(Lo 4+ L)z| < 27"/®, then
Lo + L must map z; close to the origin,

(Lo + L)z;| <27"/*M.

See Figure 4.2.
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2771/04

>

2771/04 M

(Lo+ L)Y

Figure 4.2 If (Lo + L)z;| > 27"/*M then |(Lo + L)z| > 27"/* forevery z € Y.

Since |z;| = 27", it follows using (4.1) that

p{L € E : |(Ly+ L)z| <27/ for some z € Z, N B(z;,27"/*)}
<w{L € E: |(Lo+ L)z;| <27"*M)
=pu{L € E : |(Lozj) + Lz;] <27"*M}

2—11/01M k , 2—n/a k
= CM( |z;1 > = CN‘k‘LU( 2= )
J

_ k(1—(1/a))
=Cp 12" /o),

Thus the total measure of Q,, i.e. those maps for which things fail for some
z € Z,, is bounded by

l’L(Qn) S 22nd/ot . C;\/’k,LDznk(l_(l/a)) — C;\/,k![‘o . 2[/(—(/(—2(1)/01]}1.

0 a the Borel-Cantelli Lemma emma 4. we require that
To apply the Borel-C i L (L 4.2) qui h
Y2 u(Qy) < 00, and this is ensured if

(k — 2d)
- <
o

k 0.

This means that we must take k > 2d, and then o < 1 — (2d/k) as in the
statement of the theorem. Thus p-almost every L lies in only a finite number
of the Q;: for such an L, there exists a j; such that L ¢ Q; forall j > j;,i.e.

2l =277 = |[(Lo+L)|>27% forall j>j.
Then, if X — X C B(0, R), for |z| > 27/

|Z|1/Dt’

i/a 2—iL/a
(Lo Lyel 2 270 = =
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while if 2U+D < |z] < 27/ with j > j; then
(Lo + L)z| > 27U+D/e > p=l/ajy /e

from which it follows that

2—iL/a
(Lo + L)z| = max [2—‘/"‘, W] 21,

which implies (4.3). O

In order to prove a similar result for a subset of an infinite-dimensional
Hilbert space H (in fact we will also cover the case of a general Banach space)
there are a number of ingredients that we need to adapt.

Firstly, we require a notion of what might be meant by ‘almost every’ linear
map from H into R¥. This is provided by the concept of ‘prevalence’, discussed
in the next chapter; essentially we have to find an analogue of the distinguished
space E of linear maps, and define an appropriate probability measure yon E. A
set S of linear maps is then prevalent if for every Ly € .Z(H,R¥), Lo+ L € §
for p-almost every L € E.

Secondly, given a suitable space E and measure u, we will require a version
of the key inequality (4.1),

k
€
p{L € E: |a+ Lx| <€} < cN? <|—|> : 4.4)
X
that holds in this more general setting. In a Hilbert space H we can construct
the space E based on a sequence V; of finite-dimensional subspaces of H, in
such a way that the estimate

k
WL € E: Joa+Lx| < e} < c(dim V)2 [ —— (4.5)
| P;xl

holds, where P; is the orthogonal projection onto V;. We provide this, and
an equivalent result in Banach spaces, once we have introduced the notion of
prevalence in the following chapter.

Finally, inequality (4.4) was used in the proof of the theorem above with
€ ~27"% and |x| > 27". To be able to make use of a similar argument using
(4.5), when | x|| = 27" we would like (ideally) to have || P;x|| > ¢27". This
is possible if X lies sufficiently close (within 27"/3, say) to the space V;.
Since the dimension of V; occurs in (4.5), we will require some control over
how dim V; grows as dist(X, V;) decreases. This is provided by the thickness
exponent (and variants), which are discussed in Chapter 7.



5

Prevalence, probe spaces, and
a crucial inequality

The term ‘prevalence’ was coined by Hunt et al. (1992), for a generalisation of
the notion of ‘almost every’ that is appropriate for infinite-dimensional spaces.
Essentially the same definition was used earlier by Christensen (1973), although
for him a set was prevalent if its complement was a Haar null set; we adopt here
the more recent and more descriptive terminology. A nice review of the theory
of prevalence is given by Ott & Yorke (2005). We only develop the theory here
as far as we will need it in what follows; more details can be found in the above
papers and in Benyamini & Lindenstrauss (2000, Chapter 6).

Once we have introduced prevalence, we show how the idea can be adapted to
treat certain classes of linear maps from infinite-dimensional spaces into finite-
dimensional Euclidean spaces (Section 5.2), and then prove a generalisation of
the inequality (4.1) that is a key element of the subsequent embedding proofs.

5.1 Prevalence

Let V be a normed linear space. First we define what it means for a subset
of V to be ‘shy’, the equivalent in this setting of ‘having measure zero’; the
complement of a shy set is said to be ‘prevalent’.

Definition 5.1 A Borelset S C V is shy if there exists a compactly supported
probability measure! 1 on V such that

wlS+v)y=0 forevery veV. 5.1)

More generally, a set is shy if it is contained in a shy Borel set.

! Hunt et al. (1992) in fact make what initially appears to be a weaker definition: there need only
exist some measure p such that 0 < u(U) < oo for some compact set U, for which (5.1) holds.
They then, however, make the observation that given such a measure one can always take instead
an appropriately weighted restriction of @ to U to obtain a compactly supported probability
measure for which (5.1) still holds.

47
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It is easy to show that in R” a set is shy if and only if it has measure zero.

Lemma 5.2 If S C R" then S is shy if and only if its Lebesgue measure is
zero.

Proof Since subsets of Borel sets with Lebesgue measure zero also have
Lebesgue measure zero, and the same is true of ‘shyness’, we need only consider
Borel sets. If a Borel set S has Lebesgue measure zero then one can take u to
be Lebesgue measure on the unit ball in R” (weighted by the inverse of the
volume of the ball), and clearly u(S + v) = 0 for every v € R”.

Conversely, let S be a Borel set and suppose that there exists a compactly
supported probability measure p such that (5.1) holds for every v € R"; let v
be Lebesgue measure. Then by the Tonelli Theorem

0= / (S — y)dv(y) = / V(S —x)du(x) = v(S)r@") = v(9),

and so S has Lebesgue measure zero. (]

A set is prevalent if its complement is shy. For a more intuitive version of
the definition of prevalence, one can think of £ = supp(u) as a ‘probe space’
of allowable perturbations: then S is prevalent if for every v e V,v+e € S
for p-almost every e € E.

In this form it is clear that if S is prevalent then S is dense: given any € > 0,
since E is compact it can be covered by a finite number of balls of radius €.
At least one of these balls, B(x, €), has positive p-measure. So for any v € V,
v+ B(0, €) = v — x 4+ B(x, €) contains a point of S.

We now show that the union of a finite number of shy sets is shy; this requires
some proof since each set may be ‘shy’ with respect to a different measure.

Lemma 5.3 The union of a finite number of shy sets is shy.

Proof We show that the union of two shy sets is shy, and the result then
follows by induction. To this end, given two shy sets S” and 7”, find shy Borel
sets S and T that contain them, with corresponding probability measures ©
and v.

Let 1 x v be the product measure on V x V, and for a Borel set S C V
define

Sy ={x,y)eVxV:x+yeS}
Then Sy, is a Borel subset of V x V, and we define

poxv(8) = (1 X v)(Sx).
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Since
J(S) = f H(S — y)dv(y) = / o(S — x) du(x),
14 |4
it follows that

uxV([SUT]+v) < pxv(S+v)+ pu*v(T)

=/M(S+v—y)dV(y)+/V(T—x)du(x)=0
14 14

forall v € V,and so S U T is shy. O

Corollary 5.4  The intersection of a finite number of prevalent sets is preva-
lent.

With a little more work one can show that the countable union of shy sets is
shy, and so the countable intersection of prevalent sets is prevalent. We will not
require this (potentially powerful) result in what follows; a proof can be found
in Hunt et al. (1992, Fact 3”), Ott & Yorke (2005, Axiom 3), or Benyamini &
Lindenstrauss (2000, Proposition 6.3).

5.2 Measures based on sequences of linear subspaces

In the theorems that follow that give embeddings of finite-dimensional subsets
of infinite-dimensional spaces into Euclidean spaces, the construction of an
appropriate probe space E and the associated measure u, tailored to the set
(and to the particular definition of dimension being considered) is critical.
While the exact choice will vary, all the constructions we will use fit into the
following general framework, which gives a compactly supported probability
measure on the space .2 (%, R¥) of all bounded linear maps from some Banach
space Z into R¥. The basic construction, along with the proof of Lemma 5.6
and the key ideas behind the proof of Lemma 5.9, is due to Hunt & Kaloshin
(1999).

In the case of a Hilbert space the construction is slightly more straightfor-
ward, and obtaining bounds on the measure of linear maps in E that map a
given x close to the origin is elementary (essentially we have already made the
required estimates in Lemma 4.1). We treat this case first, before considering
the construction in Banach spaces.
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5.2.1 The probe set and its measure in a Hilbert space

Let H be a real Hilbert space, and ¥ = {V;}72, a sequence of finite-
dimensional linear subspaces of H. Denote by d; the dimension of V;, and
let S; be the unit ball in V;; using an orthonormal basis for V; we can identify
S; with By, the unit ball in R% .

Given any [ € H, we denote by [* the element of H* (the dual of H) given
by I*(x) = (I, x). For a fixed y > 0 define the probe space E, (¥") (we will call
this space E for short) as the collection of all maps L : H — R* given by

E, (V)= {L =1, ....00): I, = (Zi—wm) . ui€ Si}.
i=1

Clearly E = EX. where

Eo= {(Zi‘%) X2 esi}.
i=1

The factor i ™7 in the expression for /, is there to ensure convergence of the
sum. In general, we need y > 1 (and convergence then follows using the
triangle inequality), but in the particular case that the spaces V; are orthogonal
it suffices to take y > 1/2 (we will only make use of this observation in the
proof of Theorem 9.18, an embedding result involving the Assouad dimension).
It is straightforward to show that E is compact (see Exercise 5.2).

To define a measure on E, we first define a probability measure A; on each
S; by identifying S; with B,,, and using the uniform probability measure on
Bg.. Then each ¢, ; is chosen at random and independently using the measure
A; on S;. To formalise this, we consider the product space

00 k
E=E:= (]_[Si) :
i=I

and define a measure p on E to be that obtained from & copies of the product
measure

o0
o = ® Ai
i=1

defined on [E; (so that Mlé is defined on E).
Our aim, given f € .Z(H,R*) and x € H, is to find a bound on

p{LeE: |(f+L)x)|<e}
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We have essentially already obtained the following simplified version of
this estimate (from which the bound we require follows fairly easily) in
Lemma 4.1.

Lemma 5.5 Ifa € Randx € H then

rifpeS;: la+ (¢, x)| <e} < cdj” <||Pfx||> , (5.2)
J

where P; is the orthogonal projection onto V;, and c is a constant which does
not depend on « or j.

Proof We identify V; with R% and S j with By, in the obvious way. Noting
that for v € S; we have (v, x) = (v, P;x), the estimate follows immediately
from (4.2). O

Given the result of the previous lemma, the following key estimate is rela-
tively straightforward.

Lemma 5.6 Ifx € Hand f € £ (H,RX) then for every j,

k
WMLeE: (L+ ) <e)<e ( 74! ”;x") L (53)
J

where ¢ is a constant independent of j and f, and P; is the orthogonal
projection onto V.

Proof We wish to bound

w{L € E: |(f + L)(x)| < €}
<u{L=U,....[.) e E: |(fy +1,)x)| <eforeachn =1,...,k}

k
= ]‘[Mo{z € Ey: |(fu +D(x)| < €}

n=1

So we take an f, € H* and consider

[(X) “{«pl * €y ]fo(x>+Zz V(¢,,x)\<e}

[@A } (@121 € Bo s |[ o0+ 307 @0 0] + 57950 < e
i)

Lemma 5.5 shows that for « = fy(x) + Zlo:é]

AifpeS;: la+ 7@, x)| <€}

i77(¢;, x) fixed, the bound on
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is independent of . It follows from the product structure of the measure ®32 A
that

poll € Eo = |(fu + D) <€} <A{p € S0 1j77 (@, 0)] <€},
and the inequality (5.3) now follows from the estimate (5.2). ]

In the proof of Theorem 9.18 we will require a more refined result. We
specialise to the case in which the {V;} are mutually orthogonal, and dim(V;) <
d for every j. Rather than using S;, the unit ball in V;, in our construction of
E, we instead use a ‘unit cube’ C;, where

Ci=fueV: el <3 i=1...,j}

with {e_,-,i};i;l an orthonormal basis for V;. The measure on C; is now induced
by Lebesgue measure on Iy, := [—%, %]df. Since any element of C; has norm
bounded by +/d, we can use the orthogonality of the {V;}toallow any y > 1/2
in the definition of E.

We will require the following result of Ball (1986) about the volume of
(d — 1)-dimensional slices through the unit cube in R¢. The key point is that
the upper bound (which is sharp) does not depend on the dimension d. (Hensley

(1979) proved a similar result but with the upper bound 5.)

Theorem 5.7 Let I; = [—%, %]d be the unit ball in RY, and let S be a codi-
mension 1 subspace in R with unit normal a. Then for any r € R

LN (S +ra)n 1) < V2.
Given this, we can prove the following bound.
Lemma 5.8 In the situation described above, given any x € H and any

f e L(H,R"), for any j

k
WLeE: [(L+ )l <e}<c (ﬂd'/z L) .54
[ITTx]]
where ¢ is a constant independent of j and f, and I1; is the orthogonal
projectiononto Vi@V, & --- @ V.

Proof Arguing as in the proof of Lemma 5.6, the left-hand side of (5.4) is
bounded by

®)\j {(P1,....00) € HC]' : ‘Zj_ytb;‘f(l'[jx) < €).
J=1 j=1

J=1
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As in Lemma 5.3, the estimate now depends on an entirely finite-dimensional
problem. Indeed, each V; >~ R%, and C; (the ‘unit cube’ in V;) is isomorphic

to Iy;. Set D = Z;f:l d;. The vector (Pix, ..., P,x) corresponds to a vector
a=(ai,...,a,) € RP;if we set
a =(a;,2 %, ,n"%a,) and a=ad/la|

and let i denote the uniform probability measure on I (i.e. Lebesgue measure),
the problem is to bound, for any y € R,

/ 1 .
pix e lp: |y+(x~a)|§€}=mu{x€h)i ly +(x-a)l < €}

n
Sgu{xelo: ly + (x - a)| < €},

where @ = a’/|a’|. The result is now a consequence of Theorem 5.7, since
ulx € Ip: |y +(x-a)| < €} <2€l(Sa — ya) N Ip| < 26v2,

where S; is the hyperplane through the origin with normal 4. Il

5.2.2 The probe set and its measure in a Banach space

Kakutani (1939) showed that if there is an linear isometry from the dual of
each finite-dimensional subspace of % onto some linear subspace of %*, then
2% must be a Hilbert space. This means that we cannot extend directly the
construction of the previous section — where we associated elements of S; to
elements of H* via the Riesz mapping x — (x, -) — to the Banach space case.
In order to circumvent this problem, we can use a similar construction, but one
that begins with a sequence of subspaces of Z* rather than of 2.

Solet ¥ = {V;}32, be a sequence of finite-dimensional linear subspaces of
%*, let d; denote the dimension of V;, and let S; be the unit ball in V;. For
a fixed y > 0 define the probe space E, (7)) to be the collection of all maps
L : # — RF given by

[o.¢]
E,(/)={L=Li....L): Ly =Y j7$uj. ¢u;€S;
j=1

To define a measure on E, first choose a basis for V;, so that by means of
the coordinate representation with respect to this basis one can identify S
with a symmetric convex set U; C R% (recall that dim V; =d;). The uni-
form probability measure on U; (Lebesgue measure normalised by the vol-
ume of U;) induces the probability measure A; on S;; we now proceed as
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before, choosing each ¢, ; independently and at random according to the
measure A ;.

Of course, one could just as well define the probe space this way in the
Hilbert space setting; in terms of the construction outlined in Section 5.2.1, the
subspaces V; of H are simply replaced by the subspaces V* obtained by the
isometry x > (x, -); the unit ball §; in V; corresponds to the unit ball in Vj*
under the same mapping, and U; = By, (0, 1).

The proof of the Banach space version of Lemma 5.5 is significantly more
involved than that for the Hilbert space case.

Lemma5.9 [fa € Randx € A then

Milp €S la+ o) <€) <d; (@) , (5.5)
forany g € §;.

Proof Write p for the left-hand side of (5.5). If g(x) = O then the inequality
is trivially true. So assume that g(x) # 0, and let P be the subspace of %* that
annihilates x.

If & is any other element of S; with A(x) # O then since

[g(x)h — h(x)gl(x) = 0,

it follows that g(x)h = h(x)g + p forsome p € P.One can therefore write any
elementof S; in the form p + rg forsome p € P andr € R. That this expansion
is unique can be seen easily by applying both sides of p; +rig = p» + r2g
to x.

Now, p is bounded above by the probability that ¢ € §; lies between

(—L— < ) +P  and (—LJF < ) Iy
g g/ g gl )8

If P is represented by the hyperplane IT in R%, and g by the vector y, then
by definition this is the fraction of the measure of U; that lies between

(=B —€lg@)I™Hy + T and (=B +€lg()| Dy +11.
Now consider the intersections of U; with translates of IT: for s € R set
U;N(IT+sy) =K. (5.6)

It follows from the Brunn—Minkowski Inequality (see Exercise 5.3) that
ZL4-1(K,) attains its maximal value A when s = 0, i.e. on the ‘slice’ through
the origin.
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Figure 5.1 The hatched area, between K, = K_gi(/p and K_ =
K _g_(¢/)¢(x)) indicates those elements of U; corresponding to some ¢ € §; for
which |o + ¢(x)| < €. The dark line represents K, the ‘slice’ with maximal
(dj — 1)-volume A. The lightly shaded cone provides a lower bound on the mea-
sure of U;.

If 6 denotes the (smallest) angle that y makes with IT then

di (1] . 2_6 i
oy = 25

Since U; is convex it contains the cone with base Ko = U; N IT and vertex y,
along with its mirror image (i.e. the cone with base K and vertex —y). Thus

Py > Al
J
and so
€
= <|g<x>|) G
and (5.5) follows. See Figure 5.1. |

Note that one cannot improve significantly on the argument leading to (5.7),
since the ‘double cone’

U= {(xl, e X)) | e XD S T = xgl, [xe] S 1}

is a convex symmetric subset of R” whose volume is €2,_;/n, and hence the
ratio of the largest (n — 1)-dimensional ‘slice’ through the origin (£2,,—;) to the
volume is precisely n.

We now follow the argument of Lemma 5.6, using the estimate (5.5), to
obtain the Banach-space version of (5.3).
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Lemma5.10 Ifx € Band f € L (B, R¥) then for every j € N

k
pMLEeE: |(f+L))| <e} < <jyd,~ |gfx)|) (5.8)

forany g € §j.

Exercises

5.1 Show that fol f(x)dx # 0 for a prevalent set of functions in f € L'(0, 1).

5.2 Show that E, (?) is a compact subset of .Z°(H, R5).

5.3 The Brunn—Minkowski Inequality (see Gardner (2002), for example) says
that if L and M are two convex subsets of R” then

LA =L + M)V > (1 = LDV + .27 (M)

for ¢ € [0, 1]. Use this to show that the map s — L%~ 1K)/~ is
concave, where K is defined in (5.6), and deduce that %~ !(K,) attains
its maximal value when s = 0.



6
Embedding sets with dg(X — X) finite

We now give the first application of the constructions of the previous chapter
to prove a ‘prevalent’ version of a result first due to Maiié (1981). He showed
that if X is a subset of a Banach space & and dy(X — X) < k, then a residual
subset of the space of projections onto any subspace of dimension at least k are
injective on X.

We show here that in general no linear embedding into any R is possible
if we only assume that di(X) is finite (Section 6.1). If we want an embedding
theorem for such sets, we must fall back on Theorem 1.12 which guarantees
the existence of generic embeddings of sets with finite covering dimension (we
can apply this result since dim(X) < dy(X) by Theorem 2.11).

While we prove in Theorem 6.2 the existence of a prevalent set of linear
embeddings into R¥ when dy(X — X) < k, we will see that even with this
assumption one cannot guarantee any particular degree of continuity for the
inverse of the linear mapping that provides the embedding (Section 6.3).

In this chapter and those that follow, we will often wish to show that certain
embedding results are sharp, in the sense that the information we obtain on
the modulus of continuity for the inverse of the embedding map cannot be
improved. In this context, the following decomposition lemma, which allows
us to reduce the analysis of general linear maps to the analysis of orthogonal
projections, is extremely useful.

Lemma 6.1 Let H be a Hilbert space and suppose that L : H — R¥ is a
linear map with L(H) = R, Then U = (ker L) has dimension k, and L can
be decomposed uniquely as M P, where P is the orthogonal projection onto U
and M : U — R¥ is an invertible linear map.

Proof LetU = (ker L)* and suppose that there exist m > k linearly indepen-
dent elements {x;}_, of U for which Lx; 7 0. Then {Lx;}"_, are elements of
R¥; since m > k at least one of the {Lx} can be written as a linear combination
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of the others:

Lx,- = Z Cj(L.Xj).
J#
It follows that

L(x,- — chx]) =0,

J#i
and hence

x; — Y _c;x; € ker L N (ker L)* = {0}.
J#

Thus x; = ) j=i ¢jx; and the {x;}7_, are not linearly independent, which
contradicts the definition of U.

Let P denote the orthogonal projection onto U, and M the restriction of
L to U. Take x € H, and decompose x = u + v, where u € U and v € ker L.
Note that this decomposition is unique. Clearly Lx = Lu = Mu = M(Px). It
remains to show that M is invertible. This is clear since dim U = dimRF = k
and M is linear. g

We state a Banach space version of this result in Lemma 8.2.

6.1 No linear embedding is possible when dy(X) is finite

It is not possible to prove a result guaranteeing the existence of injective linear
maps (or projections) for sets with finite Hausdorff dimension. Kan (in the
appendix to the paper of Sauer ef al. (1991)) gave the following construction
of a compact subset K, of R such that no proper projection of R™ is injective
on K,,. Once such a set K,, is constructed, we will follow Ben-Artzi et al.
(1993) to find a subset K of an infinite-dimensional Hilbert space that has zero
Hausdorff dimension but for which no linear map into any finite-dimensional
Euclidean space can be injective.

For each m, the set K,, is formed by the union of two sets A and B, with the
property that the images of A and B under any proper projection of R” must

intersect.
First, let C be the Cantor set formed of all x whose binary expansion
x =x'x2x3... has x/ =0 for every | € (Mg, Mg41], or x! =1 for every
I € (Myy, Mpi+1], where the sequence M is chosen so that
M,
O0=My<M <M, <--- and kH——i—
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(e.g. My = 0and M; = 2€ for k > 1). The set C can be covered by 2'* intervals
of length 2~M2+1 | where

k
rn=k+ Z(sz —szfl) =k+ My — 1.

J=1

The set A is given as the union of m sets A ;, each lying on a face of the unit
m-cube. A; consists of points a = (ay, ..., a,) witha; =0 and a; for i # j
an element of the Cantor set C constructed above.

Since for i # j, the one-dimensional orthogonal projection of A; onto the
ith coordinate axis is precisely C, it follows that A ; can be covered by 20"~
cubes whose edges have length 2=M2+1 Tt is easy to see that for any s > 0,

2(’”71)”k[2*M2k+]]3 -0

m

as k — o0, and hence du(A;) = 0. Since A is a finite union of the {A;}7"_,,

dy(A) = 0.

We let B be the union of sets B;, where b = (by, ..., b,,) € B;ifb; = 1and
the other components lie in C (b; € C for i # j); the argument above shows
that dy(B) = 0, and so K,, = A U B also has Hausdorff dimension zero.

Now let P be a projection (not necessarily orthogonal) of rank strictly less
than m. Choose v = (vy, ..., v,) € ker P with |v;| < 1foralli and v; = 1 for
some index j € {1,...,m}. We show thatv =b —a withb € B; anda € A;:
it will then follow that

0= Pv=Pb— Pa = Pb = Pa,
and so P is not injective. We take for all k > 0

(lf =0 and bf = U! l e (Mzk, M2k+1],

1

al=@+1) mod2 and bl=1 e (Mysi, Myial.

Clearlya € Aj,b e Bj,andv =b —a.

Given an infinite-dimensional Hilbert space H, take a countable orthonormal
set {e;}72, and let K ,, be the subset of H obtained from K, by identifying the
coordinate axes of R™ with {e;}_;. Set

o0
K ={yulJ2™k,,
m=1

Then K is a compact subset of H with dy(K) = 0.
Now suppose that L is a linear map such that L : H — RF is injective on
K. This provides a linear mapping from R” into IR¥ that is injective on K,,,, and
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using the decomposition lemma (Lemma 6.1) this yields a rank k projection in
R™ that is injective on K,,, a contradiction.

In the light of the result of Theorem 6.2, the set K has dy(K) = 0 but
dy(K — K) = o0.

6.2 Embedding sets with dy(X — X) finite

We now prove that linear embeddings do exist when dy(X — X) is finite.
Mainé showed that under this condition a generic set of projections onto any
subspace of Z of dimension greater than dy(X — X) are one-to-one. The result
here provides a version of his result in terms of prevalence, and replaces such
projections by linear maps into R¥. Given that we have already set up the
machinery of prevalence and proved the inequality (5.8), the proof here is
much simpler than Mafé’s.

Theorem 6.2  Let X be a compact subset of a real Banach space 9 such that
du(X — X) < k, where k is a positive integer. Then a prevalent set of linear
maps L : B8 — R* are one-to-one between X and its image.

We use the notation || - ||, to denote the norm in %*.

Proof Let V, be a sequence of linear subspaces of %* defined as follows. For
each n, cover the set

Z,={zeX—-X: |zl =27"}

using a collection of balls of radius 2~"*! whose centres z; lie in Z,. Since
Z, is compact, there are a finite number of these balls.

Now, using the Hahn—Banach Theorem, there exists a corresponding set ;
of elements of * such that ¥;(z;) = |Iz;|| and ||y ]|+ = 1. Observe that for
any z € Z,, there exists a j such that z € B(z;, 2~ "*D), and hence

V@1 = 1Y@ = 2) + ¥l = Dlzjll = llz = 21l = 270

Let V,, be the subspace of %" spanned by the {;}, and write d,, = dim(V},).
Let 7 = {V,}>2, and forany y > llet E = E, () and let y be the associated
probability measure as defined in Section 5.2.

Now take f € Z(A, R¥), and let M be a Lipschitz constant valid for all
{f+L: LeE} Let

0,={Le€E: (f+L)z)=0forsomeze Z,}
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be the set of all linear maps in E for which f + L fails to be injective for some
pair x, y € X with ||x — y|| > 27".

We will now show that ) >~ 1(Q,) = 0.

Choose é > 0, and for each n (which is taken to be fixed for this portion of
the argument) cover Z, with a collection of balls B(z;, €;) such that

Sk <27 (ka2 6.1)

J

which is possible since dy(Z,) < dy(X — X) < k (see Lemma 2.7).
LetY; = Z, N B(zj, €;) and take zo € Y;. Then

I(f + L)zo)| > 2Me; = [(f + L)) >0

for all z € Y;. The measure of
0,j={Le€E: (f+L)z) =0forsomez € Y}
is therefore bounded by the measure of
Ouj ={L € E: |(f + L)z0)| < 2Me).

Now, since zg € Z,, by construction there exists a ¢ € V, with |||, = 1
such that [1/(zo)| > 2~"*D, and Lemma 5.10 implies that

1(Qnj) < c(dyn®2Me; 1 (z0)| 71,
whence
1(Qnj) < c(4M) din® 2" el
Using (6.1) this implies that

Q) < Y Q) < c(AM)27"5. (6.2)

J

Now,

Uz, =x-x\(0}
n=1
and so

[e.¢]
U O,={LeE: (f+ L)z) =0 for some nonzero z € X — X}
n=1
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is the set ‘Ep,q’ of all L € E such that f + L is not injective on X. It follows
from (6.2) that

W(Epa) < Y 1(Qn) < c(4M)s.

n=1

Since § > 0 is arbitrary, p(Epy) = 0 and the theorem is proved. O

6.3 No modulus of continuity is possible for L~!

We now use a particular choice of orthogonal sequence in a Hilbert space (cf.
Section 3.4) to show that dg(X — X) < oo is not sufficient to guarantee any
specified functional form of the modulus of continuity of Z~!. The argument
is based on that of Ben-Artzi et al. (1993), who considered a similar question
in the context of the upper box-counting dimension (see Section 8.2).

The following lemma is the key to this analysis (we will prove a more
general version of this result later in Lemma 8.3).

Lemma 6.3 Let P be any orthogonal projection in H, and {e j}?ozl any
orthonormal subset of H. Then

o0

rank P > Y || Pe; %,
j=1

%

with equality guaranteed if {e;}32 is a basis for H.

Proof Suppose that P has rank k. Then there exists an orthonormal basis
{ui,...,ur} for PH, so that for any x € H,

k
Px = Z(x, uj;.
j=1
In particular, Pe; = Zl;:l(ei, u;)uj, so that

k k
IPeill” = (Pei, Per) = (Pej,ei) = Y (ei,uj)uj, e) = Y |(ei,uj).
j=1 j=1
It follows that
o0 ook k oo k
DUUPell> =Y "> e upl> =YY e upl < Y llujl* =k,
i=1 i=1 j=I j=1i=l j=1

with equality if the {e;}$2, form a basis for H. g
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Given any nondecreasing function f : [0, co) — [0, oo) with f(0) = 0, we
will show that there exists a compact set X with dg(X — X) = O such that the
inequality

|Pall > ef(lal)  forall aeX (6.3)

cannot hold for any € > 0 and any finite-rank orthogonal projection P.

The set X will be an orthogonal sequence of the form {a,e,};2, U {0},
where {e,} is an orthonormal set in H. Note that dy(X — X) = 0, since X — X
is countable.

Suppose that (6.3) does hold. Then

[ Pajepll = la;lliPejll = ef(la;l) ~ forall — j=1,...,

ie. |[Pej|l > ef(a;)/a;. Using Lemma 6.3 it follows that

rank(P) > Z | Pe;|? > € Z( (a,)) (6.4)

Now given any choice of f, set ¢, = nf(1/n), let N, be the first integer
greater than or equal to 1/¢,, and define T; = Z£=1 NyiforT; <i < Tjy set
o; = 1/j. This gives an orthogonal sequence X for which the right-hand side
of (6.4) is infinite, and hence no finite-rank orthogonal projection can satisfy
(6.3).

Since 0 € X, X C X — X; so there can be no finite-dimensional projection
P for which

| Pxi — x|l = ef(Ilx1 — x21)) for all X1, X2 € X,

for any value of € > 0. It follows from the decomposition lemma (Lemma 6.1)
that if one can rule out such a modulus of continuity for orthogonal projections,
the same follows for more general finite-rank linear maps.

Note that this argument also shows that one cannot prove a better embedding
theorem than Theorem 6.2 if one strengthens the assumption to one on the
modified box-counting dimension introduced in Exercise 3.6: all the above
examples are countable sets, and so have modified box-counting dimension
ZEero.
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Thickness exponents

Theorem 4.3 gave an embedding result for subsets of R" in terms of their
upper box-counting dimension. As remarked at the end of Chapter 4, if we
want to generalise the argument to subsets of infinite-dimensional spaces, we
encounter a possible problem.

The proof of Theorem 4.3 relied on an application of the inequality

k
u{L € E - |a+ Lx| < €} < cN¥? <|i|> ,
X

with € = ¢27"/% and |x| > 27". In Chapter 6 we proved a generalised version
of this inequality for subsets of a Hilbert space H,

k
WLEE: ja+Lx| <€} <c@m V) (——), @1
| Pjx|l

where P; is the orthogonal projection onto some subspace V; of H used in
the construction of E. If ||x|| > 27/ then we can ensure that || Pjx|| is bounded
below by (a constant multiple of) 27/ if we choose the space V; appropriately.
If

dist(X, V;) <27//3

then, recalling that in the proof x was an element of the set of differences
X — X,1.e.x = x; — xp with x1, x, € X, it follows that

IPjxl = 1P;(x1 = x2)l| = llx1 = xall=llxi = Pyxill =2 = Pjxall = 277/3.

While this gives a lower bound on || P;x|| of the required form, the dimension
of V; occurs in the estimate (7.1). In order to carry the argument through
successfully, we will need some control on how the dimension of V; grows
with j. This is provided by the thickness exponent, (X), introduced by Hunt

64
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& Kaloshin (1999), and discussed in Section 7.1. This exponent can be shown
to be zero when the set X consists of C* functions, see Lemma 13.1.

A related quantity which can be defined for subsets of Hilbert spaces is the
Lipschitz deviation dev(X), covered in Section 7.2. Introduced by Olson &
Robinson (2010) and refined further by Pinto de Moura & Robinson (2010b),
this can replace the thickness exponent in the generalised (infinite-dimensional)
version of Theorem 4.3, and can be shown to be zero for the attractors arising in
the infinite-dimensional dynamical systems generated by a number of canonical
partial differential equations (Section 13.2).

Finally, in Section 7.3 we define a version of the thickness, the ‘dual thick-
ness’ t*(X), appropriate for subsets of Banach spaces. In a Hilbert space
*(X) < dev(X) < 7(X); it is not clear how the thickness and dual thickness
are related for subsets of Banach spaces, but one can prove the useful result
that (X) = 0 implies that t*(X) = 0 (Proposition 7.10).

7.1 The thickness exponent

The ‘thickness exponent’ (or simply ‘thickness’) was introduced by Hunt &
Kaloshin (1999), although a similar idea was used in the paper by Foias &
Olson (1996) without leading to any formal definition.

Definition 7.1 Let X be a subset of a Banach space %. The thickness
exponent of X in &, t(X; %) is given by

logds(X,
0 —loge

where dz(X, €) is the dimension of the smallest linear subspace V of % such
that

distz(X, V) <e,
i.e. every point in X lies within € of V (in the norm of %).

We will usually drop the space % from the notation in what follows, pre-
ferring the simpler d(X, €) and t(X). But note that, as with the box-counting
dimension, the definition depends on the space in which we consider X. We note
here for use later that if %, and %, are two Banach spaces with X C %, C %,,
then

lullez, <clulle, = ©(X;%) < 1(X;%). (71.2)
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As observed by Hunt & Kaloshin, the thickness is always bounded by the
box-counting dimension.

Lemma 7.2  If X is a subset of a Banach space % then 1(X) < dg(X).

Proof Given e > 0, cover X with N(X, €) balls of radius €. Then every point
of X lies within € of the linear subspace V that is spanned by the centres of
these balls. (This is essentially the way that the idea was used by Foias & Olson
(1996).) Since the dimension of V is no greater than N (X, €), this implies that
d(X, €) < N(X, €) and the lemma follows. O

We now show that for the example of an orthogonal sequence in a Hilbert
space (as considered in Lemma 3.5), the thickness is in fact equal to the box-
counting dimension. To show this we will require the following lemma due to
M. Doré (personal communication).

Lemma 7.3 Let X ={vy,...,v,}beanorthogonal setin a Hilbert space H.
Then

d(X,€) > n(l — 2/ M?),
where M = min{||vy ]|, ..., [[val).

Proof 1If d(X, €) = d then there exist v; € H such that |[v] — v;|| < €, and
such that the space spanned by {vj, ..., v,} has dimension d. Let P be the
orthogonal projection onto U, the n-dimensional space spanned by {vy, ..., v,}
and let v/ = Pv;. Since Pv; = v; we still have the inequality ||v] — v;|| < €
and clearly the dimension of the linear span of {v{, ..., v,} is at least that of
the linear span of {v{,..., v}.

Suppose that the linear span of {v{, ..., v} has dimension n — r. We can
write any element of U in terms of the { v;./ } and an orthonormal basis for their

r-dimensional orthogonal complement in U, {uy, ..., u,}. So

ne >Z|Iv”—vlll >ZX}I(UZ,M)I
i=1j
_Zva,u

j=1i=1

=YY

j=1i=1

(uj,

_n)’

2

( /7_

It follows that d(X, €) > n(1 — €2/ M?) as claimed. O
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We now use this to find an expression for t(A) when A is an orthogonal
sequence (the proof follows Pinto de Moura & Robinson (2010a)).

Lemma 74 Let A = {a,e,};2; U{0}, where {ej}fl?il is an orthonormal sub-
set of a Hilbert space H, and a,, — 0 with |a,11| < |a,|. Then

2(A) = lim sup — 28" (1.3)
n—soo —logla,l
Proof Combining the results of Lemmas 3.5 and 7.2 shows that t(A) is
bounded by the right-hand side of (7.3).
The argument leading to the reverse inequality is similar to that used for
Lemma 3.5. Choose n large enough that |a,| < 1, denote by n’ the unique

integer n’ > n such that
|an| = |an+1| == |an’| > |an’+1|7

and set €2 = (|ay|* + |ay+1/*)/4. Since |a, > > 2€2

2

€n 1

—_ > 4
|an’|2 2

and so Lemma 7.3 implies that

2 /
d(A, ) > 1’ (1 - €"|2> .

|an’ 2
Combining this inequality with 2¢,, > |a,/|,n’ > n, and |a,| = |a,/|, we obtain
logd(A, . 1 2 . 1
7(A) > limsup M > lim sup M > lim sup ﬂ. N
n—oo - 10g €n n—00 IOg(2/|an |) n—oo T log |an|

Friz & Robinson (1999) showed that if U is a sufficiently regular bounded
domain in R” and X is a subset of L%(U) that consists of functions that are
uniformly bounded in the Sobolev space H*(U), it follows that (X) < n/s, see
Lemma 13.1. In particular this shows that the attractors of partial differential
equations that are ‘smooth’ (bounded in H* for all s) have thickness exponent
Zero.

7.2 Lipschitz deviation

The m-Lipschitz deviation was introduced by Olson & Robinson (2010) as a
first step towards generalising the thickness exponent. Denote by §,,(X, €) the
smallest dimension of a linear subspace U of H such that

dist(X, Gylo]) < €
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for some m-Lipschitz function ¢ : U — U+,
o) — o)l <mlu—v|  forall  u,velU,

where U+ is the orthogonal complement of U in H and Gy[¢] is the graph of
¢ over U:

Gulpl={u+o¢m): ueU}.

The m-Lipschitz deviation is given by

logé,, (X,
dev,,(X) = limsup og—(e)‘
e—0 - 10g €

The Lipschitz deviation of X (Pinto de Moura & Robinson, 2010b) is
dev(X) = lim dev,(X);
m—0o0

since dev,,(X) is nonincreasing in m the limit clearly exists provided that
dev,,(X) is finite for some m > 0.

Note that dev(X) is bounded above by 7(X), since dev,,(X) < t(X) for
every m > 0 (one can always approximate by the graph of the zero function,
which is m-Lipschitz). We now show, following Pinto de Moura & Robinson
(2010b), that this inequality can be strict.

7.2.1 An example with dev(X) < 7(X).

Let {e j}?‘;l be an orthonormal set in a Hilbert space H, and consider the set
1 1
X = —e1+ —en: n>2: U{0}.
n n

It is relatively easy to show that X is contained in the graph of a 3-Lipschitz
function of the one-dimensional subspace E| spanned by e;: define ¢ on the
discrete set of points {e;/n},cn U {0} by

plei/m=" nz2 and  $O0)=0.
n

On its domain of definition, ¢ is Lipschitz: for m > n,

per/n) — dler/m)| = |2 —
n m
-2 -2 -2 -2
=n“"+m " <n"4+m+1) <m
and
el e 1 1 1 1 1
‘E_E T m| Z_n+1’=n(n+1)’
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and so

(er/n) — pler/m)| <3 (;—1 _al

m

The function ¢ can be extended to a 3-Lipschitz function defined on the whole
of E; (see Wells & Williams (1975), for example). It follows that devs(X) = 0,
and so dev(X) = 0.

We now show that 7(X) > 1, following the argument used above to prove
Lemma 7.4. Forn > 1 set

€| ntl
an = —29
n+1 @m+1)
note that [|a, || > |la,.1] andlim,, . ||la,|| = 0.Let X = {ay, aa, .. .}. Set 63 =
(lan > + llans111?)/4. Since ||aj||2 > llanl*> > 265 for j =1,...,n, it follows

from the above lemma that

2
d(Xv En)zd({als---van}ven)zn<l_ En”z) Z

@,

S

Since (n + )™ < |lay|| < 2€,,

logd(X, . 1 2
n—oo  —loge, n—oo log2(n+1)

7.3 Dual thickness

The definition of the Lipschitz deviation requires a splitting of the space into
a finite-dimensional subspace U and its orthogonal complement. In a Banach
space it is not obvious how to perform such a splitting. Instead we define yet
another new quantity, the ‘dual thickness’. We will see that in a Hilbert space
this is bounded by the Lipschitz deviation, so in this setting offers a further
refinement of the thickness exponent.

The definition is based on the construction used in the proof of Theorem
6.2, and encodes precisely the property of ‘approximation’ that is needed in the
argument used to prove the embedding theorem that follows in the next chapter
(Theorem 8.1).

Definition 7.5 Given 6 > 0, let ny(X, €) denote the lowest dimension of any
linear subspace V of %* such that for any x, y € X with ||[x — y|| > € there
exists an element i € V such that |||, = 1 and

Y — ) = e
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Set

lo X, €
7, (X) = limsup m
€0 —loge

and define the dual thickness t*(X) by
*(X) = lim 19(X).
6—0
It is also useful to introduce the following more straightforward definition.

Definition 7.6 Given 6 > 0, let m,(X, €) denote the lowest dimension of any
linear subspace V of %* such that for any x, y € X with ||x — y|| > € there
exists an element ¥ € V such that |||, = 1 and

[V (x — )| = ae.

Define

. . logmy(X, €)
o, (X) = limsup ——.
e—0 - 10g €

It would now be natural to define o *(X) = lim,_.¢ o (X); this gives another
possible definition of a ‘dual thickness’, but with the more tortuous definition of
T* (which is never larger than o*, see below) we can still prove an embedding
theorem, and more importantly we can show that zero thickness (in the sense of
Hunt & Kaloshin’s definition) implies zero dual thickness (Proposition 7.10);
this does not seem to be possible using o *.

The following lemma shows that o, (X) provides an upper bound for 7*(X)
for any @ > 0.

Lemma 7.7 If X is a compact subset of a Banach space % then t*(X) <
o, (X) for any a > 0.

Proof 1If V is an n-dimensional subspace of %* such that for all x,y € X
with ||x — y|| > € there exists a ¢ € V with ||{||. = | and |¥(x — y)| > «e,
then it is clear that

[y (x —y)| = e'*?
for all € small enough that €’ < «, and so 75 (X) <of(X)forallg > 0. [J

The following simple corollary shows that 7#(X) < dg(X), i.e. that the dual
thickness is well adapted for use with sets that have finite box-counting dimen-
sion. Corollary 8.4 shows that there are sets for which this upper bound is
attained, so t*(X) is not always zero (there are possible definitions of ‘thick-
ness exponents’ that one might expect to be useful but which turn out to be
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zero whenever X has finite box-counting dimension, see Exercise 7.2 for one
example).

Corollary 7.8 Let X be a compact subset of a Banach space %, then
TH(X) < dp(X).

Proof Take d > dg(X). Then there exists an €y > 0 such that for all € < ¢,
X can be covered with a collection B(x;, €/12) of N < €~ balls, where the
x; are chosen to be linearly independent. To see that this is possible, first cover
X with a collection of balls B(z;, €/13). This is a finite collection; since % is
infinite-dimensional one can perturb each z; in turn to some x; such that the
resulting collection {xi, ..., x,} is linearly independent for each n < N. One
can then enlarge slightly the radius of each ball.

Now use the Hahn—Banach Theorem to define a collection of linear func-
tionals v; with the property

¥i(x) = 8;5llx;l and lills =1,

and let V be the subspace of %* spanned by the ;.
Now, given x, y € X with ||x — y|| > €, there exist x;, x such that

€ €
— x|l < — d — < —
lx=xjl =45 am 1y = xell = 13-

and so in particular [lx; — x| > 5€/6.
Clearly ¥; — Y, € V, and

L< v = Yulls < 2,

so that (¥; — ¥x)/ 1V — Yll« is an element of V with norm 1. We have

Vi — Y Y — Y
——— (=) =[x —x;) + x; —xx + O — y)]
19 — el 1 — Yl UORE
L6 Il e
120 =l 12
=l e
- 2 6
5¢ € €
> _ - =,
—12 6 4
It follows that al*/4(X) <d, and since d > dg(X) was arbitrary, 7*(X) <
al*/4(X) < dg(X). |

In a Hilbert space we can do better than this, showing that the dual thickness
is bounded by the Lipschitz deviation (and hence by the thickness).
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Lemma 7.9 If X is a compact subset of a Hilbert space H then t*(X) <
dev(X) < 7(X).

Proof In fact the argument here shows that 01"‘/6m(X ) < dev,,(X), and the
result as stated is a consequence of Lemma 7.7.

Suppose that X C H and V is a linear subspace of H such that there exists
an m-Lipschitz function ¢ : V — V- with

dist(X, Gy[@]) < €/6m,

where m > 1. It follows that for each x € X there exists a p € V such that
lx — (p + (Pl < €/6m. Writing P for the orthogonal projection onto V,
andQ=1-P,

lx = (Px + ¢(P)|l = [|Qx — ¢(Px)]
= 19x = o(Pl + llp(p) — p(PX)|

= 1Qx =PIl +m|p — Px|
<2mlx = (p + Pl = €/3.

Now, for any u, v € H,
I(Pu + ¢(Pu)) — (Pv + ¢(Pv))|| < 2m| Pu— Pv|
and if u, v € X with ||[u — v|| > €, then

l(Pu+ ¢(Pu)) — (Pv+ ¢(Pv)|l
> llu — vl = |Qu — ¢p(Pu)|| — | Qv — ¢p(Pv)]
> €/3,

which implies that || Pu — Pv|| > €¢/6m.
The subspace V has a natural isometric linear embedding into H* via the
mapping u — ¢,, where

Pu(x) = (x, u).

Givenu,v € X with |ju — v|| > €,letd = P(u — v)/||P(u — v)|| and ¥ = ¢g.
Clearly |||« = 1 and | (u — v)| > €/6m. Il

In a Banach space the relationship between the thickness and dual thickness
is not clear in general. Nevertheless, it is possible to show that sets that have
‘zero thickness’ according to Hunt & Kaloshin’s definition also have zero dual
thickness (this is the reason for the slightly torturous definition of the dual
thickness). This will prove particularly useful in Chapter 15.
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Proposition 7.10  Let X be a compact subset of a Banach space AB. If
7(X) = 0 then t*(X) = 0.

Proof Take any 1 € (0, 1). It follows from the definition of the thickness
exponent that for any 8 > 0, for every € with 0 < € < 1 there exists a subspace
U of dimension n < ¢,;€#7 such that dist(X, U) < €”.

Let P be a projection onto U with || P|| < n; the existence of such a projec-
tion is guaranteed by Exercise 7.4. Given any x € 4, if dist(x, U) = § there
existu € U and y € £ with || y|| = 8 such that x = u + y. It follows, since the
norm of Q = I — P is bounded by 1 + n, that

lx — Pxll = 1Qx]l = 1Qu + Wl = 12yl = 1QIlIyll = (I + n)dist(x, U)
< 2c,e PP =l PUD,
Choosing B = 1/(1 — ) it follows that for any € > 0 there exists a space U of

dimension n < ¢/e~"/!=" and a projection P onto U with || P|| < n such that

sup ||[x — Px|| <¢€/3.

xeX

Now let V be the n-dimensional linear subspace of Z* given by
V={LoP: LeU"},

where, as above, U* is the dual of U, which is also n-dimensional. Given any
x,y € X with ||x — y|| > ¢, one can find an L € U* such that | L], =1
and L(P(x — y)) = ||P(x — y)|| = €/3. It follows that there exists a { € V,
namely ¥ = L o P, such that

lVi=n and  |Y(x —y)| =¢€/3.

Rescaling ¥ by a factor of ||/, < n < ¢”e~*/0=7) it follows that there exists
ay € V with ||{]l, = 1 such that

[W(x = )] = e /07D,

Thus
. T
Tr/(pf)(x) = 1—z
and since 7/(1 —7) -> 0as v — 0, 7*(X) = 0 as claimed. |
Exercises

7.1 Let X be asubset of a Banach space 4, and denote by £(X, n) the minimum
distance between X and any n-dimensional linear subspace of Z4. Show
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7.2

7.3

7.4

Thickness exponents

that
logn

7(X) < lim sup

_ 7.4
nooo —loge(X,n) 74

(One can in fact prove equality here, see Lemma 2 in Kukavica & Robinson
(2004).)

One could try to define another ‘thickness measure’ for a set X C H as
follows. For each € > 0, let dig(X, €) be the smallest n such that there
exists a2-Lipschitzmap ¢ : R* — H suchthatdist(X, ¢(R")) < €. Define

log dpr.(X,
(X)) = lim sup 08 AL 2. €) bL( E).
€0 —loge
The Johnson—Lindenstrauss Lemma (Johnson & Lindenstrauss, 1984)
guarantees that given a set of m points in a Hilbert space H, and an
n > O(Inm), there is a function f : H — R” such that

slle = vl < 1f@) = f)] < 2)u—v].

Show that 7 g(X) = O for any set X with dg(X) finite.

Show that if U is a finite-dimensional Banach space dim(U) = n then
there exists an ‘Auerbach basis’ for U: a basis {e, ..., e,} for U and cor-
responding elements { f1, ..., f,} of U* such that |l¢;|| = || f;|l. = 1 for
Jj=1,...,nand fi(e;) = §;,1, j = 1..., n.[Hint: by identifying U with
(R"™, || - |I) one can work in R". For xq, ..., x, € R" let det(xy, ..., x,)
denote the determinant of the n x n matrix with columns formed by the
vectors {x;}. Choose {ey, ..., e,} with |le;|| = 1 such that det(ey, ..., e,)
is maximal. Define candidates for the { f;} and check that the f; satisfy
the required properties.]

Use the result of the previous exercise to show that if U is any n-
dimensional subspace of a Banach space %, there exists a projection
P onto U whose norm is no larger than n, || P|| < n.
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Embedding sets of finite box-counting
dimension

This chapter provides a proof of an infinite-dimensional version of Theo-
rem 4.3: we prove the existence of linear embeddings into R* for subsets of
infinite-dimensional (Hilbert or Banach) spaces with finite upper box-counting
dimension, and show that these linear maps have Holder continuous inverses.
This degree of smoothness allows for interesting corollaries for the attractors
of infinite-dimensional dynamical systems, as discussed in Part II.

8.1 Embedding sets with Holder continuous parametrisation

We prove a result that makes use of the dual thickness t*(X); note that if the
dual thickness is zero then the Holder exponent in (8.1) can be made arbitrarily
close to 1 by choosing an embedding space of sufficiently high dimension. In
light of this it is worth recalling from the previous chapter that

TH(X) < dev(X) < T(X)
in a Hilbert space (Lemma 7.9), and that in a Banach space
1(X)=0 = "X)=0
(Proposition 7.10).

Theorem 8.1 Let X be a compact subset of a real Banach space 9B, with

dg(X) =d < oo and t*(X) = 1. Then for any integer k > 2d and any 0 with
0<b <2 (8.1)
<0< — .
k(1 +at)

where o = 1/2 if # is a Hilbert space and o = 1 if # is a general Banach
space, there exists a prevalent set of bounded linear maps L :  — R* such

75
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that
|x —y|| < Cr|Lx — Ly|’ for all x,y € X. (8.2)
In particular, L is injective on X.

Foias & Olson (1996) first proved a result along these lines. They showed
that in a Hilbert space there is a dense set of orthogonal projections that are
injective on X and have a Holder inverse, but did not give any explicit bound
on the Holder exponent. The proof of the theorem given here, almost identical
to that of Theorem 4.3, is due essentially to Hunt & Kaloshin (1999), but
incorporates the generalised estimate of Lemma 5.10 and the dual thickness,
following Robinson (2009). Separating the more geometric elements of the
proof (the estimates contained in Section 5.2) serves to clarify the argument.

Proof If 6 satisfies (8.1), then there exist 8 > 0,0 > r;(X), and § > d such

that
k— 26
0<f< — . (8.3)
k(14+ 8+ ao)

Since o > rg (X), there exists a subspace of %, V;, of dimensiond; < C, 2i00
such that for any x, y € X with ||x — y|| > 27/ one canfinda y € V; with

¥l =1 and [y (x — y)| = 27700+, (8.4)
With 7 = {V;}%2,,choose y > landlet E = E, (¥ and u the corresponding

j=r
probability measure as defined in Section 5.2.
Now let

Zi={zeX—X: |z|| = 27%)},

and for a fixed choice of f € Z(%,R¥) let Q ;j be the set of all those linear
maps in E for which (8.2), with L replaced by f + L, fails for some z € Z;,

Q;={Le€E: |(f+L)z)| <27 forsomez € Z;}.

Since dg(X — X) < 2dg(X) < 28, X — X can be covered with no more than
C>2%° balls of radius 27/. Let Y be the intersection of Q; with one of these
balls.

Let M be a Lipschitz constant thatis validforall f + L,L € E.Ifz,z9p € Y,
then since ||z — zo|| <27UD,

I(f +L)zo)| > M +1)277 = |(f+L)z)|>2"7 forallze?.
Thus w(Y) is bounded by the p-measure of those L € E for which
I(f + L)(zo)| < @M +1)27.
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It follows from Lemma 5.10 (in the Banach space case) or Lemma 5.6 (in the
Hilbert space case) that

w(Y) < [2M + 1277 j2C327%7% g(z0)| ¥

for any g € S; (recall that d; < C;2/%7). Using the definition of the dual
thickness there exists a Y € §; such that

W @0l = llzofl'*F = 2700+F)
(cf. (8.4)), and so
w(Y) < [2M + 1)277 j2Cy2i00000+AI 1k,
Since Q; is covered by no more than C,2%/° balls, we obtain

1(Q)) < C2PP[2M + 127 jPCy/treat I+
_ C3j2k27j[k(178(1+ﬂ+0a))726]'

The assumption (8.3) implies that
k(1—-0(1+B+oa)—25 >0,

and so the sum Zfo:, w(Q;)is finite. It follows from the Borel-Cantelli Lemma
(Lemma 4.2) that p-almost every L belongs to only finitely many of the Q;,
which implies (8.2) for some appropriate constant C;, (the argument is identical
to the concluding part of the proof of Theorem 4.3). [l

One could try to repeat this proof, replacing the upper box-counting dimen-
sion by the lower box-counting dimension, but the assumption that d; g(X) < oo
is not enough to show that L~ is Holder, as we will now see.

8.2 Sharpness of the Holder exponent

As the dimension of the embedding space (k) in the above theorem tends
to infinity, one obtains in (8.1) a limiting Holder exponent 1/(1 + t*) in the
Banach space case, or 1/(1 4 (t*/2)) in the Hilbert space case.

Hunt & Kaloshin (1999) provide an example showing that this limiting
Holder exponent is sharp in terms of the thickness: an involved construction
based on taking particular paths through a binary tree yields a subset of £7 for
any 1 < p < o0, such that dy(X) = dg(X) = d and with the property that if
L : £?» — RY is any bounded linear map then

du(L(X)) =

14+d/q
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with ¢ the conjugate exponent of p. It follows from the behaviour of the
Hausdorff dimension under 6-Holder maps (Proposition 2.8(iv)) that one must
therefore have 6 < 1/(1 +d/q), cf. (8.8).

It is interesting that the ‘sharpness’ of the bound on the Holder exponent
must always be understood in terms of the quantities that are being used in the
bound: for example, while Hunt & Kaloshin used their example to show that
in a Hilbert space the bound

k—2d

0<b < ——m8 —
k(1 +1(X)/2)

is sharp in terms of the thickness, we know from Theorem 8.1 that this bound
can be improved in that one can substitute a different quantity for the thickness,
e.g. the Lipschitz deviation or the dual thickness.

Here we show that the ‘orthogonal sequence’ considered in Lemma 3.5
provides a much simpler example that proves the sharpness of the Holder
exponent (in terms of the dual thickness). In order to do this we require Banach-
space versions of Lemma 6.1 (the decomposition lemma) and Lemma 6.3
(relating the rank of a projection P to the images of an orthonormal set under P).

The following result can be found in Roman (2007, Theorem 3.5).

Lemma 8.2 Let % be a Banach space. Suppose that L : B — RF is a
surjective linear map with L(#) = R and V is the kernel of L. Then the
quotient space U = A/ V has dimension k, and L can be decomposed uniquely
as M P, where P is a projection onto U and M : U — RF is an invertible linear
map.

The proof of the following version of Lemma 6.3, applicable to projections
in £7, is due to Pinto de Moura (see Pinto de Moura & Robinson (2010a)).

Lemma 8.3 Let P be a finite rank projection in £7 (1 < p < 00) or ¢y (in
which case we take p = 00). Then

1/q
o0
q
rank P > Z Pe;llg ,
j=1
where {e j}?‘;l is the canonical basis of £P (or cy), and q is the conjugate
exponent to p.

Note that the estimate of Lemma 6.3 for the Hilbert space case is better
(rank P > Zj’;l | Pe; |1>) since one can use orthogonality in the proof, rather
than just the triangle inequality. However, this does not affect the argument in
Corollary 8.4, where we only require the rank of P to be finite.
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Proof LetU be therange of P. Since P is a finite-dimensional projection, U is
a finite-dimensional subspace of £7. By Exercise 7.3, U has an Auerbach basis
{uy, ...u,} with corresponding elements { ", ..., f,*} € U*, such that |lu; ||y =
L I fillu= =1, and f*(uy) = i for 1 <1i,k < n. Using the Hahn—Banach
Theorem each f; can be extended to an element ¢; € £ with ||¢; ]|, = 1 and
such that ¢; (uy) = &;x for 1 < i, k < n. Thus for every element x € £7, we can
write

Px = i &i(x)u;.

i=1

It follows in particular that foreach j = 1,2, ...,

n
Pej = Zd)i(ej)u,-.
i=1
Now, we can expand ¢; using the canonical basis {e;f}j?":] of €4, so that

o0
o = Zkike,f, forevery i=1,2,...
k=1

with Y22 |Ai|? = 1. Thus foreach j = 1,2, ...
> i
i=1
<Y lgitepuiller =Y 1iCe))
i=1 i=1
o0 n
DD rikeitep| =Y Inil
i=1 i=1
n 1/q
nl/p (Z |)”.j|q> .

I Pejller =

124

n

IA

k=1
i=l1

Therefore,

n n

00 00 00
D NPe;lly = nt ™t Y0y ial =0ty <Z |)wj|q) <n.
Jj=1 j=1i=1 j=1

i=1
U

As a corollary, one can show that for the orthogonal sets introduced in
Lemma 3.5, the box-counting dimension and the dual thickness coincide (for
a direct argument that gives this value for the thickness in £? and does not use
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Theorem 8.1 see Lemma 7.4); from this it follows that the Holder exponent
in Theorem 8.1 is asymptotically sharp, using £2 (p = g = 2) for the Hilbert
space case and ¢y (‘p = 00’, ¢ = 1) for the Banach space case.

Corollary 8.4 Let A = {aje_i}j?il U {0} be an ‘orthogonal’ subset of €7 as
in Lemma 3.5. Then t*(A) = dg(A) and if there exists a finite-dimensional
projection P in £P and a 0 € (0, 1) such that

letller < CPalf,, foreacha € A, (8.5)

then
1
0 < ———.
1+ (z*(A)/q)
Proof Since P(aje;) = ajPe;, it follows from (8.5) applied to aje; that

(8.6)

6 0 : —1/6 1/6)—1
laj| < Cla;I’||Pe;110,,  ie. [Pejller > C%a;| MO,

Lemma 8.3 implies that for such a P,
1/q 1/q
o0 oo
rank P > | > || Pe;llf, > 0 [ 3 fay /01
j=1 j=1
In particular, if P is a finite-rank projection then

o]

D a7 < oo, (8.7)

j=1
Now, using the expression for the box-counting dimension of these
sequences, (3.11) from Lemma 3.5,

o0

dg(A) = inf{d : Z la,|¢ < oo},

n=1

it follows that

dg(A) < ql(1/0) — 1],
which implies that
1
< ——.
1 + (ds(A)/q)
We now deduce that in fact 7*(A) = dg(A), which will give (8.6). We know
that in general t*(A) < dg(A) (Lemma 7.8), so suppose that T = t%(A) <

dg(A). Then the result of the embedding theorem (Theorem 8.1) coupled with
the Decomposition Lemma (Lemma 8.2) implies that for some & sufficiently

(8.8)
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large one can find a projection P of rank k such that (8.5) holds for some
0 > 1/(1 + (dg(A)/q)). But this contradicts (8.8), and so t*(A) = dg(A). [

When p = 2, i.e. in the Hilbert space case, one can deduce that t*(A) =
T(A) = dev(A) = dg(A) for this particular class of examples.

The same argument shows that one cannot replace the upper box-counting
dimension by the lower box-counting dimension and still obtain a Holder
inverse. Indeed, the sequence A defined at the end of Chapter 3 has dig(H) =
1/a but dg(ﬁ ) = oo. For p = 2 (the Hilbert space case) the condition (8.7)
becomes

[e.¢]
> a7 < oo, (8.9)
j=1

But the values of the {a;} used to define H are constant, of order 1 /x, for ~e*
values of j, for ever larger values of x. It follows that whatever the value of 6,
the sum on the left-hand side of (8.9) diverges.

It is natural to ask how much the requirement of linearity restricts the
regularity of L~! that can be attained. In particular, one can ask whether it is
possible to find, in general, an embedding (not necessarily linear) of X into some
R* that is bi-Lipschitz (i.e. L and L~! are Lipschitz). In the next chapter we
introduce the Assouad dimension, and show that a necessary condition for the
existence of such an embedding is that the Assouad dimension of a set is finite
(this condition is not sufficient, however, see Section 9.4); a simple example
(Lemma 9.9) shows that there are sets with finite box-counting dimension but
infinite Assouad dimension, so that a bi-Lipschitz embedding result for sets
with finite box-counting dimension is not possible. A more involved example
that illustrates the same thing was given by Movahedi-Lankarani (1992); again,
his set is one with infinite Assouad dimension.

Exercises

8.1 Foias & Olson (1996) prove that if Py and P are orthogonal projections
on a real Hilbert space H of equal (finite) rank and Px = O implies that
|Px| < €]|lx] for some € € (0, 1) then |P — Py|| < €. Use this result
along with Lemma 6.1 to deduce from Theorem 8.1 that if X C H, keN
with k > 2dg(X), and 6 satisfies (8.1) with « = 1/2 then a dense set of
rank k orthogonal projections in H are injective on X and satisfy

Ix =yl < ClIP(x = I’
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8.2

8.3

Embedding sets of finite box-counting dimension

for some C > 0. (This is essentially the result of Foias & Olson (1996),
although they do not give an explicit bound on 6.)

Suppose that { X, },,cz is a family of subsets of %, such that dg(X,) < d for
eachn € Z.Show thatifk > 2d then there exists alinearmap L : 8 — R*
and a6 > 0 such that L is injective on | J ., X j»and for each n € N there
exists a C,, > 0 such that

J€EZ

x —y|l < Cu|lLx — Ly|’ for all X,y € U X;.
lil=n

[Hint: use the fact that a countable intersection of prevalent sets is preva-
lent.] (A version of this result is proved in Langa & Robinson (2001) for
the attractors of nonautonomous systems, in Langa & Robinson (2006) for
random dynamical systems, and in Robinson (2008) for general cocycle
dynamical systems.)

Use Lemma 6.3 (or Lemma 8.3) to show that if X C H contains a set of
the form {0} U {O‘_i}?iw where the «; are orthogonal, then no linear map
L : H — R¥ can be bi-Lipschitz on X. (As discussed above, in the next
chapter we will see examples of sets for which no map, whether linear or
not, can provide a bi-Lipschitz embedding into a Euclidean space.)
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Assouad dimension

9.1 Homogeneous spaces and the Assouad dimension

Along-standing open problem in the theory of metric spaces is to find conditions
guaranteeing that a space (X, o) can be embedded in a bi-Lipschitz way into
some Euclidean space (see Heinonen (2003)). The Assouad dimension was
introduced in this context (Assouad, 1983; see also Bouligand (1928) for an
earlier definition), and is most naturally defined as a concept auxiliary to the
notion of a homogeneous set:

Definition 9.1 A subset A of a metric space (X, ¢) is said to be (M, s)-
homogeneous (or simply homogeneous) if the intersection of A with any ball
of radius r can be covered by at most M (r/p)* balls of smaller radius p.

In terms of the notation used in the previous chapters, this says that
N(B(x,r)N A, p) < M(r/p)
for every x € A and r > p. In the light of this, it is convenient to define

Ny(r, p) =sup N(B(x,r)N A, p).

xeA

(Of course, if one takes A = X then the ‘N A’ is redundant.)
Lemma 9.2  Any subset of RN is @QNT!, N)-homogeneous.

Proof The cube [—r, r]¥ in RV can be covered by [(27/p) + 1]V cubes of
side p. Since each cube of side 1/p lies within a ball of radius ~/N/p, the
sphere of radius » (which lies within [—r, #]V) can be covered by fewer than

[2r/p) + 11V < 2MH(r/p)N

balls of radius p. Clearly if X is any subset of RY, X N B(x, r) can be covered
by fewer than 2V +!(r/p)V balls of radius p. O

83
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Homogeneity is preserved under bi-Lipschitz mappings.

Lemma 9.3  Suppose that (X, ox) is (M, s)-homogeneous and that the map
f (X, 0x) — (Y, 0y) is bi-Lipschitz:

L™ ox(x1, x2) < oy (f(x1), f(x2)) < L ox(x1, x2)
for some L > 0. Then f(X) is an (ML*, s)-homogeneous subset of Y.

Proof Takey € f(X)andconsider By(y,r) N f(X).Theny = f(x)forsome
x € X. Since f~!is Lipschitz,

FUBy(y,r)N f(X)] € Bx(x, Lr)N X.

Since X is (M, s)-homogeneous, Bx(x, Lr) N X can be covered by N <
M(Lr/(p/L))* balls of radius p/L,

C=

Bx(x,Lr)N X C | J Bx(x;, p/L).

J

Since f is Lipschitz, f(Bx(x;, p/L)) € By(f(x;), p), whence

N N
By(y, )N f(X) < | fBx(x, Lryn X) < | By (£ (x)), p)-

j=1 j=1
Hence f(X)is (M L%, s)-homogeneous. O

It follows from these two elementary observations (Lemmas 9.2 and 9.3) that
A C (X, o) mustbe homogeneous if it is to admit a bi-Lipschitz embedding into
some RY. However, as we will see below, there are examples of homogeneous
spaces that cannot be bi-Lipschitz embedded into any Euclidean space, so
homogeneity is not sufficient for the existence of such an embedding.

A more pleasing, but equivalent, definition is that of a ‘doubling’ set: A C
(X, o) is said to be doubling if the intersection with A of any ball of radius r
can be covered by at most K balls of radius /2, where K is independent of r
(see Luukkainen (1998)).

Lemma 9.4 A set A C (X, 0) is homogeneous iff it is doubling.

Proof That a homogeneous set is doubling is immediate. To show the con-
verse, suppose that N4(r,7/2) < K. Given 0 < p < r, choose n such that
r/2" < p < r/2""'; then

Nu(r, p) < No(r, r/2IN4(r/2,1/4) - Na(r/2" ", r/2") < K"
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and since n — 1 < log,(r/p) it follows that
Na(r. p) < K(K"™") < K(r/p)°=X. O
We now define the Assouad dimension.

Definition 9.5 The Assouad dimension of X, da(X), is the infimum of all s
such that (X, o) is (M, s)-homogeneous for some M > 1.

The following lemma gives some elementary properties of this definition.
Observe that with (iv) we have now shown that for any compact set X,

dim(X) < dn(X) < dip(X) < dp(X) =< da(X). 9.1

Lemma 9.6
(1) ifA, B C(X,0)and A C B then da(A) < da(B);
(i) if A, B C (X, o) then da(A U B) = max(da(A), da(B));
(iii) if X is an open subset of RN then da(X) = N;
(iv) if X is compact then dg(X) < da(X); and
(V) da is invariant under bi-Lipschitz mappings.

Proof (i) and (ii) are obvious and (v) follows from Lemma 9.3. For (iii), clearly
da(X) < N, since any subset of RY is (2V*!, N)-homogeneous (Lemma 9.2).
If X is an open subset of RV then it contains an open ball B = B(x, r). Suppose
that da(X) < N; then da(B) < N, so that B is (M, s)-homogeneous for some
s < N. It follows that B can be covered by M (r/p)® balls of radius p, and so

w(B) < M(r/pyQnp".

Since p > 0Ois arbitrary and s < N, this implies that u(B) = 0. Soda(X) = N
as claimed.

For (iv), since X is compact, X C B(0, R) for some R > 0; thus for any
s > da(X),

N(X,p) =N(XNBQO,R),p) <M(R/p) =[MR"]p™",
and hence dg(X) < da(X). O

In line with the characterisation of the covering dimension in terms of the
Hausdorff dimension (Corollary 2.13), and the lower and upper box-counting
dimensions (Exercises 3.3 and 3.4), Luukkainen (1998) proved that

dim(X) = inf{da(X") : X’ homeomorphic to X}.

Given (9.1), this shows in particular that any set X has a homeomorphic image
X' such that

dim(X") = dn(X') = dip(X') = dp(X') = da(X"). 9.2)
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We again repeat Luukkainen’s remark that ‘there is no purely topological reason
for X to be fractal’, which is given considerably more force by (9.2).

9.2 Assouad dimension and products

The Assouad dimension behaves like the upper box-counting dimension under
the operation of taking products.

Lemma 9.7 If (X, ox) and (Y, gy) are metric spaces then

da(X x Y) < da(X) + da(Y),
where X x Y is equipped with any of the product metrics p,, 1 < o < 00,
defined in (3.6) and (3.7).

Proof We use the metric

000 (X1, ¥1), (x2, ¥2)) = max(ox(x1, X2), 0y (Y1, ¥2))

on X x Y in the proof. Since this is equivalent to any of the p, metrics (for
1 < o < 00) and the Assouad dimension is invariant under bi-Lipschitz map-
pings (Lemma 9.6(v)) this will sufficient to prove the lemma.

If da(X) < a and da(Y) < B, there exist Mx and My such that

a B
Nx(r, p) < My (5) and  Ny(r, p) < My (i)
p P

Let B be a ball of radius 7 in X x Y. Then B = U x V, where U and V are
balls of radius 7 in X and Y, respectively. Cover U by balls U; of radius p, and
the ball V by balls V; of radius p. Then the products U; x V; form a cover of
B by balls in X x Y of radius p, and at most

r a+pB
MyMy <_)
0

are required. It follows that da(X X Y) < da(X) + da(Y). O

The inequality here can be strict, as the following example due to Larman
(1967) shows. For each m € N, divide the interval

(272m+] ’ 272m)

into 22" — 1 intervals, each of length 272" et K,, denote the collection of
the 22 endpoints of these intervals. Set

o0 o0
A={(}U|JKsm and  B={0}U| ] Kinsa:

m=1 m=1
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Lemma 9.8 For the sets A and B defined above,
da(A) = da(B) =da(A x B) = 1.

Proof Clearly da(A) < 1 and da(B) < 1. Let r, = 272", and consider

o0
(=rar) N A= (0} U Ky
j=n
Then, since this contains Ku,, it requires at least 22" — 1 intervals of length
on = 272" to cover it. So

Na(ra, pn) = 22" — 1

and

o
r_,, _ 2 - 224n

On - 2724n+l
So A cannot be (M, s)-homogeneous for any s < 1. It follows that da(A) = 1,
and similarly da(B) = 1.
Now consider A x B. Since A x B contains a copy of A, da(A x B) > 1.
Take r = 2’22'"; this is the smallest value of r such that

BO,r)N[A x Bl = | {0}U () Kaniaj | x [ 10V U Kowsnyes;
j=0 j=0

The number of balls required in a cover by p-balls is essentially determined
by the value of ¢ for which B(0, p) O K. So choose p = 22"""; the largest
value of p such that K, is in B(0, p) for every ¢ > 2n but not for ¢t = 2n.

Then the number of balls required to cover B(0,r) N [A x B] is bounded
by

N<@m—m+1)7? x 22" x 227,

while

i _ 222n+] _o2m
P

It follows that N < (r/p)*, where

2logy(n —m + 1) 4+ 2% 4222
s <

- 22n+1 _ 92m =1 O
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9.3 Orthogonal sequences

We now investigate further some surprising properties of the Assouad dimen-
sion, following Olson (2002). We have used the example of orthogonal
sequences in a Hilbert space in previous chapters, and again this simple class
of examples is illuminating.

Lemma9.9 Let X = {n"%e,} U {0}, where {e,}°2 , is an orthonormal subset
of a Hilbert space H. Then da(X) = oo.

(Recall that dy(X) = 0 and that dg(X) = 1/«, see (3.13).)
Proof Letr,, =m™*, and consider
BO,r,)NX ={n"%,: n>m}U{0}.

Now cover B(0, r,,,) N X by balls of radius r,, /2; each point in this set of norm
more than r,, /2 will require its own ball, and since

n % >r,/2 = n < Q/ra)"* = m2"¢

it follows that N(B(0, r,,) N X, r,,/2) > m2'/% —m — 1. Since the right-hand
side tends to infinity as m — oo, X cannot be doubling. O

As remarked at the end of the previous chapter, this gives a simple example
of a compact set with finite box-counting dimension that cannot be bi-Lipschitz
embedded into any R¥.

However, a geometric sequence has zero Assouad dimension, as the next
(more general) result shows.

Lemma 9.10 Let {e,};2, be the canonical basis of £¥, 1 < p < 00, or of cy,
and consider the set X = {ane,},2, U {0}. Suppose that there exist K and o
with K > 0and 0 < a < 1 such that

K 'a" <a, < Ka".
Then da(X) = 0, where the dimension is taken in €7 (1 < p < o0) or cy.
Proof Take 0 < p < r. Consider a ball of radius r centred at the origin; then

BO,r)NX ={aye, : a, <r}U{0}
C{aye, : Ka" <r}uU{0}
= {aye, : n > (logr —logK)/loga} U {0}
C {ane, : n > [(logr —logK)/loga] — 1} U {0}.



9.3 Orthogonal sequences 89

A cover of B(0, r) N X by balls of radius p will require a separate ball for each
point of norm greater than p; since

K 'a" > p = a, > p,

it follows that a, > p for n < (log p + log K)/ log «, so certainly the same is
true for n < [(log p + log K)/log«] 4 1. Thus

logp +1logK logr —logkK

N(B(O,r) N X, p) < +2
log o log o
1 2log K
= log <£> + o8 + 2.
—loga 0 log o
So X is (M, s)-homogeneous for any s > 0, i.e. da(X) = 0. O

The lower bound in this result is necessary:

Lemma 9.11 There are sequences a, converging arbitrarily fast to zero for
which

X = {apea )2,y U {0)
has da(X) = oc.

Proof Let b; be a sequence that converges to zero. Let a, = b; for 2/7! <
n <2/ —1.Now letr = b; + € and consider

BO,r)NX = {aze, : n>2/"1).

The number of balls of radius r/2 required to cover B(0, ) N X is larger than
2/ — 2771 which is unbounded as j — 0. So X is not doubling. Since b; can
converge arbitrarily fast to zero, so can a,,. O

Assumptions on the set of differences X — X are the key to proving embed-
ding results that use linear maps. We have seen that while for the box-counting
dimensiondg(X — X) < 2dg(X), one can have sets with zero Hausdorff dimen-
sion for which dy(X — X) = oo. Unfortunately the same is true of the Assouad
dimension.

Lemma 9.12  There exists a set X with da(X) = 0 and da(X — X) = oo.

Proof Let {x;} be an orthogonal sequence of the type constructed in the previ-
ous lemma, with [|x;|| < 4-7. Suppose that the complement of the linear span
of the {x;} is infinite-dimensional, and choose a second orthogonal sequence
{y;} in this complement with || y;| = 477.

Let X be the closure of the set {a;}, where

axj = Y; and Qi1 = X5+ ;.
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Clearly X — X contains {x;}, and so da(X — X) = oo. However, Lemma 9.10
implies that da(X) = 0: for k = 2,

lagl = lly;ll =477 =275,
while for k = 2j + 1,
lagll < llxjll 4+ lly; |l <477 +477 =2 * D2y =4 x 27F
and
lall = lly;ll =2 x 27%. O

Note that in a very roundabout way we have shown that the Assouad
dimension can increase under Lipschitz continuous transformations, since
da(X x X) < 2da(X), and X — X is the image of X x X under the Lipschitz
mapping (x, y) > x — y.

The following result, again due to Olson (see Olson & Robinson (2010)) is
more positive, and will be useful below.

Lemma 9.13 Ler X = {xj}?il be an orthogonal sequence in H. If da(X) <
00 then da(X — X) < 2da(X).

Proof Suppose that X is (M, s)-homogeneous. Set Bx(r, x) = X N B(r, x),
and consider a ball B = Bx_x(r,x —y) € X — X of radius r that is centred
at x —ye X — X. Since B C Bx_x(p,0)U (B \ {0}), we need only cover
B\ {0}.

Suppose that x = y, so that B = Bx_x(r,0). Let a — b € B\ {0}. Then
a # b and therefore a is orthogonal to b. It follows that

l@—b)— @ — | =llal® + 11> < 2.
Hence a, b € Bx(r, 0), and consequently
B\ {0} € Bx(r,0) — Bx(r,0).

Cover Bx(r,0) with M(2r/p)* balls Bx(p/2, a;) of radius p/2 centred at
a; € X. Then

U Bx—x(p.ai —a;) 2 | ) Bx(p/2.a) — | ) Bx(p/2. a))
iJ i J
D Bx(r,0) — Bx(r,0) 2 By _x(r,0)\ {0}.

It follows that B is covered by 1 + M?(2r/p)* balls of radius p.
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Now suppose that x # y. Let a — b € B\{0}. Again a # b and therefore a
is orthogonal to b. Therefore

la —x|* + |16 — y|I? aFty, b#x
I@a=b)—(x=VI*P=1{ lla+yI>+112x[> if a#y b=x,
12517 + 116 + x]|* a=y, b#x
and so
a € Bx(r,x) be Bx(r,y) a#y, b#x
a € Bx(r,—y) b € Bx(r, x) . a#y, b=x
a € Bx(r,y) b e Bx(r,—x) a=y, b#x’
a € Bx(r,y) be Bx(r,x) a=y, b=x
Therefore

B\ {0} € (Bx(r,x) — Bx(r, y)) U (Bx(r, —y) — Bx(r, x))
U(Bx(r, y) — Bx(r, —x)) U (Bx(r, y) — Bx(r, x)).

Cover each of Bx(r, x), Bx(r, —x), Bx(r, y), and Bx(r, —y) by M(2r/p)’ balls
of radius p/2. An argument similar to that used before yields a cover of B by
1 4+ 4M?2r/p)* balls of radius /2.

Since Nx_x(r, p) < 1 +4M?*(2r/p)* it follows that da(X — X) <2s. O

9.4 Homogeneity is not sufficient for a
bi-Lipschitz embedding

We have already remarked that any set that can be bi-Lipschitz embedded into
R* must be homogeneous, but the following example, due to Lang & Plaut
(2001; after Laakso (2002)) shows that this is not sufficient.

The construction yields a metric space that is doubling but cannot be bi-
Lipschitz embedded into any Hilbert space (finite- or infinite-dimensional). This
example is somewhat simpler than the ‘classical’ example of the Heisenberg
group equipped with the Carnot—Carathéodory metric (see Semmes (1996), for
example).

Let X, be [0, 1] with the standard Euclidean distance. To construct X,
from X;, take six copies of X; and rescale by a factor of }T. Arrange four in a
‘square’ by identifying pairs of endpoints, and then attach the remaining two
copies at ‘opposite’ points, see Figure 9.1.

At every step X; has diameter 1, has two endpoints, and consists of 6
edges each of which has length 4=/, The metric g;(x, y) on X; is the geodesic
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Xo

X1

Xo

Figure 9.1 The first steps of the construction of the geodesic metric space (X, o).
At each stage the bold subset is isometric to Xj.

distance: the shortest distance that one needs to travel on the graph from x
to y. For every j > i, (X;, 0;) contains an isometric copy of (X;, 0;), and
dist(X;, X;) < (1/4)*+! (see Figure 9.1) and so {(X;, 0)}2, forms a Cauchy
sequence in the Gromov—Hausdorff metric! (see Chapter 3 of Gromov (1999),
or Heinonen (2003)). It follows that this sequence converges to some limiting
compact metric space (X, 0); there remain isometric copies of (X;, ¢;) in (X, o).
The exact details of this limiting argument are not necessary here, the key point
is that this process leads to such a limit set containing isometric copies of every

(Xi, )

Lemma 9.14  The space (X, o) is doubling with doubling constant 6, and if
H is a Hilbert space and f : X; — H satisfies || f(x) — f(V)|| = o(x, y) then
the Lipschitz constant of f is bounded below by (1 + (i /4))'/2. In particular,
there is no bi-Lipschitz embedding of X into a Hilbert space.

Proof Takex € X and r with 0 < r < 1. Choose i with

r '
—<|(-) <2
>=(3)

! First, given two subsets A, B of a metric space (X, ), define the symmetric Hausdorff distance
distg(A, B) = max(dist(A, B), dist(B, A)). The Gromov—Hausdorff distance between two met-
ric spaces A and B is defined as

deu(A, B)= inf disty(A, B'),
A',B'eM

where the infimum is taken over all isometric images A’ and B’ of A and B as subsets of £*° (at
least one such isometry always exists, see Exercise 9.2).
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and let 2 : X; — X be an isometric embedding of X; into X with x = h(x’)
for some x’ € X;. Let

Z=09B(x',r)U(BK' r)N{p,q}).

where p and ¢ are the endpoints of X;. Then since r < 247H, Z certainly
contains no more than six points, and the closed balls in X; of radius » centred
at the points of Z cover B(x', 2r). Then the closed balls of radius r centred at
the points of 4(Z) also cover B(x, 2r), because the edge cycles generated after
the ith step have length no larger than 4(4=(*1) < 2r: if 7 lies on such a cycle,
B(z, r) covers the whole cycle. It follows that X is doubling with constant 6.

We show by induction that for any f : X; — H as in the statement of the
lemma, there exist two consecutive vertices x and x’ such that

1£0 — £GP = (1 n %) o (. ).

This is certainly true for i = 0. Take i = k > 1 and assume that the result is
true for i = k — 1. Since X; contains an isometric copy of X;_, there exist
points xg, X, € X; corresponding to two adjacent vertices of X;_; such that

k—1
1o = fO)I? = (1 - T) 0o, 1)’ ©93)

Let x; and x3 be the two midpoints between xy and x;; then o(xy, x3) =
%Q(XQ, X7). Setting x4 = xo we have

3
1fGo) = FOEDI” + I F 1) = FEaIP < DI Ge) = Flanl,

Jj=0

this ‘quadrilateral inequality’ holding in any inner product space, see Exercise
9.1. Since

k—1
I £ (x0) = FEDI? + I F 1) = fFGez)* > (1 + T) 0(x0, ¥2)* + 0(x1, x3)

k 2
= 1+4_1 o(xo, x2)7,

it follows that for some j € {0, ..., 3}

1 ] k
Ifx) — flanl® = 1 (1 + %) 0(xo, X2)* = (1 + Z) o(xj, xj11)*

Now take x = x; and x’ to be one of the midpoints between x; and x;4; to
obtain (9.3) fori = k.
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Now suppose that f : X — H is an embedding of X into H with

L7o(x,y) < If(x) = fOI < Lo(x, y).

Setting g(x) = Lf(x) gives a g : (X, 0) — H such that

o(x,y) < llg(x) — g < Lo(x, y).

But X contains an isometric copy of every X;, which implies that Lip(g) >
1 + (i/4) for all i, a contradiction. O

The strongest result for sets with finite Assouad dimension is due to Assouad
(1983), who showed that any metric space with da(X) < oo can be mapped via
¢ : X — RF into some finite-dimensional Euclidean space in a bi-Hélder way,

1
- ols, D% < g(s) — ()| < cols, 1)*

forall0 < o < 1;and that this characterises sets with finite Assouad dimension.
Olson & Robinson (2010) showed that such sets can be mapped in an almost
bi-Lipschitz way into an infinite-dimensional Hilbert space: for every y > %
there exists a map f : (X, o) — H such that for some L > 0

1 okxy)
L (slogo(x, y))¥

where slog(x) = log(x + x~!) (cf. Proposition 7.18 in Benyamini & Linden-
strauss (2000)).

We will show in the next section that if X — X is a homogeneous compact
subset of a Banach space, then one can find an almost bi-Lipschitz embedding
into some Euclidean space, i.e. an embedding that is bi-Lipschitz to within
logarithmic corrections.

=) = fODI = Lolx, y),

9.5 Almost bi-Lipschitz embeddings

As with the embedding theorems for the Hausdorff and box-counting dimen-
sion, we construct a probe space that is tailored to the particular set (and notion
of dimension) that we are considering. The following simple results (Lemmas
9.15 and 9.16) are the key to the argument used to prove Theorem 9.18.

Lemma 9.15 Suppose that Z is a compact homogeneous subset of a Banach
space B. Then there exists an M’ > 0 and a sequence of linear subspaces
{Vj}f/?io of #* with dimV; < M’ for every j, such that for any z € Z with
270FD < |z|| < 277, there exists an element Y € V,, such that

Ile=1 and  |Y(z) =27, (9.4)
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Proof Write
Aj={zeZ:27V*) <z <277}

Since A; C B(0,27/) it can be covered by M balls of radius 27U+, with the

-
centres {uﬁ’)}i /

, of these balls satisfying ||u'|| > 20U+ where
Mj=Nx(2 7,270 < 8M =M.

For each of the points uf’ )

element ¢/’ of %* such that

, use the Hahn—Banach Theorem to find a norm 1

Gy, ) )
¢,‘J (”ij ) = ”uij Il.

(j)}_

For each n > 0 let V; be the subspace of %* spanned by {q)y), qbéj), e

By the above, dim V; < M’ forall j > 0.
For any z € A, there exists a u = u™

; such that
lz —ul <270
Writing ¢ for ¢ € V,,

lpO)| = [@p(u) — ¢(u — 2)| = llull — [lu — z||

2 27(1‘[4’2) _ 27(7!4*3) — 27(1‘!4’3)’

and the lemma follows. O

In a Hilbert space it is more helpful to use the following result; note that
the spaces V; are now mutually orthogonal, but that the space V,, alone is not
sufficiently ‘rich’ to obtain (9.5) (cf. (9.4), where ¢ € V, is enough).

Lemma 9.16 Suppose that Z is a compact homogeneous subset of a Hilbert
space H. Then there exists an M' > 0 and a sequence {Vj}?o:0 of mutually
orthogonal linear subspaces of H, with dim V; < M’ for every j, such that for
any z € Z with2=U+h < |z|| <27/,

Izl = 2792, 9.5)
where I1; is the orthogonal projection onto EB{ZI Vi.
Proof Write
Zij={zeZ:27U*) < |z <27}.
Since Z; C B(0,27/) it can be covered by M; balls of radius 2=VU+?, with

(j)}M,-

centres {u;""'},_|, where

M;=NQ /27Uy <4 =M.
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Let U; be the space spanned by {uf.j)}?i"l; clearly dim(U;) < M’, and if P;
denotes the projection onto U,

1Pzl = llzll = llz = Pzl = 27UHD — 27U+ = 27U+,

Finally, define mutually orthogonal subspaces V; such that
Dv. =Dy
j=1 j=1

and the result follows since ||I1,,z|| = || P.z|l- Il

The spaces whose existence is guaranteed by these two Lemmas with Z =
X — X form the basis of the construction of the ‘probe space’ with respect to
which it will be shown that linear embeddings with log-Lipschitz inverses are
prevalent.

We now construct the probe space E and the associated measure p: in
the Banach space case we take y > 1 and follow the standard construction of
Section 5.2.2, butin the Hilbert space case we follow the alternative construction
outlined at the end of Section 5.2.1, capitalising on the fact that the spaces {V/;}
are mutually orthogonal so that we can take y > 1/2, and that dim V; < M’
for all j so that we can build our probe space from products of cubes rather
than products of spheres.

The following bound, a consequence of the estimates in Section 5.2, is
central to the proof. (Note that in the Banach space case we only require
Lemma 5.10, but in the Hilbert space case we need the somewhat more subtle
result of Lemma 5.8.)

Lemma 9.17 If ze€ Z with 27U*) < |z|| <27/ then for any f ¢
ZL(B,RY),

wW{LeE: |(f+L)z <e27}<CeVjV, (9.6)
where C = C(N).
Proof In the Banach space case, Lemma 5.10 guarantees that for any ¥ € S,
ML e E: |(f + Lyl < e} < (*djely ™) .

In the case considered here, d; = dim(V;) < M’, and using Lemma 9.15 there
exists a Y € S; with [[/[l, = 1 such that ¥(z) > 27U+, from which (9.6)
follows immediately. In the Hilbert space case, Lemma 5.8 ensures that

k
wWLeE: (L+ f)x)|<e}=<c (j-‘(M’)‘/2 L) ,
[ TTx]|
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where I1; is the orthogonal projection onto Vi ® Vo ® --- @ V;, and (9.6)
follows using Lemma 9.16. O

Olson (2002) proved a version of the following theorem for subsets of RY,
and Olson & Robinson (2010) gave a proof for subsets of a Hilbert space that
yields y > 3/2as N — oo. Robinson (2009) used the probe space construction
of Section 5.2.2 to prove the result for subsets of a Banach space with y > 2.
The reduction to the optimal exponents here, whose possibility was strongly
suggested by the analysis in Pinto de Moura & Robinson (2010a) — see Section
9.6 — is due to Robinson (2010).

Theorem 9.18 Let X be a compact subset of a real Banach space 9B such
that da(X — X) < s < N, where N € N. If

aN +1

N —s
where o = 1/2 if B is a Hilbert space and a = 1 if # is a general Banach

y > , 9.7

space, then a prevalent set of linear maps L : 8 — RN are injective on X and,
in particular, y-almost bi-Lipschitz: for some constant ¢, > 0 and py, > 0

1 llx =yl

— ——————— < |Lx — Lyl < cllx =yl 9.8)
cp | logllx — yll Y
forallx,y € X with |x — y|| < pL-

Proof Choose ¢ > « small enough to ensure that

¢N+1
N—s "

y > 9.9)

Let ¥ = {V,}°2,, where V,, are the spaces whose existence is guaranteed by
Lemma 9.15, and set E = E.(¥) and u = u.(¥") following the construction
of Section 5.2.

Denote by S; the set of all those L € .#(2%, RV) for which (9.8) holds for
all x,y € X with ||x — y|| < pr for some p; > 0. First we show that S is
prevalent, and then combine this with the result of Theorem 8.1 to deduce the
result as stated.

Given f € £(%,RY), let K be a Lipschitz constant valid for all f + L

with L € E. Define a sequence of layers of X — X,
Zi={zeX—-X:2U" <z <27}

and the corresponding set of maps that fail to satisfy the almost bi-Lipschitz
property for some z € Z;,

Qj={LeQ: |(f+L)2)| <j727 forsomeze Z;}.
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By assumption da(X — X) < s, and so Z; C B(0, 277) can be cov¢red by
N;j < Mj”* balls of radius j~727/. Let the centres of these balls be zgj) €Z;
wherei =1,..., N;. Given any z € Z; there is zgj) such that

lz — 27| < j7r2 .
Thus

I(f + L)) = I(f + L)(zl(.j))| —|(f + L)z — zﬁj))|
> |(f + L&) - Kj727,

which implies, using Lemma 9.17, that

Nj
W)=Y wLeQ: [(f+L)E) =A+K)j727)

i=1
< Nj(dj 0+ K)j 72 [y )Y

for any ¥ € V;. A
Lemma 9.15 implies that there exits a ¢ € V; such that |1//(Zl(»]))| > 2-U+3),
and since N; < Mj”* andd; < M’,

w(Q;) < cjr (M j< j )N = ¢ jroNe ),

Since (9.9) implies that ys + N(¢ — y) < —1, it follows that

oo

Z m(Q;) < oo.

j=1
Using the Borel-Cantelli Lemma (Lemma 4.2), i-almost every L is contained
in only a finite number of the Q;: thus for p-almost every L there exists a j;
such that for all j > j,,

27U <zl <27 = (F+D)@I =2,
so for ||z]| <277,

llzll

I(f + L)) = 27—
[ log [lz[l 1"

(9.10)

So the set S is prevalent as claimed.

Now, since 7*(X) < dp(X) < dp(X — X) < da(X — X) we can apply The-
orem 8.1 to obtain a prevalent set S, of linear functions f : # — RN that are
injective on X. Since the intersection of prevalent sets is prevalent (Corollary
5.4), there exists a prevalent set of linear maps that are injective on X and
satisfy (9.10). O
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9.6 Sharpness of the logarithmic exponent

We can once more use an appropriate choice of orthogonal sequence to show,
following Pinto de Moura & Robinson (2010a), that the bound on the logarith-
mic exponent in Theorem 9.18 is asymptotically sharp: as N — oo, we obtain
from (9.7) that it is possible to embed into some R" with any logarithmic
exponent y > 1 in the Banach space case and y > 1/2 in the Hilbert space
case.

We consider the ‘orthogonal set” A = {e™"¢e,}o2, U {0}, where {e,} is the
canonical basis of £ (1 < p < 00) or ¢y. Lemma 9.10 guarantees that as
a subset of €7 (1 < p < o0) and ¢y this set has zero Assouad dimension.
Lemma 9.13, which extends to subsets of £7 of this form, guarantees that
da(A—A)=0.

Suppose that there exists a linear map L : £ — R" and a p; > 0 such that
forevery x,y € A with ||x — y| < pr,

1 llx =yl

— ———— —— = I|Lx—Ly| <clx =yl .11
cr | logllx — yll [

for some ¢; > 0. Then the Decomposition Lemma (Lemma 8.2) ensures that
there exists a rank N projection P that satisfies a lower bound of the same
form,

lx — ¥l
|Px — Py|>¢c—"—"—"—"—
[ log flx — yll [
forall x,y € A with ||x — y| < pr.
In particular, since 0 € A, one must have
flx|]
IPx]| = ¢ ————
| log [|x|| |

for every x € A with ||x|| < pp: forx = e’jej this gives

e llejll
jv

e/ Pejll = ¢ [ Pejll = cj~7.

Using Lemma 8.3 it follows that

1/q 1/q

oo oo
Nz | lPel] =c|d i
Jj=1 Jj=1

Thus to allow the existence of a finite-rank linear map satisfying (9.11) we
need the sum on the right-hand side to converge, i.e. we musthave y > 1/g.In
the Hilbert space case (p = 2) this shows that we cannot improve on y > 1/2,
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while in the Banach space case (taking ‘p = 00’, i.e. ¢y) we cannot improve
ony > 1.

9.7 Consequences for embedding compact metric spaces

A result valid for Banach spaces can be converted into a result for metric spaces
via the Kuratowski isometric embedding of (X, o) into L*(X):

Lemma 9.19 Ler (X, 0) be a compact metric space. Then the mapping
F (X, 0) > L®(X) given by x > o(x, -) is an isometry.

If X is not compact one can obtain the same result by choosing any a € X and
considering x — o(x, -) — o(a, ).

Proof Since (X, ¢) is compact it is bounded, so |o(x, ¥)| < diam(X) for
every x,y € X, i.e. | x| o < diam(X), so Fx € L*(X). To show that .Z is
an isometry, note that by the triangle inequality

(Fx)() = (Fx2)P)| = lox1, y) — o(x2, Y)| < o(x1, X2)

and
I(Fx1)(x1) — (Fx2)(x1)| = o(x1, x2),
and so
-7 x1 = Fx2llec = 0(x1, X2). O

In this way one can interpret ‘X — X’ for an arbitrary metric space (X, o),
ie.

X—X={(fel®X): f=o(,)—o(y), x,yeX}).  (9.12)
The following result is then an immediate corollary of Theorem 9.18.

Theorem 9.20 Let (X, 0) be a compact metric space such that X — X as
defined in (9.12) is a homogeneous subset of L*(X). Then for some N € N
there exists an injective almost bi-Lipschitz map f : (X, 0) — RY.

Exercises

9.1 Show thatif x, y, z are elements of any inner product space then

-]

<1|| ||2+1|| I* 1|| 1%, (9.13)
) X y 2x é 4y ZI, .

-2
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and deduce that
3
llxo — X201 + llx1 = x30% < Y My — xj1 [ (9.14)
Jj=0
where x4 = xg. [Hint: consider the triples {xo, x1, x3} and {x;, x1, x3}.]
Let (X, o) be a separable metric space. If {x j}i‘;o is a countable dense
subset of X, show that the map x + s(x) with

si(x) = o(x, x;) — o(x;, xp) j=12,...

provides an isometric embedding of (X, o) into £°°. (Unlike the result of
Lemma 9.19 this gives an embedding into a space that does not depend
on X.)
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Finite-dimensional attractors
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Partial differential equations and
nonlinear semigroups

The second part of this book concentrates on the implications of Theorem 8.1
(embedding into R* for sets with finite upper box-counting dimension) for the
attractors of infinite-dimensional dynamical systems.

10.1 Nonlinear semigroups and attractors

We will consider (for the most part) abstract dynamical systems defined on a
real Banach space 4 with the dynamics given by a nonlinear semigroup of
solution operators, S(t) : Z — % defined for r > 0, that satisfy

(i) $(0) =1id,
(i) S(@)S(s) = S(t +s)forallz,s > 0, and
(iii) S(t)x continuous in ¢ and x.

Such semigroups can be generated by the solutions of partial differential equa-
tions, as we will outline in Sections 10.3 and 10.4. (At other points it will be
useful to consider instead a dynamical system that arises from iterating a fixed
function S : Z — %; such a map could be derived from a continuous time
system by setting S = S(T) for some fixed T > 0.) An attractor for S(-) is a
compact invariant set that attracts all bounded sets.

The general theory of such semigroups and their attractors is covered in
detail in Chepyzhov & Vishik (2002), Chueshov (2002), Hale (1988), Robinson
(2001), Sell & You (2002), and Temam (1988); we give a brief overview of
the existence theory for attractors in Chapter 11, and discuss a very general
method for showing that an attractor has finite upper box-counting dimension
in Chapter 12.

An attractor &7 has two properties that distinguish it from the more abstract
sets we have considered in Part I: if the semigroup S(¢) arises from a partial

105
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differential equation then . consists of functions (defined on some domain U),
usually with specific smoothness properties; and there are dynamics associated
with the attractor.

We will show that the smoothness of functions that make up </ can be
used to obtain a bound on the thickness of ./ (Lemma 13.1), and that more
dynamical properties can be used for many examples to show that the Lipschitz
deviation of &7 is in fact zero (Theorem 13.3).

New questions also arise given the two properties above: it is natural to ask
whether one can find an embedding consisting of point values of the functions
that make up the attractor, and whether there is any ‘dynamical embedding’.
These questions are answered positively here in Chapters 14 and 15, under
the assumption that the attractor has finite upper box-counting dimension (the
result in terms of point values also requires the attractor to consist of real
analytic functions).

10.2 Sobolev spaces and fractional power spaces

Since throughout Part I we will be primarily concerned with properties of
semigroups generated by the solutions of partial differential equations, from
time to time we will require some of the modern language used in the study
of partial differential equations, in particular Sobolev spaces and a little of the
theory of linear operators. We give a very cursory summary here; more detail
can be found in Evans (1998) or Robinson (2001), for example.

Let 2 C R” be an open set with a smooth boundary. The basic space of
functions upon which everything else is built is L>(£2), the space of (Lebesgue)
square integrable functions with norm

T :/ 1 CoP d.
Q

A function f has weak derivative D; f = g (we abbreviate d/dx;, the partial

derivative in the ith coordinate direction, to D;) if g € L}OC(Q) and

/Qf(x)(Diw)(x)dx = —/Qg(X)w(X)dx

for every ¢ € C2°(Q2) (infinitely differentiable functions with compact support
in 2).

We use the standard notation H*(£2) for the Sobolev space of functions that,
together with their (weak) partial derivatives of order < s, are square integrable
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on 2 C R"; this space is a Hilbert space when equipped with the H*-norm,
1 ey = Y 1D £ 11320

lo|<s
where @ = (1, ..., ®,) is a multi-index, |«¢| = @) + - - - + «@,, and
D“fz . ...Da'lfz glel
! " axy" - 0xp"

We will require little of the detailed theory of Sobolev spaces, but will regularly
make use of the embedding result!

H (@) cC(Q)  with  Juller < Crsllullas (10.1)

whenever s > r + (n/2); see Exercise 10.1 for a simple proof whenn = s = 1
andr = 0.

It is often useful to move between Sobolev spaces and fractional power
spaces of certain linear operators (e.g. the Laplacian), since norms of fractional
powers can be easier to manipulate.

Let H be a Hilbert space with norm || - | and inner product (-, -), and
let A be an unbounded positive linear operator with compact inverse that
acts on H. The Hilbert-Schmidt Theorem applied to A~! guarantees that A
has a set of orthonormal eigenfunctions {w j}j?"zl with corresponding positive
eigenvalues A;, Aw; = A;w;, which form a basis for H (see Theorem 3.18
and Corollary 3.26 in Robinson (2001), for example), and are such that

[e.¢]
Au= rjw,wpw;  forall —ueH.
j=1

In this setting it is straightforward to define the fractional powers of A, A%, by

o8]
Au=>"2%u,wjw; forall ueH, (10.2)
j=1

and if we denote by D(A®) the domain in H of A%, (i.e. u € H such that
A%u € H) it follows that

oo

D(A") =3 "cjwj Y 2% e; < o0

j=1 j=1
This space is a Hilbert space when equipped with the norm

lulle = 1A%ull.

1 This result needs to be understood in the sense that any f € H*(2) with s > r + (n/2) is equal
almost everywhere to a function in C"(2).
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We now recall some basic properties of these fractional power spaces:

(i) If B > « then D(AP) is a subset of D(A%), and the embedding is com-
pact, i.e. a bounded subset of D(A?) is a compact subset of D(A%) (see
Exercise 10.2).

(i) If A is a second order linear elliptic operator with constant coefficients
then there exist constants C; and C; such that

CollAull < lullgs < CLIAYul| forall  u e D(A*?). (10.3)

(The first of these is straightforward, the second relies on the theory of ellip-
tic regularity; see Evans (1998), Gilbarg & Trudinger (1983), or Proposition
6.18 in Robinson (2001) for a proof when A = —A with Dirichlet boundary
conditions.)

(iii)) On a periodic domain €2, if (a) A = —A along with the condition that
fQ =0, orif (b) A =1 — A, then D(A*/?) = H*() (see Section 6.3 in
Robinson (2001)).

10.3 Abstract semilinear parabolic equations

Throughout Part IT we will use two illustrative examples. The first is an abstract
semilinear parabolic equation, a framework into which many particular models
fit. We follow Henry (1981), but with some simplifications since we will take
A to be an unbounded positive linear operator with compact inverse that acts
on a Hilbert space H (as above), rather than a more general ‘sectorial operator’
(see Henry (1981) for details). We consider semilinear parabolic equations of
the form

du/dt = —Au + g(u) u(0) = ug € D(AY), (10.4)
where g(u) is locally Lipschitz from D(A%) into H,

llg() — gl = L(R)|lu — vl whenever [ulle, [[vlle <R,  (10.5)

for some o € [0, 1). Given any uy € D(A%), there exists a unique solution
u(tyug) : [0, T) - D(A%), where T depends on |up|l,, and this solution is
given by the variation of constants formula

t

u(ts o) = e Mg + / A0 g (u(s)) ds, (10.6)
0
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where

oo
e My = Ze_kf’(u, w;w;

J=1

(see Henry (1981, Lemma 3.3.2 and Theorem 3.3.3)). Solutions are continu-
ous from [0, T) into D(A%) and depend continuously on the initial condition
(Henry’s Theorem 3.4.1).

If we assume that unique solutions of (10.4) exist for all # > 0 (this usually
requires an equation-by-equation approach tailored to the particular model
under consideration), then the solutions generate a semigroup on D(A%) via
the definition S(#)ug = u(t; ug). Properties (i) and (iii) are immediate from the
above results, and property (ii), S(t 4+ s) = S(¢)(s) forall ¢, s > 0, follows from
the uniqueness of solutions.

The following estimates for the action of e =4’ between different fractional
power spaces are extremely useful:

le |l 2m.pary = 1A e || gy < {K;:_;fy ?;Jt/;l)’//kls (10.7)
and consequently
o0 e—y)hf(lfy)
/0 A e || gy dt < I, := 1_1y ify €0, 1), (10.8)
see Exercise 10.3. Sometimes it is convenient to rewrite (10.7) as
1A e~ | my < est™7e™™, (10.9)
where 0 < § < A; and
cs = y’e " max(e/M, (A — 8)7). (10.10)

10.4 The two-dimensional Navier—Stokes equations

Our other example will be the two-dimensional Navier—Stokes equations. The
existence of unique solutions for all # > 0 in the three-dimensional case is a
well-known unsolved problem (and is one of the Clay Foundation’s Million
Dollar Millennium Prize Problems); the dynamical systems theory has therefore
concentrated mainly on the two-dimensional case, for which suitable existence
and uniqueness results are available. We will do the same here.
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Classically, these are equations for the two-component velocity u(x, ¢) and
the scalar pressure p(t),

%—Au+(u-V)u+Vp=f(x) V.u=0, (10.11D)
where we have set the kinematic viscosity (the coefficient of the Laplacian term)
equal to 1. The right-hand side f represents a body forcing that maintains the
motion (with f = 0 every solution decays to zero and the attractor is trivial,
see Exercise 10.5).

For mathematical simplicity we will concentrate on the periodic case, when

x € Q=10,27]*and
u(lx +2me;, t) = u(x, t), i=1,2, (10.12)

where e; and e, are orthonormal vectors in R2. It is also convenient to assume
the zero-average conditions

/ f(x)dx =0 and / up(x)dx = 0; (10.13)
Q Q

the condition on f ensures that the zero average of u(x, t) is preserved under
the time evolution.
The natural phase space for the problem we will denote? by H: it is the
completion in the [L?(£2)]>*-norm of
Ho={uelC(DP: V-u=0 and f u(x)dx = 0}, (10.14)
Q

per

where Cg;’r(Q) is the space of all C* functions that are periodic as in (10.12);
we equip H with the L? norm. (Roughly speaking H consists of all functions
in [L?(2)]? with zero average and (generalised) divergence zero.)

Given f € H and ug € H, for all t > 0 there exists a unique solution which
we denote by u(t) = u(t; uo) (suppressing the x dependence) that is continuous
from [0, c0) into H, and depends continuously (in the H-norm) on uy (see
Constantin & Foias (1988), Robinson (2001), or Temam (1977)). As with the
abstract semilinear equation in the previous section, we can use the solution to
define a semigroup on H by setting S(#)ug = u(t).

It is a standard approach (particularly in the literature that views the two-
dimensional equations as a dynamical system) to reformulate (10.11) in ‘func-
tional form’, essentially as an ordinary differential equation on an appropriate
space. This reformulation is one way to eliminate the pressure from the equa-
tions, capitalising on the observation that the pressure term V p is orthogonal

2 Whenever we are dealing with the Navier-Stokes equations our ‘primary’ Hilbert space will be
H, so this should not cause any confusion with more general abstract considerations.
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(in L?) to functions that are divergence free (V - u = 0):

/u-Vpdx:—/p(V-u)dx:O. (10.15)
Q Q

To recast the equation in this form, let V denote the completion of 7 in
the [H'(2)]? norm, and let V* denote the dual of V. Taking the inner product
of (10.11) with v € V, after some integrations by parts (in particular using
(10.15)) we obtain?

d
a(u, v) + (Du, Dv) + (v - V)u, v) = (f, v) for all veV.
Now define a linear operator A : V — V* by
(Au, v) = (Du, Dv) for all u,vev,

where (-, -) denotes the pairing between V* and V, and define a bilinear form
B:VxV— V*by

(B(u,u),v) = (u-Vu,v) for all u,veVv.

Then we can rewrite the Navier—Stokes equations as an ordinary differential
equation in the space V*:

du
d—t—i—Au—i—B(u,u): f.

The operator A is the ‘Stokes operator’, and is given by A = —ITA, where
IT is the orthogonal projection in [L?(R2)]*> onto H (divergence-free vector
fields). In the periodic case, A = —A on its domain of definition, and so (see
property (iii) of fractional power spaces) the Sobolev spaces H*(£2) coincide
with the fractional power spaces D(A*/?) with

e IIA2ull < llullps < Col| A ull

for some ¢y, Cs.
In the analysis that follows we will only require the following properties of
A and B:

(Au,u) = |Dul®>  forall wueV, (10.16)

which follows immediately from the definition of A, and two orthogonality
relations for the nonlinear term,

(B(u,v),v) =0 for all u,vevVv (10.17)

3 The notation (Du, Dv) denotes Ziz,/'=1(Df“J'* D;v;); in particular | Du|? = Zi/&, | Diuj 2.
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(this follows from an integration by parts, and remains true for other boundary
conditions and in the three-dimensional case), and

(B(u,u), Au)y =20 for all u € D(A), (10.18)

which is only true in the two-dimensional periodic case (the proof relies on
expanding the expression ((# - V)u, Au), then using the divergence-free con-
dition repeatedly in many pairwise cancellations). We will also make use of the
Poincaré inequality,

llul| < ||Dull for all ueVv, (10.19)

which follows making use of the zero-average condition (10.13), and is easy to
see using the Fourier expansion of u (see Exercise 10.6).

Finally we note that the Navier—Stokes equations can be recast in the abstract
form (10.4), where A is the Stokes operator and

gw) = f — B(u, u).
In this case g(u) is locally Lipschitz from D(A%) into H for any o > 1/2:
lgu) — g2 = | B(u, u) — B, v)|| 2

=|[Bu,u —v)+ Bu —v,v)|
<|IB,u — )|z + 1B — v, v)l.

For the first term we have (since ||t < c|lu| g~ asa > 1/2)

1B, u —v)ll> < llullool D(u — v)| 2

cllull el — vl g1

IAIA

cllullellu —vlli2,
while for the second term we use Holder’s inequality to write
[B(u —v, V)2 = lu — vl 2rean || D]l Lro-o.

For the first and final time we use the two-dimensional Sobolev embedding
result (see Evans (1998), for example)

H® c LY with Nl 2o < cgllua]l s

(which in particular shows that any L” norm is bounded by the H' norm) with
s = 2o — 1 and obtain

[1B(u — v, v)|| < cllu—vllglvlge < cllu —=vllilv]e.
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It follows that

lg() — g2 < clllulle + llvlledllu = v/, (10.20)

and in general g is locally Lipschitz from D(A®) into H.

One could therefore could treat the two-dimensional Navier—Stokes equa-
tions within the abstract framework of Section 10.3. However, this would
require us to take an initial condition in D(A%) with & > 1/2, and to consider
the dynamical system generated on this space. Instead, it is more useful to
obtain the existence of a solution via other methods (above we stated that a
unique solution exists for any uy € H), and then use the more abstract setting
when it makes the analysis more convenient.

We will adopt this approach in Section 13.2, in which we investigate the
Lipschitz deviation of attractors. There, the following observation will be cen-
tral: it follows from (10.20) that if we restrict our attention to a set X that is
bounded in D(A%) with « > 1 then g is Lipschitz from D(A'/?) into H:

lg@) — g2 < Cllu —vll,2 for all u,veX.

Exercises
101 If f(x) =) 4y cre'™ then f € H'(0, 27) provided that

113 =Y+ kPl < oo,

Show that || f|lee < c|| £l &, and deduce that f € C°([0, 27]).
10.2 Show that D(A#) is compactly embedded in if fe H'|0, 277) then D(A%)
if B> a.
103 Ifu = Zji] cjw; then
(o]
||AV€7AtM||2 _ Z)L?Vefn,vt'q'z_
j=1

Derive the bounds in (10.7) and (10.8).

10.4 Suppose that a solution u(z) € D(A¥) of (10.4) exists on [0, T'). Use
the variation of constants formula (10.6) and the estimates in (10.7) and
(10.9) to show that u(t) € D(A?) forall B < 1.

10.5 Consider the two-dimensional Navier—Stokes equations in functional
form with zero forcing:

du/dt + Au + B(u,u) = 0.

Show that ||u(t)||;2 — 0 ast — oo.
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10.6 For u € V (recall that V is the completion of 7, defined in (10.14), in
the [H'(2)]> norm) prove the Poincaré inequality |lu| < ||Du| using
the Fourier expansion

U= Z ckeik»x7

keZ?

where Z2 = Z? \ {0, 0} (thereisnok = Otermsince [, u = Oforu € V).
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Attracting sets in infinite-dimensional systems

11.1 Global attractors

In this chapter we give a basic existence result for attractors (Theorem 11.3),
and show in Proposition 11.4 that the attractor can be characterised in an
‘analytical’ way that is independent of the dynamical definition that is the
primary one here. Sections 11.3 and 11.4 prove the existence of attractors for
the models introduced in the previous chapter.

A set X C 4 is said to be invariant if S(t)X = X for all ¢+ > 0, and is said
to attract B C £ if

dist(S(t)B, X) — 0 as t — 00.

A set X C 4 is said to be attracting if it attracts all bounded subsets of Z.
A set of C A is said to be the global attractor if it is compact, invariant,
and attracting. If it exists then the global attractor is unique: suppose that .7

and .«% are two global attractors. Then, since <% is bounded, it is attracted by
'52{1 9’

dist(S(¢).at, o) — 0 as t — oo.

But o is invariant, S(¢).% = <%, and so dist(<%, «7]) = 0. The argument is
symmetric, so dist(«7, @%) = 0, from which it follows that <] = <%.

Two alternative characterisations of the attractor follow from a similar argu-
ment: &7 is the maximal compact invariant set, and the minimal closed set that
attracts all bounded sets, see Exercise 11.1.

11.2 Existence of the global attractor

In this section we will use the following simple lemma repeatedly.
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Lemma 11.1 Let K be a compact subset of B, and x,, € A a sequence with
lim,,_, o dist(x,, K) = 0. Then {x,} has a convergent subsequence, whose limit
liesin K.

Proof Write x, =k, + z,, where k, € K and ||z,|| — 0 as n — oo. Then
there is a subsequence such that k,,, — k* € K, so Xn; —> k* too. O

We will in fact form the attractor as the union of the omega-limit sets (defined
in the following lemma) of all possible bounded sets. We begin by proving some
properties of these limit sets.

Proposition 11.2  Suppose that there exists a compact attracting set K. Then
for any bounded set B, the set

o(B) = ﬂUS(s)B (11.1)
t>0 s>t
={xe%: x = lim S(,)b, forsomer, - oo, b, € B} (11.2)
n—oo

is a nonempty compact subset of K that is invariant and attracts B.
For the equivalence of (11.1) and (11.2) see Exercise 11.2.

Proof Since there is a compact attracting set, Lemma 11.1 combined with
(11.2) shows that w(B) € K; that w(B) is nonempty follows similarly, taking
any initial sequences {b,} € B andt, — oo. Using (11.1), w(B) is a decreasing
sequence of closed sets, and so is a closed subset of the compact set K; thus
w(B) is compact.

Now suppose that x € w(B). Then there exist sequences {t,} with ¢, — oo
and {b,} with b, € B such that x = lim,,_, o, S(#,)b,,. Then, since S(¢) is con-
tinuous,

S = $@) (lim S@by) = lim S+ 6,)b,.

and so S()x € w(B), i.e. S(t)w(B) C w(B).

Now, if y € w(B) then y = lim,_, o, S(t,)b,,. For any fixed ¢, once ¢, > ¢,
we can write S(t,)b, = S@)[S(t, — t)b,]. Using Lemma 11.1, we know that
S(t, — t)b, has a convergent subsequence, which converges to some 8 € w(B).
Taking the limit through this subsequence, it follows that y = S(¢)$ with
B € w(B), so w(B) C S(t)w(B), and hence S(t)w(B) = w(B).

We now show that w(B) attracts B. If not, then there exist a § > 0, and
t, — 00, b, € B such that

dist(S(t,)b,, w(B)) > 6.
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But (by Lemma 11.1) {S(#,)b,} has a convergent subsequence, whose limit
must lie in w(B), a contradiction. O

The existence theorem for global attractors is essentially an immediate
corollary of the above.

Theorem 11.3  There exists a global attractor <f if and only if there exists a
compact attracting set K, in which case o/ = w(K).

Proof 1f of is an attractor then it is a compact attracting set; since S(1).o/ = &/
for all t > 0 we have w(«) = &7. Conversely, if K is a compact attracting set
then Proposition 11.2 shows that for every bounded set B, the omega-limit set
w(B) is compact, invariant, and attracts B. Define

o = U w(B). (11.3)

B bounded

The set .o is clearly compact (since each w(B) is contained in the compact
set K), invariant, and attracts every bounded set B, so is the global attractor.
It only remains to show that &/ = w(K). It is immediate from (11.3) that
o/ O w(K), while since .7 is the minimal closed set that attracts bounded sets
(Exercise 11.1) we must have .« C K, and hence &/ = w(«/) C w(K). ]

In many cases we can show something stronger than the existence of a
compact attracting set, namely the existence of a compact absorbing set. We
say that a set X C A is absorbing if for every bounded subset B C # there
exists a time ¢z such that

SHBC X for all t>tg,

i.e. the orbits of all bounded sets eventually enter and do not leave X. Clearly
the existence of a compact absorbing set implies the existence of a compact
attracting set, which we know implies the existence of a global attractor. In Sec-
tion 11.3 we prove that the existence of a bounded absorbing set for an abstract
semilinear parabolic equation implies the existence of a compact absorbing set,
and hence of the global attractor; in Section 11.4 we will prove the existence of
a global attractor for the two-dimensional Navier—Stokes equations by showing
directly the existence of a compact absorbing set.

Finally we give an alternative, more analytical characterisation of attractors
in terms of complete bounded orbits. This shows that while these objects have
a definition in terms of dynamics, they are of interest independent of their
dynamical interpretation.
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Proposition 11.4  The global attractor is given by
o = {uy € A : there exists a solution u(¢) defined for all € R with
u(0) = ug such that ||u(t)|| < MVt e R, for some M > 0}.

Proof Suppose that there is a globally bounded solution through u, i.e.
that ug is an element of the set on the right-hand side of the identity in the
proposition. Then for every ¢t > 0, ug = S(t)u(—t) with [|u(—1t)|| < M, ie.
u(—t) € B(0, M). Then

dist(uo, /) = dist(S()u(—1), o) < dist(S()BO, M), &) — 0 ast — oo,

and so ug € <7. To prove the opposite inclusion, given uy € &7 it is clear that
IS(t)ug]l is bounded for all ¢ > 0, since S(f)ugy € <. To extend the solution
backwards in time, first find u(—1) € & such that S(1)u(—1) = uq (this is
possible since S(1)/ = &), and let

u(—1+1)=SOu(—=1)  for tel0,1).

Continue inductively: choose u(—(n + 1)) such that u(—n) = S(Du(—(n + 1))
and define

u—m+1)+10)=SOu(—mn+1) for tel0,1).

The semigroup property ensures that this gives a solution, and since the solution
lies within o7 for all t € R it is bounded. 0

11.3 Example 1: semilinear parabolic equations

First we consider the semilinear parabolic equation of the form
du/dt = —Au + g(u) u(0) = up € D(A%), (11.4)
where g is locally Lipschitz from D(A%) into H,
lg(u) — gl < L(R)|lu —vlle whenever [lulla, lvlle <R,  (11.5)

as introduced above in Section 10.3. Recall that the solution u(¢) of (11.4) is
given by the variation of constants formula

t
u(t;ug) = e uy + / e g (u(s))ds.
0

Assume that there is a bounded absorbing set in D(A®): i.e. that for any R
there exists a fy(Ry) such that

lu@®lle <M forall 1= 19(Ro)
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(for particular equations such an estimate is usually proved using model-specific
techniques, rather than appealing to a general result for (11.4)). Given this
bounded absorbing set in D(A%), one can use the variation of constants formula
to obtain a compact absorbing set, as we now show.

Note that the Lipschitz property of g in (11.5) implies that

lgw)| < M :=|f(0)| + L(M)M when  |lully < M.
Therefore, choosing € > O such thata +¢€ < 1,
lu@llate = NA*Tu(@)|

1
— “Aa+€e_A(t_t0)u(t0)+/. AOH-Ee—A(t—X)g(u(S)) ds

fo

t
< 1A% g (o)l + f 1At e A iy M ds,
4]
and using the estimates
oo
|AYe || oy < ct™Ve™™  and f |AYe ™ || oemyds < I, < 00
0

from (10.9) and (10.8), one can obtain
() llave < et — 1) €™ uglly + Loe M.
In particular, for all # > fo(Rp) + 1,
lu@llare < M+ Lo M,

and so there is a bounded absorbing setin D(A**€). Since D(A%"€)is compactly
embedded in D(A®) (see property (i) at the end of Section 10.2), there is a
compact absorbing set in D(A%), and hence a global attractor for the semigroup
defined on D(A%).

11.4 Example 2: the two-dimensional
Navier-Stokes equations

We consider the two-dimensional Navier—Stokes equations written in their
functional form
du
dr
see Section 10.4, and prove the existence of a compact absorbing set in H,
by showing the existence of a bounded absorbing set in V (recall that V is
compactly embedded in H).

+Au+ Bu,u)=f, feH, (11.6)
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First, if one takes the inner product (in H) of (11.6) with u, since (Au, u) =
| Du||? (10.16) and (B(u, u), u) = 0 (10.17) one obtains

1d ) 2
5 g 1l A IDull™ = (f, w) = IS 1l (1L.7)

Using the Poincaré inequality ||| < || Dul| (10.19) on the left-hand side, and
Young’s inequality (2ab < a* + b*) on the right-hand side, one obtains the
differential inequality

d 2 2 2
— < .
@ lell™ + Nleell” < LA
This can be readily integrated (using the integrating factor e’) to deduce that

lu@l* < lluol®e™ + I FIP(1 —e™),

andso [|u(t)||> < 2| f|I> forallt > to(||uol|). This provides a bounded absorbing
setin H.To obtain a compact absorbing set, we will show that there is a bounded
absorbing set in H', i.e. that || Du(t)||* is asymptotically bounded, uniformly
in terms of the L? norm of the initial condition.

We first require a subsidiary estimate. Dealing with (11.7) differently, one
can use the Poincaré inequality and Young’s inequality on the right-hand side
to obtain

d 2 2 2
—lull®> + | Du? < .
@ lull” + 1 Dull” < 1 £l

Integrating this differential inequality from # to ¢ 4 1 gives

1+1
lu(z + 1)]? +/ IDu(s)II*ds < [ £11* + lu@)lI.
t
In particular, therefore, since [lu(t)||> < 2|| 11> for t > to(|luol|),
1+1
/ IDu)I*ds <31 £I>  forall 1= to(luol). (11.8)
t

Now take the inner product of (11.6) with Au, and use the special two-
dimensional periodic orthogonality relation (10.18) to obtain

1d ) ) 1 , 1 2
3 g 1Pl + lAul™ = (f, Aw) = IF 11l Au] = SIS+ Sl Aull™. - (11.9)

Absorbing the || Au||? from the right-hand side into the same term on the left-
hand side, and dropping the resulting —i—% | Au||?, we obtain

d
anDun2 < IfI (11.10)
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Take ¢ > #y(|luoll), and integrate (11.10) from s to ¢t + 1, where t <s <1t + 1:
1Du( + DI* < 1 F1I1* + 1 Dus)1*.

Now integrate once more, but this time with respect to s between ¢ and 7 + 1,
which yields

t+1
| Du(t + DII* < || £11? +f I Du(s)I* < 41 £1%,
t
using (11.8). Since this is valid for all ¢ > 7o(||ugl]), it follows that
IDu)|*> <6l fII*  forall ¢ > to(lluoll) + 1.

(This ‘double integration’ trick can be formalised as the ‘Uniform Gronwall
Lemma’, see Exercise 11.5.)

This implies the existence of a bounded absorbing set in H I and since H'
is compactly embedded in L2, this gives a compact absorbing set in H and
guarantees the existence of a global attractor .7 for the semigroup on H. With
a little further work one can show that the global attractor is a bounded subset
of D(A) (and hence of H?), see Exercise 11.6.

Exercises

11.1 Show that the global attractor is the maximal compact invariant set, and
the minimal closed set that attracts all bounded sets.

11.2 Show that (11.1) and (11.2) are equivalent.

11.3 Show that <7 is connected whenever 4 is connected. [Hint: argue by
contradiction.]

11.4 If X is an invariant set, the unstable set of X is defined by

U(X) :={up € % : there exists a globally defined solution u(t) with
u(0) = ug and dist(u(r), X) — 0 as t — —oo}.

Show that U(X) C & for any invariant set X.

11.5 Use the double integration method used in Section 11.4 to prove the
‘Uniform Gronwall Lemma’: if x, a, and b are positive functions such
that

dx/dt <ax+b

with

t+r t+r t+r
/ x(s)ds < X, / a(s),ds < A, and / b(s)ds < B
t t t
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for some r > 0 and all r > ¢j, then
X A
xt)<|—+B)e
r

forall # > ty + r. [Hint: use the integrating factor exp(— fs "a(t)dr) with
fh<t<s<t+r.]

11.6 This exercise provides a proof that if f € H then the attractor for the
two-dimensional Navier—Stokes equations is a bounded subset of D(A).
Fix ug € </ and let u(t) = S(t)ug be the solution with initial condition
ug. It follows from the invariance of .7 that u(¢) € « for all t > 0, and
hence that ||u(?)||> < 2|| f||*> and || Du(t)||> < 6|| f||> for all ¢ > 0.

(i) Starting from (11.9) show that

1
/ lAu(s)|*ds < 7| fI>  forall  ¢>0.
0

(i) Given the inequality
I B, w)|| < cillull'?| Dull | Aull"/?,

use (11.6) to deduce that
1
/ lu,(s)I*ds < I, forall >0,
0

where u, = du/dt and I; depends only on ¢ and | f]|.
(iii) Differentiate (11.6) with respect to ¢, and then use the estimate

|(B(u, v), w)| < callull | Dull | Dvl| (1111

along with the uniform Gronwall (double integration) ‘trick’ to
show that

e, (DIl < 1

(where p, depends only on ¢y, ¢;, and || f]).

(iv) Deduce via(11.6)that||Au(1)|| < p4 (depending only on ¢y, ¢;, and
Il £ 1) and use the invariance of < to conclude that 2/ is bounded
in D(A).

(This method is essentially due to Heywood & Rannacher (1982).)
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Bounding the box-counting
dimension of attractors

Powerful techniques are available for bounding the box-counting dimension of
attractors in Hilbert spaces, the case most often encountered in applications.
The most widely-used method was developed for finite-dimensional dynamical
systems by Douady & Oesterlé (1980), and was extended to treat subsets
of infinite-dimensional Hilbert spaces by Constantin & Foias (1985). Much
effort has also been expended in refining the resulting estimates for particular
models, in particular for the two-dimensional Navier-Stokes equations (for a
nice overview see Doering & Gibbon (1995)).

However, general results providing bounds on the dimension of compact
invariant sets go back to Mallet-Paret (1976), who showed that if K is a com-
pact subset of a Hilbert space H, f : H — H is continuously differentiable,
f(K) 2 K (‘K is negatively invariant’), and the derivative of f is everywhere
equal to the sum of a compact map and a contraction, then the upper box-
counting dimension of K is finite. Mafié¢ (1981) generalised this argument
to treat subsets of Banach spaces (this was in the same paper in which he
proved a ‘generic’ embedding theorem for sets with dy(X — X) finite, cf. our
Theorem 6.2).

The Hilbert space method is already cleanly and clearly presented in a
number of texts that concentrate more specifically on estimating the dimension
of attractors (e.g. Chepyzhov & Vishik, 2002; Robinson, 2001; Temam, 1988),
and a general technique that covers the Banach space case seems more in
keeping with the rest of this book. We therefore give here a simplified proof of
Maiié’s result, due to Carvalho et al. (2010); the Hilbert space theory is covered
in Exercises 12.4-12.8.

Throughout this chapter we will use the notation Bz(0, r) to denote the ball
of radius r, centred at zero, in the space Z; we will continue to use the simpler
notation B(0, r) for the r-ball in the Banach space %.

123
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All of the arguments that provide bounds on the dimension of attractors
follow similar lines, which we first sketch and then make formal in a lemma.
For the majority of this chapter we treat a compact set K that is invariant under
the action of amap f : & — A; f could be derived from a semigroup S(-) by
setting f = S(T) for some suitable 7.

Suppose that K can be covered by Ny balls of radius €, {B(x;, e)}?’il.
Then since f(K)= K, it follows that K can be covered by the images
{f(B(xj, )}, If € is sufficiently small,

F(B(xj, €)) x~ f(xj)+eDf(x;)[BO, DI,

where Df (x;) is the derivative of f at x;. If we can find an efficient covering
of Df[B(0, 1)] by balls of a smaller radius o < 1, say

NDfx)[BO, D],a) <M for all x € K,

then we have a new cover of K by MN balls of radius we. Iterating this
procedure will give a cover of K by M* N balls of radius a*e, from which the
bound dg(K) < log M /(— log ) follows.

We now make this precise.

Lemma 12.1 Let K be a compact subset of a Banach space A that is
invariant for the map f : B — 2B, i.e. {(K) = K. Suppose in addition that f
is continuously differentiable on a neighbourhood of K, and that there exist «,
0 <o < 1,and M > 1 such that for any x € K,

N(DF@)[BO, )], ) < M. 12.1)
Then!
log M
dy(K) < %ga. (12.2)

Proof First, we ensure that (12.1) is sufficient to provide a bound on the
number of balls required to cover f(B(x, r)) when r is small enough. Since f
is continuously differentiable and K is compact, for any > 0 there exists an
ro = ro(n) such that forany 0 < r < rp and any x € K,

F(B(x,r)) € f(x)+Df()[BO, )]+ B, nr),
where A + B is used to denote the set {a + b : a € A, b € B}. It follows that
N(f(B(x,r),(@+nr)<M (12.3)

for all r < ro(n).

1 Alternatively, dg(K) < y whenever §” M < 1. This formulation will be useful in Exercise 12.5.
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Now fix n with 0 < n < 1 — «, and let ry = ro(n). Cover K with N(K, r¢)
balls of radius ry, {B(x j,ro)}y:p with centres x; € K. Apply f to every
element of this cover. Since f(K) = K, this provides a new cover of K,
{f(B(x;, ro))}?’:l. It follows from (12.3) that each of these images can be

covered by M balls of radius (« + n)ry, ensuring that
N(K, (o +mro) = MN(K, ro).
Applying this argument k times implies that
N(K, (o +n)'ro) < MK, ro),

which via Lemma 3.2 (on taking the lim sup through a geometric sequence)
yields

log M
dp(K) < ———.
—log(a + 1)
Since 1 > 0 was arbitrary we obtain (12.2). O

The key to applying this approach is to be able to prove (12.1), i.e. to
find a way of estimating the number of balls of radius « required to cover
Df(x)B(0, 1). When Df(x) is the sum of a compact map and a contraction,
we reduce the problem of covering D f (x)[B(0, 1)] to the problem of covering
Df(x)[Bz(0, 1)], where Z is some finite-dimensional subspace of 8. We then
prove a covering result for balls in finite-dimensional subspaces. If Df(x) is
the sum of a compact map and a contraction for every x € K in some suitably
uniform way we can then obtain (12.1) with the same o and M for every
xeKk.

12.1 Coverings of T[B(0, 1)] via finite-dimensional
approximations

We want to cover the image of a ball under a linear map using balls of smaller
radius. In order to do this we show that, given a linear map 7 that is the sum
of a compact map and a contraction, T[B(0, 1)] can be well approximated by
T[Bz(0, 1)], where Z is some finite-dimensional subspace of 4.

We denote by .2 (%) the space of bounded linear transformations from %
into itself, by KC(%) the closed subspace of .Z’(#) consisting of all compact
linear transformations from % into itself, and define

L(B)={T € L(B): T =L+C, withC € K(B) and | L|| 2z < A}.
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The result of the following lemma allows us to define a quantity v, (7)), which
measures the ‘effective dimension’ of the range of T if we allow approximation
to within a distance A. Note that if 7 has finite rank n then v, (T) = n for all
A>0.

Lemma 12.2  Let % be a Banach space and T € 2, ;»(%). Then there exists
a finite-dimensional subspace Z of 9 such that

dist(T[B(0, 1)], T[Bz(0, D]) < A. (12.4)

We denote by v,(T) the minimum n € N such that (12.4) holds for some n-
dimensional subspace of A.

Proof Write T = L + C, where C € K(%) and L € £(%) is chosen such
that ||L|| @) < A/2. We show first that for any € > O there is a finite-
dimensional subspace Z such that

dist(C[B(0, 1)], C[B2(0, D]) < e.

Suppose that this is not the case. Choose some x; € % with ||x;|| = 1, and let
Z; = span{x;}. Then

dist(C[B(0, DI, C[Bz,(0, D] = e,
and so there exists an x, € 4 with ||x,|| = 1 such that
[Cxz — Cxy|| > €.
With Z, = span{x, x,}, one can find an x3 with ||x3|| = 1 such that
[Cxs — Cxi|| = € and ||Cx3 — Cxaf| > €.

Continuing inductively one can construct in this way a sequence {x;} with
lx;ll = 1 such that

ICx; — Cxjll = € i #J,

contradicting the compactness of C.
Now let A < A be such that 2||L |« < * < A, and choose Z using the
above argument so that

dist(C[B(0, 1)], C[Bz(0, D]) < A — A.
If x € B(0,1)and z € Bz(0, 1), then

ITx — Tzl < |L(x = )l + |Cx — Czl| < A + [|Cx — Czll.
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Hence,

dist(T[B(0, 1)], T[Bz(0, D]) < X + dist(C[B(0, 1)], C[B£(0, D])
<A,

and this completes the proof. O

We now need to be able to cover T[Bz(0, 1)] with %-balls of a smaller
radius. Since

T[Bz(0, D] € Br (O, IT1D),

we consider coverings of a ball in a general finite-dimensional subspace U of
P with ZB-balls of a smaller radius.

It is easy to estimate the number of balls required to cover a ball in R, (R"
equipped with the £°° norm) with balls of smaller radius, so we find a linear
isomorphism between R’ and U which allows us to translate a covering in
R, to a covering in U.

Lemma 12.3 [f U is an n-dimensional subspace of a real Banach space X,
then

N(By(0.7). p) < (n + 1’ (%) 0<p<r
where the balls in the cover can be taken to have centres in U.
Proof First we find a linear isomorphism J : R% — U such that
1l 2@, vy <n and 1T zwre,) < 1. (12.5)

Let {xi, ..., x,} be an Auerbach basis for U, and { f1, ..., f,} the correspond-
ing basis for U™, i.e. ||x;|ly = I filly» =1fori =1,...,n and fi(x;) = §;j,
i,j=1,...,n (for the existence of such a basis see Exercise 7.3). Define a
map J : R — U by setting

@)= zx;.
j=1

where z = (z1, ..., z,). Then

n n
@l =D 2| =D Izil < nlizlleo
j=1

J=1 U
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which gives the first inequality in (12.5). On the other hand, if x € U with
x =3 "_z;x;jand ||lx|ly < 1 thensince z; = f;(x),

-1
17 0w = Nzlleo = max fz1 = max 1£00] < o,

which yields the second inequality in (12.5).
Now since

By(0,r) = JJ " (By(0, 1)) S J(Bra (0, |77 "Ir)),

and Bg: (0, |7~ ) can be covered by

170" oY r\" (!
I+ —— | =({1+IJIIV =) =(l+n—=) =(+D" (=
P/ P P P
balls in R? of radius p/||J|| with centres in U, it follows that By (0, r) can be
covered by the same number of U-balls of radius p. O

Combining these two results we obtain the following corollary.

Corollary 12.4  If # is a Banach space and T € 2, ;>(#) then

N(TIBO, D], 23) < [(n + 1)”%”] ,

where n = v, (T).

Proof Using Lemma 12.2 there is an n-dimensional subspace Z of % such
that

dist(T[B(0, 1)], T[Bz(0, D]) < A. (12.6)

Noting that 7(Z) is also an at most n-dimensional subspace of %, one can
use Lemma 12.3 to cover the ball Brz)(0, ||T||) with balls B(y;, 1), 1 <i <k,
such that y; € B(0, | T||) for each i and

< ||T||}"
=< (n-l—l)T .

Thus

k
T[Bz(0, D] < Brz) (0, IT]) < U B(yi, 1) (12.7)
i=1
We complete the proof by showing that

k
U BOw, 2 2 TIB(O, D)1,

i=1
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If x € B(0, 1), it follows from (12.6) that there is a y € T[B7(0, 1)] such
that ||Tx — y|| < A. Since y € T[Bz(0, 1)], it follows from (12.7) that
ly — ;| < Aforsomei €{l,...,k}, and so

ITx = yill < ITx = yll + Iy = yill <24,

ie. Tx € B(y;, 2)). O

12.2 A dimension bound when Df € %} »(%), 1 < 3

We now show, following Mafié (1981), thatif Df (x) € %, » forevery x € K for
some A with0 < A < % then we have sufficient control to bound the dimension
of K.

Theorem 12.5 Let % be a Banach space, U C % an open set, and let
f U — PB be a continuously differentiable map. Suppose that K C U is
a compact set and assume that for some A with 0 < A < 1,

Df(x) € Z,2(%) forall x € K.
Then n = sup, g Vi(Df(x)) and D = sup,.g ||IDf(x)| are finite, and

log((n + 1)D/k)}

dg(K) <n {  log2h)

Proof First we show that n = sup, ¢ vi(Df(x)) is finite. For each x € K,
there exists a finite-dimensional linear subspace Z, such that

dist(Df (x)[B(O, D], Df (x)[Bz, (0, D]) < 4.
Since Df(-) is continuous, it follows that there exists a §, > 0 such that
dist(Df (»)[B(0, D], Df (»)[Bz. (0, DD < A

for all y € B(x, §y), i.e. v3(y) < v, (x) for all such y. The open cover of K
formed by the union of B(x, §,) over x has a finite subcover, whence it follows
that n < oo.

Now, since n = sup,.x VA(Df(x)) < oo, we can use Corollary 12.4 to
deduce that

NOFOIBO, D], 23) < [m I ﬂ forall x € K.

The bound on the dimension now follows using Lemma 12.1. U
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12.3 Finite dimension when Df € £ (X)

The following corollary can be found in Hale, Magalhaes, & Oliva (2002):

Corollary 12.6 Suppose that # is a Banach space, U C B an open set,
and [ : U — P a continuously differentiable map. Suppose that K C U is
a compact set such that f(K) = K, and that Df (x) € 4 (%) for all x € K.
Then dg(K) < o0.

Proof 1t follows from an argument similar to that used in the proof of
Theorem 12.5 to show that n < oo that in fact there exists « < 1 such that
Df(x) € £, (RB) for all x € K. Note that

D[f?]=Df(f"'(x))o--- o Df(x),
and thatif C; € K(#)and L; € L (A),i = 1, 2, then
(Cir+L)o(Ca+Ly)=[CioCy+CioLy+LioCol+Ljo L.
e K(A)

It follows thatif Df (x) € £,(%) witha < 1then [D(f?)](x) € Z,»(A). Thus
for p large enough, D(f7”)(x) € %, for some A < 1/4, for every x € K. One
can now apply Theorem 12.5 to f7 in place of f (noting that f7(K) = K) to
deduce that dg(K) < o0. Ol

12.4 Semilinear parabolic equations in Hilbert spaces

We now prove a general result for the abstract semilinear parabolic equations
we considered in Section 10.3.

Corollary 12.7 Consider the semilinear parabolic equation
du/dt = —Au + g(u) with u(0) = ug € D(AY), (12.8)

where o < 1 and g : D(A%) — H is continuously differentiable. If this equa-
tion has a global attractor < that is bounded in D(A®), then dg() is finite,
where the dimension is measured in D(A%).

With a little more work one can obtain an explicit bound on the dimension
of &7, see Exercise 12.3.

Proof For ug € o, S(t)ug is given by the variation of constants formula
(10.6),
t
Stewo = Mo+ [ € NI g(S(6y0)ds:
0
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the derivative of S(#) with respect to u at ug, DS(#; up), is an element of
Z(D(A%)) and satisfies

t
DS(t;u0) = e + / e AUIDg(S(s)uo)DS(s; up) ds
0

(see Henry (1981, Theorem 3.4.4)). Using the bound on ||AVe‘A’||g<H) in
(10.9) we obtain

) —A
IDS(t; uo) |l z(pasy < lle™ Il z(pany

t
+ / A% || 1) IIDg (S (s (o)) |2 Dawy, 1) IDS (s o) || 2 (Dany)
0

<l4+cM /Ol(t —5) IDS(s; uo) | #(peaxy ds,
where
M = sup{||Dg(X)|| 2(pcae), 1) : X € A}, (12.9)
It follows from this inequality, using the result of Exercise 12.2, that

IDS(1; o) 2 piaey < K = 2e2MTA=l0porall £ € [0, 1].
(12.10)
Now choose € > 0 such that « + € < 1. Taking advantage of (12.10) one
can use very similar estimates to those above to show that

t
DSl 2(piacy, pasey <t +cMK / (t — )"+ ds.
0

Since D(A%"€) is compactly embedded in D(A%), this shows that DS(z) is
compact for any ¢t > 0. That dg(27) is finite now follows immediately from
Corollary 12.6 applied with # = D(A%). [l

This approach is also applicable to the two-dimensional Navier—Stokes equa-
tions. We saw in Section 10.4 that the Navier—Stokes equations can be cast in
the form (12.8) with g locally Lipschitz from D(A%) into H provided that
o > 1/2, and Exercise 11.6 guarantees that if f € H then the attractor is
bounded in D(A), so & is certainly bounded in D(A3/#) (to choose some fixed
a with 1/2 <« < 1). Corollary 12.7 then implies that the dimension of &/
measured in D(A3/4) is finite; so certainly the dimension of .7 measured in H
is finite (see (3.5)).

As remarked at the beginning of this chapter, obtaining good bounds on the
dimension of the Navier—Stokes attractor has been an active area of research.
Of course, such bounds use the Hilbert space theory rather than the Banach
space approach developed above. In the periodic case, Constantin, Foias, &
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Temam (1988) showed that

dp() < cll FIP°(1 +log | FID'°;

there are example forcing functions f for which the dimension is bounded
below by || £11*/? (Liu, 1993), so this bound is essentially sharp. For a simpli-
fied proof and further discussion, see Doering & Gibbon (1995).

12.1

12.2

12.3

Exercises

Let % be a Banach space and assume that f € C!(X), that K is acompact
set such that f(K) = K, and that for every x € K the derivative D f(x)
has finite rank v(x) with sup, ¢ v(x) := v < co. Show that dg(K) < v.
Suppose that X (¢) satisfies

t
X(t)<a +bf (t —s)7“X(s)ds.
0
With K = 2bI'(1 — @)/~ show that Y (r) = 2aeX" satisfies
t
Y >a +b/ (t —5)"*Y(s)ds,
0

and hence that X(¢) < 2aeX".
Recalling that I'(z) = fooo t*~le~" dt, take up the argument of Corollary
12.7 immediately after (12.10), and show that

cKMT(1 — )
()‘n-ﬁ-l - l)l—a

where P, is the orthogonal projection onto the space spanned by the first
n eigenfunctions of A and Q, = [ — P, is its orthogonal complement.
(Choosing n large enough that the right-hand side is strictly less than
1/8, one can then apply Theorem 12.5 with Z = D(A*)and > = 1/4 to
deduce that

10xDS(1;u0)ll 2(pasy < e + , (12.11)

log[4K (n + 1)]

dp() <
B() = n log?2

Dropping the first term in (12.11) we require )»,lll‘f 2 ¢KM, which
using the estimate on K in (12.10) becomes A,y > cMyeM= with
M, = M= Assuming that A, ~ n”, this yields n < MY eeMe and

hence dg(/) < Molt+(1/y)ecMﬂ,.)
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The remainder of the exercises in this chapter outline the more refined theory
that is available to estimate the dimension of attractors in the Hilbert space case.
Exercise 12.4 provides a good estimate on coverings of T[B(0, 1)] in terms
of the singular values of 7. Exercise 12.5 converts this into a bound on the
dimension via Lemma 12.1, and the remaining exercises give an indication of
how to apply this method efficiently in applications (which usually arise from
continuous time systems).

The covering argument of Exercise 12.4 requires the following two results.
The proof of the first is essentially the same as that of Lemma 14.2, below,
and the proof of the second can be found in Chepyzhov & Vishik (2002,
Lemma 2.2).

Lemma12.8 LetT : H — H be acompact linear map, and denote by T* the
Hilbert adjoint of T, i.e. the unique T* € £ (H) such that (Tx, y) = (x, T*y)
foreveryx,y € H. Then T[B(0, 1)] is an ellipsoid whose semiaxes are {Te;},

and ||Te;j|| = o, where {e;} are the eigenvectors of T*T corresponding to its

non-zero eigenvalues otjz..

Lemma 12.9 Let E be an ellipsoid in H with semiaxes a; > oy > a3 > -+ -.
Then for any r < ay, the number of balls of radius V2r required to cover E is
less than 4ja)j/rf, where w; = ay ---o; and j is the largest integer such that
r <aj.

Now for a given compact T : H — H, let o;(T') denote the square roots of
the eigenvalues of 7*T listed in decreasing order,

a(T) z (1) 2 a3(T) = -+ -,
and set w,(T) = a1 (T)ax(T) - - - o, (T).

124 Let U C H be an open set, f : U — H a continuously differentiable
map, and K a compact subset of U that is invariant under f. Suppose
that

a,(Df(x)) < &, and w,(Df(x)) < b, for all x ek,
where &) > @, > -+ and &, < ®,. Show that, for any choice of d € N,
NDfwm)[BO, 1)],0) <M for all uek,

where

47 & -
0 =2 and M = max —~.
¢ 1=j=d @i/
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12.5

12.6
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[Hint: for each u € K, consider the two cases (Z);/ 4~ a1(Df(u)) and
d)fl/d > a1 (Df(u)) separately.]
Under the same conditions as in the previous exercise, use Lemma 12.1
to show that if
!
g < 1 and @) max 2+ <1, (12.12)
1<j=d 5’(]1
then dg(K) < y. [Hint: consider f k rather than f, for some k chosen
sufficiently large. You may assume that w;(T'S) < w;(T)w;(S); the proof
of this uses the abstract theory of multilinear operators on Hilbert spaces,
see Chapter V of Temam (1988), for example.]
Write §; = log @, and assume that §; < g;, where g; is a concave func-
tion of j. Show that ¢, < 0 implies that dg(K) < n. (This observation is
due to Chepyzhov & Ilyin (2004).)

Constantin & Foias (1985) showed that if S(-) is a semigroup on H arising
from the differential equation du /df = F(u), such that DS(t; u¢) is the solution
of dU/dt = F'(S(t)uo)U with U(0) = id, then

qn(DS(t;uo))S/ Tr, (F'(u(s))) ds, (12.13)
0

where

12.7

12.8

Tr, (L) = sup Z(wj, L) : {wj};’:l are orthonormal in H
j=1

Let A be an unbounded self-adjoint positive operator with compact
inverse, with eigenvalues {2 ; }j?‘;l arranged in nondecreasing order. Show
that for any choice of n orthonormal elements {¢;}’_, in H,

DUNAYRG P =D (9. Ad) = D A;.
j=1 j=1 j=1
Consider a semigroup S(-) defined on H that arises from the semilinear
evolution equation
du/dt = —Au + g(u), (12.14)

where A is as in the previous exercise, 0 < o < %, and g : D(A%) - H
is continuously differentiable. Assuming that DS(¢; 1) is the solution of

dU/dt = —AU + Dg(u(t))U with U(0) =1id,
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show that dg () < n provided that

1 n
- § Ay > MY, (12.15)
n

j=1

where M is defined in (12.9). (If we assume that A,, ~ n?, then we have
YA ~ 0t and dp() S M. ; compare this with the bound from
Exercise 12.3 (using the Banach space method), which was exponential
in M,. However, note that here we have made the additional assumption

that (12.14) makes sense for uy € H.)
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Thickness exponents of attractors

Ott, Hunt, & Kaloshin (2006) conjectured that ‘many of the attractors associated
with the evolution equations of mathematical physics have thickness exponent
Zero’.

In this chapter we give two results in this direction. The first, due to Friz &
Robinson (1999), shows that in some sense the thickness exponent is ‘inversely
proportional to smoothness’: if U C R™ and &/ is a subset of L>(U) that is
bounded in the Sobolev space H*(U) then (<) < m/s, where the thickness
of o7 is measured in L>(U). So if an attractor is ‘smooth’ (i.e. is bounded in
H*(2) for every s) then it has zero thickness exponent.

The second result, due to Pinto de Moura & Robinson (2010c), is closer in
spirit to the above conjecture. This shows that the attractors of equations that
can be written as semilinear parabolic equations

du/dt = —Au + g(u) (13.1)

have zero Lipschitz deviation. The argument is related to a backwards
uniqueness property for solutions of (13.1), whose proof is due to Kukavica
(2007).

13.1 Zero thickness

We begin with an ‘analytical’ result which does not rely on the dynamics
associated with the set X or the form of the underlying equations, but only
makes assumptions on the smoothness of functions that make up X.

136
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Lemma 13.1 LetU C R”" be a smooth bounded domain. Let X be a compact
subset of [L*(U)]" such that

sup ||M||[Hs(U)]n < o0
ueX

for some s > 1. Then t(X) < m/s.

We will use a similar argument to what follows for Lemma 15.5. The proof
is due to Friz & Robinson (1999), see also Robinson (2008).

Proof A proof for the case n = 1 is sufficient; if n > 1 the argument can
be applied to each component of the functions in X. Let U’, U” be smooth
bounded domains such that

UcUu’ and U cU”

with both inclusions strict. Let E : H*(U) — H*(U") be a bounded extension
operator such that for all u € H*(U),

IE[ulllaswny < Cllullgsw) (13.2)

and the support of E[u] is contained in U’ (e.g. Theorem 7.25 in Gilbarg &
Trudinger (1983)).

Let A denote the Laplacian operator on U”, with Dirichlet boundary con-
ditions (¥ =0 on dU”). The Laplacian on such a domain has a sequence
{w;} of eigenfunctions with corresponding eigenvalues A; (Aw; = A;w;)
which, if ordered so that A;; > A;, satisfy A; ~ jz/’" (see Davies (1995), for
example).

Since, for any u € X, the support of E[u] is contained in U’, E[u] €
D(A*/?). Tt follows from (13.2) and the inequality

1Al 2y < lvllaswn  forall v e D(AY?)

that E[X] (= U,y E[u]) is uniformly bounded in D(A*/?).
Now define the orthogonal projection P; onto the space spanned by the first
k eigenfunctions of A,

k
Prv = Z(v, wiw;,

j=1

and its orthogonal complement Q; = I — P;.Notethat || Qx A ul|| < )Lk_jl ]|
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Consider the approximation of u in the k-dimensional subspace spanned by
{w;lu}s_, given by (PLE[ul)|v:

lu — (PrEuDlull 2wy < 1Eu] — PeE[ulll 2@wm
= | Ok ETulll 2w
= [|Qx A * A2 Eu] 2w
< 1QkA™2 | 2 | A2 Eulll 127y
< M CIE) ) sy
< Cn P lull )

< Kllull s rk ™™,
for some constant K, and so t(X) < m/s using Exercise 7.1. O

Clearly if an attractor is ‘smooth’, i.e. bounded in H*($2) for every s, then
its thickness is zero. For the two-dimensional Navier—Stokes equations this can
be translated to an assumption on the smoothness of the forcing term f.

Corollary 13.2  The attractor of the two-dimensional Navier—Stokes equa-
tions has zero thickness if f € C®(RQ2).

Proof Guillopé (1982) showed that if f € C*°(2) then the attractor is
bounded in H*(R2) for every k € N, and the result follows immediately from
Lemma 13.1. O

13.2 Zero Lipschitz deviation

While there are currently no examples of attractors of natural models that have
been proved to have nonzero thickness, there is no proof available that ‘many
attractors’ do have zero thickness exponent.

We now show that the Lipschitz deviation of a large class of attractors is
zero. We work with semilinear parabolic equations of the form

du/dt = —Au + g(u) (13.3)
with g Lipschitz from D(A®) into H when restricted to .27

lg(u) — gl < Ll|lu —vl|l, whenever u,ve o, (13.4)

cf. Section 10.3. We make the additional assumption that 0 < « < %

Abstract existence and uniqueness results for (13.3) under the condition that
g is Lipschitz from D(A%) into H require the initial condition to be in D(A%),
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and generate a dynamical system on D(A%). However, here we consider the
attractor </ as a subset of H, and show that the Lipschitz deviation of &/
as measured in H is zero. As remarked in Section 10.4, which treated the
particular example of the two-dimensional Navier—Stokes equations, one can
often obtain existence and uniqueness results in larger spaces (like H) using
equation-specific methods, and then employ the abstract formulation to deduce
further properties of these solutions (since for # > 0 they will be smooth enough
for the abstract theory to apply, i.e. u(t) € D(A%)); this s the approach we adopt
here.

Theorem 13.3 Take o € [0, %], and suppose that (13.3) has an attractor o/
that is bounded in D(A%). Pick My such that &/ C By (0, My/8).
(1) There exists a constant C > 0 such that

1A — v)|?

<C for all u,v e .
llu — v|1> log(Mg/|lu — v||?)

(ii) For each n € N there exists a 1-Lipschitz function ®,, : P,H — Q,H,

On=1—-P,
[®n(p) — @u(P)I < lp— Pl forall  p,pe€ P,H,
such that
dist(o7, G p, i [®,]) < Mge *+/2C, (13.5)
(iii) Ifin addition
nli)rgo l(fgn =00 (13.6)

then dev(/) = 0 (where the Lipschitz deviation is measured in H).

The proof of (i) is due to Kukavica (2007); Pinto de Moura & Robinson
(2010c) show that (ii) is a consequence of (i) (using an argument of Foias,
Manley, & Temam (1988)) and observe that (iii) follows from (ii) (see also
Pinto de Moura & Robinson (2010b).)

The condition (13.6) will be satisfied in most interesting examples, since for
an elliptic operator of order 2p defined in Q@ C R”, A, ~ n??/™ (see Davies
(1995), for example).

Proof (1) Let w(t) = u(t) — v(t), L(t) = 10g(M§/||w(t)||2) (so in particular
L > 1), and set

1A 2w|?

QO)ZW and o) = ——-.
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With A(t) = g(u(t)) — g(v(t)), w satisfies
dw

dr

Then (cf. Constantin, Foias, Nicolaenko, and Temam (1989), or Lemma III 6.1

in Temam (1988))

1dQ  (A'2w,, AVPw)  (w, w)||A?w]|?

2dr lwl? B lwll*
—Aw + h, Aw t
= TE A ||Q(||)2

= —|AD|* + Q(t)* + (ﬂ (A — Q(t)I)w>

where @ = w/||w]||. Noting that
A = QD) = [AD|> — 20()(AD, ®) + Q@) (| D]
= [AD)? — Q@)

it follows that

1d o [ h
EEQJrII(A—Q(I)I)wII _<|I i (A — Q(t)l)w>

Since

46

0 _ 80 50

dr dr

and

dL (h w)
— =20(1) -2 ,
dr lw]?

we can obtain

140 -, A= QD> (h(A= QD) _ (h,w)Q
u Pt T lwlPL

The right-hand side is bounded by
IAlIIA = QDw]| n (e

lwlL lwllL
1 A2 1][(A — onw|? 1Q 1 klhl*
= 20wl T 2 Lk 2 2 lwl2L?’

since L > 1, we obtain

40 5o WA= QDI _ 2k

. 13.8
dr L = Jwl2L (13.8)
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Now we use the fact that g is locally Lipschitz (10.5) and that .27 is bounded
in D(A%) to deduce that

1A = llgu®)) — g = Kllu(®) = v()lle = Kllw(®)ll«

for some K > 0; combine this with the interpolation inequality |wll, <
w2 ||w ||%‘}‘2 (see Exercise 13.4) to bound the right-hand side:

20h17 _ 2K|wl? _2KIwlih 2K, -
< = < = 0™ <2KQ™ (13.9)
lwl>L = [lwll.L |wl*L — L'-2

since L > 1 and « € [0, %]. Dropping the third term on the left-hand side of
(13.8) and using Young’s inequality 2K 0** < 1 0%+ K'),
dQ 1 A2 ’
—+-0" <K 13.10
o 2Q = ( )

Finally the result of Exercise 13.2 guarantees that whatever the value of Q(0),
(13.10) implies that

O(1) <2+ 2K")'2.

Since o is invariant, given u,v € &/ there exist ug, vp € &/ such that
u = S(Dug and v = S(1)vy. It follows that
A2 — v)|?
llu — vl log(MG /|lu — v|[?) ~

(13.11)

forall u,v € «.
(ii) Take u, v € & and set w = u — v. Writing w = P,w + Q,w, observe
that

IAY2w]* = AV (Paw 4+ Qaw)l7»
= A2 Pw| + AV 0w
> At | Qw1
It follows from (13.11) that
1AY2w]? < C(IPwl? + 1| Quwl®) log (M5 /1| Quwll?). (13.12)
Now consider a subset X of .7 that is maximal for the relation
1Qu(u — V)| < ||Pu(u — )|l for all u,v € X. (13.13)

Forevery p € P,X with p = P,u,u € X, define ¢,(p) = Q,u; (13.13) shows
that this is well defined, and that

l6n(p) = (Pl < llp — pIl forall  p,pePX.
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Since X is a closed subset of the compact set </, P,X is closed, and so
¢, : P,X — Q,H can be extended to a function ®,, : P,H — Q,H (i.e. one
defined on the whole of P, X) with the same Lipschitz constant (see Wells &
Williams (1975)).

Ifu € o/ butu ¢ X then thereisav € X C .« such that

100 — V)| > [ Po(u — V). (13.14)
Since Aup1]| Qnwl> < |AY?w]|)? it follows from (13.12) that
i1 | Quwll* < 2C1 Quw|1* log(Mg /|| Quw 1),
and hence
| Quwl|* < Mge /2.

The inequality (13.5) now follows using (13.14).
(iii) We want to apply the definition of the Lipschitz deviation, using

Si(o,e)<n  with g, = Mie /%€

from (13.5). Following an argument similar to that used in Lemma 3.2, take
€ > 0with g, <€ < ¢,, and then

logé1(, €) - log §1(, €n41) - log(n + 1)
—loge ~ —loge, T (Ang1/2C) —2log My
Then dev(«) < dev (&) = 0 provided that (13.6) holds. Il

The increased power of this result over that of Lemma 13.1 is clearly
demonstrated by the following consequence for the two-dimensional Navier—
Stokes equations (recall that H is essentially the space L? of square integrable
functions).

Corollary 13.4  The attractor of the two-dimensional Navier—Stokes equa-
tions has zero Lipschitz deviation if f € H.

Proof We saw in Section 10.4 that the Navier—Stokes equations can be written
in the form (13.3) where g satisfies

g() — gl < colllulle + lvllallu = v

for any o > 1/2 (this was (10.20)). For f € H the attractor is bounded in D(A)
(see Exercise 11.6) and so it follows that ||lu||g is bounded for all u € <, for
any 0 < 8 < 1. Hence

lg@) — gl < Cllu —vlli2 for all u,v e,
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i.e. g satisfies (13.4) with « = 1/2. One can therefore apply Theorem 13.3,
since the eigenvalues of the Stokes operator on a two-dimensional periodic
domain satisfy A, ~ cn (see Exercise 13.3). |

A first version of the result of part (iii) of Theorem 13.3 was proved in Pinto
de Moura & Robinson (2010a), using the dynamical ‘squeezing property’ due
to Eden et al. (1994), see Exercise 13.5. One could also appeal more directly to
results on families of approximate inertial manifolds of exponential order due
to Debussche & Temam (1994) and Rosa (1995).

Exercises
13.1 Suppose that A? is Lipschitz on <7 for some g > 0:
AP (u — v)|| < Lilu — v for all u,v e .
Show that for n sufficiently large
1Qn(u =) < 1P —v)|  forall  wu,ve,

and hence that .o is contained in the graph of a 1-Lipschitz function over
P, H. (This immediately provides a bi-Lipschitz embedding of .« into
R™)

13.2 Show thatif y > O and y + yy? < 8 withy > 0,8 > 0, then

§\'? 1
y(n) = (—) + — (13.15)
14 14
for all + > 0. [Hint: consider y(¢) = z(t) + (§/y)"/? for t € [0, to] with
tp chosen so that z(#) > 0.] A more general version of this result, due to
Ghidaglia, can be found as Lemma III.5.1 in Temam (1988).

13.3 The eigenvalues of the Stokes operator on a two-dimensional periodic
domain [0, 27r]? are the sums of two square integers. If {A,} are these
eigenvalues arranged in nondecreasing order, show that %n <A, <2n.

13.4 Use Holder’s inequality and the definition of the fractional powers of A
in (10.2) to show that if u € D(A®) then for any a < B

1A%l < ull '~ /P AP u)|#7P.

13.5 Let S(¢) be the semigroup generated by (10.4), and assume the existence
of a global attractor & C By (0, M). Eden et al. (1994) show that there
exists atime t* and an ng such that for alln > n there exists an orthogonal
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13.6

13.7
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projection P, of rank n such that for every u, v € &/ either
1Qn(SEu — SV < 1P(SEu — SEHHv)l (13.16)
(where Q, =1 — P,) or
IS — Sl < Sullu — vl (13.17)

with

—oh,
8y < coe” 7,

where ¢y and o are constants depending only on L and « in (10.5). Use
an argument similar to that employed above to prove part (ii) of Theorem
13.3 to show that for each n > ng, <7 lies within a 4M§,, neighbourhood
of a 1-Lipschitz graph over an n-dimensional subspace of H. (As in
Theorem 13.3 it then follows that dev(’) = 0.) This result, the source
of the argument for part (ii) of Theorem 13.3, can be found in Foias et al.
(1988) and Robinson (2001, Proposition 14.2).

Find an f € L? such that the attractor of the two-dimensional Navier—
Stokes equations

du/dt + Au+ B(u,u) = f

is not bounded in H?3.

Show that part (i) of Theorem 13.3 implies that if u(7) = v(T) then
u(t) = v(t) for all ¢t € [0, T], i.e. that solutions have the ‘backwards
uniqueness property’. [Hint: assume that ||w(0)|| # O and show that
lw(®)|| # O for any ¢ > 0. Take the inner product of (13.7) with w and
divide by L(z)||w]|?; then use (13.9) and the fact that Q(¢) is bounded.]



14
The Takens Time-Delay Embedding Theorem

In his 1981 paper, ‘Detecting strange attractors in turbulence’, Takens showed
that for a generic smooth system x(¢) evolving on a smooth d-dimensional
manifold .#, the dynamics of solutions can be followed faithfully by taking k
time-delayed copies of a ‘generic measurement’ i : .# — R

h(x), hx(T)), ..., hxkT)),

with k > 2d. More formally, he showed that for such an 4, the mapping .# —
R**1 given by

x = (h(x), h(x(T)), ..., h(x(kT)))

is a diffeomorphism.

Although the conclusions of his theorem are strong, so are its assumptions,
which are hard to verify in general and may in fact fail in a number of practical
applications. The requirement that the dynamics takes place on a compact finite-
dimensional manifold is very restrictive, and excludes any direct application
of the result to the attractors of infinite-dimensional dynamical systems. This
means that in the form above this result provides no rigorous justification for
the use of time-delay reconstruction for data from experiments in spatially
extended systems.

In this chapter we show first how the result can be extended to the attractors
of dynamical systems in RY (following Sauer, Yorke, & Casdagli, (1991)),
and then to the attractors of dynamical systems in infinite-dimensional spaces
(following Robinson (2005)).

14.1 The finite-dimensional case

Sauer et al. (1991) replaced the manifold .# with an invariant subset of RY of
(upper) box-counting dimension d and allowed dynamical systems that are only

145
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Lipschitz continuous rather than smooth. In this section we give a generalised
version of their argument that is valid for certain classes of Holder continuous
maps. We use this result in the next section to prove a version of the theorem
valid for finite-dimensional invariant subsets of an infinite-dimensional space.

First we need to recall the definition of the singular values of a matrix and
some of their properties. Let M : R™ — R” be a linear map, and consider
the m x m symmetric matrix M7 M. This matrix has a set of orthonormal
eigenvectors {¢;}""_, with corresponding eigenvalues 2, i.e. M TMej = Aje;.

Lemma 14.1 Each X; is nonnegative, and at most n of them are non-zero.
The singular values of M are {a;};_,, where ; = Ot?. The vectors {Me; ﬁ:l
corresponding to the nonzero values of A are orthogonal in R", with |Me;| =

aj.
Proof Note that
A= jej,e))=(M"Mej, e))=(Mej, Mej) = |Me;|* > 0,
so that each eigenvalue is nonnegative. Next,
(Mei, Me;) = (M" Me;, e;) = Lj(e;, ej) = X;8ij,

so the {Me;} are orthogonal. Since there can be at most » mutually orthogo-
nal vectors in R”, it follows that there are at most n nonzero eigenvalues of
MTM. O

We now use these singular values to describe the image of a ball in R” under
M. We write B, (r) for the ball in R™ of radius r, centred at the origin, and
B,, = B,(1).

Lemma 14.2  The image of the unit ball in R™ under a linear map M is an

k

ellipse in R" whose semiaxes are {Me; Yi—1, where M has k non-zero singular

values.

Proof (After Section V 1.3 in Temam (1988).) We have already shown that
the {Me,} are orthogonal in R" and that |Me;| = o;. Now take some x € B,,;
we can write

k k
x=2xj€j+y lejlerlyIZSl,
j=1 j=1

where y is orthogonal to the {x;}. Then

k 00
Me;
Mx =Y x;j(Me)) = Z(xjaj)a—/.
J

j=1 j=1
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This expresses Mx as ) _; §;¢; where the {¢;} are orthonormal vectors in the
directions of Mej; clearly

and so the image M B,, is an ellipse as stated. O

We now prove a simple lemma (after Lemma 4.2 of Sauer et al. (1991)),
which provides the ‘key inequality’ for the finite-dimensional time-delay theo-
rem, just as Lemma 4.1 provided the key inequality for the finite-dimensional
Holder embedding result of Theorem 4.3.

Lemma 14.3 Let M : R™ — R" be a linear map. For a positive integer r
(1 <r <n), let o, > 0 be the rth largest singular value of M. Then for any
b e R",

(14.1)

Vol {x € Bu(p) : [Mx +b| <8} _ (i)
Vol(B,(p)) - '

Proof We have just shown that the image of B,,(p) under M, M B,,(p), is
an ellipse, whose semiaxes are {p«;}, where the «; are the singular values of
M (Lemma 14.2). It follows that decreasing the size of any of the singular
values of M can only shrink the size of the image, and so increase the value
of the left-hand side of (14.1). So we can assume that ¢; = --- = @, > 0, and
oy = --- = o, = 0, which means that M B,,,(p) is an r-dimensional ball of
radius p«, . Itis clear that the intersection M B,,,(p) + b with B,,(§) is maximised
when b = 0, and hence

r

8 r
Vol{x € B,,(p): |[Mx +b| <68} < Q,Q2_, (—) o,

o,

Since Vol B,,(p) = Q,,0™" and 1 <r <n, the left-hand side of (14.1) is

bounded by
( Qr Q,n_r ) ( 8 ) r < 8 ) r
max ——— < Cun . Il
I<srsn Qp o p o P

We now use this bound to prove the following lemma, which is the main
component of the proof of the Takens time-delay theorem; it is a version of
Lemma 4.6 from Sauer et al. (1991), but valid for Holder continuous maps
{F;}. In some sense it is a generalised version of Theorem 4.3, but without
the Holder continuity of the inverse; the embedding part of that theorem is an
immediate corollary if one takes Fy, ..., F,, to be a basis for the linear maps
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from R¥ into R" (so that & = 1), and notes that in this case M,y always has
rank k (see Exercise 14.2).

Lemma 14.4 Let A be a compact subset of RY, and let {Fy, F\, ..., F,} be
6-Holder maps from A into R¥. Let S, be the set of pairs x # y in A for which
the k x m matrix

M. y) = (Fi(x) — Fi(y) Fn(x) = Fin(y))

has rank at least r, and suppose that Sy = § and dB(S_,) <r@forl <r <k
Then for almost every a € R™ the map F, : X — R* given by

is one-to-one on A.

We follow Sauer ef al. (1991) and say that ‘G, has property I with prob-
ability p’ if the Lebesgue measure of the set of « € B, (R) for which G, has
property I' is p times the measure of B, (R).

Proof For j=0,...,m set Gj(x,y) = F;(x)— F;(y), and let G, be the
map given by

Golx,y) = Go(x, )+ ) ;G,(x, y),
j=1
so that by assumption for each z = (x, y) € S, the k x m matrix
Mz = (G](Z) e Gm(Z))

has rank at least r.
Fix R > 0, and consider the set

S.j = {z € S, : rthlargest singular value of M, > 1/j}.

Since the rank of M. is at least r for every z € S,, the rth largest singular value
is always positive, and so S, = U7, S,
Note that

e

Go(2) = Go(2) + M,

and so Lemma 14.3 implies that for z € S, ; the probability that |G, (z)| < § is
no larger than C,, ,(j8/R)".
Now fix r and j, and choose d with dB(S_,) <d <rf. Since d > dB(S_,)

there exists an €y > 0 such forany 0 < € < €, S, ; can be covered by no more
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than €~ balls of radius €, {B(zx, €)}. Set
Yi = S.; N B(z, €).
Since |Gy (x) — Go(y)| < K|x — yI’,
|Go(z1)| > K€’ = |G(2)] >0 forall zeYy;

so to have G4 (z) = 0 for some z € Y requires |Gy (zx)| < Ké€?.
For each fixed z;, Lemma 14.3 guarantees that the probability that

|Go(zi)| = |Go(zp) + M | < Ké”

is at most C,,(jKe?/R)". Since there are no more than €~¢ of the {z;}, it
follows that the probability that G,(z) = 0 for some z € S, ; is bounded by

G_d X Cm,n(jK/R)reer - Cm,n,j,R,regr_d-

Since d < 6r and € is arbitrary, it follows that G,(z) # 0 for all z € S, ; with
probability one.

Thus G,(z) # 0 for all z € S, with probability 1, and since A = Uf:] S, it
follows that G,(z) # 0 for all z € A with probability 1, i.e. for almost every
o € B,,(R). Since R > 0 was arbitrary, G(z) # 0 for all z € A for almost
every a € R™. ]

We now prove a finite-dimensional version of the Takens Theorem, after
Theorem 4.13 of Sauer et al. (1991). However, this version works for certain
Holder continuous maps, namely maps g for which all iterates g" have the same
Holder exponent. This condition that g and its iterates have the same Holder
exponent does not appear a natural one (in general, if g is 6-Holder then g” will
be 67-Holder). However, it is satisfied automatically if g is Lipschitz (0 = 1),
and will in particular be satisfied by the class of maps we consider in the next
section, namely maps of the form

glx) = L l'odo L(x),

defined on X = L7, where L : 8 — R* is linear, ® : B — R is Lipschitz,
and L~! : X — o is 6-Holder, since for such maps

g’(x) = L7 o ®” o L(x).

The statement of the theorem makes explicit the sense in which the set
of Holder functions & : RN — R such that Fi[h, g] is one-to-one on X is
‘prevalent’.

Theorem 14.5  Let X be a compact subset of RN with dg(X) = d, and let
g : X — Xbesuchthat g" is a0-Holder function foranyr € N. Take k > 2d /6
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(k € N), and assume that the set X, of p-periodic points of g (i.e. x € X such
that g7 (x) = x) satisfies dg(X ) < pO?/2forallp=1,... k.

Let hy, ..., h, be a basis for the polynomials in N variables of degree at
most 2k, and given any 0-Hélder function hy : RN — R define

hy =ho+ Y ajhj.
j=1
Then for almost every o € R™ the k-fold observation map Fy,: X — RN
defined by
_ T
Filha, g1(x) = (ho(x), ha(g(x), ..., ha(g" ' (x)))
is one-to-one on X.

(The condition that iterates of g be #-Holder is in fact only required for
k
g, ..., 8%)

Proof Fori =0,1,...,m define
hi(x)

hi(g(x))
Fi(x) = )

hi(g51(x))
so that by definition

Fi(ha, g) = Fo+ Y _a;F;.
j=1

In order to apply Lemma 14.4 we need to check, for each x # y, the rank of
the matrix

My = Fi(x) — Fi(y) - Fux)— Fu(y)
hi(x) = hi(y) E R (x) = hin(y)
@ ) =) o (@) — hn(8FT ()
In order to analyse this, it is helpful to write M in the form M = J H, where
hl(zl) hm(Zl)
H(x,y) = . . s

hl(zq) hm(zq)
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with all of the zy, ..., z, distinct (we have g < 2k), and where J ,) is a
k x g matrix each of whose rows consists of zeros except for one 1 and one
—1. Given any & € R?, we can find' a set of coefficients {« j};“:l such that
Zj a;h;(z;)) = &,i.e. such that H , o = &. This implies that the rank of H is
g; since J : R? — R¥, we only need to check the rank of J.

We split the set {(x, ¥) : x,y € X, x # y} into three disjoint sets of pairs
(x, y), and show that F,(x) # F,(y) for almost every « on each of these sets.
It then follows that F,(x) # F,(y) for almost every «, for any x, y € X with

X #£ y.

Case 1: x and y are not both periodic of period < k. In this case with-

out loss of generality {x, g(x), ..., g€7!(x)} consists of k discrete points and
{v,...,g"1(y)} consists of r > 1 points distinct from the iterates of x. So
1 0 -« ... 0 -1 0 .-+ ... 0
0 1 0 o -1 .-~ - 0
Joy=]0 0 . - 0 o 0o =: - 0],
S S 0 .
00 --- 0 1 0O .-+ —1 --- 0

where the left block is £ x k and the right block is r x k (with the top r x r
entries being minus the identity).

It follows that the rank of J : R¥*" — R¥isk, and soisthe rank of F = J H.
Since the set of pairs x # y has box-counting dimension at most 2d, and we
have just shown that rank M, ,, = k > 2d /6 by assumption, the conditions of
Lemma 14.4 are met for this choice of (x, y), i.e. for all such (x, y), Fy(x) #
F,(y) for almost every «.

Case 2: x and y lie in distinct periodic orbits of period < k. Suppose that
p and g are the minimal integers such that g”(x) = x and g9(y) = y, without
loss of generality 1 < g < p < k. Then J has rank at least p (its top left p x p
entries are the p x p identity matrix). So rank M, ,, > p in this case, while
by assumption the set of pairs of periodic points of period < p has dimension
< p/6.So once more we can apply Lemma 14.4.

Case 3: x and y lie on the same periodic orbit of period < k. Suppose that
p and ¢ are the minimal integers such that g”(x) = x and g%(x) = y, with
1 < g < p < k. As an illustrative example, if p =7 and ¢ = 4, then J is of

I One can make a linear change of coordinates so that the first components of zy, ..., z4 are
distinct, and then simply interpolate in one variable.
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the form
1 0 0 0O -1 0 0
0 1 0 0 0o -1 0
0 0 1 0 0 0 -1
Jey=1]1-1 0 0 1 0 0 0
0O -1 0 0 1 0 0
0 0O -1 0 0 1 0
0 0 0O -1 0 0 1

The rank of such a matrix is at least p/2, and hence rank M, ,y > p/2 in
this case. The box-counting dimension of the set of pairs that lie on the same
periodic orbit is bounded by dg(A )/, since any such (x, y) is contained in
the image of A, under one of the mappings x > (x, g/(x)) for some j =
I,... k. U

14.2 Periodic orbits and the Lipschitz constant for ordinary
differential equations

If we recast Theorem 14.5 in terms of a continuous flow generated by a Lipschitz
ordinary differential equation (so g = S(7T') for some 7' > 0 and 6 = 1) then
observe that there can be no embedding result if there are periodic orbits
of period T or even 2T. This follows from the statement of the theorem
(since in this case the dimension of X; and X is at least 1, and the condition
dim(X,) < p/2 cannot be satisfied for p = 1, 2), but this is not simply an
artefact of the proof, as the following arguments from Sauer et al. (1991) show.

If there is a periodic orbit I of period T this is a topological circle. But
under the time-delay mapping, any point on I" maps onto a line in R¥. One
cannot map a circle onto a line using any continuous one-to-one mapping, so
the theorem must fail in this case.

Such an embedding is also impossible if there is a periodic orbit I" of period
2. Consider the map x +— h(x) = h(g(x)) — h(x). Then either A(x)=0onT,
or there is some x, € I" such that A (xg) # 0. In the latter case,

h(g(x0)) = h(g*(x0)) — h(g(x0)) = h(xo) — h(g(x0)) = —h(xo),

so that there must be some x* € I" with 2(x*) = 0. But this implies that h(x*) =
h(g(x*)), so that x* and g(x*) (which are distinct points) are mapped to the
same point in R¥ whatever the value of k.

So it is interesting if we can find a T sufficiently small that there are no
periodic orbits of any period < T. Yorke (1969) showed that if the ordinary



14.2 Periodic orbits and the Lipschitz constant for ODEs 153

differential equation
x=f(x) with [f(x)— f)I = Llx -yl

has a periodic orbit of period T, then one must have T > 27 /L. (Yorke also
gives an example to show that the factor of 27 is sharp.) We give a version
of this result here, following ideas in Kukavica (1994); the result is no longer
sharp (we only obtain 7 > 1/L), but this sacrifice seems worthwhile given the
simplicity of the proof, which also provides a model for the proof of a similar
infinite-dimensional result (Theorem 14.8).

Theorem 14.6  Any periodic orbit of the equation x = f(x), where f has
Lipschitz constant L, has period T > 1/L.

Proof Fix t > 0 and set v(t) = x(¢t) — x(¢ — 7). Then

v(t) —v(s) = / v(r)dr.

Integrating both sides with respect to s from O to 7' gives

T t
Tvu(t) = / (/ v(r) dr) ds
0 K

since fOT v(s)ds = 0 because x is T-periodic. Thus

T T T
Tlv(t)lff f |v<r>|drdssTf 10 dr.
0 0 0

T T
lx(1) —x( — 1) < / [v(s)| ds =/0 |f(x(s)) = flx(s — )l ds

0

ie.

T
< L/ |x(s) — x(s — 7)|ds.
0
Therefore
T T
/ [x(t) —x(t — 1)|dt < LT/ [x(s) — x(s — )| ds,
0 0
and it follows that if LT < 1 then
T
/ [x(t) — x(t — 7)|dt = 0.
0

Thus x(t) = x(t — t) forall T > 0, i.e. x(¢) is constant. O
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14.3 The infinite-dimensional case

We now prove an infinite-dimensional version of the Takens Theorem: we use
the Holder embedding theorem for sets with finite box-counting dimension
(Theorem 8.1) to produce a finite-dimensional system to which we can apply
the finite-dimensional result of Theorem 14.5.

Theorem 14.7 Let &/ be a compact subset of a Banach space % with
upper box-counting dimension dg(</) = d and dual thickness t*(</) = 1. Set
a = 1/2 if B is a Hilbert space; otherwise take a = 1.

Suppose that </ is an invariant set for a Lipschitz map ® : B8 — PB; choose
an integer k > 2(1 4+ at)d, and suppose further that the set <7, of p-periodic
points of ® satisfies (1 —i—oer)de(;zfp) <p/2for p=1,....,k—1. Then a
prevalent set of Lipschitz maps f : 28 — R make the k-fold observation map
D[ f, ®]: B — RF defined by

DiLf. @1w) = (f(w), (@), ..., f(®* 7 (u)

one-to-one on < .
Proof Givenk > 2(1 4+ at)d, first choose N large enough that

2N(1 N-2d 7
ks NAHAD ) ey < |2 R
N —2d N(+at)] 2

for p=1,...,k, and then pick o < (N —2d)/[N(1 4+ «t)] such that
k > 2d/a and dg(,) > o’p/2for p =1,... k.

Use Theorem 8.1 to find a bounded linear function L : & — R that is
one-to-one on 7 and satisfies

lx =yl <c|lLx — Lyl for all x,y€ .

Theset X = Lo/ C RY is an invariant set for the induced mapping g : X — X
defined by

g(&) = LO(L™'¢).
Since
g"(&)=Lo"(L7'¢)
all the iterates of g are o-Holder:
1g"(€) — g"(n)] = |IL®"(L™'§) — LO"(L™ "))
< [ILI[|®"(L™'E) — @" (L™ ')
<IGILIIL™"'E — L™ 'y]
< cIZIILIIIE — nl*,
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where || L || is the operator norm of L : %8 — R" and [y, is the Lipschitz constant
of ®: B — A.

Observe that if x is a fixed point of ®/ then £ = Lx is a fixed point of
g/, and vice versa. It follows that X p»» the set of all points of X that are p-
periodic for g, is given simply by X, = L/,. Since L is Lipschitz and the
box-counting dimension does not increase under the action of Lipschitz maps
(Lemma 3.3(iv)), dg(Xp) = ds(L),) < dp()) < p/2(1 + at)?. Similarly,
dp(X) < dp().

Given a Lipschitz map fy : &/ — R, define the ¢-Holder map /g : X — R
by

ho(€) = fo(L™'€)  forall &€ X.

With {h;}_, a basis for the polynomials in N variables of degree at most
2k, all the conditions of Theorem 14.5 are satisfied, and hence for almost every
a € R™, the k-fold observation map on R¥ given by

Filha, 816) = (ha(€). ha(8(€)). ... ha(s"(€))" .
where
ha(xX) = ho(x) + Y ajh;(x),
j=1

is one-to-one on X.
Now consider the k-fold observation map on <7 given by

Filha, §)Lx) = (ho(Lx), ho(LOX)), - -+ , ho(LO ()" .

Since L is one-to-one between .« and X, and Fy[h, «, g] is one-to-one between
X and its image, it follows that Fj o L is one-to-one between .o and its image.

If we define f;(x) = h;(Lx), then each f; is a Lipschitz map from .27 into
R¥, and we can write

Filha, g1(Lx) = Dil fur, @) = (fa(X), ful @CO)), ..., ful @ (x)),

where

M
fo=fo+ Y a;fj.

J=1

Then if we take

M
E=1Y ajfj: (a1.....an) € By(0, 1)
j=1
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and equip E with the measure induced by the uniform measure on By, (0, 1), it
follows that a prevalent set of Lipschitz f : &7 — R* make the map D;[ f, ®]
one-to-one on . g

Note that the condition on the number of delay coordinates required increases
with the dual thickness of the set <7. In the case when &7 has zero dual
thickness (so, for example, if o is ‘smooth’ so that Lemma 13.1 guarantees
that its thickness is zero, or if the equation is in the right form that Theorem
13.3 shows that the Lipschitz deviation of <7 is zero) then the condition on
k reduces to the k > 2d one would obtain in the finite-dimensional Lipschitz
case (Theorem 14.5 with 6 = 1).

14.4 Periodic orbits and the Lipschitz constant for
semilinear parabolic equations

As before, when @ = S(T') (the time 7 map of some underlying continuous
time flow) the condition dg(<7,) < p/2(1 4+ at) precludes the existence of
periodic orbits of periods pT for all integers p such that p <2 + «t. The fol-
lowing infinite-dimensional generalisation of Theorem 14.6, due to Robinson
& Vidal-Loépez (2006), is therefore useful.

The result treats the abstract semilinear parabolic equation

du/dt = —Au + g(u) (14.2)

as considered in Section 13.2; the argument relies crucially on the fact that the
solution u(¢) is given by the variation of constants formula

t
u(t) = e Mg + / e A" g(u(s))ds.
0

Theorem 14.8  For each o with0 < o < 1/2 there exists a constant K, such
that if

lgu) — gl < LIIA*(w — )|~ forall — u,v € D(A%)
then any periodic orbit of (14.2) must have period at least Ko, L~'/0=,

While we assume that g is uniformly Lipschitz, this uniformity need only
hold for u, v contained in the (necessarily bounded) periodic orbit.

Proof On a periodic orbit of period T we have

T
u@®) =u@t+T)=e*Tu@)+ / e_A(T_‘Y)g(u(s + 1)) ds,
0
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and so

T
- e_AT)u(t) = / e_A(T_S)g(u(s + 1)) ds.
0

It follows that
u(t) —u(t +1)

T
= —eAT)! / e AT g(u(t + 5)) — gu(t + v + 5))] ds.
0

Since u is T -periodic,

/OTg(M(S +1)ds = /O.Tg(u(s +1+1))ds,
and so in fact for any constant ¢
(I —e ") () — u(t + 1))
N foT(eA(TS) —c)(g(u(s +1)) — glu(s +1 + 1)) ds.
Therefore
u(t) —u( + 1)
= /OT [(1 —e ) 1 e T —eD)] (g(uls + 1)) — glu(s + 1 + 1)) ds.
For ease of notation we now write
D) =u(t) —u(t+17) and G(t) = g(u(t)) — gu( + 7).
Then since the eigenfunctions of A are also the eigenfunctions of
(I — e ATy 1(eAT=9) _ o),

we have, foreach k € N,
—M(T—s) _

T
C
(4D w) = [ 3 S Gl s
e

and so

I(A*D(t), wy)]

A T 172 T
< —rt— </ (e —¢)? ds> (/ (Gt +5), wi)? ds>
I —e ™ 0 0

1/2
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We now choose ¢ = (1 — e ™7)/1,; T in order to minimise the first integral,
for which we then obtain

/T( s )2d . |:l _ 672)\kT (l _ eAkT)2i|
(S — C s = — .
0 2uT (MT)?

Therefore

T 1/2
[(A*D(t), wy)| < T & T) ( / (G(t + 5), wy)? ds> :
0

where

P = -

() T on 2 e
Now, ®(w) is bounded on [0, co) by some constant C,: it is clear that () ~
w*=12/3/2 as u — oo, while a careful Taylor expansion shows that ®(u) ~
;L"‘/2\/§ as u — 0 (see Exercise 14.4).

It follows that for each k € N

e [1 —e M (1— e“)z]m

T
(A*D(@), wp)? < Cg T' > / (Gt + 5), wp)|* ds.
0
Summing both sides over all k we obtain

T T
|A*D(1)|* < C? TH“/ |G(t + 5)|*ds < C? TH“sz |AYD(s)|? ds.
0 0

Now integrate the left- and right-hand sides of this expression with respect to
t between t = 0 and ¢t = T to obtain

T T
/ |A*D(t)[*dt < C2 TH“L2/ |A*D(s)|* ds.
0 0

Therefore if C,T'"*L < 1 we must have

T
/ |A%(u(t) — u(t + 1)) dr = 0.
0

It follows that u(¢) = u(t + ) for all ¢ € [0, T'], and since this holds for any
T > 0, u(t) must be a constant orbit. Therefore any periodic orbit must have
period at least K, L=/~ O

Exercises

14.1 Show that the nonzero singular values of M are also the square roots of
the eigenvalues of MM,



14.2

14.3

144

Exercises 159

Choose some L € Z(RY, RF), and let {e,}"_, be a basis for RV, and
{éj}(;:] be a basis for R¥. Write L in the form

L= E Ca,jLa,j,
a,j

where L, ; is the linear map from R” into R¥ given by
L j(z) = (2, €0)é; a=1,....,N; j=1,...,k

(i.e. Ly, is the linear map that sends e, to €;). Write Lz = Mc for some
transformation M, from R"* into R¥ and ¢ € R"¥, and show that M, has
k nonzero singular values, all of which are |z|. [Hint: use the result of the
previous exercise to find the singular values of M,.]

Let E be the set of linear maps L : RN — R¥ of the form

L:(1T9l;7"' al;:/)v

with ZLI l,|> < 1; this is equivalent to taking {lo,j} in Byy, the unit
ball in RV, Equip E with a probability measure u, equal to Lebesgue
measure on By, normalised so that the total measure of E is equal to
one. Use Lemma 14.3 combined with the result of the previous exercise
to show that for any x € RY and any € > 0,

k

€
u{L € E : |Lx|<e}§c(ﬁ) ,
X

where ¢ depends on k and N (cf. Lemma 4.1).
Perform a Taylor expansion of

pe [l—e  (1—erp2]"?
—e"‘[ 2w ] '

P(p) = 7

about o = 0 to show that ®(p) ~ u®/2+/3 as u — 0.
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Parametrisation of attractors via point values

The aim of this final chapter is to show that if the attractor ./ consists of
real analytic functions defined on some domain €2 then one can parametrise
the attractor using a sufficient number of point values. We will show that if £
is large enough (proportional to the box-counting dimension of /) then for
almost every choice of k points {x;} in 2 the mapping

u > (u(xy),...,ulxy))

is an embedding of .7 into R¥.

More precisely, we will give a proof of the following theorem, first proved
(in a slightly different form) by Friz & Robinson (2001). The proof makes use
of a number of the ideas that have already been discussed: both the Hausdorff
and box-counting dimensions, the thickness and dual thickness, and, of course,
the embedding result of Theorem 8.1. (For a related result in the context of
purely analytic systems see Sontag (2002).)

Theorem 15.1 Let o/ be a compact subset of L2 (2, R?) with dg(/)

per
finite. Suppose also that </ consists of real analytic functions. Then, for

k > 16dg(<) + 1 almost every set X = (x1, ..., xx) of k points in Q makes
the map Ex, defined by

Ex[u]l = (u(x1), ..., u(xp))
one-to-one between X and its image.

In the statement of the theorem, we set Q = ]_[;4”:1 [0, L;], and denote by
L2 (2, R?) those functions in L2 _(R™, RY) that are periodic with period

per loc
L; > 0in the {e;} direction,

u(x + Lje;) = u(x) for all j=1,...,m.

‘Almost every’ is with respect to Lebesgue measure on QF.

160
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Although we give the result for attractors that consist of periodic functions,
with a little additional work essentially the same techniques can be used to
prove a more general result, valid (for example) on bounded domains with
Dirichlet boundary conditions, see Kukavica & Robinson (2004).

Before starting the proof proper, we give an idea of why the analyticity
condition is required. Suppose that we have chosen (x1, ..., x), and that these
are in fact a ‘bad’ set of points, which means that there are u, v € &/ with
u # v such that

u(x;) = v(x;) forevery j=1,...,k.

Looking instead at the set of differences X = &/ — o7, our chosen points are
‘bad’ if there exists some nonzero w € X such that

w(x;)=0 forevery j=1,...,k.

In other words, a collection of points is ‘bad’ if there is a nonzero element of
X that is simultaneously zero at all these points. We use the analyticity of w to
limit the size of its set of zeros (Theorem 15.4).

One can readily find (albeit artificial) examples of families of functions that
are not real analytic for which a similar result fails. For example, if

-1 <x=0,
0<x<l1

0
u(x;e) = {e_e/xz

and € € [1, 2] then no number of point observations within [—1, 0] will serve
to distinguish different members of this family.

15.1 Real analytic functions and the order of vanishing

15.1.1 Real analytic functions

We give here a very brief treatment of real analytic functions, following John
(1982, Chapter 3.3), with proofs relegated to the exercises. Given a multi-index
o = (g, ...,a,),wewritea! = aq!---,!and x* = xf“ -+ - xpm. A function
f :R™ — R is real analytic at x if there exists an € > 0 such that for some
real coefficients {cy }o>0 the equality

f =) caly —x)° (15.1)
a>0

holds for all y with |y — x| <e€. A function f :R"™ — R is real analytic
in Q, written f € C”(Q2), if f is real analytic at each x € Q. A function
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f :R™ — R is real analytic if each of its components is real analytic. The
following theorem is a consequence of the results of Exercises 15.2 and 15.3.

Theorem 15.2 If f = (f1, ..., fa) is real analytic on an open set Q2 then for
any compact subset K C 2 there exist positive constants €, M, and t, such
that for every x € K,

fy) = Z %D"‘f(x)(y —x)“ forally € Qwith |y — x| <€, (15.2)

a>0

and

IDP f (o) < MBI\t forall  k=1,....,d. (15.3)

15.1.2 Order of vanishing

The order of vanishing of a C* function f : U — R ata point x is the smallest
integer k such that D* f(x) # 0 for some multi-index « with |¢| = k. We say
that f has finite order of vanishing in U if the order of vanishing of u is finite
atevery x € U.

Lemma 15.3 If U is a connected open subset of R" and f € C”(U) then f
has finite order of vanishing in U.

Proof We show that f is determined uniquely by its derivatives at any single
pointx € U;thenif f does not have finite order of vanishingin U, D* f(x) = 0
for every o > 0 for some x € U, from which it follows that f = 0.

Fix some x € U, and take f, g € C“(U) with D* f(x) = D*g(x) for every
o >0.Leth = f — g, and define

U ={xeU: D°h(x)=0 forall @ > 0},
Uy={xeU: D(x)=0 forsome « > 0}.

The set U, is open because D*#h is continuous for every o > 0, and Uj is also
open, since if D*h(x) = 0 for every o > 0, h(y) = 0 in a neighbourhood of x
using (15.2). Since x € Uy, it follows from the connectedness of U that U, is
empty. O

In fact if f has finite order of vanishing in U, then its order of vanishing is
uniformly bounded on any compact subset K C U. Arguing by contradiction,
suppose not; then there is a sequence x; € K with the order of vanishing of u at
x; atleast j. Since K is compact, x; has a subsequence that converges to some
x* € K; it follows that u vanishes to infinite order at x*, a contradiction. In
particular, when we are dealing with real analytic periodic functions, the order
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of vanishing will be uniformly bounded, since we can restrict our attention to
the fundamental compact domain = ]—[_’,’-1:] [0, L;].

The following theorem, whose proof can be found in Kukavica & Robinson
(2004), serves to limit the set of possible zeros of parametrised families of such
functions.

Theorem 15.4 Let K be a compact connected subset of R™. Suppose that
for every fixed p € T1 C RN the function w = w(x; p),

w: K x [T — RY,

has order of vanishing at most j < 00, and is such that 9*w(x; p) depends on
p in a 0-Holder way for all |a| < j. Then the zero set of w(x; p), i.e.

{(x. p): w(x, p) =0},

viewed as a subset of K x T C R™ x RY, is contained in a countable union
of manifolds of the form

(x;(x", p), x5 p),

where x' = (X1, ..., Xi_1, Xi+1, Xm) and x; is a 0-Holder function of its argu-
ments.

15.2 Dimension and thickness of .<7 in C"(Q2, R?)

We now show that .7 is a countable union of sets, all of which have box-
counting dimension in C" (B, R?) (for any r € N) bounded by the box-counting
dimension of &7 in L*(2, RY) and all of which have thickness exponent zero
in C"(B, RY) (for any r € N).

Since &7 consists of real analytic functions, and 2 is compact, for every
element # € <7 there exist M > 0 and t > 0 such that

|Du(x)| < M|a|!r 1 forall x e, (15.4)
see (15.3). For j € N, we set
o/; ={u € o/ : usatisfies (15.4) with M = j, and v = 1/j}; (15.5)
clearly /1 2 @7}, and & = U3, 7}

Lemma 15.5 For any j € N, for every r € N the box-counting dimension
of & in C"(, R?) is less than or equal to that of </ in L*(2, R?), and the
thickness exponent of <7; in C" (L2, R?) is zero.
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Proof Standard Sobolev embedding results (see (10.1)) guarantee that

lullcrrey < Cllull gream+iq ra,
and if A = —A + I, where A is the d-component Laplacian on €2,
el grearmr < | ATHADED2Zy |

(see (10.3)), whence

4/2)+1))2
lullcrqpay < c|ATTHEDHED2y .

Thus, using the simple results of (3.5) and (7.2) (on box-counting dimension
and thickness for sets considered as subsets of different spaces) it is sufficient to
prove the lemma with C"(2, RY) replaced by D(A”). We note here that since
functions in <7; enjoy uniform bounds on their derivatives, 7; is uniformly
bounded in D(A”) foreach r € N,

|A"u|| < R, for all u e . (15.6)

We start with the box-counting dimension. If s > r, then for any u € D(A®)
we have the interpolation inequality

A ull < lluell =) A%u )

(see Exercise 13.4). It follows from (15.6) that the identity map from .27; onto
itself is Holder continuous as a map from L*(2, RY) into D(A”) with Holder
exponent as close to 1 as we wish. That the box-counting dimension of 7; in
the space D(A") is bounded by dg(7}; L% < dg(eZ;L?) is a consequence of
part (iv) of Lemma 3.3.

In order to show that the thickness exponent is zero, let P, denote the
projection onto the space spanned by the first n eigenfunctions of A,

n
Pu = Z(u, w;)w;
j=1

and set Q, = I — P,. Recall that the nth eigenvalue of A satisfies A, ~ n%
(see e.g. Davies (1995)). For any k € N we have

|A” Quu| = A 0, (A u)| < IA7 Qull 2| AF Ul < A% Ricsr
<Cn+1)*4R,, < Cn IR,

Therefore,

diStD(Ar)(o(Mj, PnD(Ar)) = —id



15.3 Proof of Theorem 15.1 165

and hence, using Exercise 7.1,

d
T D(AT) < 5

Since this holds for any &, 7(<7;; D(A”")) = 0 and the result follows. |

15.3 Proof of Theorem 15.1

We now give the proof of Theorem 15.1: recall that we have to show that almost
every choice of k points X = (xy, ..., x;) from €2 makes the map

Ex[u] = (u(x1), ..., u(xp)
one-to-one between .2/ and its image.

Proof Suppose that almost every collection of k points makes Ex one-to-one
on 7; (as defined in (15.5)) for each j. Then almost every collection of points
is one-to-one on every .27;, and hence on 7 itself: if

Ex(u) = Ex(v)

for some u, v € &7 (u # v), then u, v € &7; for some j, and hence u = v. So
we can fix j and concentrate on showing that almost every collection of k points
makes Ey one-to-one on .7;.

Let W; = (#; — «/;)\{0}. If Ey is to be one-to-one on .27; then it should be
nonzero on W;. Since W; consists of real analytic periodic functions, the order
of vanishing of each w € W; is uniformly bounded on 2. Let

W, ={w € W; : the order of vanishing of w is at most r}.

As above, if almost every x makes Ey one-to-one on W; , for every r € N, then
almost every x makes Ey one-to-one on W.
Lemma 15.5 implies that, for a fixed j and r,

dg(W;,;C"(2,RY) < 2dg(«/;L%)  and  ©(W;,;C"(Q,RY) =0.

Thus, using Proposition 7.10 (zero thickness implies zero dual thickness),
*(W;,; CT (L2, R%)) = 0, and hence Theorem 8.1 (embedding with Holder
continuous inverse) guarantees that for any

N > 4dg(/) and 0 <1 — (4dp(/)/N) (15.7)

there is a parametrisation w(x;p) of W;, in terms of N coordinates
p €Il C RY which is #-Holder into C"(Q,RY). Tt follows that all the
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derivatives of w (with respect to x) up to order r depend in a 6-Holder way on
the parameter p.

Now, suppose that X = (xy, ..., x;) is a set of k points in €2 for which Ey is
zero somewhere on W; .. Then there must exist a p € IT such that

wxi; p)=0 for all i=1,..., k.

Theorem 15.4 guarantees that the zeros of w, considered as a subset of
Q x I, are contained in a countable collection of sets, each of which is the
graph of a 6-Holder function,

', x;(x"se)8),

where x” = (x1, Xj—1, Xj4+1, Xn). Each of these manifolds has (m — 1) + N free
parameters.

It follows that collections of k such zeros (considered as a subset of QF x IT)
are contained in the product of k such manifolds. Since the coordinate p is
common to each of these, they are the graphs of 8-Holder functions from a
subset of RV 0"~k jnto R*, The result of Exercise 2.1 shows that each of these
sets has Hausdorff dimension at most

N +(m — Dk + k(1 —0),

and using the fact that the Hausdorff dimension is stable under countable unions
(Proposition 2.8(iii)) the same goes for the whole countable collection.

The projection of this collection onto QF enjoys the same bound on its
dimension (since Lipschitz maps do not increase the Hausdorff dimension,
Proposition 2.8(iv)), and so to make sure that these ‘bad choices’ do not cover
QF c R™* we need

N+ (m— Dk + k(1 —0) < mk.

This is certainly true if

N

k> —
6

and since the exponent 6 can be chosen arbitrarily close to 1 — (4dg(<7)/N)
(see (15.7)), it follows that

NZ

k> N )

will suffice. Choosing the integer value of N with 8dg(&/) — % <N <
8dp () + % shows that k > 16dg(</) + 1 is sufficient.
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Since under this condition the collection of ‘bad choices’ is a subset of
R*" with Hausdorff dimension less than km it follows from the fact that km-
dimensional Hausdorff measure and Lebesgue measure on R are proportional
(Theorem 2.4) that almost every choice of x (with respect to Lebesgue measure
on ©F) makes Ey nonzero on W, ,. O

15.4 Applications

15.4.1 Determining nodes

The theorem provides an instantaneous version of the ‘determining nodes’ intro-
duced by Foias & Temam (1984): they called a collection of points {x, ..., x;}
in @ (asymptotically) ‘determining’ if for two solutions u(x, ¢) and v(x, t),
.rr}axk|u(x_,-, H—vx;, ) —>0 as t— 00 (15.8)
Jj=1,..,
implies that
sup lu(x,t) —v(x,t)] - 0 as t— oo.
xeQ

Foias & Temam showed that for the two-dimensional Navier—Stokes equations
there exists a § such that if for every x €

|x —x;| <& for some j € {1,...,k}

then the collection of nodes is determining.! Under a mild additional condition
our ‘instantaneous determining nodes’ are also asymptotically determining.

Lemma 15.6 Suppose that the conditions of Theorem 15.1 hold, and that the
attractor of attracts solutions in the norm of L*°(2). Then almost every set of
k nodes {x1, ..., x} in Q2 is asymptotically determining.

Proof Since  is a compact subset of L, the map E_! : R¥ — L>®(Q) is
continuous. Thus given any € > 0 there exists a §, 0 < § < €, such that for
u,v € o,

€
max |u(x;) —v(x;)| <6 = [t — V|0 < =.
j=1,...k 3
Now let u(¢) and v(¢) be two solutions that agree asymptotically on the nodes
X1, ..., Xt asin (15.8). Since &7 attracts in L*°(£2), there exists a time T > 0

! In the same paper they conjectured that for solutions on the attractor coincidence of the values
of u and v at k points (for k large enough) should imply coincidence of # and v; our theorem
proves this conjecture when the attractor consists of real analytic functions. A proof for systems
that possess an inertial manifold was given by Foias & Titi (1991).
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such that forallt > T
) )
distzo(u(x, 1), &) < 3 dist;~(v(x, t), &) < 3 (15.9)
and also
)
ax, lu(xj, 1) —v(x;, 1| < 3

It follows that there exist functions u*(¢), v*(t) € & such that

m
j=1

8 8
lu™(t) — u®llL~ < 3 and v (@) — vl < 3

and consequently

max lu*(xj, 1) —v*(xj, 1) < 8.

j=1,...
It follows that ||u*(¢#) — v*(¢)||L~ < €/3, which combined with (15.9) shows
that ||u(t) — v(®)||~ < eforallt > T. O

15.4.2 Degrees of freedom in turbulent flows

Foias & Temam (1989) showed that if the forcing function f in the two-
dimensional Navier—Stokes equations is real analytic then the attractor consists
of real analytic functions. This means that as well as its interest as an abstract
result, this theorem has application in the theory of turbulence (and more
generally in any spatially extended system), allowing a rigorous connection
between the attractor dimension and the ‘number of degrees of freedom’.

Using dimensional analysis, Landau & Lifshitz (1959) introduced a heuristic
notion of the ‘number of degrees of freedom’ in a turbulent fluid flow which
has since been extensively applied. The result of their argument is that if / is
‘the minimum significant length scale of the flow’ (a quantity also arrived at
via dimensional analysis), then the number of degrees of freedom of the flow
is the number of boxes of side / needed to fill the domain 2 that contains the
fluid, i.e. the ‘number of degrees of freedom’ in the flow should be defined as

ZL"()
ll‘l

where Q2 C R” —i.e. the number of ‘little boxes of size [’ that will fit into 2.

If we identify ‘the number of degrees of freedom of the flow’ with the
dimension of the global attractor (cf. Doering & Gibbon (1995)), then this
suggests that the ‘smallest significant length’ will be given by

)

[ ~ [dg()]7 /",
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Theorem 15.1 allows the points {xy, ..., x;} to be placed anywhere in the
domain €2, there just have to be a sufficient number k ~ dg(A) of them. But if
we decide to divide the space into equal boxes and place one node in each box,
then the side of the box would have length [ ~ dg(A)~'/%. In this way Theorem
15.1 gives a rigorous derivation of Landau-Lifshitz heuristic.

It is particularly interesting to note that in the case of the two-dimensional
Navier—Stokes equations with periodic boundary conditions, this gives an
estimate for [ that agrees with the results from the heuristic theory of two-
dimensional turbulence due to Kraichnan (1976) which is the analogue of
Kolmogorov’s celebrated theory of three-dimensional turbulence. For more on
the applications of these results to fluid dynamics see Robinson (2007).

Exercises

15.1 Let «, B be n-component multi-indices, and x € R” with |x;| < 1 for all

i =1,...,n. Show that
! !
Z _* eB_ L’ (15.10)
wanp (@ —B)! 1 —x)L+p

where 1 = (1, ..., 1) (n times). [Hint: the left-hand side is Dﬂm.]
15.2 Suppose that f : R” — R is real analytic at x with -
f =) caly —x)° (15.11)
a>0
for all |y — x| < €. Fix g € (0, 1). Show that for any multi-index g > 0,

for |y — x| < ge, the derivative D? f(y) can be obtained from term-by-
term differentiation of (15.11), and

|D? f(y)| < M|B|!T™P,

where
_ I
(=g
Deduce that ¢, = (1/a!)D* f(x).
15.3 Suppose that f € C*(€2). Show that for any compact subset K C €2 there
exist positive constants M and t such that

and T =(—gq)e.

|D? f(x)| < M|B|!x™*

forevery x € K.



Solutions to exercises

1.1 The closed set F; is contained in the open set U; N (X \ D”HF ), and so
there exists an open set V| with

FLCViCV, CU NX\NIFF).

SoVicU;and Vi N ﬂ"+2 F; = (. Now, there exists an open set V, with

n+2
F,cV,cV, C Um(X\(VmﬂF,)),

i=3

andso V, C U, and Vi NV, N ﬂ"” F; = (. Continuing in this way shows
that one can take the {F;} open in the original assumption.

Now let {Uy, ..., Uy} be an open cover of X. If k < n + 1 then this cover
already has order < n, so we can assume that k > n + 2. Set V; = U; for
j=1,...,n+1,and

Vita = U Ui.

i=n+2

These sets cover X, and so there exist open sets {E};’:lz such that F; C V;,
X CUMF,and N2 F, = . Let W; = Fifori <n+ land W; = F, 1o N U;
fori > n + 2. Then for every i, W; C Uj,

k n+2
gUWi, and ﬂWZIQ
i=1 i=1
One can perform the same construction for every subset of {1, . .., k} consisting

of n 4 2 elements, to deduce that every intersection of n + 2 of the {W;} is
empty, and hence that dim(X) < n.

170
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1.2 Let a, consist of all open unit squares in R? of the form
n,n+1)x (m,m+1) n,mez;

all the elements of A, are disjoint. Let «; consist of all the open edges of these
squares,

{n} x (m,m+1) or (n,n+1) x {m},

but expanded to open subsets of R2, such that the resulting sets are pairwise
disjoint. Let «g be the collection of all open balls of radius % about the points
(n, m) of the integer lattice. Then o = oy U @y U o is a cover of R? of mesh
size 1 and of order 3, see the figure below.

AR
AN AN

Z
%

AN

Q2 g @Q

The three sets o, o1, and «; that provide a cover of R2 of order 3.

If X is a compact subset of R? then any covering 8 of X has Lebesgue
number § > 0. Rescale the covering « by a factor of §/3, which produces a
new covering of R? of mesh size §/3 and order 3. The collection of all elements
of this covering that intersect X forms a refinement of « of order 3, and so
dim(X) < 2.

1.3 Since K separates A N C and A N C’ in A, there exist disjoint open sets
U and U’ such that

A\KcCcUUU', ANnCcU, and ANC' CU".

Note that since U and U’ are open and disjoint, U N U’ = @.

Since C, C’, and K are disjoint closed sets, there are open sets O¢, Oc¢, and
Ok that contain C, C’, and K respectively and whose closures are disjoint. (Let
X1, X», and X3 be closed subsets of X. Then there exist: (i) open sets U; and
U, such that X, U X, C U;, X3 C U,, and U; N U, = @; (ii) open sets V; and
V, such that X; U X3 C Vy, X, C Vs, and V, NV, = @; (iii) open sets W,
and W, such that X; C Wi, XU X3 C Wy, and Wi N W = 0. We set O, =
U1 N V] N W], 02 = U1 N Vz N W], and 03 = Uz N V] N Wz. Then each 0_,‘
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isopen, X; C O;,and 0; N O; = Wifi # j.) Set W = Oc U U; clearly C U
UcC W,andsince W =0cUU, WN[C'UU'l=0.

Now let B = dW. It follows that B separates C and C’ in X; while if
xeW\Wthenx € W,sox ¢ U',andx ¢ W,sox ¢ U. Thusifx € BN A
it follows that x € K.

1.4 Suppose that X is compact, f : X — Y is continuous and one-to-one, but
f~1: f(X) — X is not continuous. Then there exists an € > 0, a y € f(X),
and a sequence {y,} € f(X) such that y, — y but

lf ' on) = 1)) > e (S.1)

However, f~!(y,) is a sequence in the compact set, so it has a subsequence
(which we relabel) such that f~!(y,) — x € X. Since f is continuous, it fol-
lowsthat y, — f(x),sothaty = f(x).Butthenx = f~!(y), which contradicts
(S.1).

1.5 The proof proceeds by induction on r; the result is clear if » = 1. So
assume that the proposition holds for r = k; we wish to prove that it holds for
r =k + 1. Take an open cover {Uj, ..., Uxy1} of M, and let U] = Uy U Upy,.
Then {Uy, ..., Ux—1, U;} is an open cover of M by k sets, and so by the
induction hypothesis there exists an open covering {Vi, ..., Vi_1, Vio} of M
such that

Vi, c Uy, Vo, C Uy, Vi1 C Ui, Vk/CU]:

and the sets {V1, ..., Vi1, V/} are mutually disjoint.

Now, V/ N M has dimension < 0, and Uy and Uy cover V, N M. Thus there
exist disjoint open sets Vj and Vi with Vi C Uy, Viy1 C Upg,and V., N M C
Vi U Viyq. It follows that {Vy, ..., Viy} is a refinement of {Uy, ..., Uri}
consisting of disjoint open sets.

1.6 Write X = U'! X; where ind(X;) < 0. If « is a cover of X then « is a
cover of X; for each i. Since ind(X;) < 0 we can find a refinement of «, §;,
that covers X; and consists of disjoint sets.

Now, B = U; B; is a refinement of « that covers X. Any collection of more
than n + 2 elements of 8 must contain two elements from one of the B;, and
hence there intersection is empty. So f is a refinement of order < n + 1.

1.7 Since the result of the previous exercise shows that dim(A) < ind(A),
we only have to prove the reverse inequality. Take A with dim(A) < n. Then
by (i) A has a homeomorphic image that is a subset of .Z, | N I, 1. By
(ii) ind(.#3, , ;) = n, and so by (iii) ind(.#5, | N I>,41) < n. Since ind(-) is a
topological invariant, it follows that ind(A) < n.
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2.1 Lete > 0.Since dy(X) < n, wecancover X by acollection { B(x;, r;)}
of balls with centres x; € X such that

E ri"Jr€ < 0.

iel

iel

It follows that G is covered by the collection

{B(xi, 1) x B(f(x;), Cr{)}

iel”

Since B(f(x;), Crf) is a subset of R™, we can cover it by m; balls B(yi;, r;),
where m; < K(C rio ~!y" 41 with K depending only on m. We therefore
obtain

el U B((f(xi), yij), 2ri).-

iel j=1

Since

m;
Z Z(zri)n+(l_6)m+€ — 2n+(1—9)m+e Zmirirl+(l—0)m+€

iel j=1 icl
— 1-6
< K2 H(=0)m+e ~m ZrinJre + Z,{H—( ym-+e < 00,
iel iel

we have dy(G) <n+ (1 —60)m + €, and since € > 0 is arbitrary the result
follows.

2.2 Denote by Ky, ..., K,, the closed intervals that make up
¥, :=1[0,00)\ (JoU---UJp).

Clearly ¥, D X. The integers {n + 1, ny, ...} can be partitioned into sets of
indices Iy, ..., I, such that

Ki=|{U % |uvking).

q€l;

Since the Lebesgue measure of X is zero, K; N X cannot contribute to the
length of the interval K ;, and so, as the J,, are disjoint, we must have

IKjl =) 1yl <e. (S.2)

q€l;

using the first inequality in (2.6).



174 Solutions to exercises

Now, ¥, and so ¥ itself, can be covered by the intervals K, . .., K,,. Using
(8.2) it follows that
PLIRED D DA BB e DAt
i=1 i=1 qel; i=1 gel; g=n+1

using the second inequality in (2.6). Thus .7#°!/>(£) = 0 as claimed.

2.3 Clearly %‘gd(X )y <24 %d(X ), since any cover by balls of radius § provides
a28-cover of X. Also, if {U;} is a §-cover of X then any U, is contained in some
ball of radius 8, so that fsd(X) < %’gd(X). It follows that #4(X) < #%(X) <
2¢.74(X), and so the value of d at which .#“(X) jumps from oo to 0 is the
same as that at which ¢ (X) makes the same jump.

24 Let M =sup{r(x): xeX}and Aj={xe A: 3M/4 <r(x) < M}.
Choose some x| € Ay, and then inductively

k
xerr € A\ | B, 3r(xi)) (S:3)

i=1
while the right-hand side of (S.3) is non-empty. The balls {B(x;), r(x;)} are
disjoint by definition, and lie in a compact subset of X, so there can be only a
finite number of them, say k;. Thus

ki
Ay € B, r(x)).

i=1

Since r(x) < 2r(x;)forx € Ajandi =1 ..., ky, this implies that

ki
U BGx, rx) < | Bxi, 5r(xi)).

X€A i=1

Now let
Ar={xeX: 3PM<rx) <3iM}

and
ki
Ay ={x e Ay: Blx,rx)n| B, r(x) = 0.
i=1
If x ¢ Ay \ A thereisani € {1, ..., k;} such that B(x, r(x)) N B(x;, r(x;)) #
@, and so

lx —x;] < r(x) +r(x;) < 3r(x).
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Thus
ki
A\ Ay € | B(xi, 3r(xi). (S4)

i=1

Now pick x4, +1 € A}, and then choose inductively

k
xer € A\ | B, 3r(x).

i=ki+1
As above, there exists a k, such that the balls B(x;, r(x;)),i =1, ...,k are
disjoint and
ko
Ay < | B 3r(x)).
i=k+1

Arguing as above, now using (S.4), we obtain

ka
U B, ro) < | B, 5r(xi)).
i=1

X€A2

Continuing this process gives the required disjoint subfamily.

2.5 Let V be any neighbourhood of S, and choose é > 0. For each x € S,
choose a ball B,(x) such that B,(x) C V,r < §, and

1
7f/ 1f] > 8.
r B, (x)

Now, using the result of the previous exercise, find a disjoint subcollection of
these balls {B,, (x;)} such that S is still covered by {Bs,, (x;)}. Since these balls

are disjoint,
[[ir= ([ in=sy
14 i Br,»(x:) i

Since f € Ll (), the left-hand side is finite, so Z; rl-d < C. Since S is con-

loc
tained in the union of {Bs,, (x;)}, and r; < § for every i, we must have

LSy <cy (Sr)t <esy nt < K8
Since § > 0 was arbitrary, it follows that £"(S) = 0.

Since | f| is integrable and V is an arbitrary neighbourhood of S (which has

zero measure), we can make
! / f 1
s JJv
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as small as we wish by choosing V suitably. The above construction then
furnishes a cover with Y, r¢ arbitrarily small, and so 5#¢(S) = 0 as claimed.

3.1 In each case it suffices to show that there exist constants c;, ¢, > 0 and
o1 > 1, ap < 1 such that

ciM(A,a1€) < N(A, €) < aM(A, aze), (8.5)

since it follows from this that

. log M(A,e€) . log N(A, €)
limsup ———— = limsup ————
e—0 - lOg € e—0 - 10g €

(and similarly for the lim inf).

(1) Itisclear that N(A, €) < M(A, €). In order to prove the lower inequality
in (S.5) consider a cover of A by N(A, €) balls of radius €, B(x;, €).
Discarding any unnecessary balls from this cover, each ball B(x;, €) must
contain a point y; € A. Since

B(yi,2€) D B(x;, €)

it follows that M (A, 2¢) < N(A, €).

(ii)) Let Bj, j =1,..., M(A,¢), be disjoint balls of radius € with centres in
A. Any x € A lies within € of one of these balls, otherwise B(x, €) would
be an additional ball disjoint from the B;, so N(A, 2¢) < M(A, €).

Conversely, given such a collection of disjoint balls and another col-
lection B} of €/2-balls (not necessarily disjoint) that covers A, the centre
of each Bj lies in one of the B}, and hence each B; contains at least one
of the € /2-balls, whence M (A, €) < N(A, €/2).

(iii)) In R" any e-ball is contained in at most 3" boxes of side 2¢, while if X
contains a point x in some €-box, the whole box is contained in a ball of
radius /ne centred at x, from which it follows that

37"M(X, 2¢) < N(X, €) < M(X, €//n).

3.2 Take d > dg(X). Then for € sufficiently small X can be covered by € ¢
balls of radius € centred in X. It follows that O (X, €) can be covered by e~ balls
of radius 2¢, and so £ (O(X, €)) < € 4(2¢€)"Q,,, from whence c(X) < n — d.
For the opposite inequality, if d < dg(X) then there is a sequence €; — 0 such
that there are at least ej_d disjoint balls of radius €; with centres in X: then
LMO(X, €)) = €;'Quel, and ¢(X) = n —d.

3.3 Let n =dim(X), and let K, consist of all mappings f € C(X,R**!)
such that dg(f (X)) < n. Now, by the characterisation of dy g given in the hint,
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dig(K) < n if and only if for every k € N, there exists a € > 0 such that
No(K,e) <e"/k. Let K, be the class of all mappings f such that this
inequality holds for some € > 0. Clearly K, x is open, and

K, = ﬁ Kux.
k=1

Now, as noted during the proof of the embedding theorem for sets with
dim(X) finite, the embedding map g defined in (1.4) maps X into an n-
dimensional polyhedron. Thus the set of maps f € C(X, R***!) that map X
into such a polyhedron is dense; for any such map,

dis(f (X)) < dig(polyhedron) < n.

K, therefore contains a dense subset of C(X, R¥'*1), so is itself dense.

We have shown that K, is a dense G5 in C(X, R?**1), and Theorem 1.12
guarantees that the set of maps Ex that are embeddings of X is also a dense
G;. It follows from the Baire Category Theorem that K,, N Ex is also a dense
G5, and in particular nonempty.

3.4 Find a set X’ homeomorphic to X such that dim(X’) = dg(X’), and a
set homeomorphic to Y such that dim(Y") = dg(Y’). Then by Proposition 3.4,
dg(X’' x Y') < dg(X’) 4+ dg(Y’).Since X' x Y’ishomeomorphicto X x Y and
dim is a topological invariant,

dim(X x ¥) = dim(X’ x Y') < dg(X') + dp(Y")
— dim(X’) + dim(Y") = dim(X) + dim(Y).

3.5 Choose s > dy(X) and t > dg(Y). Then there exists a 5o > 0 such that
N(Y,8) <& 'forall § < . Let {B(x;, r;)} be a cover of X such that

ZrliY <1,

i

which is possible since 7°(X) = 0 for s > dy(X). Now for each i cover Y
with N; := N(Y, r;) balls of radius r;, {B(y;,j, r1)}}",. Thus

XxYC UUB(x,-,ri) x B(yj, ri).

J
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Thus
HH(X x Y)Yy @yt
i

<D N2t

< 2x+t Z r—r,,_s-ﬁ-z < 2X+t‘
It follows that #°T(X x Y) < oo, and hence that dy(X x Y) < s + ¢. Since
s > dy(X) and t > dg(Y) were arbitrary, this completes the proof.

3.6 Let X CUX,X; with each X; closed. Then using the Baire Category
Theorem there is an index j and an open set U C R” suchthat XNU C X;.
So dg(X) = dg(X ). It follows using the definition that dvp(X) > dp(X), and
we already have the reverse inequality.

37 IfX - U,'Xi then

dp(X) < supdp(X;) < supdp(X;).
It follows from the definition of dyi that dp(X) < dyp(X). Conversely, suppose
that s > dimp(X). Then £2*(X) = 0, and so we can find a collection of sets X;
such that X C U; X; with ZZ5(X;) < oo for each i. In particular, Ns(X;)8° is

bounded as § — O for each i, from which it follows that dg(X;) < s for each
i, and hence dyg(X) < s.

5.1 Take a probe space E of constant functions
E={g. €L 0,1): g(x)=c forall xel[0,1], 0<c <1},

i.e. a set isometric to [0, 1], equipped with Lebesgue measure. Then

f £ + go(x)dx = / Feydx +c,

which is zero for at most one ¢ € [0, 1]. Thus [ f + g # 0 for almost every
g. €E.

5.2 To show that E is compact it suffices to consider only one ‘component’
of L, i.e. to prove the compactness of Ey. Given a sequence [ € E, with

[0}
=y 400 (n)
=37, ¢ es;.
j=1
since each S; is compact one can extract successive subsequences and then use
a diagonal argument to find a subsequence (which we relabel) such that for
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every j, ¢§”) — ¢; asn — o0. Itis then straightforward to show that

o
1 —1=3"j7¢;

j=1
where clearly [ € E.

5.3 Note that for each s one can view K, as a subset of R% 1, and that the
set (1 — 1)K, + t K, is precisely the intersection of the convex hull of K, and
K, with TT 4 ((1 — #)a + tb)y, and so in particular is a subset of K¢j_;yq45- It
follows from the Brunn—Minkowski inequality that

LV Ka—pasn) "DV = (1= LK)V 4 1.207H(K) VO,

i.e. that the map s > L9 ~1(K,)!/=D is concave. Since U; is symmetric this
map is also symmetric, and hence it attains its maximum value when s = 0.

7.1 Denote the right-hand side of (7.4) by T. Taking any o € (0, (X)), there
is a sequence €; € (0, 1) converging to 0 such that

d(X, Ej) > 6;0 > LG;JJ =nj,
where |x] denotes the integer part of x. Since (X, n;) > €,

logn; - logLej_"J N log(ej_“ -1
—loge(X,n;) ~ log(l/e;) — log(l/e;)

which shows that ¥ > o. Since o0 < T was arbitrary, one can conclude that
(X)) <r.

7.2 For any d > dg(X), there exists an € such that for any € < € one can
cover X by no more than N, = € ¢ balls of radius €, with centres {x j}?l;l.
Use the Johnson—Lindenstrauss Lemma to find a function f : H — R", where
n = O(In N,), such that

1 ..
§||xi—xj||S|f(xi)—f(xj)|§2||xi—xj|| forall i,j=1,...,Ne.

.....

it can be extended to a 2-Lipschitz map from R” into H. Since any x € X lies
within € of one of the {x;}, this shows that there exists a 2-Lipschitz mapping
¢ : R" — H such that

The mapping f~"'|{ (x,)..... f(ey)y 18 2-Lipschitz onto {x1, ..., xy}. In particular,

dist(X, p(R")) < €.

Since n = O(In N.) = O(—d In¢), it follows that 7y g(X) = 0.
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7.3 Letu =det(ey, ..., e,), and define f; : R" — Rfor1 < j <nby

1
fi(x) = ;det(el, €1, X, €, ., ).

Clearly f;(ex) =38k, f; is linear, and hence, by the choice of (ey, ..., e,),
I fill. < 1.Since fj(e;) = 1, it follows that || f;]l« = 1.

7.4 Let{ey,...,e,} be an Auerbach basis for U, and { f1, ..., f,} the asso-
ciated elements of U* such that || fi||[y- = 1 and fj(e;) = §;;. Extend each f;
to an element ¢; € Z* with ||@; ||z« = 1, and define

Pu = Zd)j(u)ej.

Jj=1

Then P is a projection onto U with

1Pull < > el < 3 1gallie; < > llull = nllull,

j=1 j=1 j=1

i.e. || P|| < n. (A significantly more involved argument due to Kadec & Snobar
(1971) provides a projection whose norm is no larger than (dim(U))'/?, see
also Proposition 12.14 in Meise & Vogt, 1997).

8.1 Given any rank k orthogonal projection Py, choose an orthonormal basis
{e1, ..., ex} for PoH and by identifying x € PyH with the coefficients of x in
its expansion in terms of this basis define a linear map My : PyH — RF; note
thatforu € PoH, |Mou| = ||u||. Set Lo = My Py sothat Ly € £ (H, R¥). Since
prevalence implies density (see comment after Lemma 5.2), given any € > 0
there exists a linear map L € E with ||L|| < € such that Ly + L is injective on
X and satisfies

lx =yl < ClI(Lo+ L)(x —y)|I®  forall x,yeX.

Using Lemma 6.1, Ly + L = M P, where P is an orthogonal projection of rank
k.If Pu = 0 then

| Poull = [[MoPoull = |[Loull = IM Pu — Lu|| = ||Lul| < €llul,
and so it follows that | P — Py < €.

8.2 Foreachn € N the set

X, = J X;

lil=n
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has dg(X,,) < d, and hence t*(X,,) < d (Lemma 7.9). It follows from Theorem
8.1 that if k > 2d and

k—2d
k(1 +d)

there is a prevalent set of maps L : % — RF that are injective on X,, and satisfy

0<6 <

lx —y|l < Cpa|Lx — Ly’ forall  x,yeX,. (5.6)

Since the countable intersection of prevalent sets is prevalent, there is a prevalent
set of mappings L : # — R that satisfy (S.6) for every n € N. In particular,
these mappings are injective on Uj X;,sinceif x,y € Uj Xj,thenx,y e X,
for some n, and L is injective on X,,.

8.3 Leta; =aje;, where the {e;} are orthonormal. If L is bi-Lipschitz on X
there exists a C > 0 such that

IL(aje;) = LO)| = lajll|Lejll = Cllajll = Clajl,

i.e.|[Lej|| = C.Using Lemma 6.1 one can write any L : H — RFasL = MP,
with P an orthogonal projection of rank k. It follows that || Pe;|| > C’, and so
using Lemma 6.3,

o0
rank(P) > Z C' = oo.

j=1

9.1 Expanding the norms as inner products yields
12 = G 3) = (02 21+ $12IP + 5.2
» Y » < 4 y 4 Z 5 Y,z

1 1
2 N2 L2
[lx]] +2I|yII (x,y)+2IIXI|

=<

N =

Lo 1 2 2_, .
+ 512l = G2y 4 2y + izl (v, )
on cancelling terms
L+ 122 -
0= S+ Nzl = 20y, 2)).

Applying (9.13) to {xo, x1, x3} and {x;, x1, x3} we obtain

2

1 1
m—“;“ < Sho =1l + Flxo = xall? = 7l = xslP,
2
1 1 1
| L PR LR T
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and adding these gives

2
X3 + X1

2

X3 + X1
2

X0 —

Xy —

2y 13

+ 5l =) < 5 X(; by = xj s
and (9.14) follows using the triangle inequality. (In fact this inequality holds in
any CAT(0) space, see Sato (2009).)
9.2 First note that

Is;(x)] = lo(x, x;) — o(x;, x0)| < o(x, xo),
and so s(x) € £*°. Then
sj(x) —s;(MI = lo(x, x;) — oy, x))I,

from which it follows immediately that ||s(x) — s(¥)|l¢~ < o(x, ). The lower
bound |[|s(x) — s(¥)ll¢x > o(x, y) follows using the fact that {x;} is dense:
in particular for any € > 0 there exists a j € N such that o(y, x;) < €, and
hence

lsj(x) —s;(MI = olx, y) — 20(y, x;) > o(x, y) — 2€.
10.1 Since f(x) = Y, cxe™** it follows that

1

1 /2 241
2
[f(0) < Ek lex| < E TP (1 + k1) ekl

. 172 172
2 2
() (o)

2
< Clluliz

Since Z‘ kl<n Ck e'* is continuous for each n, f is the uniform limit of continuous
functions, so continuous.

10.2 Take a sequence {u,},-, with u, bounded in D(A#). Let

[o.¢] n
un =Y cojws.  sothat  [|APu, )P =2 e, P < M
j=1 j=1
for some M > 0. It follows that for each j, {c, ;}72, is a bounded sequence
of real numbers, one can find a succession of subsequences and then use the
standard diagonal method to find a subsequence (which we relabel) such that
for every n,

Cnj = Cp as Jj — oo.

n
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Letu =Y o2, ciw,; note that ), )\,%’3|c,*;|2 < M. Now,

oo
1Ay — w) 1> =D 23 enj — I
n=1
m oo
<Y W = PR N Pl —
n=1 n=m+1

m

2 2 —2(B—a)
<D AFleny — el +2MA T

n=I

Given € > 0, choose m sufficiently large that the second term is < €/2; one
can then choose j large enough to ensure that the first term (with involves only
a finite number of coefficients) is also < €/2.

10.3 Since
d — —1 - -y .,y —1
a()&’e y=ypyAr e — Ve ™M = AVe M [yAT —1],

AYe™™ attains its maximum when A = y/¢. Thus

max AVe M =

yre 7t7V 0 <t <y/r
A=A

Afemht t>y/A,

from which (10.7) follows. Now

00 v/M 00
/ | AY e || sy dt gf yre VY dt+/ Ae M dr
0 0 y

/h
1 14 7 -1
<ylev— (£ AVl
=7 1—)/()~1) T
-1 e’
= A7 T
v

10.4 From the variation of constants formula
t
u(t) = e Mg + / &A1 g(u(s)) ds,
0
and so

t
APu@t) = APe Mug + / APe™ 479 g(u(s)) ds.
0
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Using (10.7) and (10.8)

t
IAPu@)|| < |AP~ e~ || o)l A% ol + / AP ™A oy | A%u(s) || ds
0

< t*PIA%U | + I sup [[A%u(s)|| < oo.

0<s<t

10.5 Taking the inner product of du/dt + Au 4+ B(u, u) = 0 with u yields
1d 2 )
—_— D =0,

using (Au, u) = | Du|l? (10.16) and (B(u, u), u) = 0 (10.17). Now use the
Poincaré inequality (10.19) |ju|| < || Du|, so that

1d
——|lul® = —||Dul* < —|lu|*
2dt
It follows that
lu()|? < lluol®e™%,
and so |[u(t)|| — O as t — oo.
10.6 Givenu = ZkEZZ Ckeikuc’
Dju = Z iijkeik-x 1mpheS that ||Dju”2 — Z |kj|2|Ck|2,
keZ? =

Thus
2
2 2 2 2 2 2
1Dul® = > " IDjul® = kPlecl® = > lexl = llull®.
j=1 keZ? keZ?

11.1 Let X be compact and invariant. Since X is compact it is bounded, so it
is attracted to .o7. Therefore

dist(S() X, &) = dist(X, &) — 0 as t — 00,

ie. dist(X, @) = 0so X C /. Similarly, if Y attracts all bounded sets then Y
attracts .7, and so

dist(S(¢)«7,Y) = dist(/, Y) — 0 as t — 00,
ie. dist(e/,Y) =0sothat &7 C Y.

11.2  Clearly if x = lim,— oo S(#,)by, t, — 00, and b, € B then
xel JseB

s>t
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for all t+ > 0, since the right-hand side is closed. Conversely, if
xe(JsB
t>0 s>t
then for any sequence t, — 00
xel s sB.
s>t

For any n such that x € | J S(s)B, there exists a 7, and b, such that x =

S(t,)b,. Otherwise

S>1y

X = hm S(Sj)bj
J—00

for some sequences s; and b; € B. If 5; is unbounded then we are done; if s;
is bounded then one can find a 7,, and b,, € B such that || x — S(t,)b,|| < 1/n.

11.3 Suppose that o7 is not connected. Then there exist open sets O; and O,
such that O; N & # P and O, N &7 # ),

0O,U0, D, and 0,N0,=4.

Since the compact attracting set K C B(0, R) for some R > 0, and a ball in
2 is connected, it follows that S(¢) B(0, R), the continuous image of B(0, R),
is connected. Since &7 attracts B(0, R), for ¢ sufficiently large, S(¢)B(0, R)
is contained either wholly in O; or wholly in O,. Since B(0, R) D K,
w(B(0, R)) D w(K) and hence &/ = w(B(0, R)) is contained in either O; or
0,, contradicting our initial assumption.

11.4 For any ug € U(X), ug = S(t)u(—t); since u(t) - X as t - —o0o, it
follows that y_ = U, <ou(t) is bounded. Thus

dist(ug, o) = dist(S(H)u(—t), &) < dist(S@)y—_, X) — 0
ast — 00, and hence ug € & .

11.5 Rearrange the governing inequality and multiply by the integrating factor
exp(— [, a(u) du):
d t t
— [} a(u)du — [ a(u)du
I (e x(t)) < b(t)e < b(1).

Integrate this inequality from s to ¢ + r, so that

iy t+r
e A duy g 4y < x(s) + / b(u)du < x(s) + B,
5
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ie.
X(t +r) < el Aoy 4 B] < eAx(s) + Bl
Now integrate again from ¢ to ¢ + r with respect to s to obtain
rx(t +r) < e*[X +rB],
and hence x(t +r) < e[B + (X/r)].

11.6 (i) Returning to (11.9), we retain the term in || Au||* to give
d
EIIDMII2 + lAul® < I fI1%.

Integrating from O to 1 then yields

1
| Du(1)|? +/ Au(s)|I*ds < | £1I* + | Duoll* < 711 f1I*.
0
(ii) Using the triangle inequality on (11.6),

lurll < N Aull + 1B, wll + [ £l

IAull + cillull 1 Dull | Al + 1| £
3 C% 5
EIIAMII + EIIMIIIIDMII + 111,

A

IA

whence

2
l

4
C
llu; | Aull® + 5‘||u||2||Du||4 + 2| £1I7

IA

\SYIN=N S} INe}

I Aull> + 36111 £1° + 21 £11%.

IA

It follows that

1
9
/0 llu()II> ds < 5(7I|fI|2) + (B6ctIFI° + 20 £17) =: Licer, IFID-

(iii) Differentiating (11.6) with respect to ¢ we obtain

du,
o + Au; + B(u, u;) + B(u,,u) = 0.

Taking the inner product of this with u, yields
1d 2 )
5 g 1ell” + 1 Dull™ = —(Bus, u), ur)
=< callu |1 Duy || || Due|

= —l I ||2 _% I ||2|| ||2
Du,|” + u Du||~,
= 2 t 2 t
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using the orthogonality property (10.17) and the inequality (11.11). Since
| Du(t)||> < 6| 117 it follows that

d
2 2 2 2 2 2 2 2
E”ut” + 1 Du||” < e llus 171 Dull” < 63 || f1I7[luee |17

Dropping the || Du, ||> and integrating with respect to ¢ from s to 1 yields

1
lud (DI < Jus()]> +6c§|lf||2/ la, (r)|1* dr,

and integrating once more from 0 to 1 with respect to s we obtain

1
lu, (D < (14 6C§|Ifllz)/ ()1 ds < (1 + 631 £ID =: o7
0
(iv) Once again we use the triangle inequality on (11.6), this time to obtain

lAull < lluell + 1B, ) + 1L£]
< llagll + exlluel 2 Duel [ Aue |2 + 1L £

c% 5 1
< llull + 3IIMIIIIDMII + EIIAMII +20 11,
whence

IAu(D]| < 2[lu (DI + cf w1 Du(D* + 21| £1]
< |20+ 6V2ENFIP + I£1] = pa.

Since 7 is invariant, if u; € & there exists ug € .« such that u; = S(1)uy,
and hence || Au|| = |[AS(Dug|| < pa forevery u; € o7.

12.1 Clearly, foreach A > Oand x € K, Df(x) € %, »(X) for all A > 0 and
v, (Df(x)) = v(x). Consequently, for each 0 < X < %,

log (v + D2)
log(1/2%)

Taking the limit as . — 0 we obtain dg(K) < v.

dg(K) <v

12.2 For Y (¢) to be asupersolutionof y = a + b fot (t — s)*y(s)ds we require
t
2aeXt > a + 2ab/ (t —s)"%eX* ds,
0
ie.

t t
2>e K42 / (t —s) %e Ki=9qy =K 4 2pg 01— / u %" du.
0 0
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Since I'(z) = fooo t*~le~ dt, this is certainly ensured if

2T —a)
Kt
2>e "' 4 gl

So it suffices to choose K = (2bT'(1 — «))'/U~®)_ (In the case considered in this
exercise, this argument, due to Robinson (1997), offers a significantly simpler
proof than that due to Henry (1981, Lemma 7.1.1); while Henry’s result is
sharper, the bound here is often sufficient in applications.)

12.3 Using the bounds on [|A% 4’| in (10.9) and (10.10), there exists a
constant ¢ > 0 such that

A% 4 0, || < ct™%eGnr1=D1 for all t>0.
Therefore
10,DS(; uo)ll 2(pcaey

t
<e Mt eM f (t = 5)~ e~ A1 DS(s3u0) [ 2(peasy ds.
0
Using (12.10), forall0 <t < 1,

t
| QuDS(t; uo) |l 2(peacy < e ' +cKM / (t — ) %e P = D=9 g5
0

t
< e hntil +cKM u %= Pns1—Du du,
0

and since I'(z) = [~ r*~le™ dt,
cKMT(1 — )
(A1 — DI

124 If d)}i/d < a1 (Df(u)) then, using Lemmas 12.8 and 12.9, the number of
balls of radius «/EJ);/ 4 needed to cover D f(u)[B(0, 1)] is bounded by

4 w;(Df ()

_j/d
wy

10, DS(1; up) .z (pasy < e + (8.7

k]

where j is the largest integer such that cbf/ ‘<a . Since cbclj
that j < d. So no more than
4 w;(Df (u;
max M < ma

/4 > &, it follows

X4J&

— =M
i<j=d = @Il

I1<j=<d @é/ d

balls of radius «/5&)3/ 4 are required to cover Df (u)[B(0, 1)].
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Alternatively, if 6)[1/ > g (Df (1)) then
DfW)[B(O, )] € BO, ay(Dfw)) S BO, &/,

and it requires only one ball of radius ﬁ@d/ to cover Df (u)[B(0, 1)] in this
case.
Thus Df (u)[B(0, 1)] can always be covered by M balls of radius 26)3/ a

12.5 We need to have 8 < 1 in order to apply Lemma 12.1. Using the hint
repeatedly, note that for each u € K

w;DLAIW) < 0;Of(F W) w;(Df W) < &

if we consider f* rather than f we can replace @ by Q; = d)’j‘ Thus given d
and y such that (12.12) holds, we can find a k sufficiently large such that

20V =20}/ <1

and

Q;
QY% max 4/ = 2}/ max 4/

1<j<d Qd 1<j<d @Z//d
_gk/d
<2r4d |:a)d max —f} < 1. (S.8)
I<j<d _cji

We now apply Lemma 12.1, making use of the observation in the footnote.

12.6 Since ¢q; is concave, there exist «, 8 such that g; < —aj + B: choose
o and B such that 0 < g,y =—a(m—1)+p and 0 > ¢, = —an+ B. In
particular it follows that 8/a < n. The argument above leading to the lower
bound on y uses only upper bounds on the §;s, so dg(27/) < y provided that

j(—ad+p)—d(—aj+B) _ pd—j _ _PBd
y > max max < .
I<j<d —ad+ B izj<d ad — B ad—ﬂ

Since d is arbitrary, one can let d — oo and show that dg(<7) < y provided
that y > B/a. But B/a < n, so dg(&) < n.

12.7 Denote by w; the eigenfunction corresponding to A;, and expand each
¢; in terms of the eigenbasis {w;} to obtain

> A2 = ZZM(@, wol* = Zm(Z 1@, wil )
j=1

j=1 k=1 j=

Since [|¢;|l = 1 we have 37, > 77 |(wy, #;)|* = n, and since the {¢;} are
orthonormal we have Z?zl [(wg, ¢ j)|2 < 1, from which the result follows.
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12.8 Given a set {¢;};_, that is orthonormal in H, for any u € </ we have

D (@, —Ad; +Dgwd)) < — D IA¢ 17+ MY A%, il

j=1 j=1 j=1
n n
< = D IAYG P+ MO A1 N1y 1
j=1 j=1
o
n n
< =Y NAVG I p+M | D IA 17 |t
j=1 j=1

n
<(U=a) | =) IA2¢;]17 + M =n
j=1

<(I—a)| =) xj+ M/
j=1

It follows from (12.13) that the final line provides an upper bound for
¢,(DS(1; up)) which is uniform over all uy € 7. Since this bound is a con-
cave function of n, it follows from Exercise 12.6 that dg(/) < n once the
right-hand side is negative, which gives (12.15).

13.1 Write w = u — v. Then

2
AP w)? = AP (P,w + Q,w)|? = AP Puw| >+ AP Quw|® = 22010, wl)?

and
L*|w|? = L} Pywl* + L*[ Quw]*.
Whence

2,
L = LA Q] < L2 Pyw].

If n is large enough that Aiil > 2L? then
10, (u —v)|| < |Py(u — )| for all u,veo. (5.9)

Now define ¢ : P,/ — Q,H by ¢(P,u) = Q,uforallu € o7. The inequality
(S.9) shows that this is well defined and 1-Lipschitz where defined; as in the
proof of Theorem 13.3 this function can be extended to a 1-Lipschitz function
®:P,H— Q,H.
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13.2 If y(0) < (8/y)"/? then clearly y(t) < (8/y)"/? for all t > 0. If y(0) >
(8/)/)1/2 then there exists 7y € (0, 0o0) such that

Yoy =@/ for 0<i<1
and
Y6 <@/ for t >
For t € [0, ty] consider z(t) = y(t) — ((S/)/)l/2 > 0; then
Y =G+6/" =2+ 6/y),

and so
. 2 . 2 )
Z+y=y+y\y Y =0.
Integrating Z + yz> < 0 yields

(1) < <

1
o'yt T vt
This implies (13.15) for ¢ € [0, 1], and since y(t) < (§/y)"/? for all t > t, the
result follows.

13.3 The eigenvalues are the sums of two square integers (positive and
negative); so we will have reached 2k once we have taken [2(k — 1)]* + 1
combinations of integers with modulus < k. So if 4(k — 1)> < n < 4k?
then

2k% < Ay < 20k + 1%

since k — 1 < (n/4)'/? <k,

%n]/z <k <k+1<n'?

1

and so 3

n<»x, <2n.
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134 Putu =377, cjw,. Then

o0
2 2 2
TAul> =) 25, w))|
j=1
o0
2 2 2(1—
ija|cj| a/ﬁ|cj| (1—(a/B))
Jj=1

Bla 1—(a/B)
o0 o0
2B 2 2
>4 le] > leil
j=1 j=1

= [|APu ||/ | ' =P,

IA

using Holder’s inequality with exponents (¢ /8, 1/(1 — «/B)).
13.5 Fixann > ng, and let X be a subset of .7 that is maximal for the relation
1Qn(u — V)|l < 1 Pa(u —v)lle  forall — u,veX.

As in the proof of Theorem 13.3(ii), it follows that there exists a 1-Lipschitz
function &, : P,H — O, H suchthat X C Gp,u[P,].
Ifu € o/ butu ¢ X then there is a v € X such that

1Qn(u — V)lle > [ Pu(u — V)la- (5.10)
Since S(t*)«/ = o/ (because &/ is invariant) there exist if, U € </ such that

u = S(t*)i and v = S(+*); since (S.10) implies that (13.16) cannot hold, it
follows from (13.17) that

||I/t - U” = 8}1”’2 - ﬁ” = 2M5n~

Since v € Gp, g [P, ] this implies that <7 lies within a 4M §, neighbourhood of
Gp,u[P,] as claimed.

13.6 Givenau* € H>\ H3, set f = Au* + B(u*, u*). Then f € L? and u*
is a stationary solution of the equations. The attractor must contain u*, and
hence cannot be bounded in H3.

13.7 Assume that ||w(0)| # 0; we will show that ||w(¢)|| # O for any ¢ > 0.
Taking the inner product of (13.7) with w yields

1d
Eallwn2 + 1A 2w |)? = (w, ().

Dividing by L(z)||w||*> we obtain
d

0 N S 1
2LONw]? dr

O (1 103) N S L
1l 0= Toel” = "Zo ~ Zolwl®
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and using (13.9) this gives

1 d L - N
—_— H>—-1-2K0*>—1-2a0 — (1 — 2a),
2L(t)||w||2dt”w” + 0@) = 0™ > aQ —( o)

using Young’s inequality (ab < (a?/p) + (b?/q) when p~! + ¢! = 1). Thus
g g q y P q p q
1 d

2 A ’
_ + 1) > —c.
2L(1)||wl? dr lwl ) = —c

Since @ is bounded, this inequality is simply

22 Clog Lty = —C.,

2dt
and so

—log L(t) +log L(0) > —2Ct.
Thus log L(t) < 2Kt + log L(0), and hence ||w(?)|| # O.
14.1 If M" Me = he then
MM"(Me) = M[M" Me] = M[he] = A[Me]
and if MMTé = Aé then
MMM e = M"M[M"é] = M"[ré] = A[M"é].

14.2 For any z € RV, write

Lz = an,j(z, ey)éj = M.c,

o, j

where ¢ € RV* with components ¢, ;, and M, is a transformation from RV*
into R¥ with components

(M) (o, j) = (2, €q)dij a=1,....N;i,j=1,... k.

In order to apply Lemma 14.3 we need to find the singular values of M,. We
calculate these by considering M, MZT rather than MZT M., since

[MzMzT]r,s - Z[Mz]r,{a,j}[Mz]s,{a,j}

a,j

= (2, €0)85(z, €a)8,) = 12|*8, :

MMT has k nonzero singular values, all of which are |z].
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14.3 Givenx € R¥ and L € E, write Lx = M, c with M, as in Exercise 14.2
and ¢ € RV* depending on L. Lemma 14.3 shows that

Vol{c € Byi) : |Mc| < 8} ( 8 )k
< Cnikx
Vol(B i) x|

since the kth largest singular value of M, is k, using the result of the previous
exercise.

14.4 We have

172

| 2=t 5t = (=gt it =)
_op _ _ 11 2071/2
= =+ 30 =) = (= g+ gu?]

u 1/2
= (A =30 = U= g+ 3t )]

w 1,2 172 n*

M_...lz 2\/5

15.1 Using the series expansion of (1 — £)~! for £ € R repeatedly,
[ 5=
i=1 j>0 a>0

Applying D” to both sides yields (15.10).

15.2 Since Zazo cq(y — x)* converges for |y — x| < e, it follows that

W= Z lcel€®! < oo,

a>0

and in particular |c,|€'*! < p for every o > 0.
Now take g with 0 < ¢ < 1. Then for any y with |y — x| < ge,

D IDPeyx®| < Z( T

a>0 a>p
=am Z (@ — /3)'
u__ P

€lBl (1 — q)n+|ﬁ\’
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using (15.10). It follows that for |y — x| < ge, D? f(y) is continuous and given
by

8 _ a! a-B
Df(y)—;—(a_ﬂ)!ca(y X

In particular, for any multi-index g,
|DP ()l < M|B|IT™ 1P,

where
_ 1<
-9
Finally, differentiating (15.1) at y = x shows that ¢, = (1/a!)D* f(x).

and T=(1—¢q)e.

15.3 For every x € Q there are positive numbers M(x), t(x), and €(x) > 0
such that

IDP f(») < M)IBItx) ™1 forall |y —x| < e(x).

If K is a compact subset of €2, a finite number of the balls { B(x, €(x))} covers
K, say {B(x;, e(xj)}?’:l. Then for every x € K,

|D? f(x)| < M|B|!r P!,

where M = max; M(x;) and T = min; 7(x;).
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absorbing set, 117
almost bi-Lipschitz embeddings into

Euclidean spaces, 97
for metric spaces, 100

analytic function, see real analytic function
approximate inertial manifold, 143
Assouad dimension, 81, 83, 85

almost bi-Lipschitz embeddings into Hilbert
spaces, 94

bi-Holder embeddings into Euclidean
spaces, 94

bounds upper box-counting dimension, 85

embedding into Euclidean spaces when
da(X — X) < 00,97

ill-behaved for difference sets, 89

monotonicity, 85

not sufficient for bi-Lipschitz embeddings
into Euclidean spaces, 92

of orthogonal sequences, 88-91

of products, 86

of R", 85

of unions, 85

attracting set, 115
attractor, see global attractor
Auerbach basis, 79, 127

existence, 74

By = By(0, 1) (unit ball in RV), 42

B(0, r) (r-ball in the space Z), 123
backwards uniqueness, 136, 144

Baire Category Theorem, 13, 17, 177
ball, image under a linear map, 133, 146
bi-Lipschitz embedding

finite Assouad dimension not sufficient, 92
finite box-counting dimension not sufficient,
81

bi-Lipschitz mapping, 84
Borel-Cantelli Lemma, 43, 45, 77, 98
bounded linear maps, 41
decomposition in: Banach spaces, 78;
Hilbert spaces, 57
box-counting dimension, 31
lower, see lower box-counting dimension
non-existence in general, 31
of products, 35
upper, see upper box-counting dimension
Brouwer Fixed Point Theorem, 10, 12
Brunn—-Minkowski inequality, 54, 56

C2°(R2) (C™ functions with compact support
in ), 106
Cantor set, 31, 58
CAT(0) space, 182
covering, 8
Lebesgue number, 13, 18
mesh size, 10
order, 8
refinement, 8
covering dimension, 7, 8
bounded by Hausdorff dimension, 27
characterised in terms of: Assouad
dimension, 85; box-counting dimension,
39; Hausdorff dimension, 29
embedding into Euclidean spaces, 17
monotonicity, 8
of compact sets, 13
of products, 9, 40
of unions, 9
covering lemma, 30

da, see Assouad dimension
dg, see upper box-counting dimension
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dy, see Hausdorff dimension
dyp, see lower box-counting dimension
decomposition of bounded linear maps
Banach spaces, 78
Hilbert spaces, 57
degrees of freedom, 168
density of prevalent sets, 48
determining nodes, 167
diameter of a set, 10
difference set, 41, 161
for metric spaces, 100
ill-behaved with Assouad dimension, 89
differential inequality
a version of Henry’s Lemma 7.1.1, 132
Ghidaglia’s Lemma, 143
Uniform Gronwall Lemma, 121
dim, see covering dimension
dist (Hausdorff semi-distance), 10
doubling space, 84
if and only if homogeneous space, 84
dual thickness, 65, 69

bounded by Lipschitz deviation in a Hilbert

space, 72
bounded by the upper box-counting
dimension, 71

is zero when thickness exponent is zero, 73

€-mapping, 13
eigenvalues, asymptotics, 137, 139, 143, 164
embedding into Euclidean spaces
for metric spaces, 100
when da(X — X) is finite, 97
when dg(X) is finite, 43, 75
when dy(X — X) is finite, 60
when dim(X) is finite, 17
Euclidean space, see R"

fractal, 29
fractional power spaces, 107
and Sobolev spaces, 108
compact embeddings, 108, 113
interpolation inequality, 141, 143, 164
Frostman’s Lemma, 25

G5 (countable intersection of open sets), 17
general position, 14
generic, 17
geometric independence, 15
global attractor, 105, 115
bound on upper box-counting dimension:
for semilinear parabolic equations, 130;

Index
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general method, 124; when Df has finite
rank, 132; when Df € %}, 130; when
Df € %5 <1},129

contains unstable sets, 121

dimension and degrees of freedom, 168

existence for: Navier—Stokes equations,
119; semilinear parabolic equations, 118;
necessary and sufficient condition, 117

is connected, 121

is the maximal compact invariant set, 115,
121

is the minimal closed attracting set, 115, 121

is union of all globally bounded solutions,
118

of Navier—Stokes equations: has zero
Lipschitz deviation when f € L2, 142;
is bounded in D(A) when f € H, 122;
is real analytic when f is real analytic,
168

parametrised by point values, 160

uniqueness, 115

graph of a function, Hausdorff dimension, 29

Gromov-Hausdorff metric, 92

H*(R2), see Sobolev spaces

Haar null, 47

Hahn-Banach Theorem, 60, 71, 79, 95
Hausdorff dimension, 23

bounded by box-counting dimensions, 34

bounds covering dimension, 27

embedding into Euclidean spaces when
du(X — X) < o0, 60

impossibility of general linear embedding,
58

Maiié’s embedding result, 57

monotonicity, 24

of a graph, 29

of products, 25, 35, 40

under Holder continuous maps, 24

Hausdorff measure, 21

and Lebesgue measure, 22
spherical, 30

Hausdorff semi-distance, 10
Heisenberg group, 91

Holder continuity, 24, 34, 43, 149
Holder continuous inverse

of linear embedding map, 75

homogeneity, 83

if and only if doubling, 84
of subsets of Euclidean spaces, 83
under bi-Lipschitz maps, 84
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I, (unit cube in R"), 10
inductive dimensions, 7, 17, 18
equal to covering dimension in a separable
metric space, 19
inertial manifold, 167
interpolation inequality in fractional power
spaces, 141, 143, 164
invariant set, 115
isometric embedding of metric spaces
£%°, 101
L*(X), 100

Johnson—Lindenstrauss Lemma, 74

K(Z) (compact linear maps from 4 into A),
125
Kuratowski embedding, 100

Lger(Q, RY) (periodic functions in
L322, RY)), 160
%, (sums of compact maps and contractions),
125
£" (n-dimensional Lebesgue measure), 22
Lebesgue covering dimension, see covering
dimension
Lebesgue Covering Theorem, 10
Lebesgue number of a covering, 13, 18, 171
linear operator
fractional powers, 107
Lipschitz deviation, 65, 68
bounded by the thickness exponent, 68
bounds the dual thickness in a Hilbert space,
72
is zero for the attractors of certain
semilinear parabolic equations, 139
lower box-counting dimension, 32, 77
bounded by upper box-counting dimension,
32
bounds Hausdorff dimension, 34
in general no embeddings with Holder
inverse, 81
of orthogonal sequences, 36
of products, 35
Z(X) (space of bounded linear maps from X
into X), 41
Z(X, Y) (space of bounded linear maps from
X into Y), 41

measurable set, 21, 22
measure, 21
mesh size, 10

Index

metric outer measure, 21
modified upper box-counting dimension, 40,
63
equal to packing dimension, 40
multi-index, 107, 161, 169

Navier-Stokes equations, 30, 109-113, 139,
144
as a semilinear parabolic equation, 113
attractor: existence, 119; has zero Lipschitz
deviation when f € L2, 142; has zero
thickness when f is smooth, 138; is
‘smooth’ when f is smooth, 138; is
bounded in D(A) when f € H, 122;is
real analytic when f is real analytic, 168
determining nodes, 167
generate a semigroup, 110
heuristic theories of turbulence, 169
in functional form, 111
orthogonality properties of nonlinear term,
111
negatively invariant set, 123
nonlinear semigroup, see semigroup

Q,, (volume of unit ball in R"), 22

omega limit set, 116, 121

order of a covering, 8

order of vanishing, 162
and zero set, 163

orthogonal projection, 81
rank, 62

orthogonal sequence, 25, 63, 78, 82, 99
Assouad dimension, 88-91
box-counting dimensions, 36
dual thickness, 80
thickness exponent, 67

outer measure, 20

packing dimension, 40
equal to modified upper box-counting
dimension, 40
periodic orbit
minimal period: for ODEs, 153; for
semilinear parabolic equations, 156
obstruction to the Takens Time-Delay
Theorem, 152
periodic point, 150
Poincaré inequality, 112, 114, 120
polyhedron, 15
prevalence, 46, 47, 48
implies density, 48
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preserved under: countable unions, 49; finite  thickness exponent, 46, 64, 65

unions, 49

probability measure, 21

probe space, 48

products of sets
Assouad dimension of, 86
box-counting dimensions of, 35
covering dimension of, 9, 40
Hausdorff dimension of, 25, 35, 40

projection, see also orthogonal projection
rank in £7, 78

quadrilateral inequality, 93, 100

rank
of orthogonal projection, 62
of projection in £7, 78

real analytic function, 160, 161
bounds on derivatives, 169
has finite order of vanishing, 162
zero set, 163

refinement of a covering, 8

semigroup, 105
generated by: a semilinear parabolic
equation, 109; the Navier—Stokes
equations, 110
semilinear parabolic equation, 108
existence of global attractor, 118
finite-dimensional attractor, 130
generates a semigroup, 109
minimal period of periodic orbits, 156
shyness, 47
for subsets of R”, 48
preserved under finite unions, 48
simplex, 15
singular values of a matrix, 146, 158
Sobolev spaces, 106
and continuous functions, 107, 113
and fractional power spaces, 108
spherical Hausdorff measure, 30
squeezing property, 143
Stokes operator, 111
eigenvalues on [0, 27r]2, 143

Takens Time-Delay Embedding Theorem
inRY, 149
in a Banach space, 154
obstruction from existence of periodic
orbits, 152
7(X), see thickness exponent

alternative definition, 73

bounded by the upper box-counting
dimension, 66

bounds the Lipschitz deviation, 68

in two spaces, 65

of an orthogonal sequence, 67

of set of real analytic functions, 163

related to bounds in Sobolev spaces, 137

zero for: ‘smooth’ sets, 67, 137; the
Navier—Stokes attractor when f is
smooth, 138

zero implies zero dual thickness, 73

zero thickness implies zero dual thickness,
70

turbulence, 169

Uniform Gronwall Lemma, 121
unit ball, volume, 22
unit cube, hyperplane slices of, 52
unstable set, 121
contained in global attractor, 121
upper box-counting dimension, 32
alternative definitions, 39
bounded by Assouad dimension, 85
bounds: Hausdorff dimension, 34; the dual
thickness, 71; the thickness exponent, 66
can be calculated through a geometric
sequence, 33
embedding into: R for subsets of RN, 43;
Euclidean spaces, 75
finite for attractors of semilinear parabolic
equations, 130
impossibility of bi-Lipschitz embeddings in
general, 81
in two spaces, 35
modified, see modified upper box-counting
dimension
monotonicity, 33
of an invariant set, 124
of orthogonal sequences, 36
of products, 35
of set of real analytic functions, 163
of unions, 33
of unit cube in R", 34
under Holder continuous maps, 34

variation of constants formula, 108, 113, 130,
156
Vitali Covering Theorem, 23

weak derivative, 106
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